ESDU 94030

Issued April 1995
). Supersedes in part
ESDU 85033

Increments in aerofolil lift coefficient

at zero angle of attack and in maximum lift
coefficient due to deployment of a
single-slotted trailing-edge flap, with or
without a leading-edge high-lift

device, at low speeds

ESDU Copyright material. For current status contact ESDU.

Endorsed by

The Royal Aeronautical Society Documents

Document Sharing Hub

Copyright Engineering Sciences Data Unit
i i i i Licensee=/, User=,
ooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Full document details: ESDU 94030 1995


http://www.avadocuments.com/doc/esdu-94030-1995
http://www.avadocuments.com/doc/esdu-94030-1995

ESDU Copyright material. For current status contact ESDU.

ESDU 94030

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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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

Chairman

Mr H.C. Garner — Independent

Members

Mr G.E. Bean" — Boeing Commercial Airplane Co., Seattle, Wash., USA
Dr N.T. Birch — Rolls-Royce plc, Derby

Dr P.C. Dexter — British Aerospace plc, Sowerby Research Centre, Bristol
Mr J.R.J. Dovey — Independent

Dr K.P. Garry — Cranfield University

Mr D. Graham” — Northrop Grumman Corp., Pico Rivera, Calif., USA

Mr M.J. Green — Avro International Aerospace Ltd, Woodford

Dr H.P. Horton — Queen Mary and Westfield College, University of London
Dr D.W. Hurst — University of Southampton

Mr P.K. Jones — Independent

Mr K. Karling” — Saab-Scania AB, Linkdping, Sweden

Mr M. Maurel — Aérospatiale, Toulouse, France

Mr C.M. Newbold — Aircraft Research Association, Bedford

Mr J.B. Newton — British Aerospace Defence Ltd, Warton

Mr R. Sanderson — Daimler-Benz Aerospace Airbus GmbH, Bremen, Germany
Mr A.E. Sewell’ — McDonnell Douglas Corp., Long Beach, Calif., USA

Mr M.R. Smith — British Aerospace Airbus Ltd, Bristol

Mr J. Tweedie — Short Brothers plc, Belfast.

Corresponding Member

The technical work in the assessment of the available information and the construction and subsequent development
of the Data Item was carried out under contract by

Mr J.R.J. Dovey.

The person with overall responsibility for the work in this subject area is Mr P.D. Chappell, Head of the Aircraft
Aerodynamics Group.

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 from IHS Not for Resale,

Full document details: ESDU 94030 1995


http://www.avadocuments.com/doc/esdu-94030-1995
http://www.avadocuments.com/doc/esdu-94030-1995

ESDU 94030

INCREMENTSIN AEROFOIL LIFT COEFFICIENT AT ZERO ANGLE OF ATTACK
AND IN MAXIMUM LIFT COEFFICIENT DUE TO DEPLOYMENT OF A SINGLE-
SLOTTED TRAILING-EDGE FLAP, WITH ORWITHOUT A LEADING-EDGE HIGH-
LIFT DEVICE, AT LOW SPEEDS

ESDU Copyright material. For current status contact ESDU.

CONTENTS
Page
1 NOTATION AND UNITS 1
2. INTRODUCTION 3
21 Scope of the Item 3
2.2 Application of Data to Calculation of Total Lift Coefficient ValuesC, gand C 3
3. LIFT COEFFICIENT INCREMENTSAC, g AND AC, 3
4. LIFT COEFFICIENT INCREMENTSAC'| ot AND AC'| 1t 4
4.1 Increment in Lift Coefficient at Zero Angle of Attack 5
4.2 Increment in Maximum Lift Coefficient 5
5. EFFECT OF LEADING-EDGE HIGH-LIFT DEVICE 6
6. APPLICABILITY AND ACCURACY 7
6.1 Applicability 7
6.2 Accuracy 8
7. DERIVATION AND REFERENCES 10
7.1 Derivation 10
7.2 References 12
8. EXAMPLES 13
81 Example 1: Single-slotted Flap 13
8.2 Example 2: Single-dlotted Flap with L eading-edge Slat 16
FIGURES1TO5 19t0 22

Documents

i 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 from IHS Not for Resale,

Full document details: ESDU 94030 1995


http://www.avadocuments.com/doc/esdu-94030-1995
http://www.avadocuments.com/doc/esdu-94030-1995

