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AN INVESTIGATION OF THE AERODYNAMIC CHARACTERISTICS
OF A COMBINED SWEPT BACK-SwEPT FORWARD

WING CONFIGURAT ION

By

Luciano L. Mazzola
and

Eugene Mark Romer

Theoretical and experimental analysis of a combined swept
back and swept forward wing configuration were made to determine the
aerodynamic properties of the configuration.

The results showed fair correlation with existing airfoil
data. Agreement between experimental and theoretical results indicated
possible extension of the theory used to cover all possible variation
of configuration. Results indicate that the configuration has possible
practical applications.
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Chapter I

INTRODUCT ION

The development of jet and rocket powered aircraft have result-

ed in aircraft structures designed explicitly for trans- and super-

sonic flight, such as the development of wing planforms with large

angles of sweep-back or sweep-forward.

The use of swept-back planforms has posed problems not usually

encountered in the aerodynamics of conventional planforms. One of

the more serious of these is the problem of stalling at the wing tips

at high angles of attack'(such as in "flare out" landing conditions)

thus rendering ailerons ineffective in preventing one wing or the

other from dropping to the point where crashing is imminent.

Aircraft with swept-forward planforms do not have this difficulty,

the stall pattern being such that stalling begins at the wing roots

and progresses outboard. Full aileron control is maintained while

landing and the danger of crashing because of uncontrollable rolling

is eliminated. The disadvantage of this type of planform is that it

is limited as to the speed at which it can fly safely since it reaches

a speed in the upper sub-sonic range where the aerodynamic twisting

moment exactly equals the structural restoring moment. At this

point, a anall gust is enough to cause the wings to twist off.

It was the authors' idea to combine the two wing shapes in

order to determine if possibly the use of both types of planforms
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would eliminate the disadvantages of both and would combine the

advantages inherent in both designs.
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Chapter II

THEOREICAL ANALYSIS AND CALCULATIONS

2.1 METHOD OF ATTACK

In order to obtain the theoretical spanwise lift dis-

tribution across the wings, it was necessary to ascertain (1) the

manner in which the airflow across a wing varied and (2) how this

flow was influenced by the presence of another wing located in the

flow field of the first. This means that the downuash at any point

was the sum of the effect of the wing itself and the interference

effect of the other wing.

2.2 ELANATION OF EQUATION AND USE OF CHARTS

The downwash angle at any point P(xt A x, yt Ay, z+ Az)

due to a horseshoe vortex of semispan S located at a point Q(x,y,S)

may be found from the relation

w (AX, AY, AZ) a K F(AXvAYvAZv) (2.1)
V 4iVVs

(Ref. 1), where the function F is a function of the geometry of the

wing and the coordinates of the lift and downwash points.

The function F(LXVAYv,AZ,) may be found from the re-

lationship

F 2 2
AYi- AZ2 + 4 AYy Aa~

\ AY,* (4- ~



+ AXV
+Z +(Xa+1

+ I
(AY. +(Ayl

AXV 2 +,z

6- V+4(AYVI)2

VX +LAZZV+1

from reference 5.

For the special case A .0 = 0,

aa( 
YV~ 1 (2.3)

where the minus sign applies for positive values of A and

sign, for negative values.

The following special cases are also of interest

42/++ ax + a

F(A X,0,0) 2 + + +
{ /64e+

plus

(2.4)

(24)

For the configuration under investigation nine horseshoe

vortices of semispan 2 were assumed across each of the two wings.

The centers or "lift" point of each vortex was located on the quarter-

chord line of each wing positioned at stations located at 0, 22.2,

44.4, 66.6, and 88.8% of the wing seispan from the wing roots.

(4)

(22)
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Stations one through nine inclusive refer to the downwash and lift

points on the forward wing. Stations ten through eighteen correspond

to the lift and downwash points on the rear wing.

