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SUMMARY 

The results of a free-flight investigation to determine the effect 
of wing warp on the lift, drag, and static longitudinal stability charac- 
teristics of a low-drag aircraft configuration employing an arrow wing of 
aspect ratio 1.86 are presented. The mean surface shape of the warped 
wing was derived from a lifting surface theory for a design lift coeffi- 
cient of 0.2 at a Mach number of 1.57. Data from a similar plane-wing 
model provided a basis for comparison. Lift, drag, and pitching-moment 
coefficients were obtained at Mach nunibers from 1.1 to 1.7, md at 
Reynolds numbers from 5 x lo6 to ll x lo6 per foot of length. 

Wing warp reduced the axial-force and total drag coefficients above 
a lift coefficient of 0.2. The maximum lift-drag ratios of the warped- 
wing model were 10 to 4 percent higher than those of the plane-wing model. 
However the maximum ratios of U.ft coefficient raised to the one-half 
power divided by the corresponding drag coefficient were 8 to 9 percent 
lower for the warped-wing model. 

INTRODUCTION 

Two methods of wing design appear capable of improving the perform- 
ance of supersonic aircraft. Results obtained to date by the method of 
wing warp (refs. 1 to 6) indicate that this method is effective up to 
low supersonic speeds and design lift coefficients less than 0.3. The 
results obtained by the method of inboard chord extension (refs. 7 to 10) 
indicate that both range and maximum speed can be increased at the higher 
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supersonic Mach numbers (at least to a Mach nw.nber.of 2) for which the 
method of wing warp becomes ineffective. The warped-wing models that 
have been tested (except that of ref. 6) have been-designed for Mach 
numbers below 1.3. At such Mach numbers the vortex drag contributes most 
to the drag due to lift, and is effectively reduced by the simpler method 
of conical camber (ref. 1). At saewhat higher su&rsonic Mach numbers 
the compound war-p method (refs. IJ. and 12) sho$..d be the more effective 
warp method in reduc-ing the combined vortex and wave drag due to lift. b 

. 

i 

.- 

The purpose of the present investigation is to determine experimen- 
tally whether any benefits can be realized by employing the compound warp .--~ 
method at a design Mach number of 1.57 and a wing design lift coefficient 
of 0.2 on a low-drag aircraft configuration having an arrow wing of aspect 
ratio 1.86 and a leading-edge sweep of 67.5O. At-this design condition 
reference ll was used to determine the wing twist and csmber. The model 
was flight tested at-Mach numbers of 1.1 to 1.7 from the Langley Pilotless 
Aircraft Research Station at Wallops Island, Va. 

SYME3OLS -: 

CN 

CX 

normal-force coefficient, %a w/s 
is 9 

axial-force coefficient, Ez w/s 
Q q... 

, 

CL lift coefficient, CN CO6 u f CX sin u * 

CD drag coefficient,, -cX COS u f CN sin U 

L/D lift-drag ratio .- 

pitching-moment, coefficient about mod+ center of fsravity, 
I,$ 
qSE 

cqN 
static stability parameter in pitch, 
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cl 

5’ 

P 

an 

%c 

Q 

9 

M 

R 

C 

cr 

S 

local lFft coefficient based on local chord, 
Lift per unit span 

qc 

local lift coefficient based on local span, 
Lift per unit chord 

aY 

l3ftin.g pressure coefficient 

normal acceleration, ft/sec2 

longitudinal acceleration, ft/sec2 

acceleration due to gravity, 32.2 ft/sec2 

dynamic pressure, lb/sq ft 

Machnumber 

Reynolds number based on a length of 1 foot 

angle of attack, deg 

angle of sideslip, deg 

angular acceleration in pitch, radis.ns/sec2 

rolling velocity, radians/set 

rectangular coordinates 

total wing span, 2.83 f-t 

wing mean aerodynamic chord, 2.03 f-t 

local wing chord, f-t 

wing root chord, 3.04 ft 

total wing area to body center IAne, 4.31 sq ft 
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W 

=Y 

weight of model, 107.0 lb 
. 

model m=nt of inertia in pitch about~,center of gravity, 

10.89 slug-ft2 c 

A drawing of the model is shown in figure 1 & photographs are 
presented-in figure 2. The-fuselage ordinates are listed in table I, 
and physical characteristics of the model are listed in table II. The 
configuration of this investigation was the same as.that of reference 13 
except that the mean surface shape of the wing wasderived from the 
lifting-surface theory of reference 11 for a design lift coefficient of 
0.2 at a Mach nmiber of 1.57. The model had an aEow wing of aspect 
ratio 1.86 with a leading-edge sweep of 67.50 and tiCA 65~004 airfoil- 
section thickness distribution about the mean cambe? line. The fuselage 
was a body of fineness ratio 20. A triangular vertical tail with 600 
leading-edge sweep and NACA 65~003 airfoil section-provided directional 
stability. 

