ESDU Copyright material. For current status contact ESDU.

ESDU 94026

Issued December 1994

- With Amendment A
July 1995

Supersedes in part

ESDU 85033

Introduction to the estimation of the lift
coefficients at zero angle of attack and at
maximum lift for aerofoils with high-lift
devices at low speeds

Endorsed by

The Royal Aeronautical Society Documents

Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,

No reproduction or networking permitted without license fro
Full doc

m IHS
ument details: ESDU 94026 A 1995


http://www.avadocuments.com/doc/esdu-94026-a-1995
http://www.avadocuments.com/doc/esdu-94026-a-1995

ESDU 94026

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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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INTRODUCTION TO THE ESTIMATION OF THE LIFT COEFFICIENTSAT ZERO
ANGLE OF ATTACK AND AT MAXIMUM LIFT FORAEROFOILSWITH HIGH-LIFT
DEVICES AT LOW SPEEDS

1 NOTATION AND UNITS

The notation given hereisrestricted to that required for thistem, with the exception of Section 7. For some
of the notation in that Section and for the complete notation required in the use of the individual Items
referred to herein, reference should be made to the appropriate Items (i.e. References 6 and 8 to 12).
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lift coefficient, based on ¢

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

maximum lift coefficient of basic aerofoil, based on ¢

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

lift coefficient at zero angle of attack for basic aerofoil, based
onc

increment in maximum lift coefficient due to deployment of
high-lift devices, based on ¢

increment in maximum lift coefficient due to deployment of
leading-edge high-lift device, based on ¢

increment in maximum lift coefficient due to deployment of
trailing-edge flap, based on ¢

increment in lift coefficient at zero angle of attack dueto
deployment of high-lift devices, based on ¢

increment in lift coefficient at zero angle of attack dueto
deployment of leading-edge high-lift device, based on ¢

increment in lift coefficient at zero angle of attack dueto
deployment of trailing-edge flap, based on ¢

basic aerofoil chord (i.e. chord with high-lift devices m
undeployed)

extended aerofoil chord (i.e. chord with high-lift devices m
deployed)

maximum thickness of aerofoil m

Issued December 1994
With Amendment A, July 1995 — 19 pages
1

Licensee=/, User=,

No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 94026 A 1995

British

ft

ft

ft

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-94026-a-1995
http://www.avadocuments.com/doc/esdu-94026-a-1995

ESDU 94026

o angle of attack of basic aerofoil chord line relative to free rad rad
stream
Subscripts
O expt denotes experimental value
(Dpred denotes predicted value
2. INTRODUCTION

This Item provides an introduction to aerofoil lift and the effects of high-lift device deployment at low
speeds. It centresin particular on the effects on the lift coefficient at zero angle of attack, C, ;, and onthe
maximum lift coefficient, C . ;I'he Item acts as an introduction to, and a link between, the Item
(Reference 6) for the basic aerofoil and the Items (References 8 to 12) in the compl ete series dealing with
the incremental effects, AC, , and AC, ., of high-lift device deployment. The Item also describes how
theincremental effectson C| o5 and C 5 forthebasic (i.e. plain) aerofoil are used to give thetotal values
CloandC .

Section 3 describes the lift development on basic aerofoils up to the stall and briefly discusses the various
stall categories. It goes on to consider the effects of high-lift device deployment on aerofoil lift
characteristics, with particular reference to the zero angle of attack and maximum lift cases.

Section 4 describes the procedure whereby the contributions obtained from References 6 and 8 to 12 are
used to estimate the total values C, ; and C, . A guide to the location of the information for the basic
aerofoil and each of the high-lift devicesis presented in tabular form.