The downwash points were chosen on the three-quarter chord

line of the wings and at the same distances fran the wing roots as the

lift points. (see fig. 1)

The values of the F function in the plane of the wings were

obtained from the charts provided with reference 2. The values of

this function for coordinates located out of the plane of the wings

were obtained by interpolation in the tables of reference 2 for the

value of 4 Z , - 2. Since, this table only allows direct inter-

polation of values of F for positive values of AX, the following

relation was used to obtain downwash values for negative values of 4 Xv

F(-AXv, dY,,A Zv)= 2 F(oAYv,A zd -F(xv AY.,dz,)

(2.6)
where the last two functions are easily obtained frcm the tabl es

mentioned above*

Summing up all the contributions to the dowra sh due to the

vortices we obtain

< V) Fr K (2.7)
-v - -tr I

where Fan is the value of the F function at the downwash peint "i"
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due to the dimensionless distances from the lift point "n

For this particular case, s a .25, the symmetrical nature

of the problem (i.e. K, KV , Ka = Ks , ... ; K,, Kg , K,, K

Ot*, o9 ,o ' 'a ~ ''' is )
reduces the solution of the variables to a system of ten simultaneous

equations in ten unknown circulations and the local angles of attack.

The resulting equations are of the form

a, K,+ +all ... a, 4 K a,/K,,+...+a, 9 K 4 = P
(2.8)

a2 ,, K,+ a2 , KZ + ... +a 2  KS + allK,,+ ... + a2 9 K, Pa

etc.

where P1 , P2 , etc. are the local angles of attack; K, , K2 ,

etc. are the values of the circulations K, , K 3 ,..* each multiplied

by the factor ( ); and a, ,a,, , a 1 .*.*are the values obtained

by adding the F functions of equivalent circulations together ( i.e.,

combining the coefficients of 1 & K, , K 2 & K., etc.)

The solution of these equations is accomplished by stting

the values of P, through P. equal to one, while holding P~ through P',

equal to sero, and then setting F,*.., P,,o equal to one while holding

P,,..., Pequal to zero.

We finally obtain each of the circulations ( K , , K 2 .*.)

as functions of the angles of attack of the front and rear wings and

we can set up a Fourier series of the form r (n 0 ) (2.9)

to represent the distribution of the circulation across each wing.

The circulation across each wing was assumed to be of the

form r= f Sin +G Q It 39 + C JI h 5(+ sin'70+r, sn 9e (2.10)
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where 0 is defined by

Cos -g

The values of r , , r , etc. can be obtained from

the solution of the simultaneous equations for each wing in terms of

the known circulations at specific stations, e.g.

r6 lo0st& 0. + G Se3,0., + G. J101 5'-490 --

rb r. s' 9j, t- P 3 S i a396 +- r.. s~ 0 V -- (2,11)

Q r,. + G s;430e + 1Pssi'ie

ere F , r, .. are the values of the c

rat five stations across each wing and

Cos / 06 /h

irculation of the

etc.

Only five equations in five unknowns are needed for each

wing due to the symmetry of the loadings. Similarly only the odd

values of "n" were assumed in the Fourier series because of the

symmetrical load distribution. The value of the lift coefficient (C )

becomes

S '

The coefficient of induced drag becomes

ITZ h
17'A ro )

(2.12)

(2.13)

wh

fi
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2.3 THEORETICAL RESULTS

Theoretical results for basic loading (i.e. angle of incidence

of the rear wing with respect to the front wing is equal to zero) were as

follows:

I Trvc V{.13 sin e .2 5'4sIh3O i. b3 s5G+.258sI'7Ot86s,.9O]
(2.14)

12 V[.4JI .4 $ A .1 +.h13S0+ i sSin (2.15)

where , in the basic spanwise distribution of the circulation across

the swept-back wing and Fa 1is the basic spanwise distribution of the cir-

culation across the swept-forward wing due to the angle of attack

Equation (2.12) becomes

2S (2.16)

or

(2.16a)

where A = Aspect Ratio, o( is in radians, and b is the span in feet.

