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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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NORMAL FORCE OF LOW-ASPECT-RATIO CROPPED-DELTAWINGSUPTOHIGH
ANGLESOF ATTACK AT SUBSONIC SPEEDS

1. NOTATION AND UNITS
S British
A aspect ratio, b2/ S
b wing span, see Sketch 1.1 m ft
. C, lift coefficient, (Iift)/l/szZS
o)
g Cn normal force coefficient, (normal force)/l/szZS
3]
= c, root chord, see Sketch 1.1 m ft
(@]
(S)
§ (o tip chord, see Sketch 1.1 m ft
©
f’é M free-stream Mach number
(O]
5 S planform area, b(c, +¢,)/2 m? 2
E t maximum thickness of wing m ft
-‘_é’ V free-stream velocity m/s ft/s
(O]
e a angle of attack degree  degree
= or or
= radian radian
2 2%
g B compressibility parameter, (1-M")
o)
g Ag sweepback of leading edge, see Sketch 1.1 degree degree
A taper ratio, c,/c,
p free-stream density kg/m3 slug/ft®
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Aol

b

Sketch 1.1 Wing geometry

Some relationships between various geometric parameters are

2
Cy b 2b 4(1-))
= — A = — = A = ———
A ~ S cr+ctandtan0 AL+ )

2. INTRODUCTION

ThisItem providesasimple semi-empirical means of estimating the normal force on thin, sharp-edged delta
or cropped-deltawings of low aspect ratio without camber or twist at angle of attack for Mach numbers up
t0 0.95.

The method requires only the input of simple geometrical parameters and wing normal-force-curve slope
estimated at zero angle of attack. The method itself is described in Section 3, and a guide to its accuracy
and applicability is given in Section 4. The use of the method isillustrated by means of aworked example
in Section 6. The stalling and post-stall behaviour of delta and rectangular wings, at low speeds, are
considered in Appendix A.

A method for the pitching moment of low-aspect-ratio wingsis given in Item No. 95022 (Reference 37),
and corresponding methods for normal force and pitching moment at supersonic speeds are given in ltem
No. 90013 (Reference 36).
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3. METHOD

At very low angles of attack the flow around alow aspect ratio wing remains attached and the variation of
normal force with angle of attack isessentially linear. Asthe angle of attack isincreased, the flow separates
and a coherent and stabl e vortex system devel ops, augmenting lift. The nature of the flow in this non-linear
regime varies significantly over the range of wing planforms covered by this Item (0.2<A<4 and
0<A<]).
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A B | C | D
|
Norma
force A Linear lift - attached flow
B Non-linear lift — stable vortices above wing
C Stalling lift — vortex breakdown ahead of trailing edge
D Post-stal lift — fully separated flow on upper surface

Angle of attack

Sketch 3.1a Typical variation of Cy, with o for alow-aspect-ratio deltawing

Sketch 3.1b Attached flow Sketch 3.1¢c Leading-edge Sketch 3.1d Asymmetric
vortex flow vortex flow

A typical variation of normal force with angle of attack for a low-aspect-ratio deltawing isillustrated in
Sketch 3.1a. For such wings, as the angle of attack for attached flow (Sketch 3.1b) is exceeded, the flow
separates from the leading edge and rolls up to form a pair of stable, symmetrical vortices over the upper
surface of the wing (Sketch 3.1¢). The vortex cores extend downstream, gradually increasing in distance
from both thewing upper surface and the leading edge, before passing over thetrailing edge and, eventually,
breaking down. With increasing angle of attack, the vorticesintensify, with a corresponding rise in normal
force; but when the point of vortex breakdown moves upstream ahead of the trailing edge, there is loss of
leading-edge vortex lift with a consequent fall in normal force. Further increase in incidence may again
result in rising normal force due to the contributing drag component.
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It should be noted that two variations to this flow development may occur. Firstly, for wings of very high
leading-edge sweep (Ay>75°), the close proximity of the leading-edge vortices may result in vortex
contact occurring before vortex breakdown. This producesavertical displacement of the vortex cores away
from the upper surface of the wing, thus curtailing the development of non-linear normal force. With
increasing angles of attack the vortices develop asymmetrically (Sketch 3.1d). Secondly, for non-slender
wings of moderately low sweep (A >60°), vortex breakdown is present ahead of thetrailing edge as soon
asthe leading-edge vortices are formed. However, increasing angle of attack does still continue to increase
normal force until vortex breakdown reaches the wing apex. Further discussion on vortex breakdown and
itsinfluence on normal forceis given in Appendix A.
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Generally, the above description also applies to cropped-delta wings, but the flow around the streamwise
tips also contributes to the vortex system above the wing. However, the flow around rectangular wings and
wingswith small leading-edge sweep is more complex and geometry dependent. For very low aspect ratios,
the flow is dominated by a pair of tip (or side-edge) vortices which, with increasing angle of attack, may
break away from the upper surface so that further tip vortices may develop. Such wings can achieve very
high angles of attack before the flow breaks down. As aspect ratio increases, the wing fails to sustain lift
because the flow becomes dominated by inboard |eading-edge stall.

