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SUMMARY

This note describes a way in which wings can be designed to have &
high rate of thickness taper at the root, while still meintaining a sur-
face shape generated by straight lines,

The method can be most succesafully applied to wings of parabolic
arg seotion straight-tapered in planform, in which case there is no
change in aerofoil section shape across the span. Other planform shapes,
and wing root aerofoil seotion shapes, result in a variation of aercofoil
seotion shape across the span.
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1 Introduction

Design and construction of the wings of both full size aircraft and
wind~-tunnel research models would be simplified if they had surfaces
generated by straight lines. A simple example is the straight-tapered
planform wing of constent thickness/chord ratio whose surface is generae
ted by straight constent-percentage-~chord lines. This type of wing is
said to have linear "planform taper'" and "thiclkmess taper", these terms
being defaned asi-

Planform taper means that the wing chord varies across the span,
it does not imply a corresponding variation of wing thickness.

Thickness taper refers to the spanwise veriation of the absolute
thickness, and not to the sparwise variation of thickmess/chord
Tatioe

. : dt(y)
The rate of thickness taper is therefore ————— .

For the reasons given below, a high rate of thiclmess taper may be
desirable at the root of low aspect ratio wings:-

(a) There may be acrodynanic advantages in having most of the
volume close to the rook'.

(b) The resulting high wing thiokmess at the root gives a better
Junction shape with a fuselage, or a separate fuselage may not even be
necessary,

(¢) The high root thickmess is structurally desirable in that it
allows a high spar depth,

Unfortunately, this high thiclkness taper at the root generaily
results in a wing swuwface which is not generated by straight lines in
any way. However, when a sharp leading edge is desirable, it is possible
with a sitraight-tepered planform shape to design a wing surface with
straight generators parallel (in plan view) to the leading edge, and to
the trailing edge, if a parabolic arc aerofoil section is used. On such
a wing, the thickness/chord ratio decreases linearly from the root to
zero at the tip, giving a parabolic distribution of maximm thickness
across the span. This type of wing is described in seotion 2 and shown
in PFig. 3.

As the sharp—edged slender delta wing is a promising shape as a
lifting surface because of the one type of flow pattern round it
throughout the flight renge, the geometry of such a wing with. a para-
bolic arc aerofoil seotion is discussed in detail in seotion 3.

Other planform shapes and aerofoil sections are considered in
gection 4. In these cases straight wing surface generators are cbtained
only with a variation in aerofoil section shape aocross the span.

2 The parabolic arc section wing with straight surface generators
parallel (in plan view) to the leading edge and to the trailing edge

2.1 Surface shape of wing

The equation of a parsbolic arc profile, as shown in Fig.1, can be
vritten as

z = *+kE(c-E) (1)



where ¢ is the chord and £ is measured fram the leading edge. If ¢
is the leading edge sweep then

E = x~- |y| tan o9 »
For the straight~tapered planform of any sweep of Fig.2, of root chord

Qo C
o

@
]
= £ = 1= (2)

t
¢_ and thickness/chord ratio varying from (__o) at the root to zero at

the tip,
L
%

where v = non~dimensional spanwise crdinate -'%I- s the positive raight-

hand half of the wing only being considered in the following
theary.

Substituting in equation (1) values appropriate to the maximum thick-
ness position (mid~chord), we get that at any spanwise position

-z-(i) (1~m) = k°°(ldn) [oou-nJ —°°(;m)]

which gives

Kk = —3—(—:9) (3)

As the velue of k is independent of 7, the aerofcil sectimns at
all spanwise positicns are therefore part of one parabolic arc, and 'the
equation of the wing surface is simply

o]

2 = -f—(f—) & o-£) (4a)

or, with the origin of coordinates at the leading edge apex

z = zf;(i—j)(x—lyltanq:)[co-lyl(%--tan?)*x]- (4b)

In equetion (4a) it can be seen that planes having the equations
either £ = constant, or c~£ = constant, intersect the wing surface in
atraight lines. This means that the wing surface is generated by two sets
of straight lines running from the centre line profile, parallel (in plan
view) to the leading edge, and to the trailing edge respectively.