Equation (2.16) bqcoaes

CL - 2.92o< (2.17)

Equation (2.13) becomes

CD = 0.0727C 2  (2.e)

The value of the lift curve slope obtained was .051/0. The

lift of the rear wing was theoretically about 53% of the lift of the front

Ving.

The circulation across each wing due to the angle of incidence

(i) of the rear wing with respect to the front wing are given by
r = -ri V .296 sin 0 .020 sot 30 0 .350 seo 51 -. 355 5h 76 -. 090 s5h 1) }

-- 4n.V .49m8..oof S h3O +.O4SI '$8+. 1 5 2 sst'76 +. 1'%8 s0 *t (

(2.20)
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Combining equation (2.19) and (2.14) and (2.15) and (2.20) we get

the circulation as functions of a and i .

1 = Irv{(.Is+C ) S +(.254k+. ioc ers 3S (.f t 3S-.3o n .m 5-0

+(.Zse, - .355Z )si'7 8 +(.64 - .010 3i n 70 1
(2.21)

+ (.4+.24 sIh'IO +(.4tU S *.r184) .$In 91 (2.22)

We also obtain

CL-T -. Itt8 8 i (2.23)
4 1*

In order to determine the angle of incidence at which

the lift on both wings become equal the first coefficients of each

circulation was equated. Equal lifts are obtained at values of

iu 1.85c(. This means that at any given angle of incidence there is

only one angle of attack at which the lift on both wings become

equal. &t this point , 14 +

4 (2.24)
or

6.5 o( (2.24a)

We also obtain for the induced drag

C S .2-340.+.05012?C0  IL ______ *14 08
Z.A 3 .1 ts 4.294i .4ti+.V9t

*5 ( 5. 1 -.14 94  .SOsi.
1.1'15 I+.294i] .4I t4t



+'r .258 e - + 0

[,-1 -3 1+. 2 9 4LZ .

44 ok +.152e
'it t 4+ .4 )21

.10.oi z 1 .i A+ .1-78 1
. 3 + .2%il A. .4 c-t ,492<l )

The value for CD at i = 1.85 becomes

= 0. 18 2 C

,a)

+(9 1t

Co.

(2.25)

(2.26)
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Chapter III

EXPERIMENTAL ANALYSIS AND CALCULATIONS

3.1 DESCTIPTION OF THE MODEL

The model, consisting of two wings and supnorting structure,

is illustrated by a three-view drawing and several photograrhs comnris-

ing figures 3 thru 9.

The wings are constructed of laminated two inch pine strips.

The wings have constant section NACA 0010 airfoils in the streamwise

direction. Each wing has an area of 4.5 sq. ft., a one foot chord

and a 4.5 foot span thereby giving each an aspect ratio of 4.5.

Both wings have a taper ratio of one and no dihedral. The center

lines of the wing chords are parallel and six inches apart. The

ends of the wings are vertically above one another, lower wing being

swept back 300 and the upper wing swept forward 300.

The wings are held together by two 1/8 inch thick aluminum

end plates and a 1/4 inch thick aluminum center strut. Wing tips

were attached outboard of the end plates in order to eliminate sharp

corners and thereby prevent airflow seraration at the tips. The over-

all span of the model, including end plates and wing tins, is 55.75

inches.

The aluminum strips supporting the center butt joints of the

wings, the angles supporting the center strut, and the holes in the

front wings, which are necessary for supporting the model in the wind

tunnel, can be seen in figure 4. All holes and exterior supports were
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faired in with modeling clay previous to the tests--as seen in figures

5 thru 9--in order to maintain a smooth flow of air over the model.

Two of the runs were made using partial span flaps extend-

ing frcm the center line of the wing to a point 26.75 inches outboard

along the trailing edge (as seen in figures 5, 6 and 7). The flaps

had a deflection of 400, and a chord of 2.13 inches of 17.75% of the

wing chord (both measured parallel to the air stream)* In one run the

flaps were attached to the upper side of the rear wing and in another

run they were attached to the under side of the forward wing.

