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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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.

THE PREPARATION OF THIS DATA ITEM

The work on this particular Data Item which supersedes in part ESDU 85033, was monitored and guided by the
Aerodynamics Committee. This Committee first met in 1942 and now has the following membership:
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INCREMENTSIN AEROFOIL LIFT COEFFICIENT AT ZERO ANGLE OF ATTACK
AND IN MAXIMUM LIFT COEFFICIENT DUE TO DEPLOYMENT OF VARIOUS
LEADING-EDGE HIGH-LIFT DEVICES AT LOW SPEEDS
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INCREMENTSIN AEROFOIL LIFT COEFFICIENT AT ZERO ANGLE OF ATTACK
AND IN MAXIMUM LIFT COEFFICIENT DUE TO DEPLOYMENT OF VARIOUS
LEADING-EDGE HIGH-LIFT DEVICES AT LOW SPEEDS
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theoretical rate of change of lift coefficient with leading-edge
device deflection, Equation (3.3)

theoretical rate of change of maximum lift coefficient with
|eading-edge device deflection, Equation (3.9)

maximum lift coefficient of aerofoil with high-lift devices
deployed, based on ¢

lift coefficient at zero angle of attack for aerofoil with high-lift
devices deployed, based on ¢

increment in maximum lift coefficient due to deployment of
leading-edge device, based on c, Equation (3.12)

increment in maximum lift coefficient due to deployment of
leading-edge device, based on c', Equation (3.8) or (3.10), at
datum Reynolds number R_ = 35 x 10°

increment in lift coefficient at zero angle of attack due to
deployment of leading-edge device, based on ¢, Equation (3.7)

increment in lift coefficient at zero angle of attack due to
deployment of |eading-edge device, based on ¢', Equation (3.6)

contribution toAC/ ;, dependent on leading-edge device type
and deflection, Equation (3.2)

contribution to AC/ ;, dependent on |eading-edge device type,
see Table 4.1

basic (plain) aerofoil chord (i.e. chord with high-lift devices
undeployed), see Sketch 4.1

extended aerofoil chord (i.e. chord with high-lift devices
deployed), see Sketch 4.1

effective chord of leading-edge device, see Table 4.1
chord of leading-edge device, see Sketches 4.1 and 4.2

extended chord of leading-edge device, see Sketches 4.1 t0 4.3
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Ac, chord extension due to deployment of |eading-edge device, see m ft
Sketches4.1t04.3

FR factor for effect of Reynolds number on ACLml ,
Equation (3.11)

G, dat or vented Kriiger gap; distance between device trailing m ft
edge and aerofoil surface, normal to aerofoil surface, see
Sketch 4.2(a) or 4.2(b)

H, height of slat or vented Kruger flap trailing edge above aerofoil m ft
chord line, see Sketch 4.2(a) or 4.2(b)

Ke correlation factor for overlap of dat trailing edge, Figure 3

K correlation factor for geometry of leading-edge device,

g .

Figures 2a and 2b

K, correlation factor for effect of leading-edge device deflection’,
Figures latolc

Ko correlation factor in [AC/ ]l , dependent on type of
leading-edge device, see Table 4.1

L, overlap between deployed slat or vented Kriger flap m ft
trailing-edge and fixed aerofoil nose, see Sketch 4.2(a)
or 4.2(b)

M free-stream Mach number

R. Reynolds number based on free-stream conditions and aerofail
chord c

t maximum thickness of aerofoil m ft

X chordwise distance aft from leading edge of basic (plain) m ft
aerofoil

X chordwise location of undeployed dlat trailing-edge, m ft
see Sketch 4.2(a)

Xy chordwise location of fixed aerofoil nose, see Sketch 4.2(a) m ft

X, chordwise location of trailing edge, of c| for deployed Krlger m ft
flaps and sealed dats, see Sketch 4.3(a) to 4.3(c)

z, vertical location of hinge for drooped leading edge, m ft
see Sketch 4.1

Z,15 upper-surface ordinate at x = 0.0125c for basic (plain) aerofail m ft

8, 6 deflection of leading-edge device, see Sketches4.1t0 4.3 rad, deg  rad, deg
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80,68 datumvalugof 3,07 at_which AC[ .y = 0, dependenton rad, deg rad, deg
type of leading-edge device, see Table 4.1

0, angular parameter related to effective chord of leading-edge rad rad
device, Equation (3.4)

P leading-edge radius of basic (plain) aerofoil or leading-edge m ft
device

Subscripts

() expt denotes experimental value

I denotes |eading-edge device

(pred denotes predicted value
Superscript
° denotes angle in degrees

! denotes value based on extended chord

" Plus other deployment effects related to deflection for other than plain leading-edge flap and drooped leading edge, see
Sections 4.2 and 4.3.