ESDU 94030

INCREMENTSIN AEROFOIL LIFT COEFFICIENT AT ZERO ANGLE OF ATTACK
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basic aerofoil lift-curve slope in incompressible flow rad

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

maximum lift coefficient of basic aerofoil at datum Reynolds
number R, = 3.5 x 10°

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
high-lift devices, based on ¢, Equation (3.2)

increment in maximum lift coefficient due to deployment of
leading-edge high-lift device, based on c, see Section 5

increment in maximum lift coefficient due to deployment of
trailing-edge flap, based on ¢, Equation (3.4)

increment in maximum lift coefficient due to deployment of
single-dlotted trailing-edge flap, based on ¢', at datum Reynolds
number R, = 3.5 x 10°, Equation (4.9)

component of AC| .. independent of flap deflection,
Equation (4.6)
component of AC| . dueto flap deflection, Equation (4.6)

increment in lift coefficient at zero angle of attack dueto
deployment of high-lift devices, based on c, Equation (3.1)

increment in lift coefficient at zero angle of attack dueto
deployment of |eading-edge high-lift device, based on c, see
Item No. 94027

increment in lift coefficient at zero angle of attack dueto
deployment of trailing-edge flap, based on ¢, Equation (3.3)

increment in lift coefficient at zero angle of attack dueto
deployment of single-dotted trailing-edge flap, based on c',
Equation (4.1)

Issued April 1995 — 22 pages
1

Licensee=/, User=,

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

Full document details: ESDU 94030 1995

British

rad1

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-94030-1995
http://www.avadocuments.com/doc/esdu-94030-1995

ESDU 94030

AC[ 4 increment in lift coefficient associated with deployment of
single-dlotted trailing-edge flap on aerofoil with lift-curve slope
of 2m, based on ¢, Equation (4.1) and Figure 2

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

c’ extended aerofoil chord (i.e. chord with high-lift devices m ft
deployed), see Sketch 4.1 and Equation (4.4)

Ci1 chord of single-dotted trailing-edge flap, see Sketch 4.1 m ft
ciy extended flap chord, see Sketch 4.1 and Equation (4.5) m ft
S Ac chord extension due to deployment of leading-edge device,see  m ft
o Sketch 4.1
ol
§ Acy4 increment in chord of single-dotted trailing-edge flap, see m ft
= Sketch 4.1
8
2 Fr factor for _effect of Reynolds number on AC, ,, and AC| ..,
E see Equation (3.5)
;cj Jig correlation factor (efficiency factor) for single-slotted
= trailing-edge flap, Equation (4.2) or (4.3) or Figure 1
>
(8]
5 K, correlation factor for effect of leading-edge device deflection,
- see Section 5
‘©
= K+ correlation factor for effect of basic aerofoil geometry, Figure 3
©
E Ki1 correlation factor for effect of deflection of single-slotted
o0 trailing-edge flap, Figure 4
>
§' M free-stream Mach number
a R. Reynolds number based on free-stream conditions and aerofoil
(%]
k| chord c
t maximum thickness of aerofoil m ft
X chordwise distance aft from basic aerofoil leading edge m ft
Xis chordwise location of flap-shroud trailing edge, see Sketch 4.1 m ft
Xum chordwise location of maximum upper-surface ordinate m ft
Z,15 upper-surface ordinate at x = 0.0125c for basic aerofoil m ft
8,8y deflection of leading-edge device, see Sketch 4.1 rad, deg  rad, deg
1, 0¢1 deflection of trailing-edge flap, positivetrailing edgedown, see  rad,deg  rad, deg
Sketch 4.1
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P leading-edge radius of basic aerofoil, see Sketch 4.1 m ft
Subscripts
) expt denotes experimental value
(pred denotes predicted value
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 a single-slotted trailing-edge flap, with or
without the deployment of a leading-edge device, at low speeds.

Section 3 summarises the equations relating the contributions to the total lift increments at zero angle of
attack and at maximum lift arising from the deployment of |eading-edge high-lift devices and trailing-edge
flaps. Section 4 presents methods whereby the contributions from single-slotted trailing-edge flaps are
obtained. The contribution to thelift increment at zero angle of attack arising from avariety of leading-edge
high-lift devices is obtainable from Item No. 94027 (Derivation 26). However, with regard to the lift
increment at maximum lift, the situation is hampered by the lack of test data for other than dats in
combination with slotted flaps. Nevertheless, Section 5 provides a guide to the use of the data in Item
No. 94027 in the present context for the full range of leading-edge high-lift devices covered in that Item.