3.2 TEST CONDITIONS

The tests were conducted in the M.I.T. 4.5 x 6.0 foot wind

tunnel at a pressure head of 4.385 inches of alcohol, which corresponds

to an airspeed of 80 miles per hour. The test Reynolds number was

759,000 with a turbulence factor in the air stream of 2.7, based on

spherical drag, which was caused by a turbulence net suspended across

the tunnel, upstream of'the model.

3.3 TEST PROCEDURE

Four runs were made in the tunnel, exclusive of those

necessary for determining the tare and interference corrections.

The lift, drag and pitching moment produced on three different con-

figurations--namely clean, (figure 5 and 6), flaps down on forward

wing (figure 7 and 8), elevator flaps up on rear wing (figure 9) -

was measured while the angle of attack was taken from that at which

a slightly negative lift was produced thru the stall point, by in-

crements of 1 degree. One run was made with tufts on both wings in

order to study the stall Progression in the clean condition.
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3.4 REDUCTION AND CORRECTION OF DATA

The following parameters were used in reducing the forces

and moments obtained into coefficient form:

S: 9 square feet ( total area of both wings )

c 1 foot (chord of one wing)

b 4.5 feet

q 16.37 slugs/feet sec2

qS' 147.3 slugs feet/sec

qStc 147.3 slugs feet 2/sec2

The necessary corrections applied to the d ata are shown

in figure 11. Ao( is a correction due to an incorrect setting of the

angle of attack indicator. The A Cmtrans's were necessary to obtain

the pitching moments about the aerodynamic centers from those about

the trunnions. All other corrections are explained in reference 3,

pages 124-132 andpage 225, equations (6:14) and (6:15). The tunnel

wall interference factor, A ,was found in reference 4, page 163.

3.5 EIPERIMENTAL RESULTS

The results of the tuft studies can be seen in figure 10,

a,b, and c. For the sake of clarity the forward and aft wings have

been separated in the drawings.

The corrected force and moment coefficients have been plotted

as seen in figures 12,13,14,15.

From figure 10, it can be seen that the rear wing was still

lifting at an angle of attack at which the front wing was completely

stalled. This accounts for the leveling off of the lift curve after

stall, as seen in figure 12. Seyere buffiting of the rear wing, caused
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by the unsteady wake of the front wing flowing over it, was observed

at high angles of attack.

In order to provide some means of comparison, calculations

were made to obtain the amount of deflection of an equal span 20% chord

sealed elevator needed to produce the moment obtained by the split

elevator used on the model. Figures 2-58 and 9-15 of reference 5,

were used for this purpose. The equivalent deflection was found to

be 18.5 .

The aerodynamic centers were found to be at 76% of mac of the

front wing clean condition, 88% of mac of the front wing with elevators

up on the rear wing and, 73% of mac of the front wing with flaps down

on the front wing.

As seen from figure 12, a maximun lift coefficient of .70

was obtained for the clean condition-and .83 with flaps down, It can

be observed from figure 13 that the pitching moment with flaps down at

zero lift is + .18. It has been calculated (using figures 12 and 13)

that the elevator deflection necessary to trim out this moment would

cause an increase of CL, at zero o( , of .15 and an increase of the max-

imum lift of about .12 to a maximum CL of about .90.
2From figure 15, dCD/dCL for the clean condition can be seen

to be .145. Defining the Oswald efficiency factor "e" as

e is found to be .985.
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Chapter IV

DISCUSSION

4.1 CORBELATION OF RESULTS.

Experimental and theoretical lift curve slopes of .056 and

.051 agree fairly well, however, the polar lift-drag slopes of .145

and .072 do not agree. Possible reasons for lower theoretical values

in these slopes are: 1) ignoring the effect of end plates in the the-

oretical calculations, 2) taking an insufficient number of downwash

stations across the wings and, 3) possible experimental errors.

Both the theoretical and experimental results indicate a

greater lift distribution on the forward wing for the configuration

tested. Theoretical results indicate that higher lifts could be obtained

by setting the rear wing at a positive angle of incidence with respect

to the front wing.

