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A WINGTIP PHEfiOMIflA.

by

JOf'N ELI KLESrC

Submitted to the Uepartn>ent of Aeronautics and Astronautics on 

January 22, 1975, In partial fulfillment of the requirements for the 

de<j *ec of Master of Science.

ABSTRACT

An experit ental investication was conducted to study the vortex 
generated ly a highly swept, sharp leading edge. The experirents were de

signed to uncover the ir.teraciicn het'.-een a triangular clanform wingtip 
having a sharp leading edee, and a rectangular wino with unswept, sharp
leading edges. The st-jcture o^ the leadino edge vortex generated by the
Sk/ept leading edge '..as studied by varying the span of the rectangular por

tion of the wing. Tne flow over the rectancular portion of the wing was 
studied as it v.as rrjdified by tne existence of the leading edge vortex.
The flow very naar tne leading eege was investigated, to determine the 
applicability o' boundary conditions used in current nathenatical models.

The experiment was conducted in the five by seven foot, subsonic, 
wind tunnel at the ’lassacnjsctts Institute of Technology. The trapezoidal 
models differed only in the span of the rectangular center section, and
varied in aspect ratio frc”. 1.5 to 2.23. For conparison and study, the
rectangular center sections were tested with round, parabolic, ar.d ogive 
shaped fairings.

Forces on th» "odels were obtained from a five wire strain gauge 
support system. The static pressure distribution over the trianoular wing

tip and the three fairings was obtained for all of the configurations of 
the model, and dete-'insd tne location and strengtn of the vortices. The 
flow field surrounoina tne traoczoidal wings was observed and photographed 
by means of a hand neld s<^ke generator in the flow.

The results show that the r.^gnitude of the pressure peak due to 
the leading edge vortex on tne triangular wingtip increased as the span 
of the rectangular center section increased. The position of the vortex 
relative to the leading eege re-uined essentially unenanged, indicating 
that the position or the vo*-te» is aoverned by the vorticity generated by 
the leading edge, while the strenjth is determined by tne lower surface

1



I
flow. The vortex waS additionally influenced by the chordwise pressure 
gradient of the rectangular wing to induce vortex burst and complete 
stall of the wing with no vortex phenomena, at an angle of attack where 
lower aspect ratio wiiijs would r.aintain attached flow. The vortex caused 

unseparated flow over a portion of the rectanoular center sec

tion, while the rest of that section was enveloped in a separation bubble 
from leading to trailing eo ,e.

The pressures at the leading edge were not singular, as the 
Kutta condition suggests, but the exact angle of the flow at the leading 
edge could not be determined in this scale of analysis.

The rectangular wings showed less induced drag than 1$ predicted 
for elliptic lift distributions, because of their small aspect ratio. The 
trapezoidal wings showc-d a greater drag, due to the increased lo.ding 
near ti.“ wingtips. The rectangular wings with ooive and parabolicly 
shaped fairings had less drag than the round fairing wings, because of 
their sepuraticn at the extreme extent of the tip.

I

Thesis Supervisor: Eugene E. Covert
Title: Professor of Aeronautics and

Astronautics
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f i



4 

ACKNOWlEDGi MF NT S 

The author would like to express his appreciation to ail of those 

who helped in the preparation of this thesis, especially, however, to 

Professor Eugene Covert, whose continuing guidance and instruction were 

the foundation and cornerstones of the study. 

Thanks are extended to A1 Shaw and Fred Merlis for their aid in 

setting up the apparatus, and to Tom Matci, for his assistance in recording 

the data. Mrs. Anne Clee deserves the deepest appreciation for typing and 

editing the thesis 

The author is indebted to the Fannie and John Hertz Foundation 

and the United States Air Force for their essential support. 

The author would like to express his deepest appreciation to his 

wife, for her continued support, assistance, confidence and dedication, 

and to his God, for the help he gave. 

... .- ■ *-v', * m " a • 



5 

TABLE OF CONTENTS 

ChapterNg. Page No. 

1 Introduction )] 

2 Description of flow 13 

3 Models of the Flow Field 15 

4 Test Apparatus 25 

5 Experimental Procedure 28 

6 Discussion of Results 34 

7 Conclusions 49 

Figures 

1 Flow Around a Delta Wing 52 

2 Trailing Vorticity Roll Up Distance 53 

3 Edwards' Crossflow Plane 54 

4 Coe's Delta Wing Model 54 

5 Leading Edge Suction Analogy 55 

6 Influence Coefficients for Pohlhamus' Lift 56 
Equation 

7 Subsonic Wind Tunnel 57 

8 Planfom-Oel ta Wing 55 

9 Planform-Three Inch Trapezoidal Wing 59 

10 Planfom-Six Inch Trapezoidal Wing 60 

11 Planform-Twelve Inch Trapezoidal Wing 61 

12 Wingtip Fairings 52 

13 Force Measurement Model 63 



14 

IS 

Í7 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

6 

Pressure Distribution Measureinent Model 

Modol Mounted in Tunnel - Sketch 

Model Mounted in Tunnel - Photograph 

Pressure Measurement Model Mounted in Tunnel 

Cantilever Beam with Strain Gauges 

Strain Gauge Bridge Circuit Schematic 

Coefficient of Lift vs Angle of Attack- 
Delta Wing 

Coefficient of Lift vs Angle of Attack: 
3 Inch Trapezoid 

Coefficient of Lift vs Angle of Attack: 
6 Inch Trapezoid 

Coefficient of Lift vs Angle of Attack: 
12 Inch Trapezoid 

Coefficient of Lift vs Angle of Attack: 
Delta and Trapezoidal Wings 

DeUa^ingt °f Uft VS Coeff1c1ent of 0r«9: 

Coefficient of Lift vs Coefficient of Drag: 
3 Inch Trapezoid 

Coefficient of Lift vs Coefficient of Drag- 
6 Inch Trapezoid * 

Coefficient of Lift vs Coefficient of Drag: 
12 Inch Trapezoid * 

Coefficient of Lift vs foefficient of Drag- 
Delta and Trapezoidal Wings 

Center of Pressure Location: Trapezoidal 

Pressure Distribution: Delta 

Page Ho. 

64 

65 

66 

66 

67 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 



34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

7 

Page No. 

Pressure Distribution: Three Inch Trapezoidal 80 

Pressure Distribution: Six Inch Trapezoidal 81 

Pressure Distribution: Twelve Inch Trapezoidal 82 

Sn.ol.e flow around Delta Wing Near Edge of 83 
Vortex Mow 

S«oke flow around Delta Wing: Near Core of 83 
Vortex 

Smoke Flow near Core: Front View 84 

Smoke Flow near Core. Close Up 84 

Smoke Mow around Twelve Inch Trapezoidal 85 
Wing 

Sketch of Flow Near Leading Edge 86 

Sketch of Flow over Delta Wing 87 

Sketch of Flow over Three Inch Trapezoidal 88 
Wing 

Sketch of Flow over Six Inch Trapezoidal 89 
Wing 

Sketch of Flow over Twelve Inch Trapezoidal 90 
Wing 

Coefficient of Lift vs Angle of Attack: 91 
Three Inch Rectangular Wing 

Coefficient of Lift vs Angle of Attack: 92 
Six Inch Rectangular Wing 

Coefficient of Lift vs Angle of Attack. 93 
Twelve Inch Rectangular Wing 

Coefficient of Lift vs Coefficient of Drag: 94 
Three Inch Rectangular Wing 

Coefficient of Lift vs Coefficient of Drag: 95 
Six inch Rectangular Wing 



8 

fInure Page No. 

