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A two part study was undertaken. In the first part , vingist

effects were ~r~m:tned on a variety of wing planforme. A nonp1~nar

lifting surface computer program was used to calculate aerodynamic

coeff icients including lif t , induced drag , wing pitching moment ,

and wing root bending moment coefficients. Typical cruise flight

conditions were v~’~1”ed and the coefficients calculated for the

wing alone were coi.pared to those obtained for the wing with winglet.

installed . The calculations were then repeated as the wing aspect

ratio, sweep angl e, and dihedral angle were varied. Wiuglet size and

orientation remained constant . The percentage induced drag reduction

was f ound to be the greatest on the wing with the highest aspect ratio and

wing sweep angle (27.5% for an aspect ratio 7, 45 degree swept wing) .

Percentage induced drag reduction increased slightly with increasing

positive dihedral angle. The greatest incremental drag reduction

occurred with the lowest aspect ratio , highest swept wing.

The second study er~,nined the effects of winglet cant angle on

induced drag reduction. Winglet cant angle on two separate wing.

was varied from —3 degrees to +3 degrees in an attempt to find an

optimum value. The model used in this analysis ignored viscous

effects and indicated that positive cant angles (leading edge inboard)

yielded the greatest reductions in induced drag.

xii
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j WINCLET EFFECTS 
-

P 1. Introduction

Obj ective

The objective of’ this thesis is to evaluate the effects and

potential benefits of winglets installed on a variety of wing planforas. -

A parametric analysis of winglet effects will be conducted to determine

the possible net induced drag reduction for several representative

planforms. The planform parameters to be varied include wing sweep

angle, aspect ratio, and wing dihedral. The analysis will be conducted

for typical cruise conditions only. An analysis of the effect of winglet

,4-, incidence angle will also be made.

Background

The present concern over decreasing energy supplies has necessitated

a critical evaluation of increasing fuel consumption. Over the past

twenty-f ive years , United States energy consumption has more than

doubled (Ref 1:19). The National Aeronautics and Space Administration

(NASA) was recently tasked by Congress to establish a comprehensive

program for developing aeronautical fuel—conservation technology. In

response , NASA established a task force of government scientists and

NASA engineers to obtain recommendations from NASA research centers ,

a i rcraf t  manufacturers , and other government agencies. This task

f or ce ha~ considered numerous improvements in all areas of aeronautical

technology . One •~erodynamic Improvement under investigation Is the use

of wingler s (Ref 1:20) .

1
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The United States Air Force (USA!) is concerned with increasing

4 fuel costs and the threat of future increases . The USA! is evaluating

the use of winglete on current USA! aircraft. The RC—135 and the

C—141, which are two heavy fuel consi~~~re, are prime candidates for

modification with winglet.. - - - -

Winglets 

- 
- 

-

Winglets, as used in this study, are small, nearly vertical wing— ; I

like surfaces mounted at the tipi of a wing. These devices are mounted

nearly perpendicular to the main wing and are normally canted slightly

outward. They act as vortex diffusers and provide reductions in induced

drag greater than those achieved with simple wing tip extension.s

(Ref 2:1) . -

For many years it has been recognized that a nonpianar lifting

• system should have less induced drag than a planar wing (Ref 3:1) . A.

early as 1897 a patent was obtained by Lanchester for vertical surfaces

at the wing tips (Ref 3:1). Since that time a number of theoretical

analyses have indicated the significant improvements possible with non—

planar systems (Ref 3:2) .

In addition to the reduction in induced drag, vinglets produce

several other effects which relate to the total drag improvement. First,

the profile drag of the winglet itself negates some of the drag improve—

ment . Second , for most wing and winglet combinations, the required lift

will be produced at a lower angle of attack. Thus, the parasite drag of

the wing will be decreased. Third, at the intersection of the wing and

winglet , interference effects cause a slight increase in drag.
( t . .

r
2
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Other- effects which must be considered are the possible weight

increases and trim penalties. In addition to the weight of the winglets
• and attachments, increased aerodynamic loads on the main wing may require

strengthening the wing and increasing its weight . Part of the winglet

benefits may be negated due to trim effects. As the loading at the

wing tip is increased , a net nose down pitching moment may occur . -This

must be balanced by a moment in the opposite direction and may require

a down—load, or lift reduction on the tail of the aircraft . Thus,

potential benefits of wingleta must be weighed against their penalties ,

and c r e  must be taken to look at net improvement only.

Previous Investigations

Dr. Richard R. Whitcomb of the NASA Langley Research Facility baa

conducted experiments to determine the effects of vinglets on overall

aircraft performance (Ref 3). Bis studies have dealt primarily with

the potential benefits from winglet additinn to first and second genera-

tion jet transport wings.

The Boeing Commercial Aircraft Company has recently completed a

study of the effects produced by winglets on the KC—135 and C—l43.

(Ref 4). A winglet parameter study was also conducted by Boeing to

determine the potential aerodynamic improvement of the KC—135 (Ref 4:

108—169). The parameters varied were leading edge sweep angle, taper

ratio, area, length, and winglet dihedral angle. In all cases the

winglets were located on the upper surface of the main wing. An aero-

dynamic vortex lattice computer program was used in the Boeing study.

Investigations to date have dealt primarily with the addition of
( I

- 

- 
winglets to transport airc raf t  such as the C—14 1 and the XC—1 35. 

The3
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parametric analysis of vinglet. with planform parameters described

fl previously has yet -to be reported. Thi, parametric - investigation was,

therefore, considered to be a fruitful area of research. 
-

Scope

This analysis is limited to the investigation of winglet effect s

on trapezoidal planforms at typical cruiSe flight conditions. Only the

effects of upper surface winglets will be examined. The size, lQcatiou ,

and orientation of these winglets will remain constant , except during

the vinglet cant angle study.

Approach

• To conduct this analysis, a new nonpianar lifting surface theory is

used. This method , developed by Mr. N. I. Goldhammer of Douglas Aircraft

Company, represents nonplanar lifting systems by distributed vort icity

(Ref 5 and 6). This method has been used to compute the induced drag

benefit of winglets and the agreement of computed results with NASA

experimental data is excellent (Ref 5:51—61) . The validity of this

method will be further examined in the next chapter.

• The Nonpianar Lifting Systems (NPLS) method is a nonlinear, non—

• planar , lifting surface theory. The term lifting surface theory

indicates that wing thickness effects are neglected. Wing—like bodies

are represented by a cambered surface with zero thickness. This theory V’.

makes no small perturbation assumptions as do previous lifting surface

theories (Ref 5:5).

The basic problem is to determine aerodynamic forces and moments

on an arbitrary three d imensional lifting system. The system is assumed

to by pl~ ec-d In a uniform , Inviscid , and Irrotational flow and is
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- represented by an array of rectangular elements. The calculation of

aerodynamic forces and moments is accomplished by the digital computer .

A computer program utilizing the NPLS theory has been written by Douglas

Aircraft Company and ii employed in this thesis. This program gives

aerodynamic force and moment coefficients for either a single wing or

a combination of lifting surface s . By calculating the aerodynamic

forces and moments f or the wing—winglet combination and comparing them

to those of the wing alone, the inviscid incremental effecis of the

vinglets are determined . A more detailed s*~~~ary of the NPLS method

i. contained in Appendix A.

(
‘444
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,. •} II. Use and Verification of the NPLS Method

Nonpianar Lifting Systems Program - •

The basic tool used â conduct this investigation was the Douglas

Aircraft Company Nouplanar Lifting Systems (NPLS) Program. Detailed

instructions for the use of this program may be found in Referanc•5.

- The analytical method used in this program was a finite element

technique which required the numerical definition of the lifting system

to be evaluated . Since a lifting system was represented by an array of

rectangular elements , the geometric characteristics of this array were

first calculated and then input to the computer program.

Program Input

To analyze a particular configuration using this program it was

necessary to geometrically define each surface or combination of sur-

faces. Component surfaces of a system were separated and each surface

was treated independently. ‘Each surface was initially orientated in a

defining (x, y, z) system and then rotated into the desired position.

To define a given planforin, the program required that the leading

and trailing edge coordinates at the tip, root, and either side of a

discontinuity be given. These required points are illustrated in Fig. 1.

Once the planforms were defined, each surface was divided into

spanvise sections. This divjaion was based on two factors. First, since

the planform geometry was represented by rectangular elements, the span—

wise divisions needed to adequately represent the resulting “stairstep”

leading and trailing edges. The second factor to be considered was the

ant ic ipated gradients In spanwise loading. Since this method assumed

‘-1
1~
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4 • that apanwise loading was constant over each eection , close spacing was

used in region s vhà re large load variation s were anticipated . It was

suggested that section widths be limited to 2—5% of the wing semi—span

at the wing tip (Ref 5:67) . To adequately represent a 45 degree swept

wing, 14 divisions were used. This representation with the location

of these spanwise divisions iø shown in Pig. 2.

Once the spanwise divisions vere selected , the chordwise divisions

were chosen such that the complete planfora was represented by an array

of rectangular elements. Chordwise divisions were also made such that

closely spaced elements were used in regions where rapid changes in

loading were expected .

The Elementary Vortex Distribution approach used in this method

assumes that the functional form of the vorticity distribution on the

t -. leading edge element is F(l/vc), where s is a streamwise coordinate.

On the remaining elements a trapezoidal distribution, F(s) , is assumed

(Ref 5:1,8—23). This distribution results from the superposition of two

triangular distributions (Fig. A—l). Since the loading distribution on

the leading edge is well represented by the inverse square root vortex

distribution, it is not necessary to make the leading edge element very

small. For this reason, the leading edge element was allowed to be

rather large (5 per cent of chord) in relation to the remaining elements.