Section 5 providesadiscussion of the applicability and an assessment of the overall accuracy of themethods -
givenfor C, ; and C| . Section 6 givesthe Referencesand Section 7 givestwo examples. Thefirst example f
provides atypical illustration of the calculation procedure. Due to alack of experimental data none of the
Data Items specifically treats the practical case of atabbed-Fowler flap. Consequently, a second example
has been included to show how the methods of Reference 11 for asingle-slotted flap and Reference 9 for
aplain flap may be combined, using the principles established for double-element flaps in Reference 12,

to treat the case of a tabbed-Fowler flap.
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3. LIFT DEVELOPMENT UPTO THE STALL

At low speeds the two-dimensional flow over an aerofoil, with high-lift devices undeployed, normally
remains attached at small angles of attack and the increase of lift coefficient with angle of attack is
effectively linear. At a certain angle of attack, dependent on the section geometry and the free-stream
conditions, flow separation starts. Further increase in angle of attack causes progressive growth of the
separated region and reduction in the slope of the lift curve until a maximum lift coefficient, C, 5., is
reached, and the aerofoil stalls. At still higher angles of attack, the lift isreduced, perhaps catastrophically.
The main types of stall are discussed briefly in Section 3.1.

" Theterm “basic aerofail” refersto an aerofoil with high-lift devices undeployed: it is synonymous with the term “plain aerofoil” that is
sometimes used.
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Thedeployment of high-lift devicesaffectsthelift curve of an aerofoil through changesin thelift coefficient
at zero angle of attack, in the point and nature of departure from the near-linear characteristic at low angles
of attack and in the maximum lift coefficient. Leading-edge and trailing-edge devices affect lift on an
aerofail in two-dimensional flow in different ways.

The major effect of aleading-edge deviceisto delay the onset of |eading-edge separation, thus increasing
thelift attainable before the stall. The major effect of atrailing-edge device on the other hand isto increase
the camber of the aerofoil with a consequent increase in lift at agiven angle of attack. The use of properly
designed dlots between the elements of atrailing-edge device further enhances the maximum lift attainable.
Typical lift curves associated with various high-lift devices are considered in Section 3.2.

Although the free-stream flow past an aerofoil with high-lift devices deployed may be low-speed, the local
flow around aleading-edge dat, for example, can attain supersonic velocities. Compressibility effects can
therefore be important.

31 Sall of Basic Aerofail
There are various types of stall related to where flow separations occur on the aerofoil. Four distinct types

of stall areidentified, having typical lift versus angle of attack curves of the type shownin Sketch 3.1, see
Item No. 66034 (Reference 1).

H_]
A B C D o

Sketch 3.1 Aerofoil stall classification
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TypeA: Trailing-edge stall

Trailing-edge stall is due to separation moving forward from the trailing edge as angle of attack increases.
Thisistypical of thick aerofoils (thickness-chordratio t/c = 0.15, say) having awell-rounded suction peak
and moderate adverse pressure gradient. A rounded maximum to the lift curve is probable.

Type B: Leading-edge stall

On moderately thin sections, the laminar boundary layer may separate at a particular angle of attack with
re-attachment of the shear layer enclosing a “short” bubble followed by a turbulent boundary layer. At a
critical angle of attack, less than that at which the flow would break down at the trailing edge, the bubble
bursts, giving a sudden fall in lift coefficient. This is typical of sections having t/c between about 0.06
and 0.09.
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Type C: Thin aerofail stall

On very thin sections after initial laminar separation with re-attachment occurring further downstream, a
“long” bubbleisformed which extends with increasing angle of attack. The lift curve has a discontinuous
slope when the bubblefirst forms, which isfollowed by a rounded maximum when the bubble has reached
the trailing-edge, with subsequent detachment and loss of lift. This is typical of sections having t/c
below 0.05, say.

Type D: Combined stall

Here, both laminar separation at the leading edge and turbulent separation at the trailing edge occur before
C\ g Isreached. Thelift curvesvary in character and two possibilities, characterised by asharp or rounded
maximum, aredepicted in Sketch 3.1. Thistypeof stall istheleast common and atypical vaueof t/c is0.12.

Fuller details of the nature of these types of stall and the effects on aerofoil characteristics are given in
References 1 to 3.

3.1.1 Dataltem

It has proved possible to define empirical relationships for estimating the maximum lift coefficient, C, 5,
in terms of specified geometric characteristics of the aerofoil, Reynolds number and Mach number for
smooth or rough surfaces, see Item No. 84026 (Reference 6). A method for estimating the lift coefficient
at zero angle of attack, C o5, isalso included.

