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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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LIFT CURVE OF WINGSWITH HIGH-LIFT DEVICESDEPLOYED AT LOW SPEEDS

1 NOTATION AND UNITS
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S British
A wing aspect ratio, 25/ €
a, basic wing lift-curve slope (see Item No. 70011) rad rad
” wing lift-curve sope, dC, /da, @t o = o withhighlift  rad ™ rad
1 devices deployed

C. wing lift coefficient, lift /qc for aerofail, lift /qS for wing
CT_ lift coefficient at which lift curve starts to depart from that

defined by Equation (4.19) (see Sketch 4.1 and Section 4.4)
CLme aerofoil maximum lift coefficient
Cl maxe wing maxiQO lift cc_)effic_ient with high-lift devices

undeployed (i.e. “basic” wing)
Cl maxw wing maximum lift coefficient with high-lift devices deployed,

see Sketch 4.1
AC| maxi increm_ent inwing maxi mum lift coefficient due to deployment

of leading-edge devices
AC| axt increment in wing maximum lift coefficient due to deployment

of trailing-edge flaps
ClLos aerofail lift coefficient at zero angle of attack with high-lift

devices undeployed (i.e. “basic aerofail)
Clow wi ng lift coefficient at zero angle qf attack with high-lift

devices undeployed (i.e. “basic” wing)
Clow wing lift coefficient at zero angle of attack with high-lift

devices deployed, see Sketch 4.1
AC increment in aerofoil lift coefficient at zero angle of attack due

to deployment of leading-edge devices
AC| o increment in aerofoil lift coefficient at zero angle of attack due

to deployment of trailing-edge flaps
AC, giw increment in wing lift coefficient at zero angle of attack due to

deployment of leading-edge devices
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increment in wing lift coefficient at zero angle of attack due to
deployment of trailing-edge flaps

chord of basic aerofoil chosen to be representative of wing, i.e.
chord at mid-span of high-lift device panel

extended aerofail chord, i.e. chord with high-lift device
deployed

effective aerofoil chord with high-lift devices deployed
(see Equation (4.7))

wing geometric mean chord

wing aerodynamic mean chord
chord of |eading-edge device (see Item No. 94027)
chord of trailing-edge flap (plain or split)

chord of trailing-edge flap element i (see for example Sketches
4.1 of Item Nos 94030 and 94031)

extended chord of trailing-edge flap element i (see for example
Sketches 4.1 of Item Nos 94030 and 94031)

chord extension due to deployment of |eading-edge device
(see Sketches 4.1 to 4.3 of I1tem No. 94027)

chord extension due to deployment of trailing-edge flap
(see Equations (4.14) to (4.18))

integer denoting element of trailing-edge flap (i = 1 to 3)

factor on ¢, used in definition of ¢” for trailing-edge flap
(see Equations (4.8) to (4.12))

free-stream Mach number

power in Equation (4.5) to alow for Reynolds number effect
on lift curve (see Figure 1)

factor and power used in Equation (4.22) to define shape of lift

curve between C, and C | ..
free-stream kinetic pressure

Reynolds number based on free-stream conditions and ©

wing planform area, 2sc
wing semi-span
chordwise position of shroud trailing-edge (see Sketch 4.1 of
Item Nos 94030 and 94031)
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o angle of attack rad, deg rad, deg
oF angle of attack for CT_ (see Sketch 4.1 and Section 4.4) rad, deg rad, deg
Ol maxw angle of attack for C, .. (see Sketch 4.1) rad, deg rad, deg
Ogg angle of attack for zero lift of basic wing rad, deg rad, deg
Aoy angle of attack for zero lift of wing with high-lift devices rad, deg rad, deg
deployed (see Sketch 4.1)
3, deflection of leading-edge device measured streamwise deg deg
(see Item No. 94027)
d, deflection of trailing-edge flap measured streamwise deg deg
(see Item Nos 94028 and 94029)
Sy deflection of element i of trailing-edge flap relative to datum deg deg
of preceding element, measured streamwise (see for example
Sketches 4.1 of Item Nos 94030 and 94031)
n spanwise distance from wing centre-line as fraction of
semi-span
My Nit value of n at inboard limit of leading-edge device,
trailing-edge flap
Nors Not value of n at outboard limit of leading-edge device,
trailing-edge flap
M spanwise centre of pressure position for loading due to angle of
attack (see Item No. 83040)
Ag wing leading-edge sweep angle deg deg
Ay, wing quarter-chord sweep angle deg deg
A wing taper ratio, ratio of tip chord to centre-line chord
) part-span factor; lift coefficient increment due to part-span
flaps extending symmetrically from wing centre-line divided
by lift coefficient increment due to full-span flaps at same flap
setting and wing angle of attack (see Figure 2)
D, D, vaueof @ correspondington = m;;, Ny,
¥ part-span factor; lift coefficient increment due to part-span
leading-edge device extending symmetrically from wing
centre-line divided by lift coefficient increment due to
full-span leading-edge device at same setting and wing angle
of attack (see Figure 2)
v, Y, vaueof ¥ correspondington = m,;;, n,
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2. INTRODUCTION

This Item provides an empirical method for predicting the non-linear lift curve up to and including
maximum lift for wings with high-lift devices deployed at low speeds. In the application of the method a
number of other Data Items may be required, and these are listed in Section 3.

The method, detailed in Section 4, has been validated for wingswith part-span or full-span split flaps, plain
flaps, single-slotted and double-slotted flaps, plain leading-edge flaps, Kriger flaps and slats. Lack of test
data prevents evaluation for triple-slotted flaps but the method is expected to apply. The same method has
also been found to apply to aerofoilswith high-lift devices, confirming its applicability to high aspect ratio

wings.