50 Coefficient of Lift vs Coefficient of Drag: 96 
Twelve Inch Rectangular Ming 

51 Center of Pressure Location: Three Inch 97 
Rectangular Ming 

52 Center of Pressure Location: Six Inch 98 
Rectangular Wing 

53 Center of Pressure Vocation: Twelve Inch 99 
Rectangular Uing 

54, 55, 56 Pressure Distribution: Three Inch Rectangular Ming 100-102 

57, 58, 59 Pressure Distribution: Six Inch Rectangular Wing 103-105 

60, 61, 62 Pressure Distribution: Twelve Inch Rectangular 106-108 
Wing 

63 Adjusted Drag Coefficient for All Models 109 

Tables 

1 110 

References 111 



9 

LIST OF SYMBOLS 

aspect rat io 

Maximum span 

coefficient of induced drag 

coefficient of drag at zero lift 

lift coefficient 

section lift coefficient 

pressure coefficient 

suction coefficient 

thrust coefficient 

tunnel cross section 

Induced drag 

vortex roll up distance 

influence coefficient 

influence coefficient 

lift 

local lift 

apparent mass 

normal force 

pressure 

dyiijailc pressure 

wing area 

local span 

thrust force 

free stream velocity 



10 

a angle of atUck 

r circulation 

A sweep angle 

P density 

♦ surface potential 



11 

Chapter I 

INTRODUCTION 

In almost -01 supervene aircraft tc¿ay, thv'winqs are designed 

to have highly swept leading cdues and very thin cross sections. These 

two characteristics lesser and delay the drag rise as the aircraft exceeds 

the speed of sound, but they also t^nd to induce leadim edge vortex flows 

above the w'ng at all but the srallest anales of attack in subsonic flight. 

These vortices result in an increased lift for moderate to hig* angles of 

attack. This greatly increased lift is extremely irpor-tant during the 

take-off and landing phases of supersonic aircraft, tecause it leads to 

shorter ground runs and lower stall speeds. 

This type of flow effect has been studied for some time, out as 

.vet there have oten no good theoretical models for the flow. There is a 

great need for a more complete understanding of the flow field and its 

interaction with nearby wing sections and the fuselaoe. A greater under¬ 

standing and an appropriate model of the flow field would allow prediction 

of the forces and moments, both static and dynamic, affecting the flight 

vehicle. Prediction of the behavior of the flow field would help the 

designer avoid pitfalls and develop the most efficient flic systems. A 

gsetí model for vortex-type flow systems could, for txamole, predict the 

interactic-. of leading edge vortex flows with more rectangular wing plan- 

forms, like the interaction between a high wing and a fuselage, or the tip 

effect of swept tip helicopter blades. 

The purpose of this report, then, is two'cld. It is an examina¬ 

tion of tiH? effect of a leading edge vortex on the flow over several sharp 



12 

edged rectangular wings. Its purpose is to show »he difference in the flow 

fieldr. resulting from a leading edge vortex generated by a triangular plan- 

form wing tip, and round, parabolic, or ogive section fairings at the tip 

of tlie rectangulur wings. The second purpose is to study, by inserting 

rectangular wings between the triannular wing tips, the effect of the aspect 

ratio increase on the leading edge vortex flow. Its purpose is to show some 

of the underlying structure of the leading edge vortex flow by separating 

the vortices, and perhaps determine the causes and characteristics of the 

flow. From this, the applicability of current mathematical models can be 

determined and the proper direction for further extensions of the model can 

be obtained. 
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Chapter II 

description of flow 

The flow of a fluid around a highly swept wing planform, for 

example, a delta wing, with a relatively sharp leading edge changes dramatic¬ 

ally with angle of attack. At small angles of attack, the fluid flows 

smoothly over the wing surface, but at moderate angles of attack, the flow 

separates at the leading edge and spirals toward a vortex core above the 

wing. The vortex so created causes a reattachment of the flow inboard of 

the leading edge, creating two flow patterns, one inside the vortex "cone" 

and another outside, as shown in Figure 1. The inner flow consists of 

concentric spirals about the vortex core, the core flow, and the flow over 

the wing surface. The cere flow is a viscous, highly rotational flow field, 

with a core velocity several times the free stream velocity along its axis. 

The inner flow next to the wing is initially toward the leading edge, but 

shortly after the fluid passes under the vortex core, the adverse pressure 

gradient causes the boundary layer flow to separate. The outer flow over 

the surface of the wing is nearly straiaht along the longitudinal axis of 

the wingJ 

The flow field of a slender delta wing was studied by Fink and 

Taylor, and Eamshaw and Lawford. These studies showed the position of the 

vortex, the total pressure above the wing, and flow patterns over the wing. 

Fink and Taylor noted the aspects of the flow mentioned before. They also 

noted that with increasing angle of attack, the main vortex cores moved away 

from the leading edge, the cores experienced a reduction in total pressure 

and the vortex sheets had an increased intensity. The flow over the center 
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portion of thr t/ing was found to have a thinner !>oundary layer which was 

probably due to the effect of the increased strength of the vortices. The 

total pressure nlong rays through the vertex of the delta wing did net show 

that the velocity was constant, but over a middle region of the wing for 

moderate angles of attack, it might be considered conical,^ i.e., that the 

velocity was coûtant along rays from the apex of the wing. 

Earnshaw and Lawford (1966) further noted that the attachrent 

and secondary separation lines were straight lines until they neared the 

trailing edge. This reinforces the conical flow assumption. Near the 

trailing edge, the secondary separation line curved toward the leading edge, 

and a reverse flow developed at higher angles of attack. This was apparently 

due to the vortex hurst or laminar to turbulent boundary Uyer transition. 

They also showed that the stagnation line on the lower surface moves away 

from the leading edge with increased angle of attack, and the flow near the 

leading edge is in the span direction.3 

The flow over a sharp edged rectangular wing without sweep also 

separates above rather small anrles of attack. The separation on this type 

of wing has no regular pattern, like the vortex flow had. The streamlines 

passing over the leading edge are unable to follow the contour of the wing 

for moderate angles of attack, and, therefore, flow away from the wing and 

reattach to the wing surface at a chord position downstream. The flow „nder 

this stream surface is basicly a recirculation type of flow and is not as 

structured as swept wings. As the angle of attack is increased, the point 

•t which the streamline*, reattach is moved further and further aft, until 

the flow no longer reattaches at all. At this point, the lirt of the wing 
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Is no lonner determined by the Kutta condition at the trailing edge, and 

the wing is stalled. The creation of a separation bubble results in a loss 

of lift ôf.d an Increase in drag.* 

Vorticity enters the flow also at the trail^g edge of the wing. 

The vorticity entering the flow at the trailing ed'«. initially lies in a 

flat sheet behind the wing and is known to roll up into two vertex cures 

far downstream. The distance to where the vortices are considered rolled 

up Is proportional to the asgect ratio and span, and Inversely proportional 

to the coefficient of lift. For low aspect ratio wings, the vortex sheet is 

rolled up very near the trailing edge, usually within a chord length. These 

disunces are shown in Figure 2.5 Fink and Taylor also noted that the 

vorticity of the trailing edge rolls up independently of the leading edge 

vortex, and the two vortices appear to wrap around one another in a helix 

pattern.2 
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Chapter III 

Honns or thf no:.1 field 

Several modolr for leadinq cdoe vortrx flows have been proposed 

and solved with varying success. The flat plate delta winn is usually 

chosen for consideration because of its simplicity. 

The earliest ar.d simplest nodel of the flo.-. field is given by 

slender body theory. By assuming that the wino is slender, i.e., that 

dimensions perpendicular to the flow direction are smaller than dimensions 

along the flow direction, they were able to approximate th' equations of 

motion of the fluid by considering the fluid to be at r^-st and the flow 

situation to be that of a widening plate having a vertical velocity of 

where U is the free stream velocity and a the angle of attack. The local 

lift force is then given by 

I • U ** c/m ' . 
d-i Jx (3.1) 

where m' is the apparent mass of a flat plate. Two dimensional flow theory 

gives 

m* • its4/) 

Then 

dm' , ¿rrs^o dü 
d* a* 

(3.2) 
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and 

f * frî^j^tActe (3.3) 
dx 

G'’ (3.4) 

The surface potential, ¢, is given by 

0 - HJ* ¿s'- ÿ1 (3.5) 

so that 

Ap- 
it 

Ab - ¿/) U à§. 
r iS ÀK 

Ap - ¿pii''** S ç£ (3 3) 
d, 

The pressure has an Infinite peak where y ■ s, l.e., at the edge of the 

wing. These results have several Interesting points. A portion of a wing 

where the span does not change with x will contribute nothing to the lift, 

as will all portions of the wing behind the maximum span, because all cross 

sections behind the maximum span of the wing will lie in the wake of the 

wing, and can develop no pressure difference. Further, the center of 

pressure for triangular wings is the center of area, and the pressure 

(3.6) 

(3.7) 
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distribution along lire-: through Uv» vertex of the triangular wing is uni- 

fonn, because s and y are linear functions of x on those lines. 