Section 6 concerns applicability and accuracy, Section 7 givesthe Derivation and References and Section 8
presents two detailed examples illustrating the use of the methods.

2.2 Application of Data to Calculation of Total Lift Coefficient ValuesC, yjand C,

In order to use the data obtained from the present Item in the wider context in which thetotal lift coefficient
at zero angle of attack, C, 5, and at maximum lift, C, ,, are required for an aerofoil with high-lift devices
deployed, it is necessary to refer to Item No. 94026 (Reference 29). That Item acts as an introduction to,
and alink between, each of the Itemsin the complete series dealing with the incremental effects of high-lift
device deployment on aerofoil lift at zero angle of attack and on maximum lift. It describes how the
incremental effects are summed and added to the contributions from the basic (i.e. plain) aerofail to give
thetotal valuesC, jand C ;-

ESDU Copyright material. For current status contact ESDU.

3. LIFT COEFFICIENT INCREMENTSAC, j AND AC, .,

The increments in the lift coefficient at zero angle of attack, AC, ), and at maximum lift, AC, ., dueto
the deployment of aleading-edge high-lift device and a trailing-edge flap on an aerofoil are given by the
sum of the individual increments, i.e.

and AC| 1 = AC| 1y +AC - (32)

The increments in Equations (3.1) and (3.2) are based on the chord, ¢, of the basic aerofail.
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The values of AC ,, and AC, , for various |leading-edge devices are obtainable from Item No. 94027.
However, see Section 5 with regard to AC, ,; for use with the present Item.

For correlation purposesit is more convenient to present the right-hand sides of Equations (3.1) and (3.2)
in terms of increments based on the extended chord ¢'. Also, whereas values of AC ; and AC, ,, can be
taken to be independent of Reynolds number, thevaluesof AC, , and AC, ., areinfluenced by Reynolds
number. Thus, for ageneral trailing-edge flap, Item No. 94028 (Derivation 27) shows that

c’ ,
and AC| 1 = FR ACi_mt (3.9
where Fr = 0.153l0g( R... (3.5

The value of AC|,. in Equation (3.4) is therefore appropriate to the datum Reynolds number
R, =3.5x 10°, for which F5 = 1, (see Section 6.1).

The values of AC{, and AC| ., in Equations (3.3) and (3.4) are determined for single-slotted
trailing-edge flaps by the methods of Section 4.

4, LIFT COEFFICIENT INCREMENTSAC' o AND AC'| .«

First approximations to the lift coefficient increments due to the deployment of trailing-edge flaps can be
obtained from the theory for an equivalent thin hinged plate with empirical correlation factors to account
for the geometry of practica aerofoilsand flaps. To make some allowancefor 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 22 and was the basis for the methods developed for plain
trailing-edge flapsin Item No. 94028 which was used as amodel for the methods given in the present Item
for single-slotted trailing-edge flaps, see Sections 4.1 and 4.2. However, some adjustments were required
to adapt to the considerabl e departure from the thin hinged plate basis of the model when appliedtoad otted
flap, possibly involving large extensions in chord. ‘

ESDU Copyright material. For current status contact ESDU.

t1
c T
t Flap datum*
* Hap datum is rotated aerofoil datum

Sketch 4.1 Single-dlotted trailing-edge flap with typical leading-edge high-lift device (dat)
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4.1 Increment in Lift Coefficient at Zero Angle of Attack

Theincrementinlift coefficient at zero angleof attack dueto the deployment of asingle-slotted trailing-edge
flap isgiven by

AC| ot = JnACL ;1 (Bp)g/2m . (4.1)

Inthisequation J;, isanempirical correlation (or efficiency) factor whichisafunctionof 5., andisgivenby

1
3y = 117[sin(38359)]°  for 0<82 <235° 4.2)

and Jy = 117 for 89, >23.5°, (4.3)

which are plotted in Figure 1.

The flap deflection, §,, , is seen from Sketch 4.1 to be the angle through which the flap datum” is rotated
relativetothestowed flap situation. Thus, for asingle-slotted flap §,, istheanglethroughwhichtheagerofoil
datum is rotated.