The second element was chosen to be smaller (2—1/2 per cent of chord),

which allowed a smooth transition to the triangular distribution. Twelve

chordwise divisions were used in this investigation. These divisions

and their chordwise locations, are illustrated on the root section in

Fiv- 2. A representation of this type was recommended by Douglas  (Ref 5:

64—68).

7
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- Fig. 1. Planform Input Points

-L -

Chordwise Divisions at .05, .075, .125, .20, .30, .45, .60, .75,
.90, .95, .975c

Spanwise Divisions at .04 , .08 , .15, .23, .33, .43, .53, .63,

• 
.73 , .82 , .89 , .935, .975 b/2 

- - - . - - — — - -~~~~- - - - ---__ _ _

- Fig. 2. SpanwI~e and Chordwlse Divisions8
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The dihedral angle of a wing, r , can be specified in either of two 

-

ways. It can be specified by inputting the vertical displacement s of

the leading edge from the x—y plane or the wing can be initially speci—

f ted to be entirely in the x—y plane and then rotated through the

required dihedral angle. The first method is the most accurate since

a rotation through an angle, F , reduces the span by a factor of (l—cosF)

and decreases the reference area . This would cause a 1.5 per cent

decrease in reference area for a dihedral angle of 10 degrees .

Wing let Def inition

The winglets were defined using the above procedure. Seven span—

wise and twelve chordwise divisions were used to fully define each

winglet in this study. The winglet is initially defined in an (x, y, z)

system. It is then translated and rotated to join with the wing at the

wing tip. The cant angle rotation is done about the y axis of the

defining system; the dihedral angle rotation is done about the x axis.

— The surface is then translated to its final position by specifying the

coordinates of the winglet apex (x0, y0, 
z
0). This procedure is illus—

trated in Fig. 3.

Ving—Winglet Junction

The j unction of wing and winglet had to be completed such that gaps

were avoided and any overhang was minimized (Ref 5:69—72). The widths

of the wing rectangular elements at the wing tip were selected to be

large enough, (4 per cent) to accommodate the expected ranges of m ci—

dence, ± 5 degrees, and camber of the winglet. The width of the

) rectangular elements at the winglet root was 15 per cent of the vinglet

9
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span to allow for the wing camber. This prevented intersecting or

passing near boundary condit ion points on the other surface.

Program Output

The output of this program includes the basic input parameters,

detailed geometric data , distributions of pressure j ump coefficients

on each element , and aerodynamic loading data. This data is given for

each system surface and for the comple~e system at each angle of attack.

The aerodynamic coefficients calculated by this program are the

lift coefficient (C.), the induced drag coefficient (C,~), the side force

coefficient (C7), and the pitching (CM), rolling (CR), and yawing (CN)

moment coefficients. For symmetric configurations, total values of C7,

CN~ 
and CR are for the right half of the system only. The actual total

values are zero. The total pitching moment is referenced about the

quarter chord of the mean aerodynamic chord. Yawing and rolling moments

are referenced about the origin (Fig. 3). These surface total aerodyna—

mic coefficients are normalized by surface area, span, and reference

chord. 
-

Convergence

The convergence characteristics of this solution have been shown

to be quite good (Ref 5:32—36). Values of CL 
are equally sensitive to

the number of chordwise and spanwise divisions. Values of CD are most

sensitive to the number of chordvise divisions. Values of CM are most

sensitive to the chordwise arrangement of elements (Ref 5:33).

This program will accept as many as 500 finite elements; 252 were

uf;ed to define a wing—win~~et cox~ih1nation . Studies completed by Douglas

10
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indicate that 10 spanwise and chordwise divisions yield lift coefficients

within 1.5 per cent , drag coefficients within 4.0 per cent , and moment

coefficients within 5 per cent of those obtained with a 400 element

solution (Ref 5:34). Computational time increases greatly with the

number of elements used. It is felt that the number selected for this

investigation represent s each planform accurately and achieves a

desirable balance between accuracy and computation time.

Method Verification

The Douglas Aircraft Company has compared results from the NPLS

method both with experimental results and with other theoretical methods.

(Ref 5:32—62) . Calculation of induced drag reduction, using this method

agrees with NASA experimental results for the KC—135A within 11 per cent

(Ref 5:59). Flow interference, viscous, and aeroelastic effects not

considered in this method may account for this difference.

One test Douglas conducted of the NPLS method was to calculate the

aerodynamic coefficients of the aspect ratio 4, rectangular wing dis-

cussed in Ref 7. The author attempted to duplicate the Douglas results

to verify understanding and successful application of the NPLS method.

Experimental data for this wing with a variety of endplates (winglets)

was available as was data from Douglas NPLS computations. This configura-

tion used a NACA 641A412 airfoil section. The ordinates of this section

are listed in Table I.

The program input was completed using the technique described

previously. Although fewer rectangular elements could have easily

rep resented this rectangular plan form , 168 elements were used (14 span—

wise X 12 chordwlse) . This representation was selected since it ~as to

r 11



Table l
NACA 64 1A4 12 Ordinates

Upper Surface Lower Surface
% Chord % Chord

Station Ordinate Station Ordinate

.32500 1.0500 .6800 .8375 -

.55000 1.3000 .9500 .9875 .
- 1.02500 1.6875 1.4750 1.2000
2. 22500 2.4250 2.7625 • • 1.5750 . —
4. 70000 

- 
3.4875 5.3000 2.0500

7. 18500 4.3250 7.8125 2. 3750 .
9.87500 5.0125 10.1250 2.6375

14. 70000 6. 1250 15. 3000 3.0125
• 19. 72500 6. 9875 20. 2750 3. 6250

24. 85125 7. 6375 25.2375 3.4250
29.80000 8.1000 30. 2000 3.5125.
34.85000 8.4125 35.1500 3.5125
39. 90000 8. 5500 40. 1000 3.4375
44. 93750 8. 4875 45.0625 3. 2375
49. 98750 8. 2625 50. 0125 2. 95~ 0
54. 97500 7.9000 55. 0250 2. 5875
59. 93750 7.4000 • 60. 0625 2. 2000
64. 90000 6. 8000 65. 1000 1. 7750
69. 87500 6. 0875 70. 1250 1.3500
74. 85000 5. 2750 75. 1500 . 9500
79. 82500 4. 3625 80. 1750 . 6250
84. 82500 3.3125 85. 1750 .4250
89. 87500 2 .2375 93. 1250 .2750
94. 93750 1.1250 95.0625 . 1500

100. 00000 .0250 -.0250

12
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~ .~~ be used for the wings in the remaining representations.

The planform parameters were non—dimensionalized by the wing

semispan (b12) and are as follows

b — 2

H -

S — i  (1)

~~~ — .5
- 

x — - .125
I mc

The leading and trailing edge coordinates necessary to define this

planfora are shown in Fig. 4. - The camberline was approximated by the

airfoil meanline, the average of the upper and lower airfoil ordinates

— -
~~ 

(~~ + (2)

where n represents the y ordinate in percent chord. The subscripts c,

1, and u refer to the cainberline, upper airf oil surface and lower

airfoil surface.

The camber angle at the midpoint of each rectangular element was
- 

- calculated analytically from

—l~~~ctan —
~~~~~~

- <3)

In Eq (3), An represents the change in camberline and Ax repre— - - -
~~

sents the change i: the x ordinate of the rectangular element. c
r- -~

represents the camber angle at the midpoint of the rec tangular element . -

This camber angle is positive in the angle of attack sense. Calculated
~

values for this airfoil are listed in Table II. A comparison of the -
•
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Fig. 3. Winglet Translation and Rotation
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Fig. 4. Right Half of AR 4, Rectangular Wing - • - 
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NPLS approximation and the actual meanline is shown in Fig. 5.

The flight condition investigated was Mach — .211. Angles of

attack ranged f rom zero through ten degrees.

The results calculated by the author are shown in Fig. 6 and are

compared to the experimental results. As can be seen from this compari-

son, both C~~ and C~~ are very well predicted. The shape of the drag

polar s agrees very well up to CL ~ .8 where experimental results

indicate flow separation begins. The magnitude differences in these

polars is due to the NPLS prediction of only induced drag. The slope

of the pitching moment curve up to flow separation is wall predicted

although CM0 is slightly underpredicced . This discrepancy is consistent

with other lifting surface theories and is probably due to thickness

effects (Ref 5). These results are consistent with Douglas ’s calcula—

t ions.

Figure 7 shows a comparison with experimental data for the same -

airfoil with a rectangular winglet attached. This winglet was a full

— chord winglet attached at a 90 degree dihedral angle and a zero degree

cant angle. The winglet height was .765 of the main wing chord

(.3825 b/2) . The camber distribution used for the winglet was that of

a flat endplate.

As shown in Fig. 7, CLO 
and CLU are very well predicted and the

drag prediction is in very , good agreement through CL .8. This method

fails to accurately predict aerodynamic data after flow separation

begins. C~~ is now slightly over predicted while the slope is still

in very close agreement with experimental data.

I-
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The exact representation used by Douglas to model this wing was

not p*eeent.d in References 5 or 6. The autho r ’s sodel was constructed

t 

• independently .

A comparison of the author ’s calculations with those calculated by

• • 
Douglas (Ref 6:8) shows very little variation in lift coefficients and

moment coefficients (2%) . The drag coefficients presented in Rsf . 6

- include a skin friction model and were a constant 5010 higher than ths

author ’s for the wing alone and .012 higher for the wing with endp latss

attached .