4.2 POSSIHJE ARRANGENTS OF THE CONFIGURATION IN A COMPLE'E AIRFLANE

The experimental tests show that with the chords of both wings

parallel to each other the rear wing provides an excellent place to mount

elevators. By mounting elevators on the inboard sections and ailerons

on the outboard sections of the rear wing full span flaps could be then

mounted on the front wing, wherqs the tests have shown, they would be

very effective.

Increasing the angle of incidence of the rear wing with

respect to the forward wing could increase the lift on that wing to a

value equal to that on the forward wing, as shown by the theoretical

calculations, and thereby produce a diving moment about the aerodynamic
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center. This would then necessitate the addition of a tail behind the

rear wing on which elevators would be mounted, whi]e the two main wings

would support some combination of ailerons and flaps.

4.3 SUGGESTIONS FOR FUTURE INVESTIGATION.

1) A more accurate theoretical analysis of the problem , taking

into account the effects of end plates, angles 6f incidence- of the rear

wing and horizontal and vertical position of rear wing with respect

to front wing.

2) An analysis of a dynamic model to determine flutter speed.

3) Possible design for a complete airplane using this wing con-

figuration.

4) Response of Configuration to gust loading.
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APPENDIX



TABLE I
VALUES OF F FUEw? ION

Lift Stations

D.W. PTs,

1

2

3

4

5

6

7

a

9

10

11

12

13

14

15

16

17

1

4.24

am .99-

- .12

- ,043

am .0220

am .017

- .0135

- .0108

- .0089

.8429

.0930

.0968

.0677

- .0436

-- .0273

- .0180

- .0124

- .0089

2

-1.25

4.24

4W .99

so .12

no .043

- .030

- .0220

am .016Q

- .0125

.0930

*8266

.0797

- .1043

- .0718

- .0436

- .0273

a .0180

- 0124

3

of .233

-1.25

4,24

am *99

go .12

we .064

so .039

am .0264

No.0186

fm .0968

.0797

,8145

,0726

an .1085

m .0718

am .0436

-s .0273

AM .0180 - .0273

4

.066

e 233

-1.25

4.24

0 99

.190

- *084

.048

- .030

- .0677

- .1043

,0726

.8089

.0689

do .1085

-- .0718

. 0436

OR .0436 - .0677

(36)

- .0521

- .096

- .233

.125

4.24

-1.25

m .233

-. 096

.0521

- .0436

- 0718

.1085

.0689

.8062

.0689

- .1085

- 071a

030

.048

.084

- .190

.99

4.24

-1.25

S.233

-. 096

-m .0273

- .0436

- .0718

-m .1085

.0689

.8089

.0726

- .1043

5 6



(37)

TAa.E I (cont'd)
VALUES op F FUNCTION

Lift Stations

D.W. PTs.

2

3

4

5

6

7

8

9

10

12

13

14

15

16

17

18

- .0186

-m .0264

- .039

-. 064

- .12

- .99

4.24

-1.25

- .233

- .0180

- .0273

.0436

- .0718

- .1085

.0726

.8145

.0797

- .0968

- .012J

- .0162

- .0220

- .030

- .043

- .12

- .99

4.24

-1.25

- .0124

- .0180

- .0273

- .0436

- .0718

- .1043

.0797

.8266

.0930

7 10

.6904

9

5 - .0089

-. 0108

- .0135

- .017

- .0220

- .043

- .12

- .99
4.24

- .0089

- .0124

- .0180

- .0273

- .0436

-. 0677

-. 0968

*0930w

.8429 .0089

11

.0094

- .1870

- .1347

- .0890

- .0580

- .0402

.0281

.0078

4.24

-1*25

- .233

-- .096

- .0521

-. 030

.0186

.0125

-. 0108 - .0135

- .1870

- .0438

- .0381

- .0267

- .2162

- .1439

- .0890

- .0580

- .0402

- .12

- *99

4.24

-1.251

- .233

- .084

.039

- 0220

.0097

- .0438

- .2046

- .1439

- .0890

- .0580

- .0402

- .0281

.99

--4.24

-1.25

- .233

- .096

-. 047

- .0264

-,.l62

12



(38)