Integration of (3.6) gives 

japd« • 2/)1)0 (3.9) 

so, therefore, 

¿k.jAPdx.2/,uV^7 (3io) 

so thit th» spenuise distribution of lift is ellipticel. With elliptical 

$panwise lift, the induced drag is known to be minimum and given by 

Integrating the lift distribution across the span 

(3.11) 

L - Î f> U» b* (3.12) 

Cc- n fa** 
fa* (3.13) 

«Ãt ¿ (3.14) 

«•»ere fa is the aspect ratio of the wing.® 

This theory assumes attached flow for the wing and is. therefore. 
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an inaccurate description of t»v flow, it predicts an infinite pressure 

at the leading edge and a finite pressure difference distribution on the 

trailing edge, which should hr joro. The results generated by the theory 

are fairly good for very small aspect ratios. 

A better flow model was created by Edwards, who tried to incor¬ 

porate the vortex phenomena of the flow. He assumed that the flow about a 

delta wing could again be considered slender, as Jones and Cohen had defined 

It, jnd further that the flow was conical. Me modeled the vortex sheet that 

Is generated by the leading edge as a concentrated vortex, and then intro¬ 

duced a branch cut to connect the vortex to the leading edge, to represent 

the vortex feeding sheet. To find the strength and position of the concen¬ 

trated vortices he required that there be no forces on the vortex, and that 

there he no net force on the feeding sheet. The final condition on the 

flow is the Kutta condition, i.e., that the velocities and pressures remain 

finite at the leading edge. A cross section of his flow picture is shown in 

Figure 3 . The final result of his work is that 

Cl" B * w(All>*o,S (3.IS) 

This result overestimates the lift of the wing and has several inadequacies. 

First, the actual vortex sheet contains vorticity that effects the flow near 

the leading edge to a great degree. Secondly, because the vorticity wraps 

around the vortex core, there is an induced axial velocity that is unaccount- 

ted for in this analysis. Note, however, that the first term matches the 

slender body theory result.^ 
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Mangler and Smith applied a theoretical treatment to the flow 

over a delta wing by sirulating the vortex layer by a vortex sheet in 

spiral fora, wrapping into the vortex core found in the flow. Using slender 

body tneory, they reduced the situation again to a two-dimensional problem, 

and treated the core of the spiral separately fro> the outer extent that 

springs fron the leading edge. They required that the sheet lie in a stream 

surface of the flow and not have a pressure difference across it. By assum¬ 

ing that the flow is conical, and that slender body theory applies, the 

solution for the velocity potential was found to be the sum of a harmonic 

function in the cross flow plane and a function of the streamwise coordinate 

•lone, where the second function dropped out for wings with zero thickness. 

The boundary conditions employed were that the vortex sheet and core had no 

forces on them and that the vortex sheet, the vortex core and wing surface 

were stream surfaces of the flow. A Kutta condition was applied at the lead¬ 

ing edge, so that the velocities and pressures would be finite there. 

Their paper shows the form of the boundary conditions in the trans¬ 

verse plane, and the solution near the core. The vortex sheet is repre¬ 

sented by a circular arc in the transformed plane with a given distribution 

of vorticity. After the boundary conditions are matched at a few points on 
g 

the arc, the strength and shape of the vortex sheet are then found. 

The results of this theory are better than before, but still not 

particularly good. There is some error in the location of the vortex that 

seems to affect the accuracy of the predicted fcrccs. The predicted core 

positions arc generally farther outboard and lower than the experimental 
g 

positions obtained by Fink and Taylor. 
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Later, Coe introduced a factor to account for the vortex entra in¬ 

dent that causes high axial velocities in the core. Ho modeled the flow as 

a vortex core, a distribution of sinks, and an axial velocity, all on two 

rays from the apex of the wing, as shown in Figure 4. He required flow to 

be tangent to the plate, smooth outflow at the plate edges, and a stationary 

vortex core. He assumes that the body is slender and that the flow is 

conical, but he must rely on experimental data to determine the core 
G 

locations. 

The results are somewhat better than those previously found. He 

does not account for any vortex sheet in his analysis, and even though the 

form of his solution is apparently correct, it has little applicability since 

it requires experimental data. 

By far the most accurate method of determining forces on a delta 

ving was proposed by Pohlhamus. He described the flow as a combination of 

potential lift and vortex lift. The potential lift was determined by find¬ 

ing the distribution of bound vorticity in the wing that satisfies the 

boundary condition that the Induced velocity of this system equal U sin a 

at certain points on the wing. The normal force is then determined as 

N*/oPbUco&«* (3,16) 

and the lift as 

L * N cos 
(3.17) 



He defines the circulation as 
22 

r1 * Kp Sin®< (3.18) 
¿b 

and Kp Is determined nun»erically by lifting surface theory. This gives 

Ctf * N» rjc* (3.19) 

where depends only on the planform of the wing. 

The vortex lift of the wing is determined by an analogy to leading 

edge suction. The flow ahead of the stagnation point on the underside of 

a wing. If attached to the surface. Is accelerated around the leading edge, 

as shown In Figure 5. This develops a low pressure which acts as a thrust 

on the wing. The 1 ading edge suction force remains essentially constant 

as the radius of the leading edge Is varied, because, as the radius de¬ 

creases, the pressure Increases, but acts on a smaller area. The flow 

around a sharp edge separates and flows Into a spiral vortex and the 

exterior flow is caused to reattach itself to the upper surface. Pohlhanus 

contends that the forces required to reattach the outer streamlines to the 

surface are equal to the forces required to maintain the attached flow of 

a round leading edge. With the sharp leading edge, there is separation at 

the leading edge, and the lift force developed by the potential 

flow must be normal to the surface. 

The leading edge suction force Is perpendicular to the leading 

edge, and so a thrust coefficient may be defined as 
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Cr * Cb OCÄ A (3.20) 

The nontwl foret is equal to the suction force so that 

Cx'C, (3.21) 
a«. A 

The thrust of the loading edçe is determined fron the velocities normal to 

the leading edge and the circulation by 

T’/O^b (Uf>«rv^ - w.) (3.22) 

where w is the induced velocity of the trailing vortex system. The total 

effective circulation, r, has already been determined for the potential 

lift, so that 

Cj- • [ I - W. \ Kp 
' U 

(3.23) 

Pohlhamus lets 

W*. , K'pKi (3.24) 

where 

KV 
(3.25) 

end, since it is a function only of planfurm, it is determined by lifting 



surface theory. We have 
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CT* (<p - sm«* (3.26) 

(3.27) 

The total lift of the wing is then determined as sum of the potential and 

vortex lift. 

C. * »4 SiV\^ cœV + (Kp - »4*^i) Cos^ sir»* »<. (3.28) 
cos A 

The constants Kp and for delta wings are shown in Figure 

The agreement of his theory with experiment is quite good for the 

prediction of lift and induced drag. The errors that effect his calculation 

are principally due to a breakdown in the assumptions of attached flow. 

When the vortex bursts over the wing, there is an associated loss of pres¬ 

sure and decrease in lift. Also, in very slender wings, the two vortices 

generated by the leading edge may interact and form an asymmetrical and, 

sonetimes, unsteady pattern above the wing. The principle problem with the 

theory is its foundation on the equivalence of the suction force and the 

vortex force, which is only intuitive. The principle advantage of the 

theory is its unprecedented accuracy. Pohlhamus has extended his theory to 

non-delta wings, -nd supersonic flow conditions.1^ 
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Chapter IV 

TEST APPARATUS 

The experi-ient was conducted in the five by seven foot anechoic 

wind tunnel at the Massachusetts Institute of Technolcoy. The tunnel is 

a ccntinuous circuit wind tunnel with an open test section, as shown in 

Figrre 7. The controls for tóo tunnel are outside the testino room, but 

the testing , *>0m is large enough that most of the force measurement appa¬ 

ratus could be k"*pt insioe, and the model was always in view while force 

measurements were being taken. In addition, the hand held smoke probe could 

be placed anywhere in the flow field, and observations could be made from 

any angle. 