2. INTRODUCTION
2.1 Scope of the Item

This Item provides semi-empirical methods for estimating the incremental effects on aerofoil lift at zero
angle of attack and on maximum lift due to the deployment of various|eading-edge high-lift devicesat low
speeds. Thetypes of |eading-edge device considered are plain flaps, drooped |eading edges, dlats (including
sealed slats) and Kriger flaps (including vented Kriigers).

ESDU Copyright material. For current status contact ESDU.

Section 3 outlines the background to the development of the methods and provides the resulting equations
for the estimation of AC, (,, the increment in lift coefficient at zero angle of attack and AC, ., the
increment in maximum lift coefficient due to the deployment of aleading-edge device.

Section 4 presentsthe meanswhereby particular types of |eading-edge devicearetreated. For easy reference
atabular layout isused to show humerical valuesor thelocation of thedatarequired to evaluatetheequations
for each of the leading-edge devices covered.

Section 5 concerns applicability and accuracy, Section 6 gives the Derivation and Reference and, finally,
Section 7 presents a number of detailed examplesillustrating the use of the methods.
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2.2 Application of Data to Aerofoilswith Trailing-edge Flaps

In order to use the data obtained from the present Item in the wider context in which trailing-edge flaps are
also used, itisessential to refer to Item No. 94026 (Reference 15). That Item acts as an introduction to, and
alink between, the Items in the complete series dealing with the incremental effects of high-lift device
deployment on aerofoil lift at zero angle of attack and at its maximum. It describes how the incremental
effects are summed and added to the contributions from the basic (i.e. plain) aerofoil to give the total lift
coefficient values at zero angle of attack, Clo and at maximum lift, CLm.

3. LIFT COEFFICIENT INCREMENTSAC, oy AND AC

First approximations to the lift coefficient increments due to the deployment of leading-edge high-lift
devicescan be obtained from thetheory for an equival ent thin hinged platewith empirical correlation factors
to account for the geometry of practical aerofoil high-lift devices. To make some alowance for the effects
of chord extension in the theory, the flap chord ratio and the lift coefficient increments are based on the
aerofoil extended chord. This approach was used in Derivation 11 and the methods devel oped for this Item
have improved on that approach and applied it to a wider range of leading-edge devices. The resulting
methods are as follows,

3.1 Increment in Lift Coefficient at Zero Angle of Attack

The deployment of aleading-edge device givesa (usually small) lossin aerofoil lift at zero angle of attack,
determined from

AC| o = [AC g ]1 + [AC| g ]2 . (31)

Theprimesymbol (") indicatesthat thelift coefficient increment isbased on the aerofoil extended chord ¢’ .

In Equation (3.1) thefirst term is the main contribution obtained from the theory, and is given by
[AC,’_Ol]1 =Kopqy9, (3.2

where K isan empirical correlation factor, which is dependent upon the type of |eading-edge device, and
a, isthetheoretica rate of change of lift coefficient with respect to the deflection 3, , positive nose down,
given by thin plate theory as

ESDU Copyright material. For current status contact ESDU.

a = —2(6,—sinb)) (3.3
where 0, = cos_l(l—ZCeI /c") (3.4)
. 2 V2
and sing, = [1-(1-2c, /c")] (3.5

inwhich ¢y isthe effective chord of the leading-edge device.

Combination of Equations (3.2) to (3.5) gives, in conjunction with Equation (3.1),

AC[ g = —2Kgd) { cos L (1-2cy/c’) — [1-(1-2c4 /) +[AG 41, .| (36)
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inwhich [AC] 4] 2 isacorrection required only for dats and vented Kriger flaps.

To convert the lift coefficient based on extended chord to one based on basic aerofoil chord, the equation
AC| o = (c'/C)AC] (3.7)

isused. Thevalue of AC, 5 can be taken to be independent of Reynolds number.