- This comparison of NPLS calculations with experimental data served 
-

- 
as a validation for the model and the ability of the author to use it

correctly . The next chapter describes how the model was used in- the
- current parametric study.

p 

,

- •

•
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- -~ k j  III. Calculation of Aerodynamic Coefficients

Wing Parameter Study

The object of this investigation was to determine the effects of

winglets on a variety of planforms. Winglets have been investigated

primarily with regard to their installation on transport wings similar

to that of the XC—135.

This thesis examines winglet effectiveness on a variety of plan—

rorms in oi~ er~~o evaluate the benefits which could be expected on

other types of aircraft and provide guidance for further study. The

wing parameters which were varied were aspect ratio , wing sweep angle ,

and dihedral angle. The variation of these parameters and compar ison

of the resulting aerodynamic data offers insight into winglet effects

on a variety of military and civil aircraft .

Although the NPLS method allows the representation of rather complex 
-

• plant orma , simple trapezoidal planforms were selected for this study. A

tabular listing of the wing parameters which were varied is given in

Table III. These wings are also illustrated in Pig. 8.

Winglet Cant Angle Study

The theory and experimental results of Reference 3 indicate that in

order to be effec tive, winglets must produce significant side forces to

reduce the l if t  induced inflow at the wing tip. NASA results indicate

that the optimum winglet effectiveness occurs at negative (leading edge

ou tboard) cant angles (Ref 3). A study by Douglas Aircraft Company

indicates that at positive cant angles the greatest induced drag reduc—

( 1  tion occurs (Ref 5:45). 
-

20
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- Table 11!
-

‘ 

Planforxn Parameters

AR r
-(degrees) (degrees)

7 15 0

- 7 25 0

7 35 0.

7 - 
45 0

* 
7 15 10

7 15 -10

6 15 0

5 15 0

4 15 0

4 - 45 0

C
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To further investigate the effects of ‘winglet cant angle on induced

drag reduction , the cant angle on two planforas was varied between —3

degrees and +3 degrees in an attempt to find an optimum value.

Program Input

The procedure used in both of the above investigations was identi-

cal.’ In each case it was necessary to represent the lifting surface, or

lifting system, as an array of rectangular elements. Once the necessary

divisions were made, and the representation was complete, it remained to

input the necessary wing and winglet parameters and definition points to

the NPLS Computer Program to calculate the required aerodynamic coeff i—

d ents. Aerodynamic data was calculated for five angles—of—attack with

winglets and compared to that for the wing alone to determine the

incremental effects due to winglet addition.

Airfoil

The basic air foil section used to construct the wings in this

investigation was the Boeing BAC 311 airfoil section. The camberline

was approximated by the meanline of the airfoil ordinates with the

following relation

~ + 
~~~ 

(2)

Twelve chordvise elements were used to obtain the approximation

shown in Fig. 9. Table IV lists the slopes of the camberline (in degrees)

which were input to the NPLS program . These values were determined analy—

t ically from

t.1i • •

- —l cc = t a n 
~

-

~~
— (3)

:1.r~~r
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- - In Eq (3) c represents the camber angle at the midpoint of each rectan—

gular element. x is the chordwise location measured in precent of total

chord.

Planform Definition

Fourteen spanwise divisions were made using the criteria described

in Chapter II. Thus , each wing was represented by 168 (12 X 14)

rectangular elements.

For simplicity, all wing distance parameters were non—dimensionalized -

by the wing semispan (b/2). Since all configurations analyzed were sym— 
-

metric, only the right half of each planform was defined . The NPLS

program formed the entire wing using a mirror image technique. Given

the aspect ratio , AR, the non—dimensional reference area, S, was found

from the non—dimensional wing span , b , using the definition of aspect

ratio

AR .1 J?~ 
(4) 

-

The taper ratio, A , remained constant (A = 1/3) for each planform. The

root chord and tip chord length were f ound from the following relation

for trapezoidal wings.

- 2b : -  -
-

-

~~~ AC~

was specified for each planforin . The leading and trailing edge

coordinates required to define each planform were found using

A --
— 1 (1 — A) • :~‘tanA LE tan A i/ / tc ~ AR (1 + A) (6)

24
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tanATE — tanA114 

— fr ~ 
(6)

The mean aerodynamic chord and location of the moment center for a

trapezoidal wing are given by the following relations (Ref 8:3, 17)

- — 2 1 +1+ 12 
-

c 3 ( 1 +1
- 

, b(1 + 21) • (7)
‘~~ 6 ( 1 + 1)  -

x ..-1+ y  tanAmc 4 mc l/4c

All of the required points and parameters necessary to fully define a

wing for the NPLS program are illustrated in Fig. 10. The parameters

calculated for the planforms in this study are listed in Table V.
‘

Winglets 
-

The wiuglet selected for use in this investigation was similar to

that selected for use on the KC—135 (Ref 4:12) . Although some investi-

gations (Ref 2 and 3) to date have examined the effects of both an upper

and a lower winglet, only the upper winglet was examined here. This

• winglet (Fig. 11) was mounted on all planforms with an incidence angle

of zero degrees for the planform analysis. Although NASA tests indicate

a substantial negative incidence angle may be used, zero degrees was - • * •

selected as a baseline value for this study (Ref 2 and 3). In all cases

the winglec was mounted with the winglet trailing edge flush- wtth the

wing trailing edge and mounted at a 70 degree dihedral angle. The wing—

let was cambered inboard to produc e the inward loads necessary to reduce
- 

-the l i f t  induced inf low and dccrca~;u the Induced drag . This location
4 -~~~

26 ~~~~ • ‘ ~,

-~~ 
,.. A . , S L r r’ ~~~~nksw L~~ n~n~~ - J-~ — ‘wn .n.n, ,”* ,,rn. -



—. ‘ —* --., -~~

I- 

- 

-

1*_li_ I - • *- 

-

_________________________ b/2 
•

ALE -

C A114

~~~~~~~~ ~~~~~~~~

I 
+ [‘ft(x o~~7o) 1

L 
~~ ‘ “  ~ iL ~-mc mc

(xe , 
~~ 

( x T ~? ...~J L

Z
a~ 

Z~~ Zb, Zd, 
~0

--_ _~--—----_ 

- -_
Pig. 10. Wing Parameters and Points of Definition -

27

~~~~~~~~~~~~~~ ~~~~~~~~~~~ ,
- - . — -

~~~~ ,,. ~~~~~~~~~~ 
— — -  — —



-- 4-- 
- ___-J=~~~~~ --.

‘-“

~~~~ ~~~~~~~~~~~ 

‘~~~ 
-

* N I f l ’.O .t’- C O ’ . OO I A
r I  N 4 I A r .. Im,4 0

- 0.-~~0’. .-4 0~~~~-s0  ‘
~~. . . . . . . . ~~ CO N 0 0 ~~‘.0 ~I’0- ffl ~~5 IA CD — — ~O N 1”00’ N IA In’0(.*3 cd~ I I ~~ . . . . . . .

-4 -4

~ ‘.0 C’ IA in IA .-4 N ’0

~~‘ ‘0 IA N IA 0 ( A ’ 0

p_I 
~ 

. . . . . . . . 
‘.0 0 N N 0 ~~ CO IAU;4 l ø ~~1~~0 C ’~~~~~’0

— -

. . . . S S S S

U
— I (A lA (A (A IA (A IA WI

— N ~ ~~~ .~~~~~~~~~ ~~
, -

~ -I C’ ~ CD (A IV~ N-~~0 0 ’ 0 C O~~~~~O O
.0 0O s 0 c~~~~0O G’

0’C ’ 0 ’ 0 ’ N 0 0 0  ~N N N N ’ 0 0 - 0 -o In N 0 m m —__ 

~~‘ ~~‘ ‘~~~ 1 ‘0 0 (A in S • • • • . .
14 U -~ i-i — — — N N N ‘-I —
V • S S S S S S S

‘ 0 ’ 0 s C’0 0 0 0 0  -0’ in t~i ‘.0’0 0-s
C O 0 0 0 0 C O 0 0 0 0  N N ~~~~~ 4~~0 m 0O~~~’N N N N 0 0 (A In ~ ‘-0 0 LA — N N N N

~ l~~i’- 1~~~~~~W I ’ . o N N  ~ 0~~~4 — s ~~~~~0 00 N
~ U . . . . . . 5  0 0 0 0 0 0 0 0

S • ~ ~ ~ ~ . .

(A (A (A CA (A
• 0 ~~~ 

~~ N N N N N N N N
14 . . . . . . . . ~~ SO -sO ‘0~~~0~~~0 ‘0 ‘0 ‘0t -4 i_I -4 -4 — -4 -4 -45.&

~ ~ ,
U) S S S S S S

z 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘

~~~~~~~~~~~~~~ ‘ 0 0 0 0
U) N N N (‘- ‘0 0 0 0  CD 0’ CD s 0.~0 N

(A (A IA (A ‘0 00 0 0 U 00 — 00 ‘0 — 0” (A. . . . . . . . ~ — 0 0’ N CA ‘~0 0’ 1-A
* — — N CA Cf I WI N) N N II

NI N N N NJ N N N

IA (A LA (A — (‘A N N - 

-

0” 0’ 0” 0”- CA ~~~~~~1UN N N N ’ 0  IA ‘~J’ ~~‘ 
1fl IA

. . S ~ S S • ~

( I  

N3 C A 1 ’ ifl ’O r— CD 

28 

. N ( A 14 I A ’ . O N~~~~~ -~~~~~

- 
-
~~ - - — - - -- —-

4-” —~~~~~~ — —4- 
~~~~ — -‘--~~~~ 

-4--- 4-



4- 
- — -

and placement has been shown to be near optimum -(Ref 3:6) . - 

* -

The winglet airfoil section used in this analysis is the NASA

general aviation airfoil described in Reference 3. The ordinates of

this airfoil are listed in Table VI. The camber angles for this air—

foil were calculated as described previously and are listed in Table VII.