The side-view photographs in figure 2 indicaethe warped-wing coa- 
tour. The wing ordinates are given in table III. A contour diagram and 
the loadings used in the design method are shown in.figures 3 and 4. The 
one straight-line wing element was located at the trailing edge for con- 
venience: The angle of incidence of the wing with the body was selected 
to give zero lift for. zero angle of attack of the body center line. . . 

The model was of metal with a solid aluminum-alloy wing. Four pulse 
rockets and a telemeter with angle-of-attack, s.ngleLof-side&p, acceler- 

,, 

ometer, and roll-rate instrumentation were carried in the model, which 
was externally boosted by two Deacon.rockets. An tidersiung adapter was 

_. 

used to couple the model and booster. A support fi*ting, shown in fig- 
ure 1, extended belaithe fuselage and remained wi-&h the model. 

A wing panel was statically tested to measure the streamwise wing 
twist due to loading concentrated along the 5Cl-percent-chord line. The 
flexibility was found to be essentially the-same asthatreported in 
reference 13 for the plane-wing model; however, a slight increase in 
stiffness due to wing warp was noted. -- . 
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. 
The model was flight tested at Mach numbers of 1.1 to 1.7 from the 

Langley Pilotless Aircraft Research Station at Wallops Island, Va. Data 
were obtained during ascent of the model after separation from the rocket 
booster. Aerodynamic data were obtained from transient oscillations 
induced by the pulse rockets, which fired at intervals in the pitch 
direction. The telemeter system permitted the measurement of angles of 
attack and sideslip, normal and longitudinal accelerations, angular pitch 
acceleration, and rolling velocity. The flight velocity obtained from 
a CW Doppler radar set (corrected for wind velocity) was used in con- 
junction with tracking radar and radiosonde data to calculate Mach num- 
ber, Reynolds number, and dynamic pressure. The variations of the free- 
stream Reynolds number and dynamic pressure with Mach number are shown 
in figure 5. 

ACCURACY AND CORRECTIONS 

Errors in the absolute value of a telemetered quantity are thought 
to be within fl percent of the range of the instrument. At a Mach num- 
ber of 1.5 the errors in the normal- and axial-force coefficients have 
been estimated to be within 39.02, and 3~0.001, respectively. mch num- 
ber is estimated to be accurate within *l percent and dyne&c pressure 
within f2 percent. Experience in the use of the air-flow indicator 
shows that an error of f0.3O is probable. 

An additional source of inaccuracy in the final results may be the 
induced lateral motions following a pitch pulse. However, cross-coupling 
effects on the data presented are believed to be small. 

Measurements obtained from-the flow indicator were corrected for 
pitching velocity and for flight-path curvature. Measurements obtained 
from the normal and longitudinal accelerometers were corrected to values 
at the model center of gravity. Wing aeroelastic corrections to the 
data were not made. Such corrections would be small. For example, there 
is an estimated reduction of Ck from rigid-wing values of only 
4 percent. 

RESULTS AND DISCUSSION 

The aerodyns&c test results are presented in figures 6 to 13. 
Since the stiffness of the warped wing was almost the s&me as that of 
the plane wing, and the test conditions were similar, the data of this 
investigation are directly comparable with the data for the plane-wing 
model (ref. 13) for determination of the effects of wing warp. 
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Trim 

Figure 6 presents trim measurements for the model. The model has 
a favorable trim angle of attack of approximately 1.70 as a result of' 
the wing warp. HoVever; since the model rolled st&Ii.ly at a rate of t 
approximately 4 radians per second, the trim angles: of attack and yaw 
for zero roll rate could be sometrhat less than these measured values. - 
The higher trim roll rate for the warped-wing model, compared with a 
roll rate of less than 1 radian per second for theqlane-wing model, is .- 

believed to be caused by slight wing asymmetries arising from the 
increased difficulty of accurately machining the warped-wing panels. 