The equation of a series of planes, parallel to the plane containing
the z~axis and the maximm thickness line of the half-wing, can be written
as



e (1-1)

+h = —-—E——+h

e
n
o

where h is the aistance of any plane from the plane through the meximum
thiclmess line, measured in the x-direction.

Substituting the above wvalue of £ in equation (4a) gives

¢ %t t
o/ © )2 2 oy .2
¢ 2<°o)(1 -o(c)h

o\ o
c %

or z = __ég(c_o> ('1-1'1)2—1':1'12 . (5)
o

Thus the intersection shape with the wing surfaoce of planes perallel
to the maximum thiclkness line, is a _series of arcs of the same parabola
displaced in the z-direction by kh? from the maximum thickness line, and

cut off by the leading edge (or trailing edge) at m=1 - 22,
o]

Finelly, the inferseotion shape with the wing surface of any plane,
parallel to the z-axis, and swept back at an angle © is obtained as
follows.

Let

g = x + |y| tan &~ |y]| tan ¢

be the plane.

Substituting this value of £ in equation (4a) glves

2

t
° -g; (E‘;D(xo"' |y} tan 6~ |y] tan o}c ~mo - % - 7| ten 0+ ly| ten o)

which can be re-arranged to

2 =2 (f'—) [xocco—xon Il [}o (m ¢=ten e-%ﬂ)*f (05x,) (tan 6~ ten v>:|
-.-y2{tan6-'tancp)(‘ban0-t&n¢+f;2>}a (6)

a quadratioc expression in y.

It can be seen in equation {6), that foar a plane parallel to the
leading edge, when tan 6 = tan ¢ (and for a plane parallel to the
<

trailing edge, when tan 6 = tan ¢ -~ —f- ) the equation becames linear in
. x
¥ For a plane parallel to the meximm thickness line tan6=tang --;q ’

in which case equation (6) reduses to equation (5).

-5 =



Fram equation (4a) the equation of the intersection of the plane
z = constant with the wing suwrface is

E(c~E) = constant.

If a and b are lengths parallel to the leading and tr.iling edges
a8 defined in Fig,2, then by similar triangles it follows that

Zoc~E) = sab x constant .

Thus the intersection shape with the wing surface of sections parallel
to the z = 0 plane, are hyperbolas with the leading and trailing edges
as asymptotes.

2.2 Intersection areas of planes with wing surface

The cross-section area of the intersecetion of the plane x = X, +y tan €

with both surfaces of half the wing, can be cbtained by integrating equaticn
(6) with respect to ¥, the distance slong the darection of the plane

B

{/‘zdz /Z\/dxz-;-dyz = fz \/6y2 ta.n26+dy2

]

secejzdy.

]

The limits of inbtegration are y = 0 and the y-coordinate of the inter—
section of the plane with the leading edge or trailing edge,

c =X
Q Q

tan © + tan §

i.e, either ¥y = (intersection with T.E.)

- X
Q

tan 6 ~ tan ¢

or y (intersection with L.E.) .

The oross—section area is thus (for half the wing)

t 2 o
S(=x_, 8) = Eg— (EB) sec {xo(co-xo)y " zé- Eco<tamp - tang ~ .-é9->
o\"o

- Jé (tan ©-tan o) (tan 8 ~tan w%)idge .
i (7)

2.3 Volume enclcsed by wing surface

The area of a chordwise section of the wing is

[s]
t
0O,
0
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The volume enclosed-by the wing surface, cbtained by integrating the
above expression across the span, is then found to be

+

t
4 0 2
V = —5(-5;)00 8 (8)

Similarly, for e constent thickness/chord ratio wing, the correspend-
ing expressions for area of chordwise section and enclosed volume are

c

2k f o-8) a5 = §(3) o (1’

where in this case

2 [/t
<= 566
and vV = %(%)oozs. (9)

From equations (8) and (9), it follows that for the two types of wing
to have the same volume, the ratio of the root thicknesses is 4 :3, the
wing of conscant thickness/chord ratio having the smaller root thickness.