Figure 12 shows the resulting camberline approximation used in thj.s

analysis.

Winglet Definition 
- 

-

Each winglet was represented by 84 (7 spanvise and 12 chordwise)

rectangular elements based on the criteria covered in Chapter II. By

inputting the winglet aspect ratio (2.32) , taper ratio (.338) quarter—

chord sweep (32.918 degrees), spanwise divisions, and chordwise

divisions, the winglet was fuUy.defiried. ’ The wiuglet orientation was

specified by inputting the cant and dihedral angles illustrated pre-

viously in Fig. 3. Winglet location was specified by inputting the

coordinates (x0, y
0, z0) of the vinglet apex. The y

0 and z0 coordinates

were identical to the wing tip coordinates when winglet cant was zero.

The value of x0 was calcu lated which placed the traili ng edge of the 
• ,• • 

-

winglet flush with the trailing edge of the main wing

~ (wing) + tan A TE — cr (winglet) (8)

When a positive wiuglet cant’ angle was used, the apex of the winglet was

moved inboard to prevent a gap between the wing and wiriglet. The new y

coordinate of the winglet apex was

I - y 1. — c sing (9)
• 

‘- . 0 r ( win gle t )  cant
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*

c~, = .0Z93 b/2

- AR = 2.329 -

* 
? =  .338

/ / .135 b/~

ALE = 3 7 °

C = .0866 b/Z

Fig. 11. Wiriglet Parameters

(
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Table VI
Airfoil Coordinates for Win~lets 

- 
- 

-

• y/c for -

x/c Upper Lower
- Surface Surface

0 0 0
.0020 .0077 -.0032
.0050 .0119 -.0041
.0125 .0179 -.0060
.0250 .0249 -.0077
.0375 .0296 -.0090
.0500 .0333 -.0100
.0750 .0389 -.0118
.1000 .0433 -.0132
.1250 .0469 -.0144
.1500 .0499 -.0154
.1750 .0525 -.0161
.2000 .0547 -.0167
.2500 .0581 -.0175
.3000 .0605 -.0176
.3500 .0621 -.0174
.4000 .0628 -.0168
.4500 .0627 -.0158
.5000 .0618 -.0144
.5500 .0599 -.0122
.f 4-’50 .0587 -.0106
.6000 .0572 -.0090
.6250 .0554 -.0771
.6500 .0533 -.0052
.6750 .0508 -.0033
.7000 .048 1 -.0015
.7250 .0451 .0004
.7500 .0419 * .0020
.7750 .0384 .0036
.8000 .0349 .0049
.8250 .0311 .0060
.8500 .0270 .0065
.8750 .0228 .0064
.9000 .0184 .0059
.9250 .0138 .0045
.9500 .0089 .0021
.9750 .0038 -.0013
1. 0000 -.0020 -.0067 T
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(.___ NPLS Program Use - J
Once the required parameters were calculated, they were arranged

in the proper input format (Ref 5:72—80) .

The flight condition was specified by inputting the desired Mach - *

number and as many as f ive separate angles of attack. Mach .7 was

- selected for use in this investigation. Angles of attack of zero through

six degrees were investigated . These safely represent those flight con—

ditions for which flow separation is not a factor.

The computer program has provisions to check input data for

• inconsistencies, however, the input was closely rechecked to insure the *

desired representation was obtained .

For the wing—winglet combinations used in this analysis (252 rec-

tangular elements), approximately 130 CP seconds execution time were

required .

Program Output

The program output for each case began with a listing of the basic 
*

geometric parameters. This was followed by a detailed element—by—element

listing of geometric data. This data was carefully compared to the input

data to insure the desired representation was obtained. Local dihedral

angles were carefully checked to insure the surface was not excessively

warped. Had an excessive local dihedral angle existed, the representa—

tion would have been altered to better represent the desired wing. No

automatic check for surface gaps exists in this program. Only be care—

- 
• - fully analyzing the aerodynamic data could an irregularity such as a gap

— - between wing and winglet be detected .

S
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The NPLS program does not include a plotting routine. Since all -

- output was in tabular form, a plotting routine was written to display

- 
graphically the calculated coefficients. Samples of these aerodynamic

plots are found in the next chapter; the remainder are located In

Appendices B and C. -

4- 
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~~~~ IV. Results

Wing Parameter Study

Figures 13—18 are representative of the aerodynamic plots contained

in Appendix B. These plots illustrate the effect of winglet -addition to

each particular wing investigated . These curves show th. lift coeff i—

cient as a function of angle of attack (Figure 13) , induced drag

coefficient (Fig 14) , pitching moment coefficient (Fig. 16) , and root

bending moment coefficient (Fig. 17) . Also shown is lift coefficient

squared , C~, as a function of the induced drag coefficient (Fig. 15)

and the variation in spanwise loading, c C 1/~~C~ vs 2 span for a — 4—1/2

degrees (Fig. 18) .

An analysis of the resulting lift curves shows that for each wing

C an increase in C~~ results from the addition of wingl.ts. This increase,

shown in Fig. 13- for example, coupled with a slight increase in

allows the wing to develop the required lift at a lower angle of attack

and reduce wing parasite drag.

Figure 14 shows a typical drag reduction resulting from winglet

addition. This drag reduction is accompanied by an increase in the nose

down pitching moment , C.1~, as shown in Fig. 16, and an increase in the

wing root bending moment coefficient (Pig. 17) . The pitching moment

curves show an improvement in static longitudinal stability, however,

the increased nose down moment must be balanced by a down load on the

horizontal tail which negates part of the induced drag reduction. The

increased root bend ing moment is due to the outboard shift in wing

loading as shown in Fig. 18.

1)
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‘- } Figure 15 and the remaining plots of C~ vs C.~ are approximately

t linear , which suggests that the induced drag can be represented by

- • (10) - ‘

Di wAR e

where e represents the induced drag efficiency factor. Values of e are

calculated for each planform and the ratio, e’/e , where the prime indi-

cates the value with winglets, is shown as a function of aspect ratio,

wing sweep angle, and wing dihedral angle in Fig. 19. The factor e’/e

relates directly to the percentage reduction in induced drag - 

-
AC

- 
Di _ l _ e / e ~ (11)

CDj

It should be noted that the above relationship assumes that the aerody—

namic improvement due to winglet addition is solely accounted for in

the efficiency factor, e’, and the aspect ratio remains constant.

-~ 
- 

In Fig. 19, the factor e’/e is seen to improve as aspect ratio

increases. This indicates that the percentage induced drag reduction

is greatest on the higher aspect ratio wings. The percentage drag

reduction increases almost linearly with increasing wing s-weep angle,

but increases only slightly with increasing dihedral angle.

Longitudinal Results 
-

Figure 20 illustrates the effect of wing sweep angle on induced

• drag reduction and pitching moment increment. For each sweep angle the

change in induced drag reduction is proportional to the square of the

l i f t  coefficient as indicated by Eq (10). As wing sweep angle increases,

in duce d drn ~ reduct ion  incrcase~ sl1~ h t lv  more tha n l1nc~i r1y~ Ind icat in g
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( 
, that winglet effectiveness is greatest on higher swept wings. The - -

magnitude of induced drag reduction, as well as the percentage , In—

creases with increasing wing sweep angle. As wing sweep angle

- increases, the incremental change in pitching moment increases • This

change is approximately linear with lift coefficient as would be

expected from the linear moment curves in Appendix B.
I Figure 21 illustrates the induced drag reduction and change in

k pitching moment coefficient as a function of aspect ratio. Again, the

induced drag reduction is proport ional to the square of Lift coefficient ,

and ACM is linear with lift coefficient . This figure shows that the

- magnitude of the induced drag reduction decreases as the aspect ratio

increases. Thus, while the percentage drag reduction is greater for

higher aspect ratio wings, the magnitude of the drag reduction is

I 

greater for lower aspect ratio wings. —

- The results of varying the dihedral angle (Fig. 22) show that
I - -

induced drag reduction improves slightly with increasing dihedral angle.

This improvement is very slight as the angle is increased from 0’ to 10

• dihedral, much less than the increase from —10 to 0’ dihedral . This

Figure indicates that winglets are more effective when used on wing.

with significant dihedral and this is consistent with Boeing’s specu-

lation on the increased vinglet effectiveness on the KC—135 over the

1 
C—141 (Ref 4).

I Again , accompanying this increased drag reduction is a negative

increment in pitching moment.

While the emphasis should be placed primarily on the t rends

t - -. mentioned above, the actual magnitude of the drag reduction due to

4- --- - - - 4-—-

-
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winglets is believed to be quite good . NASA wind tunnel tests on the

ICC—135 (AR • 7.035 , 35 degrees, A .‘ .33, F • 7 degrees) show

that the reduction in drag coefficient at Mach .7 , c~ .4 is ACD —

.0015 (Ref 5:59) . Figure 20 shows that for AR — 7 , Ai,4~ 
35 degrees,

and A — 1/3 the change in induced drag coefficient is ACDj .00165.