Drag : 

Axial-force and drag polars were obtained at Mach numbers of 1.11, 
1.31, 1.54, and 1.74, and are shown in figures 7 and 8, respectively. 
The axial-force data of figure 7 indicate a reduction in axial-force - 
coefficient with increasing normal-force coefficient. Compared with 

- plane-wing values, there isa reduction in axial-force coefficient above - 
a normal-force coefficient of 6.20 and, as seen infigure 8, .a reductfin 
in drag coefficient above a lift coefficient of.O.L7, approximately. The 
drag at'zero lift was increased approximately 50 p&cent by the wing warp. 

Lift-Drag Ratios 

Figure 9 presents L/D and c&2 - both plotted against lift coeffi- 
CD 

cient at Mach numbers of 1.11, 1.31, 1.54, and 1.74, for increasing and 
decreasing values. Maximum lift-drag ratios from 8.3 to 7.0 occurred 
at lift coefficients from 0.25 to 0.2. Maximum val&es from 17.7 to 16.6 

c# occurred in - 
CD 

at lift coefficients from 0.17.to 0.14. The variations 
- 

of these maximum ratios and optimum lift coefficients with Mach number 
are shown fn-figure 10. Comparison is made with corresponding values for 
the plane wing. The dims lift-drag ratios of-the warped-wing model 
were LO to 4 percent-higher (with increase in Mach number) than those 

of the plane wing. 
c-$/2 However-the maxirmun values of - 

cD 
were 8 to 9 per- 

cent lower- for the warped-wing model. The use of,the sq-aunt of wing warp __ _-_ 
(CL = 0.2) of this investigation may or may not increase the maximum 
supersonic range of a turbojet-powered aircraft. This is so because for t 
s,ich an airframe-engine combination the optimum flight attitude of the 
airfrsme cvqnax is compromised by the optimum operating conditions -. 
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Jf the power-plant. Depending upon the extent of supersonic Mach number 
effects on turbojet engine performance, the turbojet-powered aircraft 

may or may not operate near 
cQ/2 

(L/D)- or C, for maximum flight 

range. The optimum Uft coefficients for the warped-wing configuration 
are higher than those for the plane-wing configuration. 

Normal Force and Pitching Moment 

Figures U to 13 present plots of normal-force and pitching-moment 
coefficients and summarize the variations of the normal-force-curve and 
pitching-moment-curve slopes with Mach number. Figure ll shows that the 
variation of normal-force coefficient with angle of attack is essentially 
linear for small angles of attack. The variation of normal-force coeffi- 
cient with pitching-moment coefficient presented in figure I2 is also 
essentially linear over the rsnge of test conditions. The variation of 
the normal-force-curve slope C% with Mach number shown in figure 13(a) 
is similar to that for the plane-wing model but the curve is approximately 
10 percent higher for the warped-wing case. The variation of the static- 
stability parameter Cmc N with Mach number (fig. 13(b)) shows that the 

aerodynamic-center location was not changed by wing warp. The aerodynamic- 
center location was approximately constant with change in EZach number. 

CONCLUDING FEMARKS 

A free-flight investigation of the effect of wing camber and twist 
on the supersonic lift, drag, and static longitudinal stability charac- 
teristics of a rocket-powered model having a 67.~~ swept arrow wing of 
aspect ratio 1.86 and no horizontal-tail surface leads to the following 
observations: 

1. Wing warp reduced the axial-force coefficient above a normal- 
force coefficient of 0.20 and the drag coefficient above a lift coeffi- 
cient of 0.17 but increased the drag at zero IJft by approximately 
50 percent. 

2. The maximum lift-drag ratios of the warped-wing configuration 
were 10 to 4 percent greater than the values for the plane-wing 
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configuration. CL112 However, the maximum values of - were 8 to 9 per- . 
CD 

cent lower for the warped-wing case. - I 

Langley Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va., June 21, 1957. 
- 
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TABLE I.- FUSEUGE ORDlXATES 

Station, in. 

0 
-67 

1.33 1.67 
2.33 
3.33 

1o:oo 2:; 
13.33 
16.67 
20.00 
22.75 
23.33 
26.67 
30.00 

Constant radius 

71:4g gz," 

;;% 83:65 
87-71 
91.76 
93.79 
95.82 

Body radius, in. 

0 
.22 

52 
057 
.73 
.g8 : . 

