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SUMMARY

A low speed investigation of the flow over aspect ratio one delta wings of

varying thickness has been made to better understand the relation between the

vortices produced by leading edge separation and the non-linearity of the lift

curve. The formation and the position of the vortex cores were determined by

means of smoke flow visualization techniques. Lift curves of the models were

obtained from the wind tunnel.

It was found that at the same angle of attack the vortex cores moved outward

on the wing as wing thickness increased. Downstream of the trailing edge, the

vortex cores followed a helical path which is believed to be related to the

"vortex explosion" phenomenon. An empirical equation was developed which predicts

the lift curves for sharp leading edged delta wings of various thicknesses and

of aspect ratios from one to two.





INTRODUCTION

Traditionally, the influence of viscosity on the flow over a wing was assumed

to be confined to a thin boundary layer. Outside the boundary layer, the flow was

considered to be inviscid and could be analyzed by linear potential theory.

Where the leading edge is sharp on a thin swept wing, the flow may not be

considered inviscid, because the boundary layers developed on the lower surface

separate at the sharp leading edge. Specifically, for a delta wing, with highly

swept, sharp leading edges, at angles of attack greater than zero, the boundary

layers on the pressure side separate at the sharp leading edges to form vortices

which grow in size and strength toward the trailing edge. The leading edge

vortices are the significant characteristic of such wings.

The effect of the vortices is to produce a complex flow field over the wing

with associated non-linear aerodynamic characteristics. For such a flow field,

deviation from potential wing theory exists which results in a non-linear lift curve,

Following the principle that only when the physical situation is fully

understood can the mathematical treatment be applied intelligently, smoke

visualization techniques were applied to the flow field. In addition to the

qualitative photographs, quantitative results were obtained in the form of vortex

core locations with angles of attack for the three aspect ratio one delta wings

shown in F ig. I

.

Based on the vortex core locations, an empirical expression for the lift

curve was obtained which is applicable to delta wings up to 12 percent thick and

of aspect ratio one to two.
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BACKGROUND

H i story

In 1936, Winter first described the conical vortex at the wing leading edge.

By means of flow visualization techniques (smoke, tufts, and "soot and petroleum"),

he described the flow as "flowing spirally, forming a 'vortex braid' whose position,

magnitude and extent are determined by the plan form, aspect ratio and angle of

attack."

2
In 1947, Wilson and Lovell determined by tests of a delta wing and tuft

analysis, that "the flow over triangular wings of low aspect ratio is

characterized by vortices above the upper surface of the wing, inboard of the tips.

These vortices aid in obtaining high* maximum lift coefficients and can be produced

by using airfoil sections having sharp leading edges."

3
Ornberg in 1954, identified the secondary vortices produced by the

separation of the upper surface boundary layer.

Many have contributed significantly to the understanding of the flow, in the

form of wind tunnel tests, flow visualization techniques and mathematical treatment,

A partial listing of the papers published on the subject is contained in the

references and bibliography section.

i". ..'•-.
.

:

Flow Description

As the angle of attack increases from zero, the stagnation point moves from

the leading edge to the under surface of the wing. The flow proceeds from this

stagnation point to the leading edge due to the favorable pressure gradient in

this region. Suction on the upper surface tends to draw the flow around the

leading edge. However, for a sharp leading edge, the centrifugal force on a fluid

element approaches infinity and the fluid cannot remain attached to the surface

of the wing. The separated fluid takes the form of a vortex sheet which grows in

strength as it proceeds downstream on the body. Thus, when it rolls up it takes





the form of a conical spiral. The vortex sheets roll up in opposite senses on

the wing into cores of rotating fluid which lie above and inboard of the leading

edges as seen in Fig. 7. These leading edge vortices are the dominant feature

of the flow.

In addition to the strong flow from the lower surface, there is the secondary

flow pattern which is produced by the separation of the outflowing air in the

boundary layer on the upper surface as it nears the leading edge, as seen in

Fig. 2. This separation occurs due to an adverse pressure gradient on the upper

surface outboard of the primary vortex cores. The secondary separations give rise

to small triangular-shaped viscous regions on the upper surface near the leading

4
edge. Investigation of these viscous regions by means of a pressure probe

located the secondary vortex cores below and outboard of the primary cores and

confirmed the rotation of the vortices as opposite in sense to the primary

vortices. Downstream of the trailing edge, the secondary vortices are well

defined, as seen in Fig. II.

Theoretical Treatment

The flow pattern in quite different from that usually considered in the

5
theory of inviscid fluid motion presented by R. T. Jones. Jones' theory requires

the fluid to turn through an angle at a sharp leading edge and so, in the

linearized approximation, predicts infinite values of the velocity and pressure

along it. It is not these singularities in themselves which render such theories

for the slender delta wing inadequate, since they are of the type acceptable

elsewhere in the theory of thin airfoils; but rather that the flow pattern found

in a real fluid does not resemble that of the potential flow model which predicts

them.
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Mangier and Smith treat the flow theoretically by constructing a potential

flow model, in which the vortex layer is replaced by a vortex sheet of spiral

form and the problem is then reduced to a two—d imens iona I one by the use of

slender body theory and the assumption of a conical vorticity field. The shape

and the strength of the vortex sheet are determined by utilizing two boundary

conditions: the sheet lies in a stream surface of the flow with no difference

in the pressure across it and the velocity is assumed to be constant along

strraiight lines through the apex of the delta. This assumption agrees with

experiments at supersonic speeds, however, at low speeds, this assumption breaks

down near the trailing edge as indicated in Fig. 33. It is noted that recent

tests at the National Physical Laboratory (Aero. Div.) have found core velocities

in the direction of the core path to be on the order of 1.5 times the free stream

velocity.

o

Brown and Michael considered the actual flow solution to be extremely

difficult, hence a flow model more amenable to calculation was adopted. This

simplified model replaced the spiral sheet with two concentrated line vortices

above the wing and two feeding vortex sheets connecting the source of vorticity

(leading edge) and the concentrated line vortices. Here also, conical flow is

assumed.

9
Legendre in 1952 considered the problem as a potential flow and represented

the vorticity in the fluid by a pair of isolated vortices lying along streamlines.

