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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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MAXIMUM LIFT OF WINGSWITH LEADING-EDGE DEVICESAND TRAILING-
EDGE FLAPSDEPLOYED

1. NOTATION AND UNITS
A aspect ratio, 2s/C
CL lift coefficient; (lift per unit span)/qc for aerofail, (lift)/qS for
wing
g CLL wing local lift coefficient; (lift per unit span)/qc
(%]
g CLLp peak (i.e. maximum) valueof C, |
§ Cim aerofoil section maximum lift coefficient
5
§ C| max wing maximum lift coefficient
§ Cl maxe wing maximgm lift cpeffic_ient with high-lift devices
§ undeployed (i.e. “basic” wing)
.E AC, ., increment in aerofoil section maximum lift coefficient due to
= deployment of high-lift devices
g AC| maxi increm_ent inwing maxi mum lift coefficient due to deployment
= of leading-edge devices
.'go AC| haxt increr_qent in wing maximum lift coefficient due to deployment
= of trailing-edge flaps
(@]
; AC| increment in aerofoil section maximum lift coefficient due to
- deployment of leading-edge device, based on ¢ ; datum value
w for Reynolds number of 3.5 x 10°
AC| increment in aerofoil section maximum lift coefficient due to
deployment of leading-edge device, based on ¢’ ; datum value
for Reynolds number of 3.5 x 10°
c wing local chord, see Sketch 1.1; basic aerofoil section chord
c’ wing extended local chord
Cql effective chord of leading-edge device (see Table 4.1 of Item
No. 94027)
C chord of leading-edge device (see Sketches 4.1 and 4.2 of Item
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chord extension due to deployment of |eading-edge device (see
Sketches 4.1 to 4.3 of Item No. 94027)

extended chord of |eading-edge device (see Sketches 4.1 t0 4.3
of Item No. 94027)

wing chord at spanwise location of peak loading due to
incidence, see Sketch 1.1

wing root (centre-line) chord
chord of trailing-edge flap

increment in flap chord
wing geometric mean chord

wing aerodynamic mean chord

factor for effect of Reynolds number on AC, ..., , see Equation
(6.5) or (6.7)

gap between trailing edge of deployed slat or vented Kriiger
flap and aerof oil surface, measured normal to aerofoil surface
(see Sketches 4.2(a) and 4.2(b) of 1tem No. 94027)

height of trailing edge of leading-edge device above basic
aerofoil chord line (see Sketches 4.2 and 4.3 of Item No.
94027)

correlation factor for overlap of slat trailing edge (Figure 3 of
Item No. 94027)

correlation factor for geometry of |eading-edge device (Figures
2aand 2b of Item No. 94027)

correlation factor for effect of |eading-edge device deflection
(Figures 1ato 1c of Item No. 94027, Figure 5 of Item No.
94030 and Figure 10 of Item No. 94031)

correlation factor for wing sweep, see Section 6.3

overlap between trailing edge of deployed dat or vented Krliger
flap and fixed aerofoil nose (see Sketches 4.2(a) and 4.2(b) of
Item No. 94027)

free-stream Mach number
free-stream kinetic pressure

Reynolds number based on free-stream conditions and ¢

Reynolds number based on free-stream conditions and ©
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wing planform area, 2sC m? ft?
wing semi-span m ft
maximum thickness of aerofoil m ft
chordwise location of undeployed dlat trailing-edge (see Sketch m ft
4.2(a) of Item No. 94027)
chordwise position of fixed aerofoil nose (see Sketch 4.2(a) of m ft
Item No. 94027)
compressibility parameter, (1—M2)”2
deflection angle of leading-edge device, measured streamwise rad, deg  rad, deg
(see Sketches 4.1 to 4.3 of Item No. 94027)
deflection angle of trailing-edge flap, measured streamwise rad, deg  rad, deg
(see Sketch 4.1 of Item Nos 94028 and 94029)
spanwise distance from wing centre-line as fraction of
semi-span
value of n at inboard limit of leading-edge device,
trailing-edge flap
value of n at outboard limit of leading-edge device,
trailing-edge flap
value of n for My
spanwise centre of pressure position for loading due to
incidence (see Item No. 83040)
wing taper parameter in Item No. 83040; .[ é(c/é)n dn, giving
(1+20)/[3(1+A)] for straight tapered wihg
|eading-edge device hinge-line sweep angle deg deg
wing leading-edge sweep angle, see Sketch 1.1 deg deg
wing quarter-chord sweep angle deg deg
wing mid-chord sweep angle deg deg
wing trailing-edge sweep angle, see Sketch 1.1 deg deg
wing taper ratio, (tip chord)/(root chord)
normalised local lift coefficient, CLL/CL
peak (i.e. maximum) value of u
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P aerofoil leading-edge radius m ft
¢t° angle between basic aerofoil datum chord at trailing edge and deg deg
upper surface, projected if necessary (see Sketch 4.1 of Item
No. 94028)
W, part-span factor; lift coefficient increment due to part-span

leading-edge device extending symmetricaly from n;; out to
wing tip, divided by lift coefficient increment due to full-span
leading-edge device at same setting and wing angle of attack