Figure 22 suggests that the effect of positive dihedral is to increase

this figure slightly. It should be noted that the BAC 311 airfoil

sections used in this study is one of the sections used in the KC—135.

Although the value of drag reduction calculated in this study appears

high, it represents only the change in induced drag. The change in

total drag coefficient would be, expected to be less due to increased

viscous drag . The valUe calculated in this study represents a valid

estimate of the expected induced drag reduction in this case.

Lateral Results

The effects of wing sweep, aspect ratio, and dihedral angle on

the wing side force coefficient , C~, root bending moment coefficient

and yawing moment coefficient , CN~ 
are shown in Figures 23—25 .

* These coefficients were calculated for the right half of the configura-

tion only. The total values for symmetric configurations are zero. For

each wing, the addition of winglets increases the inward side force on

the wing, increases the wing root bending moment, and decreases the

yawing moment .

In Figure 23 , AC,~ is seen to increase as wing sweep angle increases,

indicating greater inward loads are produced on higher swept wings. ACR

4 -
) is seen to docrease with increasing wing sweep indicating the outboard

shift in loiding Is not, as gr e~fl on h igher  ~~ -pt ~ft ~gs. AC~ Is  caused

48



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-.**4-——’r’---~~~~~~~~ - - 
“4 -

~~ 

- 

AC~, ACR, and AC~ vs -

— .015

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ CL -

- 
- - -.010 

:~~

—.005
15 25 35 45

.003 ~
—

- —...._. C — .6

002
’ L

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .4

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
— .001

H 0 _____________________

15 25 35 45 -

— .010 
1

ACM —.005
CL 

— .6 -

— 0 
1 5 2 5 35 45 

CL

A1/4~

Fig. 23. Winglet Lateral Effects vs. A l/4c

49

‘- -~- -1-~- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —  ;-‘~-
___ _~ —4-- -~~~~~i~~~ T4-~~ 



—4--—-—-— - - - -4 -- - u-Ia
-

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

p .
- -

- . 

-

t- .  
- 

-

- 

AC .
~
,AC

R,
and AC

N
vs AR -

—.015

ac_ .O1O — - .5
~1 _________________________________ .4

_________________________________ .3
—.005 

- - -

0 . -u
4 5 6 7

AR

.003 -

C
L~~~

.6
__________________________________ .5

ACR .002 - — .4

- .3

.001

t 

0 ___________________________

- . 4 5 6 7
AR

—.003

A 
-.002

— .001 
- — .4

.3

.00 —

4 5 6 7
AR

Fig 24 Winglet Lateral Effects  vs AR



.r~-.-.,-..--- ~~rw* ~~~~~~~~~~~~~~~~~~~~~~~ -~~

- ~~~~ 6C~, and ACN VS F

— .015

- 

AC~ :::: _ _ _ _ _ _ _ _ _ _ _ _ _ _  

C~~~~ .6

—10 0 +10
F

.004 C — .6

ACR 

0 
-10 - 0 +10 

L 

—

— .02 — CL~~~ .6
AC. . .5

1~ _ _ _ _ _ _ _ _ _ _ _  4 —

— .01 -
~ :3

—10 0 +10

- Fig. 25. Winglet Lateral Effects vs. 1’
4-- - -

51
r

- ‘ - - 4- — - s~~~*~ -r ~~~~~.— -



~~~~~~~~~~~~~~~~~~~~~~~~ 

r-— -----,---—-r- ’~~~
4-

______ -- 

- 

-

4 

- 

-- - 
- -

by the drag reduction and increases with increasing wing sweep. ~~~ -

is also proportional to C~ as is ACDj . 
-

Figure 24 shows that AC~ increases with increasing aspect ratio. 4-

Although the inward force coefficient at the winglet is greater at low

aspect ratios (greater lift—induced inflow), the ratio of winglet area

to wing area increases as aspect ratio increases (wing area decreases) .

Thus, the effect of the vinglet is greater at high aspect ratios. ACM

Increases with increasing aspect ratio for this same reason. ACM

decreases as aspect rat io increases and ACDI decreases.

Figure 25 shows that AC~ is greatest on the wing with anhedral

while ACR and ACM are greatest for the wing with dihedral. The signi—

ficant change in is due to the effective elevation of the winglet

above the reference axis .

Winglet Cant Angle

Appendix C contains comparisons of aerodynamic data for both wings

with ± 3 degrees vinglet incidence. For both wings the +3 degree cant

angle yields the larger increase in CL. Examination of the drag polars

shows that for both wings the +3 degree cant angle gives the lower

induced drag over the greatest range of lift coefficients. Since the

goal of winglet addition is the reduction of drag at cruise conditions

(CL .4), it appears as though the positive cant angle would be the

better choice. NASA wind tunnel results indicate the optimum vinglet

cant angle is significantly less than that predicted by the theory

used here. This difference is due to viscous effects not considered

in this model. -
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Winglet Penalties

In addition to the desired effect of winglets , the reduction of

drag , there are certain penalties that must be accounted for. Tb. 
- 

-

addition of winglets adds profile and skin friction drag which vers

not accounted for in this analysis. The weight of the winglet. and

-
~ structural modifications requires that the wing develop increased - -

lift. Initial -Boeing estimates indicate that the addition of winglets

to the ICC—l35 will add approximately 600 pounds to the aircraft basic

weight (Ref 4:51) . There is also a trim penalty due to the nose dawn

pitching moment increase and a possible structural penalty due to the

increased wing root bending moment . These effects will be examined

separately .

Trim Effects -

Not only do winglets reduce the induced drag on a wing, they

increase the nose down pitching moment which in turn must be balanced

by a reduction in lift on the horizontal tail . To evaluate this trim

penalty on a typical aircraft, the following conditions were assumed

h — 30,000 ft  M =  .7

b — l O O ft A R = 7

c — 21.43 ft S = 1428.6 f t 2

- V • 130,000 lbs CL — .4

Ai/4c 
— 35 q 227.8 lbf/ f t 2

This aircraft  is approximately equal in size, weight, and characteristics

to the Boeing 727 From Figure 3—3 it is found that the addition of
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winglets reduces the induced drag coefficient by .0018. Th. static

margin is assumed negligible in comparison with the distance between

the center of gravity and the tail aerodynamic canter , x~ - By s’~~~’g
4- moments about the center of gravity, th. increased lift coefficient

required on the main wing is found to be

ACL B C A CI Zt (12)

For this hypothetical aircraft , x~ — 60 ft .  From Figure 1-29 , the

change in pitching moment i .0175. Therefore, —

ACL — .36 ACM (13)

and the required lift coefficient would now be CL — .406. This in turn

lessens the previous Induced drag reduction. The effect , however , is

very slight. 
-

Structural Weight Increase

At the same flight condition examined above, Fig. 3—38 shows that

- the wing root bending moment coefficient is increased from • 043 to

045, a 4 • 72 increase. This Increase may require an increase in struc-

tural weight , part icularly in the outboard regions of the wing.

As a rough approximation of the weight increase required, it is

assumed that

- At AC
(14)

or that the structural skin must be thickened by the percentage increase

in root bending moment • If it is assumed that the structural box is

— 
approxImately .4 c in length, then the total area to be thickened ii .8 S.

- t-- I .
- 

- 
—

4-— 
~

— — - - - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~
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Assuming the original material is 1/4 inch aluminum, then

.
Ii - -

£W~~~~~.8S t—ç (15)