1.19 1.9 
1.82 
2.06 
2.23 - 
2.35 
2.37 
2.45 
2.50 

Constant radius 
2.50 

2.45 2.37 

2.23 21% 
1:s 
1.19 

-98 
-73 

:E 
.38 
.21 

0 

ll 
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TABLE II.- CHARACTERISTICS OF MJDEL 

wing: 
Spm,ft .......................... 
Area,sqft ................ ..-i ..... 
Aspect ratio ........................ 
Taperratio ........................ 
Sweepback of leading edge, deg .... I -; .- . .T .. -. .. 
Sweepback of trailing edge, deg ........ -. ..... 
Mean aerodynmnic chord, E, ft ......... .i ..... 
Airfoil section thickness distribution ......... NACA 
Design lift coefficient ............ 'ma ..... 
DeaignMachnutnber ..................... 

2.83 
;*3&- 

. 

67.; 
15.0 
2.03 

65~004 
0.20 
1.57 

Body: 
Maximumdismeter,ft.. ........... . ...... 0.42 
Length.ft ......................... 8.32 
Fineness ratio ....................... 20 

Vertical tail: 
Span.ft....................-..- ... 0.97 
Taperratio ............. . .......... 
Sweepback of leading edge, deg ..... -.- .. i ...... 2 
Sweepback of trailing edge, deg ................ 1-5 
Airfoil section ............... .- ... E.&CA 65~003 

Model weight, lb ....................... 107.0 

Moment of inertia in pitch, slug-ft2 ............. 10.89 

Center of gravity, percent 'c behind leading edge of 
meanaerodynsmicchord ................... 24.3 
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!!X&E III.-WINGORDINATES MEASURFD F'RC%fRElSRBK!E 

PJANE O.h.4 INCHEXLOW~DEX, CEItlSR LINE 

u = 0.30 u = 0.40 CT = 0.60 u = 0.80 

x9 YL9 YlJ9 X? 529 YUJ X9 aI> yur X$ YLj yu> 
in. in. in. in. in. in. in. in. Fn. in. in. In. 

0 -0.58 -0.58 o -0.75 -0.75 0 -::g -o&l 0 -0.83 -0.80 
1.55 -*46 :z .90 1::; -.jg .60 -A4 -.68 
2.75 -.40 1.90 -.I3 1.30 -.73 -.45 

:; ::g 
-.57 

3.95 -.36 .39 2.90 -.56 .04 2.00 -.67 -*30 Et -J3+ - .4g 

7:55 2:; 

-24 

$ ::: 

-.52 *l7 2.70 -.61 -.19 -.59 - .39 

-.34 -.33 '- -.48 A.6 -27 3.40 -.53 -.57 
- 
-.Ol .oy 2.10 1:70 -.51 -.55 -.33 -.27 

8.75 -.36 .63 56-g 

T& 

-A :Z ?:E -.4g .06 2.4-O -.48 -.22 
9.95 -.38 

:; 
-.43 943 

pc& A; 
.I2 2.80 

11.15 -.39 
9:90 

-.41 :$ 
6:yo 

.l5 3.10 1:: 
-.17 
-.13 

12.35 -.40 .6s -.40 -.38 l 17 ::Zi -.37 -.og 
13.55 -.39 -57 m.90 -.39 ;$ 78': -.35 .18 -.33 -.06 
14.75 1::: ..52 Il.90 

1:;; 
. -.32 .I9 4*20 -.04 

15.95 -.28 .I9 
::z 

-.02 
17.15 -.36 

:z g*g?l 

18.35 -.33 
19.55 -.29 

3; ;;:&J 
-.34 .37 

;:; 
-.25 .18 

kg 
-22 -.Ol 

-.31 .33 10.40 -.22 .l7 5.20 -.lY 0 
-.27 .28 ll.10 -.18 .14 5.60 -.15 .Ol 

20.75 -.& .21 16:go -.d+ .& IL.80 -.15 .I2 -.l2 .02 
21.95 -.1g ~6 17.90 -20 -.lO .OY 

2:: 
-.08 .02 

23.15 -.14 .lO 18.90 1.16 
2 g'z 

-.07 .06 6.6~ -.06 .Ol 
24.35 -.07 .05 19.90 -.LL .09 13:Yo -.03 .03 7.00 -.02 .Ol 
25.55 0 0 20.90 -.05 .05 14.60 o 0 7.30 0 0 

21.90 0 0 

L.E. radius = 0.03 L.E. radius E 0.02 L.E. radius = 0.02 L.E. radius = O.Ol 



STh. 0 

99.87 

2 -l6.94--++--10.36- 

--I l.87+ 
Support fitting,% thickness 

Figure l.- Test configuration. All linear dimensions are In inches. 