The models used are shown in Finures 8 through 14. The triangular 

wing tips have a root chord of twelve inches, and a span of 4.5 inches each, 

resulting in a sweep of 09.44 degrees at the leadinc edge. The three rec¬ 

tangular center sections had spans of three, six and twelve inches. All 

were 0.75 inches thick, giving a thickness ratio of 6.25 percent, and were 

tapered on the top and bottom within three inches of the leading and trailing 

edges. The triangular tips were tapered for three inches at the trailing 

edge, and 1.1 inches at the leading edge, to match the rectangular center 

section. The triar.cjlar wing tips were constructed o* wood with aluminum 

leading and trailing edoes. so that sharp edges could be obtained all 

around the model. The rectangular center sections were similarly construct¬ 

ed, with sharp aluminu-i, leading and trailing edee*. Round, ogive, and para¬ 

bolic fairings, shown in Figure 12, could be attached to the rectangular 

sections These were equipped with four static pressure ports at 48 percent 
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chord to determine the pressure distribution near the tip. A special 

tr angular wing tip, constructed entirely of -^hogany, but still with 

sharp edges, vus equipped with eight static pressure ports to determine 

the pressure distribution normal to the leading edge across the delta wing 

tip. These pressure ports are positioned at about 45 percent chord. The 

pressure tubes from the ports led to the trailing edge, where they were 

joined to the tubing that led to the manometer. The angle of attack and 

alignment of the model were maintained by an aluminum bar that extended 

behind the model. 

The model hung in the tunnel supported by wires attached to a 

rack mounted above the flow. The crossmembers of the rack supported five 

small cantilevered beams which were fitted with strain gauges. The model 

setup is shown in figures 15, 16 and 17. The model hung from the cam i- 

levered beams on .018 inch music wire, so that the stress in the canti¬ 

levered beams was directly proportional to the tension in the wires. 

The wires were attached to the model at three points. At exactly 

mid-chord, two small rings were attached to the model near the wing tip. 

Each of these rings was attached directly to a strain gauge that measured 

the vertical forces at that point. Each ring had an additional wire that 

was attached to another ring directly upstream. This ring hung from a 

strain gauge, and was also connected to a fixed point on the floor of the 

tunnel by another wire that formed a 135° angle to each of the other two. 

The tension in the vertical wire was, therefore, exactly the tension in 

the horizontal wire, and the forward two strain gauges determined the drag 

of the model. Fr^m the sting on the rear of the model, one wire was 
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attached to a strain gauge one foot behind the two lift strain gauges, 

giving rMiter of pressure data. Finally, one wire was attached to a weight. 

Out of the airflow, that loaded the entire systotn. 

The cantilever beam with its strain gauges are shown in Figure 

18. The strain gauges mounted on the cantilever beam form a bridge circuit 

as shown in the simplified diagram of Figure 19. The balance simply adjusts 

the current flow to zero. As the beam undergoes a bending stress, the 

resistance of the top gauges is increased and the lower decreased, giving 

a net voltage to be measured, directly proportional to the force exerted. 

This voltage was then read on a digital voltmeter inside th? tunnel. 

The pressure distribution data was simply measured on a manometer, 

outside the tunnel. The pressure ports in the model were connected to 

tubing at the trailing edge. This tubing continued horizontally behind the 

■odel to whe^c it was supported, and then to the floor where it connected 

to larger diameter tubing, and finally the manometer. The nanometer used 

Meriam fluid, with a specific gravity of 0.824. and was inclined at an angle 

of 16.5 degrees from the horizontal. None of the pressure measurement equip¬ 

ment was attached to the model during the force measurement runs. 

Flow visualization was accomplished by the use of vaporized oil. 

The oil vapor was injected into the airstream at the end of a four foot hand 

held wand. The wand was heated along its length to create the oil vapor. 

The smoke generally dispersed slowly, and appeared white, which was parti¬ 

cularly visible in this situation. Photographs of the flow visualization 

were taken with a Polaroid camera, mounted in the test section. 
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Chapter V 

EXPERIMENTAL PROCrPURr 

Before the forces on the wings were determined, the strain gauges 

were calibrated and a check was made to insure that the readout was indeed 

linear to the force applied. This was done by loading then with known 

weights and recording the response. 

The forces on the wing were found using the calibration of the 

voltage readout. Three readings were taken, one before the wind tunnel 

was started, one while tlie wind tunnel was running, and one after, for each 

of the strain gauges. For all of the force and pressure distribution 

measurements, the tunnel was run at 88 feet per second. 

The angle of attack was changed by replacing the wire between the 

sting and fifth strain gauge. The angle of attack was measured with a level 

mounted on a variable scale. The angles of attack tested for each model 

were about 0, 5, 10, 15 and 20 degrees, with some variation between models. 

The model configuration was changed by attaching the triangular 

tips, or the tip fairings to either toe three, six, or twelve Inch wide 

rectangles. The triangular wing tips were tested in the delta wing configu¬ 

ration, as well as with the various center sections. In each configuration, 

the five angles of attack were tested. 

Two separate runs were needed to determine the tare drag of the 

model, because the model was held from lateral sway by two strings in the 

tests on the rectangular wings. A round bar of diameter 0.218 Inches and 

12 inches long was supported by the wires in the tunnel, and the drag forces 

were measured. The coefficient of drag of the rod was known to be 1.15, 
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based on frontal area, so that a drag was calculated and subtracted from 

the measured force. The remainder, the drag of the wires, was then sub¬ 

tracted from the test data. 

Test results were obtained that showed that the deflection of the 

cantilevered beams was 0.006 inches per pound tension applied. For the 

twelve inch trapezoidal wing, the lift force on each cantilever beam was 

6.095 pounds and the force reduction on the fifth cantilever beam was 1.C03 

pounds. This resulted in an increase in the angle of attack of 0.23 degrees. 

This is the maximum increase in angle of attack and it has been added to the 

data results. 

Wall effects were calculated to determine their effect on the 

angle of attack of the nodel. The change due to the tunnel walls was found 

to be 0.2G1 degrees for the largest model from 

A-f, - S/t CL (5.1) 
Ô 

where c is the tunnel cross section area. This adjustment was negligible 

for the smaller models at lower angles of attack.13 

The data was reduced to lift anc rag coefficients and center of 

pressure location for the model. The drag was obtained from the sum of the 

forces on the front t\r »train gauges, minus the tare. The lift was 

obtained from the sum of the forces on the other three strain gauges. The 

center of pressure was determined by first assuming the models had no moment 

•t zero lift. Then the center of pressure was determined by the equation 
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Xc4> * “-fk. (5.2) 
L 

whcr-c Xcp is the distance forward of the nid chord, and ^ is th- force on 

the fifth cantilever beam, force coefficients and center of pressure loca¬ 

tions wero then plotted in Figures 20 th.ough 30 aid 4L through 53. Table 

1 shows the areas and aspect ratios for the various configurations of the 

model. 

The coefficient of lift vs coefficient of drag curves were reduced 

by adjusting Cq for aspect ratio. The coefficient of drag of a wing, assum¬ 

ing elliptic lift distribution is given by 

C* * C-** * (5.3) 
ir$t 

Let two wings of different aspect ratio with equal be given by 

tl 4t 
(5.4) 

end 

c1 
Zirl 
"H“ At 

(5.5) 

The equivalent drag coefficient adjusted for aspect rnio at the same lift 

coefficient is given by14 

c.. * c‘." C/J- - _L \ 
it ' -¾. At., j 

(5.6) 
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e results of this adjusttrent are shown In Figure 63. 

Tl* pressure distribution date was taken on the «nometer board 

WUh ‘hC Unne' """'"S at 88 f«‘ ^ second. The various conjurations 

xere tested at the sae. five angles of attack that were used for the force 

-easurements. The „»del was test«. In a., of the possible configurations 

that were used in the force measurements. 