This introduced a many-valued function for the pressure which placed a pressure

discontinuity along the path around either one of the isolated vortices. In

10
1953, Adams suggested that these discontinuities should be placed on surfaces

or sheets joining the vortices to the leading edge. Following Adams' suggestion,

Legendre published a revised analysis of the problem in 1953.
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Figure 3 shows the predicted inward and upward movement of the primary vortex

cores with angle of attack for slender delta wings with leading edge separation.

The theoretical curves are derived for supersonic flow with the secondary vortices

I I

not considered. Experimental curves from Fink and Taylor and this report are

included for comparison. It is noted that the experimental curves are from low

speed studies.

Authoritative opinion on the effect of the secondary vortices is quite

diverse. Reference 4 states that the real flow was different from that derived

1

2

by Mangier and Smith, due to secondary vortices. Lee suggests that the influence

on the main flow by secondary vortices is negligible. Attention is directed to

Figs. 9 and II which show the secondary vortices downstream to be of comparable

size to the primary vortices. This indicates that the size and hence the strength

of the secondary vortices on the body may be of appreciable magnitude and hence

exercise a large influence on the flow field.

To the authors' knowledge, no mathematical solution exists which will

accurately predict the flow field over the delta wing with leading edge separation.

Lift Curve

Figure 4 shows the I ift curves of the delta wing models tested to be non-

I inear. The actual lift coefficients exceed those predicted by slender wing theory,

13,4
It has been theorized that the extra lift produced by a delta wing with leading

edge separation is due to the extra entrainment of air by the leading edge vortices,

Furthermore, that the non-1 inear nature of this extra I ift is due to the inward

and upward movement of the vortex cores and their increase in strength with angle

of attack, giving an ever increasing entrainment effect.

10 14
Adams and Edwards have derived formulas for predicting the lift curve

based on Legendre's theory. Their formulas are applicable only for small angles

of attack. Figure 4 shows the results of these formulas as well as comparisons





with slender wing theory and experiments. The predicted lift curves fall short

of desired accuracy.

Adams' formula:

C L
= T[-fi!p< + 77(1+ 27r)(4A0

3
=*

Edwards' formula:

c L
= f^°< + rr(\ + 27rH/^f « y

An empirical lift curve formula has been developed from this investigation

which is covered in a subsequent section.





MODELS AND APPARATUS

Mode I

s

All models were aspect ratio one delta wings. Model I was a flat plate of

1/8 inch thick sheet metal. A hollow version of model one was also constructed

for the smoke flow work. See Fig. I.

Models II and III were Flberglas models of thicknesses 12 percent and 6 percent

respectively. The root chord sections are parabolic with maximum thickness at

the 0.50 root chord location, as shown in Fig. I.

For smoke flow studies, holes of 1/16 inch diameter were placed at

appropriate locations on the upper surfaces.

Smoke Generator

Kerosene is used for producing the smoke. The kerosene is boiled by passing

it through an electrically heated tube. The vapor passes through a small orifice

and is broken into tiny particles, which produces a dry, dense white smoke.

W ind Tunnel

s

The Princeton 4 ft. by 5 ft. wind tunnel was used for force measurements and

the Princeton 3 ft. by 4 ft. three-dimensional smoke tunnel was used in the smoke

flow visualization studies.
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PROCEDURE

Force Measurements

The I iff force was measured by the beam balance system of the wind tunnel.

The tunnel velocity was 115 fps, giving a Reynolds Number based on root chord of

approximately 1.5 x 10 .

Smoke Flow Visualization

The technique can best be described by a three-dimensional view of the smoke

tunnel as shown in Fig. 5. The model is mounted in the test section as shown.

For the vortex core pictures in the cross-flow plane, a 1600 mm projector with a

1000 watt bulb was used to project a plane of I ight normal to the free stream as

shown on Fig. 6b. The plane was created by inserting a piece of metal, having a

1/32 inch slit in front of the bulb casing as shown in Fig. 5b. Smoke, under

pressure, is forced through a tube into the hollow model and out the holes in the

wing. Tunnel velocity was maintained at II fps. The photographs of the vortex

cores were taken through a hole in the downstream section as shown. By means of

this procedure, quantitative data was obtained of the core positions.

The distance from camera to model was approximately twenty feet. The

pictures were taken with a 35 mm camera with a 360 mm telephoto lens. With

f = 5.5, pictures of the flow on the model were taken at one second exposures and

downstream shots were taken with two second exposures.

For the top and bottom views of the flat plate model, a Speed Graf I ex

camera was used. Light was supplied by standard flood lights.
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RESULTS AND DISCUSSION

Flow Visual ization in the Cross-Flow Plane

Flat Plate Delta

Figures 7 and 8 show the vortices at 0.50 root chord and the trailing

edge, respectively, at various angles of attack. The inward and upward movement

of the cores as angle of attack is increased is evident,,

Figure 9 shows the vortices at 0.25 c r downstream of the trailing edge.

o
Up to ck = 20, the primary and secondary vortices appear to be comparable in

size. Above 0< = 20°, the secondary vortices become smaller than the primary

vortices. This change in relative size may indicate a reduction in the effect

of the secondary vortices on the flow* field as angle of attack is increased.

Figure 10 shows a sequence at various chordwise stations on the model at

C< = 20 . The build up of the vortices as the flow moves toward the trailing

edge is shown.

The relation between the primary and secondary vortices and the feeding

sheet at locations from the trail ing edge to 0.50 c r downstream of the trailing

edge for C< = 15 , is illustrated in Fig. II. Since the photographs do not

show clearly the position of the feeding sheet at the various downstream locations,

the sketches have been included. At the trailing edge, the triangular regions

outboard and below the primary vortices are the viscous regions in which the

secondary vortices have formed. At 0.10 c r downstream, the wake intersects the

sheet between the primary and the secondary cores. This point of intersection is

a stagnation point in the cross-flow plane and the flow sp I its and proceeds toward

the primary and the secondary cores. Because this stagnation point occurs on the

sheet between the two vortices, it indicates that the effects of the pressure

gradients produced by the two vortex systems are almost equal at that point. From

this, it appears that the strength of the secondary vortices is significant

compared to that of the primary vortices. Figure 27 shows a total head survey
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made in the cross-flow plane at 0.67 c r on a model similar to the flat plate delta

tested in this report. The smoke patterns shown in Fig. II are quite similar to

the contours found by the survey, Figure II shows that as the flow proceeds

downstream, the feeding sheet moves toward the primary vortex, and the secondary

vortices rotate about the primary vortices.