- 

In this .v~mple, the weight increase is 189 pounds. - 
-

~~~~~~~~~~~~~~~~~~~~~ 
-
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V. Conclusions and Recommendations

Wing Parameter Study -

In the preceding chapter , it was pointed out that the induced drag —

reduction resulting from winglet addition was greatest for wings with

high wing sweep, low aspect ratio , and posit ive dihedral .

The percentage reduction in induced drag was greatest for high

aspect ratio, and positive dihedral wings.

Accompanying the reduction in, induced drag in each case was a -

negative increment in pitching moment and an increase in the wing root

bending moment. Both of these moment increments negate some of the in-

duced drag reduction, but the effects of each were very slight. Induced

drag reductions in the range of 15% to 25% appear possible for the wings

considered in this study. A limitation of this result was the inability

of the model to predict viscous and aeroelastic effects.

This study has indicated that significant drag reductions are

possible on wings other than the transport wings studied to date. The

curves shown in the previous chapter may be used as a first approxima—

tion to the induced drag reduction possible for a variety of wings.

Winglet Cant Angle Study

The variation of winglet cant angle in this study indicates that

positive cant angles produce the larger inward side forces on the wing— -

lets and offer better drag reduction over the greater range of lift

coeff ic i ents. This increased load ing, however , may be undesirable. It

should he noted that the results of this  theoretical analysis do not

agrec w~ tli t hi~ ~/~~A theory and expc r i s ~cnt ~il 1 ( :  ~:1 L~ : wii i c1~ ~nr1 ud~ d vis—

( ( ‘US ( 1 ( ( t ~~ flI)t cl1 ~ ;Id(.r (-d here. 
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Recomeendat ions 
-

Although the ?IPLS theory and method of calculating aerodynamic

coefficients are very useful and have yielded useful results, the

calculations are only theoretical predictions and should be considered

as such. Future investigations should couple wind tunnel results with

theoretical predictions. Future investigations to experimentally find

an optimum winglet cant angle would be very beneficial . 
- I
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Nonpianar Lifting Systems Theory

A new nonplanar lifting surface theory was developed by Mr.~K, I. 
-

-

Coidhammer of Douglas Aircraft Company. This method 
- 
represents non—

- planar lifting systems by distributed. vorticity. It has been used to 
-

- compute the induced drag benefit of winglets and the agreement with

NASA experimental data is excellent (Ref 5). -

The Nonplanar Lifting Systems (NPLS) Method is a nonlinear, non—

planar , lifting surface theory; wing thickness effects are neglected.

This theory makes no small perturbation assumptions as do previoUs

lifting surface theories. - 
- 

-

The basic problem is to determine aerodynamic forces and moments 
-

on an arbitrary three dimensional li!ting system. The syseem is assumed

to be placed in a uniform, inviscid, incompressible, irrotational flow.

This method is restricted to the analyses of wing—like bodies only.

Fuselages , nacelles, and other non—lifting bodies are excluded . - -
. -

- -

The primary assumption in this theory is that thicknes~s effects are

smell and can be neglected . Experience has shown that thin wing theor~es

give good solutions in terms of sectional and total aerodynamic forces

and moments. It is also assumed that the trailing vortex does not bend

aft of the trailing edge. Finally, it is assumed that the entire flow -

- 
- field is subcritical. 

- - 

- - - 
- - - 

- - 

- -

With these assumptions, the problem can be treated using potential

flow techniques and the solution is governed by Laplace ’s equation

( , ~~~ - 0 

- - 

- 
- - 

(A-i) 
-

- —
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- -

This equation must be solved subject to boundary conditions which specify

- that the flow be tangent at all points on the, surfaces and that there be

no disturbance infinitely far from the body.

F- - -I. + 9.

or (A—2)
- 

~ s,, +$) a O 
-

on the body and,
(A—3)

infinitely far from the body.

In Eq (A—i) • represents the potential function . in Eq (2),

(u, v, w) are the perturbation velocity components, • represents the

perturbation velocity potential. U,,, W , and •,, are the corresponding

free stream quantities and is the unit normal vector on the s Iface. -
- 

- -
~ 

- - 

-

• The solution of Eq (A—l) subject to the boundary conditions ,

Eqs (A—2 and A’-3), is obtained by application of Green’s Theorem to

determine • (Ref 5). - - -

~(x, y, z) - ~~
] / (x-~)~ + (y-~)

2+(z-C)
2 

- - 

. - 

-

(A-i.)

in Eq (A—4) the region S is the surface of the body and 
(~,n,C)

are dummy (x, y, z) variables on the surface.

- - 

To integrate the resulting induced velocity equations, (Ref 6:3) ,

three simplifying~ assumptions are 
made. By allowing each finite element

in a local coordinate



- -

system. Second , it is assumed that y, the vortex strength , does not
- 

- 

vary spanwise. This requires a finer finite element mesh where large

changes in spanwise loading occur. Third , finite elements are rectan—

gular. An Elementary Vortex Distribution technique assigns a functio nal

form to the chordwise vorticity distribution over each finite element.

Thus, the vorticity, y, in the induced flow equations can be replaced

by an unknown vortex strength, y ’, t imes a function of only geometric

parameters. - The integrands of these equations now contain only geometric

parameters since the vortex strength, y’, can be taken outside the

integrals. The induced flow can be expressed as

q~~~Y ’ ( A i + A i + A ~~k ) + u  (A-5)

where A’ s are influence functions. The finite element solution can now

be formulated.

Velocities induced by all finite elements are summed at each

boundary condition point. The vortex strength, y’, is then adjusted

until the normal velocity at each point is zero.

Elementary Vortex Dis~ribution

The Elementary Vortex Distribution technique assigns a functional

form to the vorticity distribution on each element. Thin airfoil

theory (Ref 9) shows that the vorticity distribution on a flat plate

airfoil is of the form

1

y(~) 
- / C/c (i— C/c) (A—6)

At the leading edge (~ 
- 0) the function behaves as l//~. i/vt then,

appears to be a rood choice for the lc;id ing cc1~ -c- c~ eli~r it .

- 
- 61
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The actual form used in the present method ii

(0 — 
2 

~~~~ ((~/6) hI’2 
— ~~/6)) , 0 6 (A—i)

The factor of 2/3 allows y ’ to represent the mean value of over the

interval. The leading edge EVD is shown in Pig. A—i.

Aft of th. leading edge element, ~ is represented by a trapezoidal

vorticity distribution which results from the superposition of triangu—

lar distributions. —

( y’/~~~ ( + 6
~

) — 6 i <

rC a) ‘ -
~~ (A—8)

•••Y I6~ ~~2 62) 0
~~~~2.$ 62

This distribution is also illustrated in Fig. A—i.
C’ It should be noted that this distribution does satisfy the Kutta

condition that flow leave the trailing edge tangential to the camberline

and there be no loading at the trailing edge.

Calculation of Forces and Moments

After the values of the influence functions have been obtained, it

is necessary to calculate surface pressures, forces, and moments. The

basic relation used to compute the pressure jump across the lifting sur—

face is the ICutta—Joukowski Law. It states that the force per unit length

on a vortex in a flow field is proportional to the fluid density times the

vortex strength t imes the velocity. Aerodynamic forces and momenta are

computed by integratin g the pressure j ump coefficients over the lifting

surfaces. Although the flow field was initially assumed to be incomprea—

- aible , the program allows for corrections based on the Prandtl — Glausrt

transformation to include compressibility effects.
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Appendix B 
-

- Aerodynamic Data for Wing Parameter Study

This Appendix contains plots of the aerodynamic coefficients -

calculated for the wing parameter study using the NPLS Computer Pro-

gram. 
-

- The following figures show comparisons of aerodynamic data for

the wing alone with that for the wing -winglet combination. AU wings

were constructed using a Boeing SAC 311 airfoil and bad a taper ratio

of 1/3. The winglets us ed were desribed on page and were mounted

at 0 degrees cant angle and 70 degrees dihedral angle.

The aerodynamic data presented was calculated for the following

wings: -

# = 

64 

AR = F=



a 
-

~ 
—~~~~~ 

_iI-1

\\
\\

0
I0

-

~~~~~~~U) S
uJ (U

LU

- \ - • 
~~~

- 
—

-1w r  ‘k.
z 

~, - ‘-a
a. .~~

I Lj -
- hi

0
0

ooc oao 090 - o,~o oz~a o o d~- IN3 !3I~ d3Q~ .1411

00

, \ ø

;

U

o
IA

Cl) 
-

LU ~l)
.4

($)
C~~

I— 01_U
I_U

—
- -

II - 

a
°

0
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

0

0 0 1  0 Q 0  0 9 G  0 P 0  O~~O ood ~
- .1411

65

- 1W-



r~~~~j  
--

~~~~~~~~~~

— --‘- -- - - -

~ 

—

~~ 

- -
• 

- -  - - — - - - -- - - - - - -

- 

-

- 
- - - 

- -

2

\\ .

‘

4” 1
hi 

-

4 ozo
1t4~ I3I44303 1~ I1

0 -
0 -

U

\\ 0
IA U

U) S
LU \\
1_U uJ

U) U

LU 
—

—

z ,
~ 

a
l I

- lii

0

- 
‘ -~ -; 

-

£N ~~~~ 13 ! J J J C3  .L~~~~~11

C 
. . 

-



- 
~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~ 
- - - - 

-

I
—

- l I  
- - 5

- - _ u~~~~

0
- 0

- - I
DO~ DCO 090 OV O 0Z0 OO~~1N~ I~~IJJ~ 03 1411 - 

- -

- 0
- 0

U

0
IA

U
U)

LU -
LU

Cl)~~~~~
N -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ’

t;;c~—‘ LO U)
inz 

~i = I

—~~~ a

l-< -~

00

OO~I 0 9 0  D 9 0  D~~O o o d ~1N31314430 ~ 1411 -

67

-J
______ - - -- - ~~~~~~~r~~- -  ---



—

o
0 -

~0

‘ U

LU

-1
~~~ii - a

- - 0
_i

0

0 0 t  0 G 0  0 9 0  C $ 0  DZ O DOtF ~ 
-

IN~ I3144~O~ 1411

_ _ _ _ _ _ _ _ _  —4



-
- ~~~~~~~~~ ~~~~~~~~~ -~~~~--~~~- -~--~~~~ .- 

- 

- -- - - -  ~~~~~ — ~~~~~ - - — -

-

U 
- . 