The determination of AC/  for varioustypes of leading-edge device is given in Section 4.

3.2 Increment in Maximum Lift Coefficient

The increment in maximum lift coefficient is given by
For given flow conditions the empirical correlation factors K, K, and K, are dependent only upon
leading-edge device geometry. In this Item K, K, and K, have been determined for a datum Reynolds

number of R, = 3.5x 10" (see Section 5). The parameter a,,, isthetheoretical rate of change of maximum
lift coefficient with respect to 5, given by thin plate theory as

a,, = 2sing, (3.9
inwhich sin 0, isgiven by Equation (3.5).

Equation (3.8) can be rewritten, using Equations (3.9) and (3.5), as

> %
AQ 1y = 2K KK (8 =8p)[1—-(1-2¢y/c) ] (3.10)

for the datum Reynolds number. The parameter 3, isthe empirically-derived value of 5, required to give
AC/ y = 0 for slats and vented Kriger flaps.

The magnitude of AC, ., isinfluenced by Reynolds number. Analysis of datain Derivations 10 and %4
showed that if Ke: K and K, were correlated at adatum Reynolds number, taken here as R, =35x10",
then all the Reynolds number dependence of AC, ., could be allowed for through afactor, Fg, given by

ESDU Copyright material. For current status contact ESDU.

Fr= 0.153IogloRC, (3.11)
which is unity at the datum.
Thus

AC| 4 = FRr(c'lO)AC] - (3.12)

The method for the determination of AC/ ., for varioustypes of leading-edge deviceis given in Section 4.
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4, DETERMINATION OF AC'| ot AND AC'| ,, FOR A RANGE OF LEADING-EDGE HIGH-LIFT

DEVICES

To determine values of ACI'_OI and AC| 1y » and thence to determine the associated values of ACLOl and
AC| , » for the various types of leading-edge device, Equations (3.6) and (3.10) are used in conjunction
with Equations(3.7) and (3.12). The parametersinvolved in Equations(3.6) and (3.10) take different values
according to the type of leading-edge device, so Table 4.1 is presented to show the source of the required
geometry and definitions or |ocations whereby the relevant parameters can be determined.

TABLE 4.1 Source of geometry and relevant parametersrequired for evaluation of Equations (3.6)
and (3.10) for various leading-edge devices

ESDU Copyright material. For current status contact ESDU.
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Geometry Parameter in Equation (3.6) or (3.10)
Leading-edge device in '
g-edg Section | G o) Ko | [AG g, Ke Kg K| S0
Plain |eading-edge 41 | ¢ | Sketch | 1/K, 0 10 |Fig.2a|Fig.1a| 0
flaps and drooped 4.1
leading edges
Sats and vented 4.2 c, | Sketch | 1.35 | 0.030 Fig3 |Fig. 2b| Fig.1b|0.25
Kruger” flaps 4.2 for dats,
1.0for
vented
Krigers
Kriiger” flaps and 43 | ¢ | Sketch | 18 0 10 |Fig 2a|Fig.1c| 0
sealed dlats 4.3

6

Licensee=/, User=,
Not for Resale,

It is essential to refer to Section 4.3 for the determination of ACLmI for Kruger flaps (vented or unvented) for details of a
limitation on Kriiger nose geometry.

In addition to the sketches, Sections 4.1 to 4.3 contain special comments concerning the geometry and its
influence on AC/,; or AC/ , viathe correlation parameters.
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4.1 Plain L eading-edge Flaps and Drooped L eading Edges

//// |
— le—
( “ Aerozo“ dOtum (Chorq I{e)/_:——/—.

l\ ~— —— N Z'\ 2

\\ 60\,\)
N \ Q\()Q - Hinge axis
1 \
The flop datumis the
XA o aerofoil chord line
[
zpton(5 8,)
8, positive os shown /

Construction for ¢’ [see Equation (4.2)]
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Sketch 4.1 Plain leading-edge flaps and drooped leading edges

From Sketch 4.1,

C = ¢ +zytan(y, /2) (4.2)
and ¢’ = c+2ztan(3,/2). (4.2
Equations (4.1) and (4.2) relate to the specific type of device shown in Sketch 4.1, i.e. a device deployed

by rotation around a lower-surface hinge. Many variations in design are possible and the corresponding
valuesof ¢{ and ¢’ appropriate to any other arrangement used would have to be determined.
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