The heights of fluid from the manometer were used directly to 

calculate the coefficients of pressure over the tips. The chan,. In pressure 

could be determined from 

AP‘ àh.(X)^ Sirvas» (5 7j 

«"•re P 1» pressure in pounds per square foot, ih I, the height of the 

floid in inches, y is the specific gravity, and ow 1, the weight density 

of water, with a manometer angle of 16.5 degrees. The coefficient of 
pressure Is 

Cf. 
i/oU‘ (5.8) 

The numerator of this equation Is Just the difference In the heights of the 

fluid between the point In question and the static pressure of the undis¬ 

turbed flow, multiplied by $ln 16.5V The denm.1n.tor Is the 

difference In the heights of fluid between 
the static pressure probe and the 

tote, pressure probe of the undisturbed flow, multiplied by the same coeffl 

dent. That coefficient, therefore. 1, cancelled out of the equation and 
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the coefficient of pressure becomes simply the ratio of the differences in 

the heights of the fluid. The coefficients of pressure are shown in figures 

31 through 34, and 54 through 62. The pressure coefficients have been plot¬ 

ted against the linear dimension of the wing tip. This method of display 

*as chosen so that the pressure distributions r.ujht be more easily compared 

between the configurations of the wing tip and between changes in the aspect 

ratio of the basic wing. 

The flow visualization tests were run at a speed of 44 feet per 

second. Using the lift data from the earlier experiments and assuming that 

the lift was due entirely to the bound vortex system, the models were all 

run at the same total circulation, given by 

By varying the angle of attack, a proper coefficient of lift could be chosen 

for each wing area to match the circulation of the delta wing at 20 degrees. 

The other angles of attack were 12.2 degrees for the trapezoidal model with 

three inch center section, 8.8 degrees with the six inch center section and 

4.6 degrees with the twelve inch center section. Later, the twelve inch 

trapezoidal model was observed at an angle of attack of 15 degrees. Photo¬ 

graphs were taken along the leading edge of the delta wing. The camera was 

mounted upstream in such a position so as not to disrupt the flow over the 

»fing, and yet provide as much detail of the flow as possible. Pictures were 

also taken from the side, and sketches were made of the flow situation when 

they were more suitable. These pictures and sketches are shown in Figures 
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35 through 44. 

The experiments were conducted at negative angler of attack, in 

the usual sense, so that the lift would ^11 do*n on the wires, and any 

chance of lifting the model to the point where the wires would be slack was 

eliminated. From this point on in this report, the wing will be discussed 

as if it were at positive angles of attack, with the vortex system above the 

wing rather than below it, so that the discussions may be described in the 

way most readers are familiar with. 

A 
•» 



34 

Chapter VI 

DISCUSSION O' RESULTS 

The uncertainty of the force measurenont was recorded for a por¬ 

tion of the force measurement data. The forces became quite oscillatory 

for the higher angles of attack, and lateral oscillations of the slender 

rectangular models required the two additional wires be added to stop the 

sway. Still, a low frequency var: v.:n in the lift was experienced on 

several models, especially the six inch span rectangular wings with ogive 

and parabolic edges. The variations in recorded forces were less than two 

percent in the worst cases of oscillation. The effect of zero wander during 

the run was considerably less than this amount. 

The angle of attack was measured by a variable angle level placed 

on the model, and this reading was accurate to within a quarter of a degree. 

The value of uncertainty in angle of attack is obtained from the variation 

In the change in angle of attack between models, since the lengths of the 

fifth wires that determined the angle of attack were the same for all models. 

The manomete** was connected to the model by a rather long set of 

pressure tubes. The effect of these tubes was to damp out fluctuations in 

the pressure, with its long response time. The manometer could be read to 

•n accuracy of 0.05 inches, which was an error of 0.0064 in the coefficient 

of pressure. 

The effect of the pressure tubes attachment to the *«• iling edge 

was evaluated in a test on the delta wing, where its effect should have been 

greatest. The delta wing was run with two sets of pressure tubes, one on 

each half-wing. The change in pressure distribution is shown in Figure 31. 
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The error induced appears to be less than two percent of the coefficient 

of pressure. The general trends of the pressure distribution are preserved 

exactly. 

From the calibration data, the transducers had an error of, at 

most, 0.013 Dounds or an error in coefficient of 0.0044. This is consid¬ 

erably leis than the uncertainty in the measurement due to oscillations. 

The results of the force measurements on the delta wing and the 

rectangular wings with delta wing tips are shown in Figures 20 through 30. 

In Figure 20, the coefficient of lift is compared to that predicted by 

Pohlhamus, and to that predicted by slender body theory. The results of 

Pohlhamus' theory agree very well, and the linear slender body theory 

appears to represent the coefficient of lift curve adequately up to angles 

of attack around 14 degrees. The initial lift curve slope is much less 

than the linear theory prediction, probably because the real flow does not 

develop a vortex for small angles of attack. The trapezoidal wings are 

remarkably well represented by slender body theory in the angles of attack 

sho* ■». From Figure 24, it is seen that the lift curves for the delta wing, 

and the three and six <nch trapezoidal wings are quite similar, while the 

twelve inch trapezoidal wing is quite different from the others. Measuring 

at a * 0 gives varied values of initial lift curve slope, as seer in 
(X 

Table 1. but the general result of the lift curve slope is about the same 

for the models other than the twelve inch rectangular wing. The very 

marked similarity between the first three models and the fourth seems to 

show a change in the flow situation between the groups. The twelve inch 

rectangular wing shows a stall condition that the other wings do not, in 
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the range of angles of attack tested. The aspect ratio increase is the 

greatest in the change from six to twelve inch centerspan, however. 

The coefficient of drag curves in Figures 25 through 29 show the 

same effect. As Figure 29 shows the delta wing and the three and six inch 

trapezoidal wings have almost identical CL vs CD curves, while the twelve 

Inch with delta wing tip is markedly different. The beginning of stall 

may be seen on the six inch rectangular wing, but there is no effect as 

groat as the reduction in drag for a given coefficient of lift in the twelve 

inch rectangular wing. Its flow structure is apparently different from that 

of the other three models. 

The induced drag of the trapezoioal wings is, in general, greater 

than that predicted by Fguation (5.2). The increased drag is due to the 

non-elliptic lift distribution of the wings, and the rapid roll up of the 

trailing vortices, due to the increased vorticity in the flow. 

The center of pressure was determined by assuming that there was 

no moment at zero lift, i.e., no camber in the wings, and that the wings 

did not induce flow curvature in the wind tunnel. Figure 30 shows the center 

of pressure data for the delta and wings with delta wing tips. The value 

f©r th^ higher angles of attack are the more reliable figures, because when 

the coefficient of lift is near zero, if there is any moment, the distance 

to the center of pressure will approach infinity. 

The location of the center of pressure for the delta wing is at 

the 60 percent chord location. Slender body theory predicts that the center 

of pressure will be at the two thirds chord location, but the loss of lift 

at the trailing edge is responsible for the more forward location.** This 
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value correr.ponds with other experimental results.2 

The center of pressure noves forward with aspect ratio charges in 

he trapezoidal models. The three inch trapezoidal wing has a center of 

pressure at the 47 pcrcert chord location, and the six inch wing has a loca¬ 

tion at about 30 percent chord. The twelve inch model has a center of 

pressure that appears to move with angle of attack. This is due to the 

change in flow conditions with angle of attack from smooth flow to short 

bubble separation and eventually to long buoble separation and complete 

stall. This changes the pressure distribution, while the other models do 

not exhibit the same flow characteristics. 

The forward location of the center of pressure rtay have caused 

the vortex on the twelve inch trapezoidal wing to burst, whan the smaller 

models did not. The higher adverse pressure gradient and a more forward 

center of pressure of the twelve inch trapezoidal wing may have induced 

the vortex to burst because of its chordwise pressure distribution in the 

center portion of the wing. 

The spanwise pressure distribution results are shown in Figures 

31 through 34. The pressure distribution for the delta wing, Figure 31, 

is not unlike results obtained previously.2,3 The double peak found at 

the highest angle of attack is due to the secondary separation of tne bound- 

ary layer. The pressure peak moves inboard with increasing angles of attack, 

as noted in earlier tests. The three centcnrost pressure stations reveal 

the flow utside of the spiral induced by the vortex is nearly directly 

along the axis, as mentioned earlier, and is apparently constant across the 

span in this region. It is also noticed that the pressure very near the 
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leading edge does not have a singularity, but Instead appears to approach 

some finite value, although this value varies with angle of attack. Also, 

the unevenness of the pressure distribution between the fourth and fifth 

pressure ports as due to the shape of the wing. The slope of the wing 

changed midway between those two points, and the flow under the vortex 

crossed that ridge at a large angle. 