Section 5 addresses applicability and accuracy, Section 6 gives the Derivation and Section 7 presents a
detailed worked exampleillustrating the use of the method. The method has been programmed in Item No.
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96003 (Reference 32) for wings and wing body combinations.

In this Item the term “basic” is used to denote awing or aerofoil without high-lift devices deployed.

To Determine:
Basic wing lift-curve slope.
Basic wing planform geometry.
Basic wing spanwise centre of pressure location.
CLog @ C g for aerofoils'.
agg for wings.
CLmaxB
AC

AC,| ax for leading-edge devices with and without trailing-edge
flaps deployed on wings.

for wings.

Lmaxt Tor trailing-edge flaps on wings.

AC| 4, for single-slotted flaps on wings.
AC, o and AC
AC, 5, and AC
AC, o; and AC

ACLOt and AC
aerofolls.

AC, o; ad AC, ., for double-slotted or triple-slotted trailing-edge
flaps on aerofails.

Lm for leading-edge devices on aerofails.

for plain trailing-edge flaps on aerofoils.

LOt Lmt

Lmt Tor split trailing-edge flaps on aerofoils.

Lmt Tor single-slotted trailing-edge flaps on

AC| ,, for double-slotted or triple-slotted flaps on wings.
AC, q, for leading-edge devices on wings.

AC| o,y for split flaps on wings.

AC, o1y for plain flaps on wings.

" Asstated in Item No. 84026, the methods of Item Nos 72024, 97020 and 98011 (References 29, 30 and 31), taken together,
alow amore accurate evaluation of C, ;5. However, the difference in prediction is small in magnitude and of little conse-

guence in the evaluation of the wing lift-curve.
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4. METHOD
4.1 Lift Curvewith High-lift Devices Deployed

The low-speed lift curve of a basic wing of moderate to high aspect ratio or of an aerofoil section is often
considered to be linear up to just before the stall. Observation of available test data broadly confirmsthis,
but for wings and aerofoil sectionswith high-lift devices deployed avery clear progressive reductionin lift
slope with increasing angle of attack is observed.

For a two-dimensional aerofoil section with high-lift devices deployed the main parameters that can
influence the development of thelift curve, and especially its behaviour asthe maximum lift is approached,
are the device element angles, the aerofoil shape, the change of aerofoil chord length due to device
deployment, the device type and effect of lap and gap size, the Reynolds number and Mach number. For
devices on wings the additional parameters that influence the lift curve are the wing planform geometry
(aspect ratio, taper ratio and sweep), and the spanwise extent of the device. Since no clear trends could be
detected from the available data for many of these parameters the method presented here only requiresthe
use of the most important ones. The method i spresented for wings but has al so been validated in thelimiting
case of two-dimensional flow, and may therefore be used with confidence for wings of high aspect ratio.

In the devel opment of the prediction method attempts were made to consider the likely behaviour of each
component and the effect of device deflection and of angle of attack for each component. Thisresulted in
a complicated breakdown with many terms and associated assumptions. Limited comparisons using this
approach gave some improvement on the linear method but were not as good as those using the method
presented here.

Thelift curveis evaluated in two separate parts, as shown in Sketch 4.1. Thefirst part provides an estimate
for the lift curve through zero angle of attack, and up to the lift coefficient at which the effects of flow
breakdown start to become significant. The second part extends the estimation of the lift curve up to
maximum lift, and includes the prediction of the angle of attack for maximum lift.
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Eqn(4.19) ~
Ean (4.23) M; (known)
CL . Lmaxw
C =C
o= 0(*
/

7T Eqn (4.19)
= OCCLr’naxw
a=ay, . CLOW (known) Eqgn (4.26)

Eqgn (4.21) //
7
2
4
2

0 (04

Sketch 4.1
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4.2 Lift Curvethrough Zero Angle of Attack

For alinear assumption thelift coefficient C, at angle of attack o for abasic wing is

CL = CLogw * 212 (4.1)
with o in radians. Equation (4.1) may also be expressed as

C. = a(o—0pg) (4.2)

where a, isthe basic wing lift-curve slope from Item No. 70011 (Derivation 1) and ag isits zero-lift
angle from Item No. 87031 (Derivation 5).

For awing with afull-span high-lift device deployed the linear assumption gives

C. = CLogw+ 24 (c70a, (4.3)
where ¢” isan empirically deduced effective chord.
To define o, , Equation (4.3) is expressed as

C, = a(c79(a —ayg,)- (4.9

From observation of the experimental data as angle of attack isincreased the progressive curvature is well
described by use of a cosine term starting from the angle for zero lift, so that Equation (4.4) isreplaced by

”, N
C. = a;(c7g(a —ag,)cos (o — o) (4.5)
where o, now has to be determined, to be consistent with the equation for C, . given by

’” N
Clow = —a4(c70ay,cos (- ag,)- (4.6)

ESDU Copyright material. For current status contact ESDU.

The power N accounts for the observed effect of Reynolds number on the non-linear behaviour and has
been derived from the available data. It may be obtained from Figure 1.

From correlation of the data it is apparent that the effective chord ¢” with high-lift devices deployed is
different from the extended chord ¢’ used in other Data Items on flap effects because of a reduced
importance of flap extension for certain types of trailing-edge flap for which a planform-projected chord
is more appropriate. Thus, whereas ¢’ = ¢ + Ac| + Acy,

c” = ¢’ —Kgsc, = ¢+ Ac + Ac, — KiC, 4.7

where Ac; is defined in Item No. 94027 (Derivation 10) for leading-edge devices and Ac, is defined in
Item Nos 94028 to 94031(Derivations 11 to 14) for plain, split, single-slotted, double-slotted and
triple-slotted flaps.
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