- 
-

- 
c~_ 

~z I~~~L~~
— 

_ uI =

iIi’

0 0 1  D~~O 090 oro 0Z0 OO.
~~- iN~ I 3I44~03 14 11

C0

L U \ \
LU 4,

p
\\ C

LU IA U
U) Cl)
Ui Ui
Ui —‘ 

- 
LU

c~ i i  ec~LU OIj.j

\\

~~~ I I
ul
~~~ \\ 2:

z ~~~~_

I 

- 

I -

‘- 031 - 090 ~9O O~~O D~’O 00.0c~

-: 
- 1N~~~~ I 3 I 4 4 ~~~~03 U l l

69

____________ 4



r~~

a
0

- - — - 
-

b -
-

-as -

I—z
a,

U) -

LU
I_U Ii-

LU

Ui oc~

_

‘\

~~~~~~~~~~~~~~~~~~~~~~~~~~~ LU

_ 
a,

H —
~~~~~II

- so--l<~~ ~~LU

a

0

• O0~ 090 o9~o - 01~0 ~~
.o 0o~~

- 

.LP4313144303 LdIl

IA
C’,

& a o  o~~O crc o~~c o o d ~- - 1N 313 1JJ303 1411

- I
70

— -



r-” •’-
~
— - - - - — 

-

I0

- 
-

1~-
a -

I-z -
~~~~~~

a,
U) 0.-. -

(U
(U U. -

(U
0

- 

\

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

- _

z ~— Il
- 100 -

- ~~~
az - ,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

-

0 9 0  D9~0 - o, :o 0z:o ooiP
1N3 13 144303 1411 -

- IA
C-i

— 00
C,,— -

\ 
0~~

\ I-
4 ~, Z U

2— a.
N

U) 0.~~
(U Q
LU • NLU

N
- 2L~‘ O 

_ - .
Ui

\
~~~~~~~~~~~~~~~~~~~~~~~~~ L U 1

—~~ti~~ ’ 2z i~ 0
_

fl a

~~~~~ 

- 

I I 

-

oo - t ca -c c a o  ore o~ o o o d~- 1N~ I~ 1443Q3 1411
4-

70

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- 

- 

- - -

- a

U, \
—

- - N - !~- 
-

1N313144303 1411

IA
c-i
0

I- C4

O s

Uz ..
‘U

e
DI

0.—. 10
LU I.- 1

oo~~ o~~0 0 9 0  OI~O O~~0 O O d ~ 
-

1N~ I~~1dd3O3 .1411 - -

11 
—

I. ~~~~~~~~~~~~~~ 



— —---,

-
~~T. • 

- 

- 
-
~~

b - -
-

\:

a
p I-z- LU~~~~~2’-.

- - . U a.
U, 0._I
LU U..
(U

Ui

- 2~~
(U

- -
~~~ II  - -  a
I — H  V

a
.IIJ• . N

- ‘ hi

z
0

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
0

I I -

0 0 1  090 Oro 0Z 0  30 d3
1N~ 13144303 1411 -

a -

a

\

\ \
~~~~~~~~ Z N

\

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L U 1
2— DI

- -U 10
U) o_
Ui
(U

LU —- 0 10

~~~ LLJ
- •(U

z ~ 0

z ~~ - Is

0I t  z -
a

- 0

oo~ 00o oa o o,’~o &~~0 oO~f’IN3I3IJflOJ .1411

72



r~~~~i 
- -- 

- - _ - - - 

- 

-

S 
-

L _ 

- 

- 

- 

-

H - 

- . : . . - :  - i

I-z
II

.C..) -
1 %  0~~~ 

-

LU I~ - N

(U U..
(U

I—a  - .  N

LU oO
-~~ U) ’t - -
0 _I,z ~ 

- a ,~_
II

4<-a - 
~ U .

- 0 hi
z

- C_________________ 0
CC E 060 ~~ o0 d3 

.
- .

1N~~I~~I44~~ 3 1411

73



— —,-, v—~~~~

\\ -~~~~~~~~

0 ... 
~~ aZ ~~~~~ ‘U

;lI = -

~~~~~~~~~~~~~~ ~ U 
-

hiaz

- 
- 0 t 0  DVO OO~~~- 

- 
1N31~ 144303 1411

IA
Cd
a

- C o
Cd—

d
a

LU
LU

Z
0 (U
Ui 2—
0 .L) a,0.-.

LU 0
LU —

- 
Ui

0 II a
~~~~0 - . N
LU

0Z Il l_U a
11 S

~~ lAO

- • aC-i N

z
( -

a
- r

C O t  0 9 0  0 9 0  ore oz•c o o d~1N 3 i 3 I J 4 ~~D3 1411

- : 74

— — -“ 
-~~~~~~~~~~~~~ --~~~~~~~- ------~~—



-

~~

- 2 3 -
((J o ~~~ 

‘
~4~~‘

~%g “S,~ - 
U

0~~i~
ii a 2_

Il -

so -

- 
• I

- - hi
- a

- - z
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

8~~
0 9 0  ~~~ 05:0 - O~~O OI~o Do.~~ 

-

G3~~~flD9 1N313144303 .1411

I

a- Cd

0

- 
00
Cd —
0 ,

‘4I— N
Z N

‘U -~
-4---- 

.., 0...
U ) ’s.. I,.LU U.

LU U
0 ~

4-— 0 e

~~~ UJ “~4. “4,.

~~~~0 - . P11.4

~~~I. ~~~~~~~ •

U _ _ _ _ _ _ _ _ _  - 

-

~~~~~~

Ds~c oP~o oz~o oto

~~~~ 1N 13 44303 141 1

15



_

-
-

- 

-

-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘1
DI~ O D 5 0  D~~0 O0~~~0~~ W1D9 IN] 131$4303 1411

_

( - 

- 
- - 

- 

-

IA
Cd

a

00
Cd

- O s

I-
Z N
lii

2—’
- . U

U) ~~~~~

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
os-c oro 3C3 0Z0 01.0 O0~~ 

- -

O~~dfl~~ .1~~J 131~~430J 1411 -

76



- -,-- - -— -,——‘.-.--‘ ~~~~~~~~~~~~~~ - - 
-

— ----— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -. -

- 
- _ -

‘0_ - . \
‘\

\\

\:-

.
O s -

z
(U

U) 01_I II
(U U. it
Ui U.

- (U
0 - - a(S) (U

(Ii N.E

—~w’* 
U H

0 _ - .a 
H

- 100
91_U .at-) N

hi

- S.-

0

0S0 050 - 0Z0 0I~0 DO d3
- O~~~ flD~ .1N313144303 1411

IA
c-I-

- ci

N \
-0

‘ N
\_ V I— 10

Z

~
s.,. \

U) \ \ 0.-. - - -

LU ~~. ‘4. U.
LU ‘4.. V - U. U“4k ‘, I_U

S C -

. 

‘\\
LU ‘i \- ii
-J LO LI) ‘••4

’
\ .

0 ....z ~ “C. \ a_ II az 
~~ 

lAO .
- - _ .1_U

Ii.
“4-”

—k b_I _______________________________ 3

0S 3 crc oc -o C~~O cI~o oo cF
O~~idflL~; JNJ13IJ ~JC3 1411

- ,

77 ‘ -:

—--.- _._— - -



.— -- — 
— — — -n_ — ~~~~~~~~~~~~~ - 

_____

4

S - -
~

‘I- ---,

- a - -

V .t-) I.• 
- _  U) 44- 

0.-. 0 
-

-

(U ~ 
U. . - -

(U \ ‘4 U.
\ ‘4 Ui U 

-
0 ~ 

a
~~~ LU \ \
I- 0 V “. - N-I
Ui aO U
.J IJ) i~ 

-

a - ‘?- 
- 

-

- 
a

- -hi
a -z

a

DS0 Ot~O O€~O OZ~0 
- 

0L0 D01~ 
-

O~~~rI~S 1N~ I 3I J4~ O~ .141 1 -

- 

- 

78 

-



-~ —~~--~-.-. — —-~~~ --~~~~-.-~~~~--~~ - 
-.-----,-.,- 

~~~~~~~~~~~~~

- 

I 
-

o0

(‘3 \ 
a

(U e
ILI .1- —Z N

- - - I

a .U
U) S.
Ui a U. 3
(U — - . U..

- - Ui
0 H - 0

-- 2~-’I— - . —

(U
O 

P41-I
U

a -
Z ~~~~~~ - - -  0
— - N
X-~~~~~ t~~~~~~

• _ ; 
~~~~~

- a hi

0
- 0

D01 080 090 ~~~ ~~~
03~bflD9 1N~ 131443D3 ith11

IA
Cd

- a

aZ (I L_U \ \  0 -
11 2:

~~a a
- \\ ~u.s

- - a~~_ z 
- - -( a

0

D O E  DeO o 9o ore o~ o oo d3
a~ e~ nos 1 N 3 I 3 I 4 d 2 O 3  141 1

79

- 
~~~~~~

- -- . - --
~~~~~~~~~~~ 

-



_ _ _ _  
-
~~~~~~~

- aU
U3 I ...

• (di 
- U(U - -

_ _ _ _ _ _ _ _ _ _ _  

I 

I

oo’~ oe o 0S0 oro ood~~1Pfl131Jd~ 03 .1411 a. tie

IA I~.—z
— OW

Cl)
- LU C-i

LU —
U. E

0 0U. 0
“ LU

10

!~ 
~~~~~~~~~~~~~~~~~~~~ I I

0 0 t  0 9 0  09-0 era D~~O oo d’._.
1N~ iJ1dd303 11411



AD—Ao34 944 AIR FORCE INST OF TECH WRIGHT—PATTERSON AFB OHIO 5tH—ETC FIG 1/3
A PARAMETRIC ANALYSIS OF WINGLET EFFECTS. (U)
DEC 76 M D C A R Y

UNCLASSIFIED GA/MC/760 5 NI.

_ _  •I DATE

.



_ _ _ _ _ _ _ _ _  
__________ -

I .

1 • 1
cs _I I-
z z
— II . 0.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0 0 1  0 8 0  0 9 0  0 t 0  D~~O
• iN3I3I44~O3 .UI1 .

U

~~~~
I;

y 

‘

~~~:::::z~
0 0 1  D~~O D~~O • 0 Z 0

iN 3 I~~IdJ3 O3 1.dIl 0~

81



— —

• 

.

I

• 2
• 

_ II
z .  ~~

I p • ~ .1
___________________________________  

a
D9~O

1N3I3I~~3O3 .L~ I1

I

~otu
(I)
‘U C.) F0

• S
‘U
-‘ID 10
2 £• -‘ II U~LQ

0 0 1  C 9 0  09.0 C I 0  0 Z 0  00 f.—.
1N~~I31dd~ O3 i •dIl

82



.2
~~IaJ

Cl) —
• LU C.)

LU —
I’0

• ~~~LL1

ti • .

00 1 0 9 0  0 6 0  0I~ O 0~~O D0~~~~~1N3I3Id ~ 3O3 UI 1

83

• -• •• - - •