Subscripts
I denotes value for leading-edge device

8 m denotes aerofoil value of maximum lift
(%]
wl
B max denotes wing value of maximum lift
©
§ p denotes value for section at 0
(%]
= t denotes value for trailing-edge flap
o+
(%]
= () expt denotes experimental value
(O]
? pred denotes predicted value
S

. Superscript
o
% ° denotes angle in degrees
S
o+
49
.0
>
Q.
o
O
o)
&)
a S
wl

CI’
n=n,
Y Planefor.sectic.)n
e / representing wing
e S
~ Ac,
s |
|
Sketch 1.1 Wing notation
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2. INTRODUCTION

In this Item the increment in maximum lift coefficient due to the deployment of leading-edge deviceson a
wing isderived from the increment in maximum lift coefficient due to aleading-edge device on an aerofail
section representative of the wing. For wings with full-span high-lift devices the three-dimensional effects
are similar to those for a plain wing (i.e. awing with or without camber or twist but without deployment
of manoeuvre or high-lift devices such asleading-edge or trailing-edge flaps); separation usually startsnear
the most highly loaded spanwise station and spreads rapidly with increasing incidence. For this reason the
basic conceptsused in Item No. 89034 (Derivation 4), with regard to theimportance of the spanwise loading
and the relevance of the most highly loaded section, are maintained in this Item.

The methods for the prediction of aerofoil section maximum lift coefficient, C, |, and theincrement to it,
AC ,,» due to deployment of |eading-edge devices and trailing-edge flaps are presented respectively in
Item No. 84026 (Derivation 3) and Item Nos 94026 to 94031 (Derivations 6 to 11).

Themethodsfor the prediction of wing maximumllift coefficient, C, .= , for aplain cambered and twisted
wing, and the incremental wing maximum lift coefficient, AC, ..., due to deployment of trailing-edge
flaps are presented respectively in Item No. 89034 and Item No. 91014 (Derivation 5). Those methods
utilise the aerofoil section data of Item No. 84026 and Item Nos 94026 and 94028 to 94031.

The method of the present Item extends the scope of this series of Items by using the aerofoil section data
of Item No. 94027 in the prediction of AC| | .., » the increment in maximum lift coefficient of awing due
to the deployment of leading-edge devices. The maximum lift coefficient, AC, ..., of wings with
|eading-edge devices deployed can therefore be abtained by the use of this Item in combination with Item
No. 89034.

For subsonic speeds, the increment in maximum lift coefficient due to the deployment of leading-edge
devices on ahigh aspect ratio wing with no sweep is, to afirst approximation, determined by the increment
in the maximum lift coefficient due to the leading-edge high-lift devices on the aerof oil section. The main
parameters which influence the increment in maximum lift coefficient due to leading-edge devices on an
aerofgil section are the type of device, the effective chord, the change in chord length due to leading-edge
device deployment, aerofoil section geometry, Reynolds number and Mach number. For leading-edge
high-lift devices on wings additional parameters influence the increment in maximum lift coefficient, in
particular aspect ratio, taper ratio, sweep and spanwise extent of the device and the presence of a
trailing-edge flap. This Item has been developed in conjunction with Item No. 91014 to provide an
estimation of the effects of leading-edge devices and trailing-edge flaps in combination.

ESDU Copyright material. For current status contact ESDU.

L eading-edge devices are deployed on unswept wings and wings of moderate sweep (Ay<35°) primarily
so astoincrease the maximum lift. Leading-edge deviceswork by reducing the suction on the upper surface
near the leading edge of the wing, to allow an increase in angle of attack before the wing stalls. A more
detailed explanation is given in Item No. 94026 and in Reference 27. In general the increased lift cannot
be utilised to improve airfield performance because the resulting aircraft attitude would exceed the tail
scrape angle. For this reason, for maximum lift, leading-edge devices are invariably used in combination
with trailing-edge flaps. For wings of greater sweep, leading-edge devices are often used on their own or
in combination with trailing-edge devicesto alow greater angles of attack to be attained before outer wing
flow breakdown occurs, thus alleviating premature pitch-up or wing-drop and allowing the use of greater
lift coefficients. Another useisto increase the available lift before wing buffet occurs.
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Experimental datafor incremental maximum lift due to leading-edge devices alone are |l ess systematic than
for trailing-edge flaps. In the preparation of this Item it has been found that when it is used in combination
with Item No. 91014 for trailing-edge flaps there is some improvement in the accuracy of prediction. The
method is therefore best suited to the prediction of the increment in maximum lift coefficient due to
|eading-edge devices on wings with trailing-edge flaps also deployed.

3. REQUIRED DATA ITEMS

Other ESDU Data Items that may be required in the use of this Item are:

Data Item No. Derivation No. For Determination of

76003 1 Various geometrical relationships for wings.