-f 

11.160 
I I- 
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(a) Three-qmter front view. 

9 

---_ 
-R 

(b) Side view. ~-57-1642 

Figure 2.- Photographs of model with warped wing. 



(c) Closeup shoKing warped wing panel. 

Figure 2.- Concluded. 
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C r 

f 
a 
2 

Body ref. 

!!!I- 
X 1 * 

-.2 

2 
C&L 

-.4 

-.6 

-.8 

-1.0 
0 .2 .6 -8 1.0 12 

Figure 3.- Calculated wing warp for a Mach number of 1.57. 
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.8 
P = .506 - .764 x Ic, + .600c + .ISl# I 

Pressure 
loading, 

P 

. 0 .2 .4 .6 .8 I.6 1.2 
x/q 

(a) Pressure loading. 

.8 

.6 
Chordwlse 
loading, 

2Y c,’ 
4 

b CL 
.2 

.2 .6 .8 1.2 

(b) Chordwise loading. 

.8 

Sponwise 
loading, 

cc1 
crc, 

.6 

4 

.2 

.2 .4 .6 .8 16 
u 

-- - 
-. 

(c) Spsnwise loading. _ r 

Figure 4.- Calculated los&ng distributions at a design lift coefficient 
of 0.2 and a Mach number of 1.9. * 
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// 

1 

S>/ 
-Warped 
--Plane 

2 

0 

6x 

Figure 5.- Flight-test conditions. 
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a trim) 

deg 

P trim, 

deg 

p trim? 
rad 

/set 

4 

2 

0 

4 

2 

0 

-10 

-5 

0 

, 

, 

I5 
t 

I I 1 I I 

. 

1.0 1.2 I.4 1.6 
M 

1.8 2.0 

Figure 6.- Model trim. 
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CN 

.5 

83 

.2 

.I 

0 

-. I 

o Decreasing CN, warped wing 
n hcreasing CN, warped wing 
--Plane wing, Ref. 13 

.6 

Figme 7.- Variation of normal-force coefficient with axial-force 
coefficient. 
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.6 

o Decreasing CL, warped wmg 
0 Increasing CL, warped wing 
--Piane wing, Ref. 13 

. . . . 
I I I I 

1 , I / I l’J3 

M=l.ll .Ol .Ol .Ol 
M= I .31 M= 1.54 M= 1.74 

CD 

Figmx.8.- Dra@; polars. 
I 
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6 
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0 0 Decreasing CL 
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CL 

11-2 
Figure 9.- Variation of L/D and CL - with CL' 

cD 
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CL 

CL 

20 

18 

16 

14 

and 

max IO 

8 

6 

4 

2 

0 

0#5 

+z 04 
for - ( ) CL * 

max 
cD 0.3 

and 
0.2 

for L 
( ) D max 0.1 

Warped wing 

LPlane wing, Ref. IZ 

- - 
L ( ). D max -_- .- 

I I 
I I I I 

Warped wing 
- - Plane wing, Ref. 13 _- 

I.0 1.2 1.4 

M 

I.6 1.8 

Figure ILO.- Aerodynamic performance parameters and optimum lift 
coefficients. 
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-.I 

.I 

1.54 0 

-.I 

.I 

CN 

I.31 0 

-.I 

.I 

I.11 0 

-.4 8 -4 0 4 8 12 16 
a, deg 

Figure ll.- Variation of normal-force coef?ficient with angle of attack. 
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CN 

.6 

.5 

.4 

.3 

.2 

.I 

0 

-,I 

-.2 

-.3 

. 

-.I 2 -.08 -.04 0 0 --0 0 -04 

M= I.11 I.31 1.54 1.74 
Cm 

Figure 12.- Variation of normal-force coeffic$ent with pitching-moqent .--- " 
coefficient. 

I 
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0.06 I Warped wing 
- - Plane wing, Ref. 13 

1 
- 1.0 I.2 1.4 1.6 1.8 2.0 

M 

(a) Normal-force-curve slope CNoL. 

0.6 

11 - - Plaie wing, Ref. 13 
Warped wing 

Cm 
CN 

0 
I 

I I 
, C. G. at 0.197F 

I I I 
t 

’ C. G. at 0.243E 

.O Is2 1.4 1.6 I.8 2.0 

M 

(b) Static-stability parameter Cn'cN. 

Figure 13.- Lift effectiveness and static stability parameters against 
Mach number. 
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