~~~~~~~~~~~~~~“ ~ ~ ~~ ~~~~~~~~~~~~~~~~

U)
(U
(U

• J• • .• .- •. • • • • • • 0 •
(U • •

• 0U) •
LU 0 U
(U —

Ii-0 II •

• 
~~~0 .J1&l TU• —~~(0C~~~~a •
2 is tu z

• • LI ~~IU2 o

• 0O. 08~O 090  0 t 0  0 Z 0  0O~~~~ 
a

1N3I3I~~BO3 1411 
•

• 

• 

•

• 

• • 

!

•

U) •

Li
LU

0
LU

• eLi
U) I —
LU 0 C.)
LU — —• 1*.
0 ii
LU1._ a _j QO

LU ‘U

4 <~~~~D

• 0 0 L  0 8 0  0 9 0  0 ? 0  0~~0 oo cP~~ .j
1N 3I3 I dJ ~ OD 1411 I”

(
~
)

84



r”~r’~~ ~T ~~~~~~~~~~~ 

- 

~~~

-

~~~

- ‘— ‘--s-- . — —

• 
•

• •

U
• —

• 
‘•‘-

a dOU) C.)
• .

(U • I-
• 

2
• 0

OE

4 .J 10 (.b XV 0
• 2 2

— S
• II p4-’

• b-i
• • 

• .  a
• . 

• 0~~
. 

.

• _ g

1N~ 13I443O3 [411

a

• a

SI.—
02
diu

a-

U
—

• ia.. •

~o Li.

C.) {

‘4 I-
.

• • j  •

a

1~
0 0 L  0 9 0  0 8 0  0 P 0  0 Z 0  oo iP

1W

~

I 3 I 4 4 3 O

~ 

1411

85

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— ~~~r — ~r ~~~~~~~~~~~~ ~~~~~w -~ —~~

a

C •

• ~ 2
• OLU

a-
• C.)

• • •

• 

• 4
• 

; s u  • 

d

• 0 8 0  09 0  • 
o?•O 0z~o oo”d~• • • 1N~ I~~144~ O3 [411

2

I

• 
~~~~~~~~~~~~~ 

i
oo .z o a o  • o s o  C4~~ 0 OZ°0 o o d ~ •

I P f l I 3 I 4 J I T J J  1411 •

86

• • • • -•-• • ••-- •- -~•-- -



rT 
-•

• - • 0
a —

• •, ‘• -  •

• 
• 

•

• 5W• a-
U

_ _ _ _ _ _ _ _ _ _ _  

1.
• 

• oo i  0 e 0
1N]1~~IJdJO3 1411

• 
• a

a

SI—
02

I

Lii

I’

( )
• 0

1~• Do t 0 e 0  0 9 o  & ‘ o  oro oo~~~• L~~3 i3I .d~flU3 1411

87
_ _  •



—•— •~~~~~~ aa~TV~ ••• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1.

• 0

0

l;~z I
C.)

0

SI.

• ~~~ • OZ .O
1N313144303 1411

- 1

88



-• -~~ -~ —

• a

(:) •

• SI.-
• XV EU) — 0

Lii X~ U
• LU

I.0
• Li ~~1UO • aU) • C.)

Li 0
Lu — I-
-

~ • 2
~~ SI 2

• 

• 
• V• Lo r-~~~0_ I  

~~~ 
-
~~~~ 02 II IU 2

• a - Il Z f4
~~~~• ~~~~~Z b ..J

• • • •\

0
• 0

D0~~ 0 8 0  0 9 0 . O$ •0 OZ•0 ooiP
iN~ I~~1443O3 1411

0

a

51.-
a

V’ eLi aU) —LU U 8
LU V’\

Li.0
LU -• a • .

~~~~U) V .  U •LU 0 a
LU a-

Z0 II 
~~~~~~ p.l— 0  -~ ‘~VLU S 

- ..-~ LI) t~ ~~~ • • 
•••a \\ 0

II LQ \\ ZII ~~ —

1N~ I31dd3O ~ 1411

89

~~~~~~~~~ ~~~~~~~~
-
~~~~~~~~~~

—-- -
~~~~~~

- • -
• ~~~~~ ~• • •~~•_p’~ .•w.,_,* ~~~~~~~~ —



• .,••• •.. •••- • •• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •• • - • ••• • •

~~~~~~
- • • 

• 

-
~~~~

8

a
• • _c-• • • - 0

• f 8...

• /1 N

• 02
• I, c~O a• ii a

• I, U) —
• 

• • •• ~~~~~~
. II Li a-• 1/ LU• A 0

• 
• 1 0 • 00.

0
I— a •~~ LU S
LU ‘ CI)

• —1 U)’ N —
• O CI) 2

2 2
a- li S

a • 
• ~~CI)

• U I • I 

• 

I

• 0 0 T  9 L 0  0 S 0  S~~O DO dD
• 

• ONIObC1 ONIII

a• 0

0,—.-

• 
0

• j r a• 1 0
£

fT N
/f —

Ii. 0z I. ’

4 °o a
If 0

(I) 101-

If •
~~~ii 0

/7 0 ~~~~~
-

I’ U~~LUii . i—~~~ 0W
LU

a-
2

2 ii Z
a- lIx ~~ 90.

• 
• c•4 S

( )  0
— 0

~~ 1U~ 01 ON IM

90

~~~~~~~~~
• •  

---• • • • • - -~~~ -- • • • • - • • • • •- • --••-- •--- ~~•



~~~ :.. ~~~~~~~~ 

_ -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

• — -

• 

• S
• 

* • 
d• 0

0

• • / N

i i j
II a- li S~~~

• 

• 1!
_ _ _ _ _ _ _ _ _ _ _ _ _  

S

• ONIOUO1 ONIII •

a

~~~ui
I •— 00_

40) •

LII

\\
3 3 1  9 L 3  0 S 0  S~~0

GNIObO 1 O N I M

91 
•



• 
-• ••• • • - 

~~~~~~~~~~~~~~~~~~~~~~ 
-• - • 

• 

~~~~~~~~~~~~~~~~~~~~~~~~ 

•

~~~~

• •

~~~~~~

••-

~~~ 

• 

—-- 
i•-• •

S
a• 0

• ••~~ •••••~~~~~
• •

0a
• S

• N I

I ,•  02
• fi C o a

Ii 0-’ IIft WI-,, LU a-
// Lii CS)

• a• IT I-
• • I/ 

~~ LU 
• 91/ 114 Li aU)

II ..J L Du~
. —

2
• 

• II 2 ii 2 —I? a- lI 0~~~I i  2 0Q
00)

1 ./ I , 
I 

•

• 9~
•
~ D0’~ 9 L 0  • O S D S~~0 oo d ~• ~ N I Ob O 1 ONIM

0a
• d

0
C

A’ 0
10~~~ —• 1 1
-

if 02 _l
II CO a
/1 o—

II, WI-
II (U • 

I-rn

II LU U)
ii a U)
If 0 00..
II 0) Li_lIi/ 4  • & U  au)
II Z~~~~~

U)

11 Z ~~ 2 o
II o~~~ 

In

I f  00.
0r • C’S S

1 •

() _______________________________

S Z I  0 0 L  S L 0  C~~O oo~?
ON 1 O~31 ONIM

92

~~• -.-• -.-— —-—~~ • ~~~
--

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ _______



‘,~~~ 

~~~~~ , r ’~r.~’~• — — —  • •

I

• 0
‘a

0

7
• 

• 

• 

•(~i~. 
I 

•

a- Il2 ~~ ha

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

S
• S3~~~~ 00~~~~ 9L 0 

• 

0 9 0  S~~0
ON I CU O 1 ~ N I M

_ 

93

__________ • • • ~~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ .- .•--- ..



Pa..I,u,upIuIpuI I..
~
I,5..nI.I a. II.I. II

~~~
ww, a’ ~~~~~ ~~~~~~~~ 

—•‘--,•‘.-—.- — — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

S
a

~~ • 2

0 .
F • a

• •,

Jr Li ‘4
• il Li —

• 
02 .1

• . Li 0 a
If 0 ‘Sa-
l, U ) •  WI-,, LU 0 a-

• ii —• Ii 0
• II 0 Ii 00. 2

II a SI-
~~~ -J dliiiii 

~~C0
11 — 1 I D C~~~~ — •

0 ..... 
~~ 2

• II 2 2 a

17 •
• 2 

~~ .z 00. .

1 •

SL•0 sz :o oo d0
ONI0I~O1 ONIM

0
• 0

• •• 
• 

a
- 

A”

• 1
1 5

• 4 LU N .8
1/ lii —

17 02
• // lii 90 a

II .8
I. 0) WI- PII LU 0 a-

Lii —

It, 1.
• I T  N .,

I I  ha
f t

(J 
~___ii , • . f

S Z I  0 0 1  9 L 0  o g o  s z o  ood ~O N I C U O 1  O N I M  •

94

- • • - •- -~~~~-• • • • • • 4



1 
~~~~~~~~~~~~ ~~~~ 

4

- 

• 

Appendix C

Aerodynamic Data for Winglet Cant Aflgle

• This Appendix Contains plots of the aerodynamic coefficients

calculated for wings #1 and #3 with winglet cant angles of + 3 degree.

and —3 degrees.
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