3.2 Effects of Deploying High-Lift Devices

Therise of C, between C, ; and C, ., is dependent on the stall characteristics. The effects of deploying
plainleading-edgeand trailing-edgeflaps may, inthefirstinstance, beinterpreted partly asthose of modified
camber. Thesewill produce small decrementsin the lift coefficient at zero angle of attack for leading-edge
flaps, but major increments for trailing-edge flaps. The increment in lift coefficient between zero angle of
attack and maximum lift can also change significantly from that for the basic aerofoil. For example, many
high-lift systems comprise two or more elements with chord extensions and slots between the elementsin
the deflected settings. Although the resultant changes in lift coefficient at zero angle of attack for such
systems are significant, the effects on the lift coefficient increment between zero angle of attack and
maximum lift due to the complex flow around the multiple elements can predominate. Furthermore,
boundary layer separation may occur on any element, thus adding to the complexity. The number of
independent parametersis so large in such cases that the complete correlation of test datais not practical.
Fortunately, it is possible to simplify the problem by making independent estimates of the effects of each
element in turn and summing the results, as described in Reference 4.
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Sketch 3.2 shows the lift curves of a particular aerofoil without and with typical high-lift devices, such as
thoseillustrated in Sketch 3.3. Thelift coefficient, C, , isreferred to the chord of the basic aerofoil and the
increased dlopes for the multi-element devices are primarily due to chord extensions. The angle of attack,
o, isdefined asthat of the undeflected part of the aerofoil. Brief outlines of the dominant physical processes
affecting the lift curves are given below, but for a more extensive discussion see References 5 and 7.

L eading-edge devices (Sketch 3.3a) reduce the lift coefficient at zero angle of attack due to the negative
camber near the nose; the consequent reduction in peak suction allows a significant increase in the angle
of attack at which leading-edge separation occurs, thus increasing the maximum lift coefficient. Such
devices have a comparatively small effect on trailing-edge flow conditions.

The dot of a dotted leading-edge flap (dat or vented Kriger flap, Sketch 3.3a(iii)) provides a means of
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reducing the pressure gradient on the forward part of the main aerofoil section, thusallowing ahigher angle
of attack to be achieved before separation occursin thisregion. If thereisachord extension thereisafurther
rise in maximum lift coefficient.

Plain trailing-edge flaps (Sketch 3.3b) achieve higher maximum lift coefficients largely due to the camber
effect which increasesthelift coefficient at zero angle of attack. For large flap deflectionsthe upper-surface
suction has a maximum at the hinge line as well as at the leading edge. So the adverse pressure gradient
over much of the aerofail is reduced while over the flap it is greatly increased. As aresult flow separation
occurs over the flap at moderate deflections, but does not pass upstream of the hinge until much higher
deflections are reached. Lift due to flap deflection continues to increase at a reduced rate, reaching a
maximum just before separation moves ahead of the flap or the flow breaks down at the leading edge.

Deflection of asplit flap (Sketch 3.3c) creates aregion of low pressure behind the flap which depressesthe
aerofoil trailing-edge pressure. As aresult a less adverse pressure gradient is created over the rear upper
surface of the aerofoail, thus delaying the onset of trailing-edge separation and increasing the maximum lift
coefficient. Therefore, separation may occur first at the leading edge of the aerofoil, in which case the lift
would fall more sharply from the maximum.

Slotted trailing-edge flaps (Sketch 3.3d) devel op considerably more maximum lift than plain flaps because
the flow through the ot gives riseto anumber of beneficial effects (see References 5 and 7). Fowler flaps
(Sketch 3.3e) behave in a similar fashion to simple slotted flaps but develop more lift due to their greater
chord extensions. Multi-element systems can employ a combination of the two types, although a wholly
Fowler system is more efficient (Sketch 3.3e (iv), for example).

With acombination of |eading-edge and trailing-edge devices (Sketch 3.3f), the highest practical values of
C, ,, for mechanical systems are achievable as indicated in Sketch 3.2. The leading-edge device has
essentially similar incremental effects whether or not the trailing-edge device is deflected.
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Multi-element flap with leading-edge device
Multi-element slotted flap

Plain or split trailing-edge flap

Leading-edge device

S/ / ; N Basic aerofoil
.
a

Sketch 3.2 Typical lift curves
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