6% Delta

Figure 12 shows a sequence at various chordwise stations on the model

at 0< = 15 . Figure 13 shows the vortices at the trailing edge at various angles

of attack. Qualitative comparison of the flat plate delta and the 6% delta is

difficult. However it does appear, from a comparison of Fig. 8a and Fig. I3a,that

o
at CX = 5 , .

the vortices at the trailing edge of the flat plate delta are well

defined compared to the vortices on the 6% delta.

Figure 14 shows the cross-flow plane at 0.25 c r downstream of the trailing

edge. The position of the feeding sheet between the primary and secondary vortices

is shown clearly in Figs. 14c and I4d. The diameters of the cores and the

vortices increase with angle of attack. It appears that the relative size of the

secondary and the primary vortex is not as significant for the 6% delta as it was

for the flat plate delta. For example: Fig. 9b (flat plate delta, OC= 10 ),

shows the secondary vortex to be almost equal in size to the primary vortex and

Fig. 14b (6% delta, CX. = 10 ), shows the secondary vortex to be approximately one

half the size of the primary vortex. It may be speculated that the effect of the

secondary vortices on the flow field diminishes with wing thickness.

Flow Visualization on the Surfaces of the Flat Plate Delta

It can be seen in Fig. 15 that at CX = 0, there is laminar flow over the

wing. At this angle of attack the lift curve slope may be computed from

linearized potential theory. This has been done with good accuracy by many

invest igators.
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As CX is increased to 2 , it can be seen in Fig. 16 that the flow is

beginning to form a vortex along the leading edge on the upper surface. The

under surface flow is relatively unaffected.

Turning to Fig. 17 for CX = 4 , the spiral vortex along the leading edge

can now be seen more clearly. Very little effect is noted on the under surface,

as the tendency to flow toward the leading edge is slight.

In Fig. 18 for CX = 6°, the spiral vortex continues to grow
;
and as more air

is entrained in the vortex it is seen that the region of reattached flow is

decreasing. On the under surface, more air is flowing toward and over the leading

edge and is entrained in the vortex.

As CX increases to 10 , the vortex grows and the reattached region shrinks.

On the under surface, the amount of flow that is passing over the leading edge

and being entrained is increasing slowly.

In Figs. 20 to 24, the flow on the upper and lower surfaces is shown with

increasing angles of attack, up to 35 . It can be seen that more of the upper

surface flow continues to roll into the vortex and the reattached region

decreases in size
?
until at CX = 35 there is essentially no reattachment.

On the under surface, more and more of the flow is passing out and over the

leading edge. This effect is very pronounced at the higher angles of attack.

It may also be seen in Fig. 25a, which Is a view of the flow over the leading

edge, and also in Fig. 25b, which is a view from the trailing edge.

Figure 26 shows the vortex cores downstream of the trailing edge as

viewed from the top and is an illustration of their tenacity.
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Graphical Analysis of Vortex Core Loci on the Body

Flat Plate Delta

Examining Fig. 28 it may be seen that the curves of z/a and y/a fall

on one line for the chordwise positions chosen. This chordwise independence

is also illustrated in Figs. 31 and 32. The core is seen to be independent of

chordwise location until about 0.80 c r where the core moves inward and upward.

This can be attributed to trailing edge effects; that is, the core line is

bent toward the direction of the free stream as it nears the trailing edge.

The core positions with respect to z/a and y/a versus ex / £ are plotted

in Figs. 29 and 30. Here it may be seen that z/a is approximately I inear with

angle of attack for CX > £ , |t is also seen that the core moves inward very

rapidly at small angles of attack. At CX = 6 , the core has already moved

inboard about 90 percent of its total inward movement. Theoretical curves of

Q

Brown and Michael have been included for comparison. Their z/a versus o</£"

curve shows good agreement with the experimental results.

Figures 33 and 34 show the side view and plan view with the z and y scales

amplified to illustrate the core movements.

6% Delta

Now, turning to Fig. 35, it may be seen that z/a versus y/a continues

to move inward and upward with increasing angle of attack. Individual movements

are seen in Figs. 36 and 37. The movement is no longer independent of chordwise

position. The core locus moves inward with increasing chordwise position. These

effects are clearly shown in Figs. 38 and 39. Again, amplified scales are used

to give the side and plan views of the core in Figs. 40 and 41.

\2% Delta

In similar fashion to the flat plate and the 6% delta, the \2% delta

exhibits inward and upward movement with increasing CX as seen on Figs. 42, 43,
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and 44. Since the thickness is a function of chordwise location, the core

position is not independent of x. In Fig. 45, it can be seen that z/a decreases

with increasing x until the core is swept up by the trailing edge effects.

Figure 46 shows that y/a is relatively constant with x. The effect of body shape

can also be seen in Fig. 47, where the curvature of the z versus x curves is

distinctly related to the increase and decrease of body thickness with x.

Figure 48 is a plan view showing y versus x, with an amplified y scale.

Downstream Core Loci

Because of the tenacity of the vortex cores behind the delta wing (Fig. 26),

it was possible to obtain core position data as far downstream as 1.5 chord

lengths. The cores were observed very clearly as far downstream as eight chord

lengths (16 ft.).

Flat Plate Delta

In Fig. 49, the variation of z'/jr with downstream station is shown. It

is immediately observable that at all angles of attack^ the z' position varies in a

sinusoidal manner as the core proceeds downstream. As the angle of attack

increases, the path of a vortex core slopes downward at an increasing angle. It

is seen that with all the core paths for the various angles of attack plotted on

one figure, the paths cross between 0.25 and 0.50 c r downstream.