TALE I(contfd)
VALUES OF F FUNCTION

L ift Stations

D.W Prs.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

13

- .1347

- .2046

- .0267

- .0213

.0158

- .2162

.1439

- .0890

- .0580

- .043

- .12

-.-99

4.24

-1.25

-. 190

-. 064

.030

.017

14

- .0890

- .1439

- 262

- .0158

- .0082

- .0158

- .2162

- .1439

.0890

-. 021

- .043

- .12

- 099

4.24

- .99

*12

-. 043

.021 - .99 -4,24

15

- .0580

- ,0890

- .1439

- .2162

- .0158

- .0213

- .0267

- .2046

- .1347

- .017

- .030

- .064

.190

-1.25

4.24

* .99

.12 -

16

- .0402

- .0580

- .0890

- .1439

- .2161

- .0267

- .0381

- .0438

- .1870

- .0135

- .0220

- .039

- .084

- .233

-1.25

4.24

.99

.043

17

- .0281

- .04O2

- .0580

- .0890

- .1439

- .2046

- .0438

.0097

.0094

- .0108

- .0162

- .0264

*047

.096

- .233

-1.25

4.24

18
- .0078

- .0281

- .0402

.0580

- .0890
- .1347

* .1870

.0094

.6904

- .0089

- .0125

- .0186

- .030
- .0521

- .096

.233

-1.25



(39)

TAME II
COEFFICIENTS OF CIRCULATIONS FOR THEOREICAL

CALCULATIONS OF SPANWISE LOAD DISrRIBU ION

D.W. Pr. 1 K2  K3  K K5
1 4.231 -1.263 -..2516 - .126 - .0521

2 -1.0008 4.228 -1.276 - .281 - .096

3 - .1335 -1.012 4.201 -1.334 - .233

4 - .060 - .150 -1.054 4.05 - .125

5 - .0440 - .086 - .240 -1.98 4.24

10 .8340 .0806 - .148 - .0950 - .0436

1 - .0806 .8086 .0524 - .1479 - .0718

12 - .1148 .0524 .7709 .0008 - .1085

13 - .0950 - .1479 .0008 .7004 .0689

14 - .0872 - .1436 - .2170 .1378 .8062



(4(i)

TALE II (cont'd)
COEFFICIENTS OF CIRCULATIONS FOR THEORETICAL

CALCULATIONS OF SPANWISE LOAD DISTRIBUTION

K1 0

.6826

.0187

- .2272

- .1927

- .1780

4.231

- 1.263

.2516

- .126

- .1042

Ki1

- .0187

- .0305

- .1018

- .2936

- .2878

-1.008

4.224

-1.276

- .281

-.192

K12

- .2272

- .1018

- .1271

- .1706

- .4324

- .1335

-1.012

4.201

- .1334

D.W.

1

2

3

4

5

10

U

12

13

14

"13

- .1927

- .2936

- .1706

- #2375

- .0316

- .060

.50

-1.054

4.05

-2.50

- .0890

- .1439

- .2162

- .0158

-. 0082

-. 021

- .043

- .12

0 99

4.24

PT

- .466



0(4A)

TAMLE III

COEFFICIENTS OF CIRCULAT IONS
r .II,, OF 0 I0 2r 1

FOR SCLUTION OF EQUATION 2.14

K 3 K5 K7 K9

0.45813421

.74535966

.89578935

.97499445

1.00000

.98980111

*57970789

- .18789561

- .78239081

-1.00000

0.69025124

- .087419630

- .66848184

.43523110

1.00000

- .18892406

- .38542295

.99659435

- .00209439

-1.00000

- .90945395

.95985426

- .53715240

- .43145605

1.00000

K 1