The method of this Item extends up to an angle of attack at which the peak value of normal force is
approached. However, Appendix A gives an approximate method for normal force of very thin delta and
rectangular wings, say t/c, <0.02, at low speeds at angles of attack up to 90 degrees.

Figures 1, 2 and 3 present data for the direct estimation of normal force coefficient for wings at Mach
numbers of 0.5 and below, 0.8 and 0.95, respectively. Each Figureis sub-divided for taper ratios of 0, 0.25,
0.5and 1, andin each casethe variation of C; with angle of attack and aspect ratio isgivenin carpet form.
Estimates for intermediate values of taper ratio and Mach number may be obtained by cross-plotting. To
obtain accurate estimates at very low angles of attack avalue for the normal-force-curve slopeis required,
and this may be obtained either from test data or from Figure 4, which was derived in terms of BA and A
from ESDUpac A7011 for the method of Item No. 70011 (Derivation 30) on the basis that
[dCN/da]a —0 "= [dCL/da]a —o-

4, APPLICABILITY AND ACCURACY

The method of this Item is restricted to thin (say, t/c, <0.05), sharp-edged, uncambered and untwisted
wingswith straight leading edges, straight unswept trailing edges and, where appropriate, streamwisetips.

The majority of data used to produce Figures 1 to 3 were for flat-plate type wings with sharp chamfered
edges. In the case of Derivations 33 and 34, which provided data from large parametric test programmes,
the chamfer angles were 30 degrees, measured normal to the leading and trailing edges.

The datarelate to monoplane wings, but will be applicableto cruciform configurationswith apair of wings
in the vertical plane of symmetry. Although the edges of the vertical wings do contribute to normal force,
the edge forces are relatively minor for most of the wing geometries covered by this Item. They may,
however, become significant in the case of wings of very low aspect ratio where the wing thicknessis a
significant proportion of the span.
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In the development of this Item attempts were made to extend the method beyond regions A and B of
Sketch 3.1a. However, the relatively few test studies that extended to sufficiently high angles of attack
demonstrated very considerable discrepancies between the peak values of normal force and corresponding
angles of attack for nominally identical planforms. This was most notable for the large parametric set of
datafrom Derivation 33 which, in some cases, gave less than half the peak value of normal forceindicated
by other sources. However, Derivation 26 provided a study which concentrated on the vortex breakdown
and stalling behaviour of very thin, sharp-edged deltawings. The data of Derivation 26 have been used to
provide a method for post-stall normal force at low speedsin Appendix A. Additionally, the data of Item
No. 70015 (Derivation 31) have been used to provide a corresponding method for rectangular wings.

Figures 1 to 3 represent the test data for Cy; of Derivations 1 to 29 and 32 to 35 to within about +5 per
cent. At very low angles of attack the accuracy is determined by the reliability of the estimated
normal-force-curve slope. Most of the continuous curvesin Figures 1 to 3 extend to angles before the peak
value of normal force is reached. The broken curves are included to aid interpolation in taper ratio and
Mach number, but are not directly supported by experimental data.
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