In Fig. 52, the variation of y/:r with downstream station is also seen to be

of a sinusoidal nature. There is a trend toward inward motion of the cores with

angle of attack. This is just a continuation of the inward motion of the cores

over the body as ex increases.

6% Delta

In Fig. 50, the z' /— versus % c r downstream curves possess the same

characteristics as the corresponding flat plate curves, however, the sinusoidal
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variation is less marked. It can be seen that the paths of one core, for

increasing angles of attack, cross between 0.50 and 0.75 c r downstream.

In Fig. 53, the y/| versus % c r downstream curves show a very pronounced

sinusoidal relation. The core loci also show an inward motion with angle of

attack.

\2% Delta

_b

In Fig. 51, the z'/o versus % c r downstream curves again show the

same characteristics as the corresponding flat plate curves. A slight sinusoidal

,b
variation is observed. The y/2 versus % c r downstream is also sinusoidal^ as

seen in Fig. 54. The paths of one core, for increasing angles of attack, cross

between 0.50 and 0.90 c r downstream.

Summary of Downstream Effects

The vortex cores are seen to spiral downstream on a he I ical path as

shown in Fig. 55. This accounts for the apparent sinusoidal variation of the

b b
z'/^ an d y/2 coordinates versus downstream location. This spiral is of the

same sense as the spiral flow around the core. The spiral nature of this core

path is related to the presence of the secondary vortices. The secondary vortex

is not negligibly small compared to the primary vortex, and thus the center of

gravity of the vortex system is not at the center of the primary corej as seen

in Fig. 52b. It is known that the secondary vortex rolls up around the primary

core, thus it is possible to explain this motion by assuming both vortices rotate

around the center of gravity. This would explain the rolling up of the secondary

vortex around the primary and the movement of the primary core on a hel ical path

downstream.

It is also seen that the paths of one core pass through the same downstream

vertical position as the wing moves through the angle of attack range. This

point appears to move downstream slightly as the wing thickness increases.





Thickness Effects on Core Positions over the Body

The effect of thickness on the vortex core position may be seen in Figs. 56,

57, and 58, which are plots of core positions at 0.50 c r . It is seen that as

thickness increases, the core moves outward in an approximately linear manner.

It may also be seen that increases in thickness cause no noticeable trend of

movement of the core in the vertical direction.
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EMPIRICAL APPROACH TO THE LIFT CURVE FOR LOW ASPECT RATIO DELTA WINGS

It is weil known that the C[_ versus (y curve for low aspect ratio delta wings

has the shape shown in Fig. 59. That is, the C[_ exceeds that predicted by

linearized potential theory due to the vortices formed by leading edge separation.

First, let us assume that the I Iff curve is composed of a linear component

and a A C[_ due to the vortices as shown in Fig. 60.

where

and

that is:

(I) CL
S CL ,+ AC,

2TTA?
C. = p/p l; CX. (R. T. Jones' expression for low aspect ratio

* delta wings)

A. Ci = f (vortex position, vortex strength)

C L = f (y/a, z/a,T )

Expressing in total differential form and linearizing!

m dACu,|^ d VQ + |^ d% + f^ d r

Curves of A C\_ versus z/a and y/a have been plotted in Figs. 61 and 62. To

evaluate the partial derivatives, one must obtain

(MC L \ pACj
,

/BACA
V d Y/a )z

/ot
p-conrt. j {BVci l^/aT- Const. \ 3T /Y/q, 2/a : Con 5t

ar_To do this, assume ^— = constant. This approximation is based on the

theoretical calculations of V versus cX in Ref. 8. Now, any non-1 inearity in the

I versus oc curve is a second order effect and will be neglected.

With this assumption, it is possible to evaluate the first two derivatives in

equation (2) by hoi ding cx= constant instead of P = constant.

Examining Figs. 61 and 62, it can be seen for a typical case:

« -18* : V* 030 (F, g 6 i) ; && = &2S ,
. e 73 (Pf , e2)
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cx-l8°: Vo= 0.716 (f,-<5.62); T^-^§f§ = '-6& (f^.ii)

These partial derivatives differ by a factor of 2.5, so, as a first approximation

it will be assumed that x 7 .

L
^>/ g; V /

L
, and thus x-tt,

l will be neglected.
a va o T/o $ '/a

The derivative -^-= L must now be evaluated. In Ref. 15, it is stated that the

distance between the vortex cores, "2Y", is a measure of the vortex strength,

(3) 2V = _pvr
It is readily seen that by differentiating equation (3) and using

,a> aACu , 3ACL d y/a

that

_^AC. _ aAC L / -Y
an 3% voir,

Since it has been assumed that _ ...
L

<C^ . 7 .

L
un less ,_, >^> I, the term

-. p
u will be neglected. It is known that y/a is always less than one and from

Ref. 9 that T» I. Therefore,

^ACL ,s _1ACL

and will be neglected.

In view of the above, Eq. (2) may be reduced to;

where *" is obtained from Fig. 61.

The equation will first be evaluated for the flat plate case.

The relation of A C|_ versus z/a was obtained by Lagrange's polynomial formula.

(5) ACL = 4- (^o)
Z- 0. 8 (5&) + 0.0 6 .

and ^^ =-8% -0,6
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(6) % = 0.616 a + 0.088

Substituting, the equation becomes;

(7) ACL
= 1.52 cx

z -0,0594 ex

and the total expression becomes, for A^ = I, t/c = 0:

(8) C L
= 1.48* +- L52o< 2

Having an expression for C|_ for /£ = I and t/c = 0, it is possible to expand this to

other thicknesses and aspect ratios.

For aspect ratios other than I, with t/c = 0:

o) AC L = 0.0^25 fye)*- 0.0 14-6 <%=

or

(9a) AC L = 0.0^25 (^t-J -0.0146 ^rf
Using the experimental data for the thickness effect it can be derived from Fig. 63

that
:

(io) AC ^ - (0. 52^^- 0.034) i%
Combining the expressions, an equation is obtained which should be applicable

over a range of smal I /^ 's and t/c' s.

These equations were then appl ied to delta wings of aspect ratios of one to two

and t/c from to 12 percent.