In the case of the three inch trapezoidal wing, the coefficients 

of pressure near the peaks are increased by around twenty percent for the 

twa highest angles of attack. Additionally, the vortices appear to have 

moved toward the centerline of the wing, especially for the higher angles 

§f attack. For the two highest angles of attack, the velocities near the 

centerline are not constant in the span direction, as they were for the 

delta wing, but the lower three angles of attack are quite similar to the 

curves for the delta. This seems to indicate that, at least at the higher 

srigles of attack, there is a change in the nature of the vortex. Noted are 

its change in position, the change in strength, and the change of lateral 

extent of its interaction with the flow over the rectangular portion. 

For the six inch trapezoidal wing, the vortex *eems to be located 

at the same position as it was for the three inch wing. Again, the strength 

nf the vortex is Increased, this time at about 10 and 15 degrees, and the 

effects of separation are seen in the highest angle of attack. The separa¬ 

tion in the center section has reduced tne peak pressure in the distribution 

and widened the Influence of the vertex, so that the pressure is becoming 

more evenly distributed with span. This apparently is due to the interac¬ 

tion of the vortex flow with the separated region of the wing. Again, for 



39 

the lowest three angles of attack, the velocity is constant over the section 

of Ute delta wing tip outside of the vertex region, but the higher two 

angles of ètte’ck show the previously rentioned interacticn with the interior 

flow situation. The curves near the center section are alrost identical 

to those of the three inch rectangular nodel until this interaction begins. 

The twelve inch trapezoidal wing shows the beginning of the sar* 

interaction at 16.0 degrees angle of attack and is corplctely stalled at 

?0.9 degrees. The highest two angles of attack were run twice because of 

the uncharacteristic profile of the ?0.9 degree stall. There Is no vortex 

in the flow at this angle. The pressure is constant in a completely sepa¬ 

rated fonr of the flow. The pressure distribution at 16 degrees is similar 

to the beginning stall condition of the six inch wing at 20 degrees. There 

is a considerable interaction betw jn the delta wing flow and the sharp 

edged rectangle flow that is not found in the lower angles of attack. Again, 

the lower angles of attack show a very similar profile outside of the vortex 

flow. The pressure peak is located nearly the same place as it was for the 

three and six inch models, indicating that the effect of the rectangular 

section of the wing on the vortex is primarily an increase in strength. 

There is no change in the interaction with the upper surface of the wing 

at the lower angles of attack. This indicates that the strength of the 

vortex is deterrined by the flow under the wing, rather than the edge condi¬ 

tions. Its strength is deterrined by a separation condition, rather than 

the vorticity generated ty the leadino edge. Since the high pressure on 

the underside of a wing induces spanwise flow there, it is reasonable to 

assume that this spanwise flow increases the pressure difference in the 
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vortex required to attach the flow to the upper surface of the wing. The 

spanwise flow is increased with aspect ratio for the aspect ratios we are 

considering. 

The vortices seem to have little effect on each other on the 

trapezoidal wings, because the extent of the vortex is not changed with 

increasing aspect ratio. The delta wing, however, does show some interac¬ 

tion because the location of the vortices is changed, even though there is 

• portion of the wing with straight flow between the vortices. 

A description of the flow visualized b> smoke is shown in Figures 

35 through 44, outlining the various regions of the flow. The delta wing is 

shown in Figures 35 through 38, at an angle of attack of 20 degrees. Smoke 

released from the underside of the wing flows past the leading edge and 

then either into the core of the vortex or around the outer flow. A sketch 

of the flow that enters the core at about one third of the chord is shown 

In Figure 40. It is very difficult to determine exactly what happens at 

the leading edge. The flow there makes the turn around the leading edge 

very qu.ckly, and it is very difficult to study the exact flow situation. 

Mo contusion can be made, therefore, concerning the angle of flow that 

leaves the surface of the wing. 

It was noticed, howe/er, that smoke could not be Injected to the 

vortex flow from the other side of the wing if the smoke probe was too 

close to the surface nea** the leading edge. If it was located too close, 

the smoke would rei.win on mat side of the wing, condense, and run along 

the leading edge. This sens to indicate, with this model of delta wing 

at least, that the flow in the boundary layer does not flow toward the 
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leading edfje, when It. Is very near It, but changes direction in the boundary 

layer, as in separation. This effect was not noticed previously, but most 

earlier uodols were either flat or had ? scalier angle of bevel at the lead¬ 

ing edge. The effect may simply be due to a separation phenomena, or a 

result of the condensation of oil in the boundary layer, but it ray also 

indicate that the flow does not leave the leading edge parallel to the 

surface. Tore study is needed in this location. 

The separation of the boundary layer flow beneath the vortex was 

clearly seen in all runs with smoke visualization, because the oil condensa¬ 

tion formed a ridge on the surfice of the wing. This ridge line was in 

exactly the sane position for all of the models tested. This is because 

the peak pressure was in the same location for each of the models at the 

angles of attack they were tested, although the peak location was a function 

of angle of attack. 

The flow in the delta wing vortex was studied to a little closer 

detail using the oil smoke visualization, and at an angle of attack of 

fifteen degrees. The vortex layer nearest the core was found to originate 

near the apex of the delta. The flow picture may be seen in Figures 37, 

38 and 40. The smoke released from a point went directly to that layer, 

and remained approximately that distance fron the center of the core a? it 

passed over the wing and down the tunnel, except for its diffusion. The 

core position was stationary and apparently stable. No burst was detected, 

and the same ring of smoke initially formed extended far down the tunnel. 

The smoke may have been kept out of the core by centrifugal acceleration, 

because the center of the vortex nay be seen to be nearly free of smoke in 
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Figures 37 and 38. However, the layers of the vortex ray not all enter the 

core if the rate at which the vortex sheet approaches the center is similar 

to the rate of increase of scale in the conical flow. There is some inter¬ 

action between the vortex and the rolling up trailing edge vorticity seen 

In Figuies 37 and 38 as kinks in the vortex axis. 

Moving the smoke proto further from the wing at the same chord 

position resulted in flow that is farther from the core, but part of the 

flow that is still inside the vortex region and around the core, as seen in 

Figure 38. Part of this flow continues to encircle the core, while a por¬ 

tion of the smoke remains in the flat portion of the wake created at the 

center of the wing, between the two stagnation lines. 

No smoke could be introduced into the core region. This may have 

been due to the centrifugal effect of the flow, the high a <al velocities 

•nd diffusion rates, or the probe's effect on the stability of the vortex 

flow. The position required was extremely critical, and, perhaps, may not 

have been reached. 

The three inch trapezoidal wing was observed at 12.2 degrees. 

It was noticed that the outer streamline of the vortex region was not 

straight but, instead, curved toward the centerline of the wing. This 

appears to be the result of the centerward shift of the vortex core that 

was observed in the pressure distribution curves. The interaction between 

the two vortices in the delta wing may prevent this effect. This result 

may also be due to the fact that the strength of the vortex, associated 

with the spanwisc flow on the undersurface of the wing, is no longer linear. 

However, the separation line under the vortex remained a straight line. 
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The six inch trapezoidal winq showed a similar result in Figure 

43, but the effect was not nearly so pronounced. This is due to the fact 

that the angle of attack was only 8.8 degrees. The separation line was 

exactly os before, but a new flow regime was created. In this model, a 

separated flow bubble was observed from the leading edge to the trailing 

edge of the rectangular section. This separation bubble is the expected 

flow situation for sharp edged unswept wings at moderate angles of attack. 

Smoke introduced into the bubble remained, for the most part, inside the 

bubble. The separated region formed the center of the wing, while between 

it and the vortex region, there was an area of flow where the flow was 

unseparated and nearl> straight. This flow is caused by the vortex influence 

on the flow, causing it to remain close to the wing. It is similar to the 

flow sometimes found at the centerline of a delta wing. 