3 The delte plenfoarm wing of parabolic arc section

A special case of the type of wing desoribed in section 2 is the
sharp-edged, delta planform. This wing has been considered by I\Ie'mrby'I s and
is of speoial interest aerodynamiocally in that the calculation of the velo~
city distributimm over the surface is particularly simple, and the result-—
ing properties promising both without and with 1ift. It is now shown that
its geometrioc properties are also simple. A low aspect ratio wing of this
type is shown in Pig.3, compared with a similar wing of constant thiockness/
chard ratio and the same root thickness.

(=]
For the delte planform, tan ¢ =—> end equation (7) becames

8(x,0) = 'E:?;- (-:—:-) [xo(co—xo)y + —J:; l:(co-—xo) (ta.n o - ff) ~ x_ tan 6:]

-% tan @ (ta.n 8 —%Eﬁdge . (10)

The cross-seotion area perpendicular to the wing centre line is, far

half the wing
to %o ’ *o
S(XO,O) = 2800 (*é—) (-a—) ( - -c_) . (11)
o o 0

The expression corresponding to (11) for a oonstant thickness/cherd
ratio delta wing is

-7 -
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The area distributions from equations (141) and (12) are plotted in
Pig.l for two wings of the same root thickness/chard ratio. Also plotted,
is the area distribution of a constant thickness/chaord ratio wing of the
same volume as the wing with the linearly decreasing thickness/chord ratio.

The cross-sections of the wing perpendicular to the centre line being
diamond-shaped, the calculation of the wave drag and superscnic pressure
distribution should be simple,

4L Other planform shapes and aerofoil sections

4.1 The parabolic planform wing

The parabolic planform is basically a cropped delta of taper-ratio
0.5 with the leading edge and tip forming a continuous curve, the wing
chord varying aoross the span as

Eg" = v" "‘T].o
¢

For this planfarm shape the wing area, aspect ratio and @pex angle
are, respectively

o]

A¥]

g
H
o° 4

5§ = 2‘ban“1 (%')o

The variation of apex angle with aspeot ratio for various delta—
type planfarms is shown in Fig.6.

With a parsbolic arc centre line yrofile, the surface shape required
to give straight-sided transverse sections is

2
(1 -73)

iees z = 2%, (—}9-) (1 jf_]—"_) (13)

where xT is measured from the trailing-edge and xT = co - X

""8"’



Thus the wing section outboard of the centre line is not paraboliec,
and the maximum thickness position no longer at mid-chord.

By differentiating equation (13) and equating to zero, it is foumd
that the maximum thickness position occurs where

M}(."?fn)z_zm (’_‘Lfo (12)

The spanwise decrease in lhickness/chord ratio is nearly linear and
is plotted in Fig.7. Fig.8 shows the spanwise variation of the maximum
thickness position, and in Fig.9 is plotted a typical chordwise profile
with a paraboiic arc for compariscn.

42 The delte wing of non~parabolic seotion

With an arbitrary section shape at the centre line of a delta wing,
the condition that the wing surface is generated by straight lines parallel
to the trailing edge is

X
2 g
c, T
2 (xo’ ) = Z, x,
— 8
c
o
. %,
i.e. 2 (xo, ns) = z, ( --—x-;) (15)

where z = is the ordinate at (xo, 0).

For a non—perabolic centre line profile, equation (15) can only be
satisfied at positions outboard of the centre line by a variation in the
section shape across the span. However, for thin seotions the circular
arc is very nearly the same as the parabolic aro, and the circular arc
could be used for the centre line profile, if desired, without causing &
large variation in section shape across the span.