The results are shown in Figs. 64, 65, 66 and 67. It is seen that the

equation gives very good results. From this it can be concluded that the additional

lift due to the vortices is due primarily to the vertical height of the vortex cores

above the plane of the wing.

To simplify calculations, equation (I) can be expressed as:

C L =A+B-C-D where

a _ 2- rr/^ or * <-> °"° 3 25 cX
2"

' r> OC / \JSL





A, B, C and D are plotted on Figs. 68, 69, 70 and 71 for convenience in

evaluating a particular case.
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CONCLUSIONS

Smoke flow visualization techniques can be a powerful tool in the

investigation of flow over a delta wing.

The path of the vortex cores downstream of the trailing edge is a helix.

This helical motion is caused by the rotation of the secondary vortices about

the primary vortices.

The strength of the secondary vortices relative to that of the primary

vortices is not negligible. Hence, no mathematical treatment which fails to

include the effects of the secondary vortices on the flow field can accurately

predict the I i f t curve. ,

The lift may be considered to consist of a linear component, wh ich can be

predicted by potential theory, and an additional lift due to leading edge vortices,

An empirical expression has been developed for this additional lift, which

relates it to the height of the primary vortex cores above the wing. This

expression predicts the lift curves accurately for sharp leading edged delta

wings of various thicknesses and of aspect ratios from one to two.
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Projector
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(a) Body

Side View

(b) Q°*y

Side View
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-»-X

Fi 9> 6 COORDINATES





29

{a).

d-5'

CbV

£—.-&
fc).

c* = 15'

o(*20'

Fig. 7 Flat Plate Delta '• Vortices at 0.50C,





30

^
<*=£"'

(b).

id).

Fig. 8 Rat Plate Delta Vorti<ze5 at the Trailing Edqe
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Fig.^ (Con't)
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T. E.

Fiq.lO Flat Plate Delta : Vortices' -frorn 025" C>. to T.E. at <*-2<
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(a)

c*» S
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Fig. /3 6% Delta- Vertices at the ) railing Edge
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teJ.

F19. 14 6% Pe/fo •' Vort/c^^ at 0.25 Cr Downstream of T.E.
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(f)

Fig. /4 (Con't)
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Upper Lo^/er

Fig. 21, U* 2.CT

Vpper- L«w^r

Fig. 2.2, ^= 25'

Flow Over- Upp^r and Lower- Surfaces of F"/ait PJcifc Peltc*
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upper Uow«r

Fiq. Z3, **30"
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Flow Over Upper- and Lower Surfaces of (=~latt PJc*te De/t"a





47

Fig. 25 Flat Plate Delta &*) View a-f Flow Os/er-

•the leading Fdge

(b) View fl-om "the Trai/mo) E^Q

F 19. 2G Flat Plate De/*a •' Vortex G>r«s Downstream o-f T, £
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jOi* ŷ\7* s

/ / r
2 -,/

u ~*

2 v'3
-1- 4^ -3>ZL/ * Jl•c 3?' y

^y^
^*y^/£s

'5y
-Aid ifc 2^221 <2p

^CtT
zt* _»XL____ fl ^n^^it

Al? i%
————tr y • 7« ^^^

A - A& A*

- -- J* M rTTI rrrT Ti \\ \\\\ \\\^\\\
V' t^A^.^t

/lL__\r fa————————— ———————— ——————
IE ^ ^L- It 2

c*

^
,

tt KI&-Fh c -) Tbt toW*M =
£-*^ atY&hZ-rt£-iH?tf?'-Afi£i*£H^r

Lfi, ,/a L/lm-J.. / /*1 « JK-S/Cw-J-ili A i^ ''iAj^i n,c 4Lt r' f \'t. r* u is \.t

ri'-T L.^1 : _.

t^k_/ JS

^r/v"' -i^tcirSL *^L





65,

1

'] '

'

......... ...

J J\f.O .

•

1

k

•

~^

1

"^

Q^ it
_^_ i ^p i _i , k . ,.

f
,

t + _ . . __
1

5
i

V

l^
1

Cm-
U -.1 j it3

N. ._ /> i'^T vt,*/£j y »^« %' VrjVt*

- ^L *L-«. _/ _ii <lT5
\ ^j y i/ni (^
•/ *^>» f _.

E===5r===================^=S====:====:i==2-35M3Lr~~
3 _^_:F :

^-—*^: ifc./ ii

L iL ~ jl
• zl

4 »
^

1 fl, _ ___ ___, _________
1 U 1 - _.-.,____ _ _________

i- II -^ _ ^£ wc<

^:

i

/5^9h^"^-7^ i LiS^^//tvi^fy"-7<5/i-f^^-yr-\y l
/--,^-/r--\/5 7<3^^F\

f 4- /p L/C L. / s*\ * _* /_ ^lgJLlij-i-iJ-pt. £.—LiAJ-J.-f—L±Z.L)L JJx IfvyS /]
_^ /

3*2252r HMLjfuMH c*£-l"

/"/<"- ii r ji
f

_:/£_ .4. jbr





66,

—r- n-

-Of
^= - .

-2' ^_.

*^T
r

f\.
<29' _|_

.r

£^
t
jS

« ^.^

. ||F5;«^, 1
-Ma~*"'*

S^N """""--a- —*fc - -----A «'C'
....

, ^^
1 y ^"^f^-CI

.....
. ^O^s* T "—

-

- h _L CI >'

f

S """^"^W^"—
2 \ ^X„ "~~~—4_ 'n

it -3 "" S s
s "*" '*A^ '

-Z " \ + s *~3E^Lfl JZ
2 < 5

1

^ s.
N ^^ ,—i*^ \ ^ Jittt)-

^k ^*~ -»_, —•~*" 9'

9 s.
. C V̂

^
*£ %i>^r+ 5s jr^t^ ip

s Z
^^K >*^

^^ y
^"'***«k* ^^

1 r\~
'"""

<T

/l ______!___ - ____U ~"t~
~™

XC _2E ^£CE -<52l 3£5 ,2SJ

? r
-t~la y**•" r^

'

/ 1 <•# _/^._^" L3""-^ liSJ^J"/" k/ i>* /\ ^» /" i-L^^-t.* k_L_.' "B" i /.CLja i|_>,i,a. «t_ a
cS^Z _!«jL"2_<*_. j3Ze*2^c^A ^*cL5uf Jii"d3kjft.-k V&A?SSJ<? 5*1"^

£?-t-£
w -,d^C± S.r\^ ^Z_£ _±"





67,

J Jt/>0

i>%+ -2 „
_ot

«fcji-

fl^£
7/"i 5
//
ILji^*//rvs.U

fl /// '> *•«'
///r^S

:)

r
:: j3

"-—is

—

=

^"^m ^±
I*hH y rW »111 H 1 WX JTI\--------—j^_ sB=sL^—^ ^

• / '^^ *^N ^^>, ^>_
s. ^^ ^sj

S / S 1

l ^t
IX s.