For the same total circulation, the twelve inch trapezoidal wing 

had smooth flow throughout with no observable vortex, so the angle of attack 

for the test w¿: Increased to 15 decrees. At this point, the section was 

beginning to show ihe first effects of stall in the measured force and 

pressure distribution curves. At fifteen degrees, the flow was very similar 

to the previous model. The vortex, the separated bubble, and unseparated 

flow between them were observed, as shown in Figure 44. The deflection of 

the streamlines in the unseparated region toward the center on the last half 

of the wing were considerably greater than on the previous model and are, 

therefore, presumed to be a function of the angle of attack. 

The ability of the vortex to induce unseparated flow away from 

the vortex region is limited, therefore. As seen in Figures 43 and 44, this 
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region Is not very large and stall eventually may destroy the vortex entire¬ 

ly, at angles of attack when the vortex would normally continue to exist 

on the delta wing. The vortex appeared to begin a short distance inboard 

of the Intersection of the unswept and swept portions of the leading edge. 

The extent of this interaction was small, but apparently necessary for the 

attachment of the unseparated flow that continued aft of it in the region 

between the vortex and separated regions. 

There is a great disparity in aspect ratio between delta wings and 

rectangular wings that appear to be of similar size. A delta wing has twice 

the aspect ratio of a rectangular wing of the same span and root chord. For 

this reason, the smallest aspect ratio of the wings with delta tips is 1.50, 

while the largest rectangular wing has an aspect ratio of only 1.157 and the 

smallest has a value of only 0.329. This causes a wide variation in the 

results for wings that appear to be similar, yet have widely varying aspect 

ratios. For example, there is an Increase in aspect ratio from 0.329 for 

the three inch rectangular wing with round fairings to 1.60 for the three 

inch rectangle with triangular tips. 

The results cf the force measurements on rectangular wings are 

shown in Figures 45 through 53. A comparison of the lift curves is shown in 

Figures 45 through 47. For the three inch rectangular wing, the remarkable 

similarity between the curves for the ogive and parabolic fairings, and their 

difference from the wing with round fairings implies that there is a con¬ 

siderable difference in the flow situation at the tips. It is known that 

the flow around the tip tends to flow from the lower surface to the upper, 

because of the pressure difference and the vorticity shed from the wing. 

The sharp ogive, and the parabolic section fairing are apparently "sharp" 
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enough that they generate more vortleity In the flow near the tip forming 

â vortex above the wing, resulting In greater lift on those wings for a 

given angle of attack. At this Reynolds number, the ogive and parabolic 

faired wings are approxinately the same flow situation. 

The six Inch rectangle Is different, however, because the differ¬ 

ence between the ogive and parabolic faired wings, and the round fairing 

wing. Is less distinct. The twelve Inch rectangles are completely different 

from the three Inch wing, because now the three curves are very nearly the 

same. This seems to imply that the undersurface of the wing, as before with 

the highly swept wings, seems to determine the strength of the upper surface 

vortex, at these somewhat larger aspect ratios. The Increased outflow near 

the wing tip as aspect ratio is Increased nay be the cause of the fact that 

the three curves for the rectangle become the same as aspect ratio Is 

Increased. 

It Is also noticed, as shown In Table 1, that there Is an aspect 

ratio change between the round fairing, and the parabolic and ogive fairings. 

This adds to the difference in lift, and Is responsible for a portion of 

the difference. 

Figures 48 through 50 show the vs Cq curves for the rectangular 

wings. Figure 48 shows that the wing with round fairings has considerably 

higher drag for a given lift coefficient In the three Inch rectangle wings. 

This effect is less pronounced In the six Inch rectangle wings, and almost 

non-existent in the twelve inch rectangle wings. 

The probable reason for this phenomena Is that the round fairings 

allow the tip vortices to be much closer than the ogive and parabolic 
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fairings, due to the relative sharpness of their edges. The sharp edged 

wings, therefore, have a higher effective aspect ratio. This M>uld cause 

the wake to roll up sooner resulting in a greater induced velocity and 

higher induced drag for the round fairings. 

This explanation is upheld by the pressure coefficient data, seen 

In Figures S4 through 62. In every case, for the parabolic and ogive 

fairings, a pressure peak is seen on the fairing and it moves toward the 

centerline with angle of attack. The curves for these two are quite similar, 

which explains why the lift and drag characteristics are similar. The tip 

region Is stalled for the twelve inch rectangles, indicated by the even 

pressure distribution, but the lift curves do not imply that the whole wing 

had been stalled. The pressure distribution on the round fairings does 

not show very much about the situation of the flow there, partially because 

of the small percentage of span explored. It does show that the general 

trend of Increased velocity around the tip with angle of attack, due to the 

Increased circulation of the wing and stall may be observed from the In¬ 

crease in pressure coefficient at an angle of attack of 20 degrees on the 

twelve Inch wing. 

The reduction of the vs curves using Prandtl’s relation. 

Equation (5.6), Is shown in Figure 63. The curves for all of the trapezoidal 

wings, and the delta wing are fairly close together, and the twelve inch 

rectangular wings are also very similar. The drag of all of the wings of 

aspect ratio less than one is considerably less, under this adjustment scale, 

than the group of higher aspect ratio wings. The six inch rectangular wings 

are grouped together and the three inch rectangular wings show a reverse 
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curve Into negative drag. This Indicates that Equation (5.6) overestimates 

the adjustment, and, therefore, its estimate of ths Induced drag Is In 

error. The amount of Induced drag appears to be proportional to the coeffi¬ 

cient of lift squared, because wings of the same aspect ratio fall on the 

same line. The difference in the nature of the curves for aspect ratios 

less than one Indicates that the induced drag Is not proportional to the 

Inverse of aspect ratio for these wings. The Induced drag is much less than 

Equation (5.3) predicts. 

Comparing Figures 29, 48, 49 and 50. the six and twelve inch 

rectangular wings have CL vs CD curves that are similar to the trapezoidal 

wings, and the delta wing, despite wide aspect ratio differences. The three 

Inch rectangular wing, however, has a much higher drag for a given lift. 

The most likely reason for this 1s that the trapezoidal wings have a very 

high concentration of vortlcity near the tips for their aspect ratio. Th? 

rectangular wings have a more evenly distributed lift, not concentrated near 

the tips as In the trapezoidal wings, with leading edge vortices. The 

concentration of vortlcity near the tips causes the trailing vortex sheet 

to roll up more quickly and produce a greater Induced dn*g. 

The center of pressure location is shown In Figures 51, 52 and 53. 

The center of pressure Is considerably ahead of the center of area predicted 

by slender body theory6, but this Is to be expected since the theory should 

not apply to unswept wings. The pressure peak due to the sharp leading 

edge would tend to move the center of pressure forward as aspect ratio 

Increased. 

The center of pressure location is, in general, farthest forward 

for the six Inch rectangular wings. Because some of the curves tend to 
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diverge as a approaches zero, a moment must exist for zero angle of attack. 

There is no possible method of determining this using the five wire support 

for the model, so O'it the information concerning center of pressure should 

be questioned. The effect of the zero lift moment on the center of pressure 

decreases with angle of attack. The zero lift moment is apparently caused 

by a defect in the model resulting ir an effective camber. 
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Chapter 7 

CONCLUSIONS 

In general, the results of the experiments show that the trape¬ 

zoidal wings have more induced drag than elliptically loaded wings of the 

same aspect ratio, because of the increased concentration of vorticity 

near the wing tip from the highly swent leading edge. The strength of the 

leading edge vortex increased with increasing aspect ratio in such a way 

that the three ana six inch trapezoidal wings exhibited lift and drag 

curves that were nearly identical to those of the delta wing. The Increase 

in strength of the leading edge vortices was necessary for attachment of 

the flow to the upper surface of the wing because of the increased span- 

wise flow on the undersurface associated with the rectangular portion of 

the wing. The vorticity generated by the swept leading edge apparently 

determines the location of the vortex, because the vortex was found to be 

in the same location for all of the trapezoidal wings. The delta wing, 

however, has some interaction between the two leading edge vortices, 

because they were displaced a small amount toward the leading edge. 