As an example of a case where the centre line profile differs greatly
from the parabolic shape, the sections at various spanwise positions on a
delta wing with a root sectiom of double-wedge shape are shown in Fig.10.
The thickness/chord ratioc distribution aoross the span is plotted in
Pig.11, and the loocus of the maximum thickness position in Fig.12.

4e3 Cambered aerocfoil sections

A cambered chordwise prafile can be cobtained by using different pro-
files to form the upper and lower surfaces of the wing, each surface still
being generated by straight lines. In the simplest case, if' two different
parabolic arcs are used, a parabolic arc camnber line results. Other shape
camber lines are cbtained by a suitable cholice of profile shape for each
surface, but the camber line shape will vary across the span if the wing
surfaces are still to be gensrated by straight lines.

The chordwise camber on a wing whose surface is straight-line
generated, automatically introduces 2, camber in the spenwise direction
which is a form of dihedral ~ or it can be termed cross~wise camber. The
cross-wise camber line shape is not conical as long as the trailing edge
remains straight.

-9 -



5 Conclusions

It has been shown that a wing of parabolic arc section, straight-
tapered in planform, has the following useful properties if the thiclkness/
chord ratio decreases linearly from the root to zero at the tip:i-~

(a) The wing surfaoce is generated by two sets of straight lines run-
ning parallel (in plan view) to the leading edge, and to the trailing edge,
respectively.

(b) The mercfoil sections at all spanwise positions are part of one
convex parabelic arc.

(e) Sections parallel to the maximum thickness line are part of one
concave parabolic arc, cut off at the leading edge and trailing edge.

The above properties should make such & wing simple to mamnufacture.
Furthermore, the spanwise distribution of thickness being parabolic, there
is a high rate of thickness taper at the root which is desirable aerodyna-
mically. The high root thickness gives a good junction shape with a fuse~
lage, or may even be suffiocient to make a separate fuselage unnecessary,
as well as allowing a high spar depth and a therefore ecanomio structure.

With other planform shapes, and root aerofoil sections other than

parabolic, a straight line generated wing surface is only cbtained at the
expense of a variation in seotion shape across the span.

Tist of symbols

X,¥2 rectangular coordinates, x measured chordwise from leading
edge apex, ¥ spanwise

X chordwise distance measured from unswept trailing edge

c wing chord

h length measured in x~direction

k parabolic arc constant

8 wing semi-gspan

t wing thickness

) apex angle

) sweepback of plane intersecting wing surface

9 leading edge sweepback angle

¥ trailing edge sweepfoarward angle

n non~dimensional spanwise ordinate —I%I-

% distanoe measured along plene intersecting wing surface

E chordwise distance measured from local leading edge

A aspect ratio

S wing area



s(xo,e) intersection area of plane with half the wing

T.R. taper ratio
v volume enclosed by wing surface
Suffices
o] referring to wing centre line
RETERENCES
No. Author Title, etc
1 Newby, K.W. The effects of taper on the supervelocities on
three-dimensional wings at zero incidence.
R.&M. 3032, June 1955.
s
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FIG.I. PARABOLIC ARC AEROFOIL SECTION.
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FIG.2. STRAIGHT - TAPERED PLANFORM.
NOTATION.



—— — CONSTANT THICKNESS [CHORD RATIO WING.

FIG.3. PARABOLIC ARC AEROFOIL SECTION
DELTA WING WITH THICKNESS /CHORD RATIO
DECREASING FROM ROOT TO ZERO AT TIP.
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FIG5 CROPPED DELTA (TR.O-5) AND
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FIG.7. SPANWISE VARIATION OF THICKNESS/
CHORD RATIO ON PARABOLIC PLANFORM
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FIG.8. SPANWISE VARIATION OF LOCAL MAX.
THICKNESS POSITION ON PARABOLIC
PLANFORM WING.
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