• 1/ \ \
3^*-5 S S r
j-i"

1-

L A_
^e a^r- V
•''' \

^
j ^

<•
.<?

.*
^

Ci

IL -nUJ *J-U -4>jJ -^3 JCltl

*T ^*
-L X*-*^o ^^r

J-^LutS' —.^^1~J. "BM- ff-/3>(—.k-j4-4-,^Li*^' ,P5l* i_^ ^/-3" <-^ J J ^^-^" i tik./la£j"ii l

L£ Zi_33z^L-<FZL^ aLc3a22I12iLLi^ is£2l£1jj,ii.l tzc V1L*Z.l2lX
«,/!_£»_£» _I^Z" Ci-f»-^i-^i iRL «i_

^-i£§u= ICl^^LL^t 2i iSf

=:=:=::™™==~=:=:::::Z=2K:-BS==~™~=:::=:::~EEEEEE:





68.

% 4^? i: t $ ^s £ r >- X tt
4- v a i t C V v

A J t t T \
V C V t A V 41
A VM 4 i V
v 4A v 4 4-t a4- x j r 1 t ^i_±
V V V -F n t n~

i \ \ i i

V \ \ i
\ \ 1 \ B

\ I \ \ \ \
v \ \ I T T
\ \ \ I ^f^\

«* "' V "" >r" i
- "i*- *" "* ^r" "*

"*

,,^'' J»>^I^2n^ f*
*t\ ««• *" "|

^.
«*"*'^>^ ««"^c^ ,

£'*\C\*'\ \
j** * ^^•"^«"^*" ,*"ii*, "^C«*, "T[ \ I \ 1

« r. «r > <h •! ,»r\ \ ) \ \ o c

^

w

V^ lj L 1^ lj"k f*l la. ^-t I I 1 1 1 Oft -

7: ir» 'J m^ k.» in t\ \ \ \
1

I ^»
>r rrn o^Ne «^ >£\ A X »,«

4^ "VA A 1- 44 55 ±
kAvffift. ll /Ix OBtn p <p < )
1 I LI [ ± £*
nfn Ti t ^s

\ L 1 1 1 ... r

Villi .»~
- 4- - VA U4 *¥

\i\ '

. r^

\ \ 1 <>^

\ \ 1 "^
' \ \ \ I

1 1 ll 1 1

4- r\t\\ t c ***
\ \ \ \ \ X\ -».ml 1 * h ^g

diiii xs :

ztniii 4 tz iv
- =t - ATaAA + -

JAAA 4- i« *.
-,- 4 iU4~ t ^K *WW 1 ^^

' lifflt A f]i
^ \J k

1 TOT T '* • IMfmfr , v3
OPA A imi4 ^ y ^*»

WW 1 ^ C^ Li
AjtttA ^£ *£

4 4\ttA 4- • 15
\\ \ \

\1 \ \ ^ J
111 \

WW 1 ^' ^j*
L\l\\ I H» "N

Afftl 3
u\ I 1 t>^
nil 1
u\ 1 11 f /
Wl 1 ll 1 x
Will ^ 5
\\ \ 1 1 ^s
iWl 1 "

llll 1u VI

I

mil 1

Mil I ^^
^mIiL L
flr
\\\ 1 *" ^1

\\\ ll Li 1
IB 1 >l
Vu

I C 1 £ 1
M \ \l ^"*^

It 1 A

IT
' -^

1 ^
1 \ "***\Y
IT
1

1

11
\\
\^

\\
* \\

\\u
w

«

te
>*• ^ M 'iT N ^ O

^ -»





ou,-
69 -

^ ^?*L flBTi t^ ! § ^

\ l \ vv

\- A L t
5 [•« S ft 1 -t

L 5 t» Cj^Xi~J -*!.*\ 8 * ^^ -F3

\ ^ \
V Vht^nb^ t^

\ ^*l ^. ViTsTS s^^v.\ c v^i,y^sHk^s.^^ s Crt
\ ,%, \ \*^VtjHts

t>
*>' **!>*

V
*'*"

, w.
""*"» *^

\ ^5 \ \_5c >
**t

U***
,
«"V *'^^N^ s

'5fc

>^
>s, »« -»^

J 'i^\-X\ i^*-^ >, . v J**y "^^ v^ »*•
vr t vj 1 ^^ ^s^^ >*s^ ,,,,

'xr

^^ j
\ ^ \ Vwt \ ) , J . _,J |V (/

T \ S atIt K Crjrr g£*"» S*"i:<r i uie -S,-? vaSee ^ * N *s Pi^r» c>-
%5£

\i \ ' ll 1 yy * ^1

\ -FtlW IT"
k \ v v\ ^^
\ u\j^L t\f
K ^ \rof

'.
. V \8Jl_ j"i

\ \ 'j8L _.

v \ \W >J
> \ \ \l

\ UXS^ ->^
\ \jji 1 *j
\ \ ^

i \\% '^

> wc ^.Xt
V i ^L (l\>

\ ^ML V
\ \ Vv« /"N
\ \v^ c *
S \ >\ \i\ ^
\ V\t 1,

V \\% ^s
\ \ Vk ^
\ \^ ^

_t Ca ^?S -a
"> 5t

\ v\ i.