The rectangular portion of the wing exhibited a separation bubble 

over a portion of the upper surface in the six and Uelve inch trapezoidal 

wings. Next to this bubble, an unseparated flow was Induced by the vortex. 

The extent of this interaction was small, but apparently increased with 

angle of attack. The stall of the wing destroyed the vortex, and angles 

of attack just below stall had the effect of spreading the pressure peak 

due to the vortex. The adverse pressure gradient on the rectangular portion 

of the wing may have caused the vortex to burst at these angles. At lower 
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angles of attack, the interaction of the vortex and rectangular wing flow 

was limited to the induced unseparated flow region. 

The pressure distribution near the tip of the rectangular wings 

exhibited a pressure peak indicating that a small vortex had been generated 

by the vorticity at the wing tip. At the test Reynolds number, the ogive 

and parabolic fairings apparently are sharp enough to create a separated 

flow there. The curves for these two fairings were remarkably similar, 

and exhibited a lov/er drag for a given lift than the round fairings. This 

effect was partially due to the somewhat reduced aspect ratio of the wing 

with round fairings, but, additionally, the flow did not appear to separate 

at the extreme tip, resulting in a lower effectivs aspect ratio as well. 

The six and twelve inch rectangular wings were all very similar curves indi- 

cati’.tg that the separation was also governed by the spanwise flow near the 

tip. 

The experimental lift and drag curves show that slender body 

theory gives an approximate value of the lift, but begins to have signifi¬ 

cant error at high angles of attack, and when aspect ratio becomes tco large. 

Pohlhamus' theory predicts the lift curve very well for the tested delta 

wing. The induced drag predicted for an elliptic lift distribution under¬ 

estimates the drag on the trapezoidal and delta wings, and overestimates 

the drag on the low aspect ratio wings. This is not unexpected, however, 

because lifting line theory fails at low aspect ratio. 

Further study is required to determine what angle the flow leaving 

the leading edge creates with the leading edge, and whether separation 

occurs on the underside of the wing. The Kutta condition, requiring finite 
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velocities and pressures at the leadinn edoe, is satisfied, but the exact 

details of the flow situation there requires further examination. Addi¬ 

tional study of the effect of sweep on tr.e strength of the leading edge 

vortices of trapezoidal wings is required, as well as further study of the 

structure of the vortex itself, for a cumíete and thorough knowledge of 

the flow. There may be additional usefulness in a more complete study of 

the unsenrated flow region of trapezoidal winqs, to determine if chordwise 

fences or moderate sweep might Increase the size of this region, and, hence, 

Improve the overall characteristics of the total wing. 
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FIGURE 1 FLOW AROUND A DELTA WING 
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FIGURE 5 

LEADING EDGE SUCTION ANALOGY 



Figure 6 INFLUENCE COEFFICIENTS FOR POrilHAMUS' LIFT EQUATION 
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FIGURE 7 

SUBSONIC WIND TUNNEL 
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i SCALE 

DIMENSIONS IN INCHES 

FIGURE 8 

PLANFORM-DELTA WING 
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FIGURE 9 

PLANFORM-THREE INCH TRAPEZOIDAL WING 
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FIGURE 10 

PLANFORM-SIX INCH TRAPEZOIDAL 
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FIGURE 11 

PLANFORM-TWLLVE INCH TRAPEZOIDAL WING 
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FIGURE 12 

WINGTIP FAIRINGS 



FIGURE 13 

FORCE MEASUREMENT MrZL 
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FIGURE 14 

PRESSURE DISTRIBUTION MEASUREMENT MODEL 
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FIGURE 16 

MODEL MOUNTfO IN TUNNEL - PHOTOGflAPH 
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FIGURE 17 

PRESSURE MEASUREMENT MODEL MOUNTED IN TUNNEL 
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BALANCE. 

strain CAUCE bridge circuit schematic 
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COEFFICIENT OF LIFT VS ANGLE OF ATTACK: DELTA WING 



FIGURE 21 

COEFFICIENT 01 LIFT VS ANCLE OF ATTACK: 3 INCH TRAPEZOID 
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FIGURE 22 

COEFFICIENT OF LIFT VS ANGLE OF ATTAC!'.: 6 INCH TRAPEZOID 
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FIGURt ?4 

COEFFICIENT OF LIFT VS ANCLE OF ATTACK: DELTA AND TRAPEZOIDAL WINGS 
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FIGURE 25 

COEFFICIENT OF LIFT VS COEFFICIENT OF DRAG: DELTA WING 
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FIGURE 26 

COEFFICIENT OF LIFT VS COEFFICIENT OF DRAG: 3 INCH TRAPEZOID 
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FIGURE 27 

COEFFICIENT OF LIFT VS COEFFICIFNT OF DRAG: 6 INCH TRAPEZOID 
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FIGURE 28 

COEFFICIENT OF LIFT VS COEFFICIENT OF DRAG: 12 INCH TRAPEZOID 
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FIGURE 29 

COEFFICIENT OF LIFT VS COEFFICIENT OF DRAG: DELTA AND TRAPEZOIDAL WINGS 
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FIGURE 30 

CENTER OF PRESSURE LOCATION: TRAPEZOIDAL WINGS 
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FIGURE jo 

SMOKE > LOW AROUND DELTA WING: NEAR CORE OF VORTEX 



FIGURE 37 

SMOKE FLOW NEAR CORE: FRONT VIEW 
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FIGURE J8 

SMOKE FLOW NEAR CORE: CLOSE UP 
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FIGURE 39 

SMOKE FLOW AROUND TWELVE INCH TRAPEZOIDAL WING 
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FIGURE 40 

SKETCH OF FLOW NEAR HADING EDGE 
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FIGURn 41 

SKETCH OF FLOW OVER DELTA WING 
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FIGUiiE 42 

SKETCH OF F1CW OVER THREE INCH TRAPEZOIDAL WING 
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FIGURE 43 

SKETCH OF FLC..' CVLR SIX INCH TRAPEZOIDAL WING 
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FIGURE 44 

SKETCH Of ELC/.J OVER TWELVE INCH TRAPEZOIDAL WING 
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FIGURE 53 

CENTER OF PRESSURE LOCATION: TWELVE INCH RECTANGULAR WING 
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FIGURE 55 

PRESSURE DISTRIBUTION: THREE INCH RECTANGULAR WING 
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PRESSURE DISTRIBUTION: TWELVE INCH RECTANGULAR WING 



107 

\ 

- ,i 

o ' ./ ,V .V ^ *í -4 .■» i 
IKICHES FkOM TIP 

FIGURE 61 

A *<r 
O «<' 
□ -<* 
^ o(t 

<J «H- 

05‘ 
2T.8* 

II. 
Ife.^ 
¿0.9° 

PRESSURE DISTRIBUTION: TWELVE INCH RECTANGULAR WINC 



108 

IkJCMCS FROM TIP 

FIGURE 62 

PRESSURE DISTRIBUTION: TWELVE INCH RECTANGULAR WING 



109 

FI
GU

RE
 6

3 
AD
JU
ST
ED

 D
RA

G 
CO

EF
FI

CI
EN

T 
FO

R 
AL
L 

MO
DE

LS
 



no 
TABLE 1 

«. • 

CONFIGURATION AREA (ft2) ASPECT RATIO CL (per degree) 

o0 

Delta Wing 

Three Inch Trapezoid 

Six Inch Trapezoid 

Twelve Inch Trapezoid 

Three Inch Round Tip 

Three Inch Parabolic Tip 

Three Inch Ogive Tip 

Six Inch Round Tip 

Six Inch Parabolic Tip 

Six Inch Ogive Tip 

Twelve Inch Round Tip 

Twelve Inch Parabolic Tip 

Twelve Inch Ogive Tip 

.37E 

.625 

.875 

1.375 

.297 

.344 

.344 

.547 

.594 

.594 

1.047 

1.094 

1.094 

1.50 

1.60 

1.79 

2.23 

.329 

.409 

.409 

.579 

.658 

.658 

1.078 

1.157 

1.157 

.034 

.034 

.044 

.058 

.011 

.011 

.011 

.015 

.021 

.021 

.030 

.038 

.028 
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