Thelift coefficientincrement, AC| , , associated with the deployment of asingle-slotted flap on an agrofoil
having alift-curve slopeof 2, isbased on Item No. Flaps01.01.08 (Derivation 19) andisgivenin Figure 2
asafunction of 8;’1 and c{llc’ . Theparameter AC/ ;, whichisbased ontest data, replacesthe val ue derived
from thin plate theory used for plain flapsin Item No. 94028. This was necessary because ot effects are
not represented in the simple theory.

The aerofoil extended chord, ¢', in Sketch 4.1 is given by
¢’ = Agi+ x5+ €y 05. (4.4)
The parameter Ac; isthe chord extension due to the deployment of the leading-edge device, obtained for

avariety of such devicesfromItemNo. 94027. The quantity x,.isthechordwiselocation of thetrailing-edge
of the flap shroud and the extended chord Iength of the flap, ¢}, , isgiven by

ESDU Copyright material. For current status contact ESDU.

Ciy = Cyp+AC;. (4.5

In Sketch 4.1 Ac,, is drawn as having a magnitude sufficiently small to neglect. For those casesin which
Ac;, isnot small, graphical estimation would be necessary.

The parameter (g), in Equation (4.1) isthe basic aerofail lift-curve slopeinincompressible flow from Item
No. Wings 01.01.05 (Derivation 21).

Thevalue of AC| ; isthen used in Equation (3.3) to determine AC, ;.
4.2 Increment in Maximum Lift Coefficient
In the development of the method for predicting the increment in maximum lift coefficient it was found

necessary to adapt further the thin hinged plate theoretical model to cater for dotted flaps, especially those
involving large chord extensions, i.e. Fowler flaps. With such flaps it is possible to obtain significant

" Notethat for asingle-slotted flap the flap datum is taken as the rotated aerofoil datum, not the flap chord.
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increments in maximum lift (with alow drag penalty) by deployment with zero deflection. The increment
in maximum lift is then very largely due to chord extension and is related to the basic aerofoil maximum
lift. The increment in maximum lift coefficient then consists of two components, one, (AC]_

mt)oa

independent of flap deflection and the other, (AC]_mt)l, due to the deflection. Thus

AC 1 = (AC] )+ (AC] 1)y » (4.6)
where

(AC )y = (1=C/C)(CL gy (4.7)
and

(AC{ ) = KKigdy AC] 3 — (1—¢/c))sind 4 (C ) 4 (4.8)
o that

AC] iy = (1=c/)(1-8in3;)(C )y + KK 33 AC; - (4.9)

In Equation (4.9) (C|g) q is the maximum lift coefficient for the basic aerofoil at the datum
Reynolds number R, = 3.5 x 10°, obtained from Item No. 84026 (Derivation 25).

The extended chord, ¢’, isgiven by Equations (4.4) and (4.5), J;; is obtained either from Figure 1 or from
Equation (4.2) or (4.3) and AC] ; isobtained from Figure 2.

The correlation factor K, given in Figure 3, allows for the effect of basic aerofoil geometry viaz; »5/c,
the dimensionless upper-surface ordinate at 0.0125c, and Xum /c, the dimensionless chordwise location of
the maximum upper-surface ordinate. Values of z ; ,- /c for arange of NACA sections are given in Item
No. 66034 (Reference 28). The correlation factor K, isgiven asafunction of 67, in Figure 4.

Finally, with the value of AC[ , obtained from Equation (4.9), AC, . is evaluated from Equation (3.4)
with Fr, given by Equation (3.5).
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5. EFFECT OF LEADING-EDGE HIGH-LIFT DEVICE

The only leading-edge device for which test data are available for aerofoils with dlotted trailing-edge flaps
isthe dlat. With regard to the effect of slat deployment on the lift coefficient at zero angle of attack it was
found that the increment determined from Item No. 94027 could be used without modification. That being
so, itisanticipated that for AC, ,; the methods of Item No. 94027 for any |eading-edge device may be used
in conjunction with the present Item for single-slotted flaps.

Unfortunately, the analysis with regard to maximum lift revealed amore complicated picture. It wasfound
that the optimum slat gap with slotted flaps deployed is larger than for the situation in which the flap is
undeployed. The optimum gap is typically within the range 0.02c to 0.05c with slotted flaps deployed,
compared with about 0.01c for the flaps undeployed case, for the same range of slat angles. However, only
asmal variation in AC, ,, was found within that range, and the test data were used to derive a modified
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