! ^ s r
\ rati tl O\ «fl|l • "J r hV " \Yf ^Js \g

a vii "K^rj^ **± L ^3T • '"i^II.

c 55t- 5
\ C\ -i^
\ \g «y
v vC t
\ v5 Ci_
V W i ^
v. xS *" C
\ >Vi_ t

v vSl T
' 3S '^
c nil 5

i 35 ^
\ 3l <

^ \s ,^
\ v\ "^

V Y& iT
\- S <Ii

\ vk L
^ 5 -tm
\ XL ^^
V ^L
\ vL
\ y it j_
v 9 1

5

J v^ C ' is
5 5 BM-
\ \k .N
\ \ 'u
v xL i*3
\ ^k ( jj
c 5
\ » B^
\ \
V m ^V

V ~*^
V \
\ V
\ j

V f
j3
Vk_
'\
\l

]L

______ 1Illlli
l^ r

(

^> ^> ^ >^"t w M ^ O"





70,





71.

cTO

x\
-^S- VCVf ^K rSX

s^5

j ---»_—-s^Sns,— _ _—
.
^ _ —_ \^^p^^ —

ir- "* ^""^^
J =—4l35^ S^* t

_t p*
-1-

"

fc^k, ^JL_
>>
s ,>^

l S^V Ts Ps.
S

7 -a' s^s ta sn s
V2r Nh& ^"<*^^^^^ *f-_ -1—

--/-,|£-- ?^S^s - 1 *"%-: *^ zsr^rmeaif
2 N<s N

%. s^ 5^*^
o _^5^_S_ 5S .SfcJlSls^

^?X ^m5 5 . ^rr *. "^o^ss ""^^sssr^ 2±~or«n^- .TBM l^ ^
k_ 1 L k_ >^™"~——5
\ \ >. ^^SJ. ^S»* £ fc/«

L. > ^k_ ^^ ^w ^*\~
\ \ 1 \ ^.^ X^s^
\ ^ ^L ^Sjl \ ^ i

\ % S *S L—2 " A H S
<r \ ss *-«{«<

• C
V V-^r

S
^^V 5 s^ tV\ Vi **n. v>V H ^"•.-k - t 11V \ ^ *"*«: \

% \ SS Jr--, J
\ \ S H^J**

-^1- XI X ^ttjEt-St—^if- *5 V -*?r*«r-*r
S c ^u_

S 1- ' A, \
\ ^k w
s iIl

—J -. Tt^^^K ^whsK-^J^^ ---*
s
- N~
5 ^fc>fc

---S!- s <5*'* #0 ~^vn**~'^ 1
I_ -"rS 1

^
5 ~*

s.
V

,

.

C»2& Ofii-TA ~ ^ztt^tl-tz^t l^tzEZc ~LJi ri*.l l7.&?Llt*^i£t£AA1
-^V^" ' fi' p'
tic JlLs*

k_

^~y/£ K'-/\rtsE. sltr

/$•'





72.

/»
,Cr

- -d~ i i.T . „ ,. ..

3S li. t— ^*«
2"^s!]r^S n jt

"1 H——— ^k. ^N ^w
p "^^a^/N. / *- ^y- /-<""

!c >\ "'-5^'-as 4\1 / f «-/J I

_j'~2.

i ...
ss """^ii

Ss
»v / / i

& a r*^ >->-«^'v,ss^ ^k >
- <e>jv ^^saj: r%.

y^iL ***4^ a^ v /- (- ._>#

-/ 3" *£***»^ V i^7 *?^.
i- H- **% "Ifcss A' 2^^^eL_<2flsZ52L;r:§^5i2r

^"" s1l
^s:"^ ,5^*""*3=»i"

=!"""'",^''5"T"
4^-4^ -r^>- --liVJMJ— >£>—-s-- -c*-«'<^~-*-*

i;7^r>^.^ a- cj

ji ^w "V^v. ^
>. ^ ^w ^v
> ^ y ^
S S \J ^ k

^ 1 . , lr -t ^
-S^- -S^ -<**TdU>*\-

-£ —

—

-t »- ^.S^ ^J~.^*j£\\J-\
X- -i*zl* ''It'*-*'

%± CX^CO—* fl

- -«d i ^3r^wU/ >.
~r

1 \

-^g"^B

z2
M
2i: £££i^Z2t^. :J/22E_.r2

F '

x £j22c2ll:£I2:Cj^ ££2i$!zfei£Zjf2^4i^

<3^- £ ^£"

J.^4^1 -"C ^r Zii*.jZ±





73,

1

,
,

. A L

--P ^5

-n? - =»_-< k•O
J f *'

>'"

^g^-^fc-*^,:
£**. ^"*,^

N>>i i»^Zy "^ *

X ^^ ^^F"*-^. ^v ^^^. * ^ r ip j'

Jr
-3' - CZ^r" - iL^C^SL Jt™ ""i >

' ' // W\
>v\'\ ***" ^k y^

•H^""^ C- £
a/^ -ij-jti- j^ ^^<r^~ ~"—~iE^"" Ji y

• IiV \ \. t ->

^m^ Uat \ \ \ .r/V If/1 \ \
, ^^ ^4[ )

' 5' /*/ it \ fj ^ ^**

/#/ \ v 5 ^^
\ — «im^2 a r"^' J'

A'ill V \. jt« ' '

' ^ i, >

* «« > Vi .j^*"""" s'' ^^ <e
-^* "^^m^^SS, c

j^*"

J ^^ -n..e-
— ^-«^L
3 23

»-*
5 Cf

S _ n .« ,#,a :^JC^4i
M-^l4

c_^5
m— .•

B 5Cr

t
4

/»C — T^
^2^ ^tV -^£3 ^^" jjzs y^sr ^ro

3 /'
£ C*. jKW/BXL^g^Z^ "

(

*• #"

^^=J2~2_i£2_/2 _C!iLi^Z!2t-. ££t^£Z2"2!!. CC^^' A£X£1

jS^tt^5S2L2^S2"^ tzfct £y- u^ZazZ

:========================:EEc=SJE2S:==============================





74,

t S

a
|L

^^* "^^^

y^*- *-""^^""*"""
^S, jt. ^-^k

jy ^ Jr—is \ n. ^ S^ ^s i^*"* ^^***k*
./J * ^«tf *t *">S^k^k. > j^ ^ N >^ "^

Cl / .4 >. 't*W-J^«-"^^ / ^ «^»TS *»l J* k "W L

7 / V 0^£ ^ ^ sf~ *\ k-- ^4/ ^r xNSOs^, ^A ^<r ^Sn. "-¥-

S^£ ^^# 5^*-0---lr >' v^ "^ *§Jr -—r^-?*
/^Z5 fl£ zh S *^~ ^^ ^t ^J*^m*+^o?Z*/ I' ft \ ^

—

^r^ /
N*^«.«=ata^C-.''