83040 2 Spanwise centre of pressure location.

84026 3 Aerofoil maximum lift coefficient for M=0.

89034 4 g/lng r;]um lift coefficient of plain wings at subsonic

91014 5 Maximum lift coefficient of wings with trailing-edge flaps
at low speeds.
Increment in aerofoil maximum lift coefficient due to
deployment of:

94027 7 |eading-edge devices,

94028 8 plain trailing-edge flaps,

94029 9 trailing-edge split flaps,

94030 10 single-dlotted trailing-edge flaps,

94031 1 double-slotted and triple-slotted trailing-edge flaps.

ESDU Copyright material. For current status contact ESDU.

4, SCOPE OF ITEM

The method of obtaining the maximum lift coefficient increment of the wing due to aleading-edge device,
AC| ax » Involves the evaluation of the increment AC/,, , due to the deployment of the |leading-edge
device on the aerofoil section at the spanwise location of the peak loading due to incidence. The value of
AC/{,, » obtained from Item No. 94027, is then factored to alow for the effects of aspect ratio, taper ratio,
sweep and part-span effects. It is recommended that similar factors be applied to al |eading-edge devices.
The method can therefore be used for all those leading-edge devices considered in Item No. 94027, namely
plain flaps, drooped leading edges, dlats (including sealed dats) and Kriger flaps (including vented
Krigers). The method also applies to the increment in maximum lift coefficient due to the deployment of
a leading-edge device on a wing which has a trailing-edge device deployed, including any of those
considered in Item No. 91014, namely, plain, split, single-, double- and triple-dotted flaps. The ranges of
geometrical and flow parameters for the experimental data from which the correlation factors have been
derived aregivenin Table 7.1. The method is only suitable for leading-edge devicesthat extend to thewing
tip.
Documents
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5. EFFECTSOF MACH NUMBER AND REYNOLDS NUMBER
51 Mach Number Effects

High local Mach numbers will occur at low free-stream Mach number as a result of the deployment of
high-lift devices. Mach number effects will occur at free-stream Mach numbers greater than about 0.2,
depending on detailed section and leading-edge device geometry. None of the data considered for this Item
was for aMach number greater than 0.25. Reference 29 provides background information on the effects of
Mach number but insufficient datawere available from which to derive acomprehensive prediction method
suitable for higher Mach numbers.

52 Reynolds Number Effects

Reynolds number effects are allowed for viathe prediction of AC[ ., in Item No. 94027. From the data
used in the derivation of thisltem no additional effects of Reynolds number were found. Reference 29 gives
more detailed information on Reynolds number effects for some specific cases.

6. PREDICTION METHOD

Reports considered in the devel opment of the method include Derivations 18, 19, 20, 22 and Reference 26.
The main effects of aspect ratio, taper ratio and sweep on the spanwise loading are alowed for by the
concepts used in Item No. 89034.

From Item No. 89034 for a plain wing with little or no sweep, where the effects of outboard flow of the -
boundary layer may be neglected, it is necessary to establish the spanwisevariationof C | andto comparef‘i
this with the spanwise variation of Cim the maximum lift coefficient of the aerofoil section. For the
incidence at which the peak local lift coefficient, C, |, matchesthelocal section maximum lift coefficient, -

, the distribution of C | /C must be obtained and integrated to obtain the value of the maximum lift-
coefficient of thewing, C, .,,.- This concept is extended to apply to awing with afull-span leading-edge
device and hence for theincrement in C, .. dueto the device.

The same simplifying assumptions as those used in Item No. 89034 have been made to reduce the complex
procedure outlined above to the calculation for only the most highly loaded spanwise station for loading
due to incidence. The spanwise position, m,, of this station and the corresponding normalised lift
coefficient, u ., are shown in Figures 1 and 2, which are taken from Item No. 89034. These Figuresarein
terms of taper ratio, A, and the spanwise centre of pressure location, 1, corresponding to the spanwise
loading due to incidence, from Item No. 83040 (Derivation 2).

ESDU Copyright material. For current status contact ESDU.

For wings with part-span leading-edge devices AC, ..., isdependent on their spanwise location. Figure 3
isbased on an analysis of datafrom Derivation 13, but there were insufficient datafor afull determination
of part-span effects. In the absence of more relevant information this may be used as a guide to part-span
effects for cases where the leading-edge device extends to the wing tip. Maximum lift increments can be
very much reduced if the outboard end of the leading-edge deviceisinboard of the wing tip, especially on
swept wings where increments may be reduced to the order of 50% of their full-span value, even for 1
greater than 0.9.

The effects of wing sweep have been derived from analysis of datafrom Derivations 13 to 15 and 23to0 25
and include the use of geometrical characteristicsfor the section normal to the leading edge at the spanwise
location of maximum loading due to incidence (see Sketch 1.1), Reynolds number effects relating to the
Reynolds number normal to the leading-edge, |eading-edge device angles taken streamwise and a sweep
correlation factor K, .
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