•t 'S ^ ^v /
4. §J ^s y^

fiT/
t»-T

.0 1/

JL
it Cw^ it

._2l.
,ji

3 81
r ^i«*
5_i2l

4" _^»^r«L_
:3 IIIcTCr ir

\\v_Z~l?*-

» 5 JC'
-

^^ ;^l
Q $3

rt i_ . ______ ____- «.

I r 2^ ^£5t *E2t Z££ jAlil j^sr ~ii

_g,}

U ^l
^ '-* ^3^^S^rZ522vi:S r

£l5&: ffc-^Z^i^ ^t&fitFiTUt l^Czz^S uttltU~ £h7$$
t

lt2*?'£t£AAi
<*-j— ^" -^~

i2z^ ^Lcl.

ITj-i'" ^C-T
±: c^jz^^i^l





75.

^9

ft
.<0

.^""3 S^,
^•^""" ^^ i>

^^ s. >
-^ ^.--^.^ V .i-^.. - /

^f^ ^^^Jfe*,, S>^. ***»». --**'"' +>*'*"~ "***»^
fc ^j

5 J$?J*'
S
^l. ^' -*^"""""

- *** """""Ufc^'''
>y .^ > ^ |^ ^***^ -AT jilt """"i*.

I f r ^k «»^^fes. <^^" L-+^""
>^^

**'"''*' """^

k/ ^ _1 L i? ^*k_ "**5^,»^^J ^—^"" B"
rfi'*"*' s

7 >L. / bK— "-i— -"^^ £-"*"" ^^
i/ij\ f \~ ^"^f"———»— ""-^3 k"~*"^«. El

^ i >^ J^
1^ ^v

-^ 2*~
' t N. >^ ^yw ^"^ ^^* V W

*""*"J fc"*"** V >'
C V ^

"** ^**» • *•'*

2* __ +
a

C £2
*h**a^r

5 _ «*-^>4•* l^Zu
ii

D_ii3

ZK^JC^
^ F it<

i, /"i

;

r £" ?5 jc /y /<?<? jSEE' / -ft>

<5 ^
_h& *7i__iGZEi55fia^cssE2 J*z

^5 22£jL2^1^ ££i2£p"£L£ iL-2ljE"2^-j^Z ttC^t^tTLOttXAt
•>r-j™ "r m t m
\Jl m Z^t^

*

uzu-t'i -*r^ltUttL *^**





76.

&D Welicci/ Downstream Path o-f Ceres

Pn rnatry

Vertex
Core

Secondary
Vortex
Cere

(bj Core Rotation in Cr-oss-F'/ovv P}arn&

Fiq. 55 Downstream Core Movement





77,

fi.6

A'
•* X It. it

l>

-^^-J^T/k^^^^r^f-^ r^ [

i

i r^

J
^41 - I fci-rt ~ * 3 22LiLC^°£^22[IjZE£Z2
* ><?Mi "if i „

it t T _S It^B 2B3ZC? It It
7 ii t v?"*^" 7nr^'

_
7'irZ " "j^ -=!_- ii \ U ^ ZU^TAL.

Z " - ^ £ Xj3l _ [ T
t itV Ii ^ -*£- ,-S

•3 ^^^fc [ j it
z"^3: \ iti \is

I S P
it t \ k

,4 V3
/C*3l- ^ A, it +
/-> <il \ \

J^ VV4-1 £ S^S,.• \ A "^^ *^»
^fill Sl. X V-3^4^ \V it

v \trx ^rv
a ^\ ^

4- "^ ^*V
<*. ^>

^ _i_ „L *_ ^iX % «jI
*

« v's.

V^X *-«
"-^ ^^ ^S

*"«, ~""9»
-"' b "-r 5-r^V

£| _.i^ __ __._ .lii
It .^IL ^ .,,, _^t ^t t£r

^T *

it J
: ZE*»*

•

llnlClAyti'^il^-^j^tuVlZTLx*. bll«LT.2i.%
K

~lZ£b%
,lT.^%22

,

2'^ r"Z£tl$3:?

^L'WZ? <^C^112^232





78.

»

i!_
•Cr

1

£
~

' ^^
s

s -A v-

£.
?•

'

J? .Z
./ A >^

z ^
-^ ^

._ A. ,... ,
,. _, _Jl_- 0^.. --._c> ,.rr ^ .\ ;.-" c*

i? ^^
.r ^^

2 >^ >5'
B> «*iiu
y ^ S

-^3
*" y ^^* z

> "^ Z
> \<mf_ a?

tL y 2 y
> >*^ «>

y y ^
g y V*

/y y*^

Z y y
y> Z

yy j?
y > >

>y > ^
J j^i! ^^

•' js z
y^sZ ;**—Cr,J7*-(7Tr-rp_nZ7n^ly^4 3 J /^tLi9.Z P«i^ ^ it.ji. CiJiL

Z^Z £ 6* 2t_iZE£^vt

-4- ^^ 3_S2^S-i352^'3
ii'

/ ^^
J^

jj

2
i'

^
i/
i'

#
~2 t

^ L

/ v 2! 2

+ -r ^
.

i

E^^i2t!2t£^Eii2"*2ii£jC2jJ^ S32<£ZjE!2f C!i223£"2££j^?2£3~
j
s^l;*L,S!22^ **£y£"

X~ iZL/t'U 4~TZL t^ZL, 2 Z . ± ±





79,

-J-/V--/xrt-
k
aV

Ĥ^
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