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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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AEROFOIL AND WING PITCHING MOMENT COEFFICIENT AT ZERO ANGLE OF
ATTACK DUE TO DEPLOYMENT OF TRAILING-EDGE DOUBLE-SLOTTED OR
TRIPLE-SLOTTED FLAPS AT LOW SPEEDS

1 NOTATION AND UNITS

S| British
A aspect ratio, 2s/C
(a), basic aerofoail lift-curve slope in incompressible flow radl  rad?
é CL lift coefficient; (lift)/qc for aerofail, (lift)/qSfor wing
wl
§ ClLos lift coefficient at zero angle of attack for basic aerofoil, based on ¢
=
§ AC| o increment in lift coefficient at zero angle of attack dueto
2 deployment of trailing-edge double-slotted or triple-slotted flap on
2 aerofoil, based on ¢ (see Item No. 94031)
§ ACI:Ot increment in lift coefficient at zero angle of attack dueto
§ deployment of trailing-edge double-slotted or triple-slotted flap on
s aerofail, based on ¢’ (see Item No. 94031)
L
= AC/,,AC/,, incrementin lift coefficient associated with deployment of
s , equivalent first, second, third element of trailing-edge slotted flap on
= AC| 4 aerofoail with lift-curve dope of 2m, based on ¢’, Figures 4, 5and 6
€ (from Item No. 94031)
49
2 Ch pitching moment coefficient; (pitching moment)/ qc? for aerofoil,
2 (pitching moment)/qSC for wing, referenced to ¢/4 for aerofoil and
8 C/4for wing, see Sketch 1.1
o)
97 Cmo Cn for aerofoil at zero lift, based on ¢?, see Section 7.1
wl
C o inviscid valueof C
CiraoB pitching moment coefficient at zero angle of attack for aerofail,
based on ¢2 and referenced to c/4, approximated as Co» S€8
Section 7.1
AC 00 increment in pitching moment coefficient at zero angle of attack due
to deployment of trailing-edge double-dotted or triple-slotted flap
on aerofoil, based on ¢2 and referenced to c¢/4, see Equation (3.1)
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AC w0 increment in pitching moment coefficient at zero angle of attack due
to deployment of trailing-edge double-slotted or triple-siotted flap
on wing, based on SC and referenced to T/4, see Equation (3.11)
AC 00 increment in pitching moment coefficient at zero angle of attack due
to deployment of trailing-edge double-dotted or triple-slotted flap
on aerofoil, based on ¢’2 and referenced to ¢’/4, see Equation (3.2)
c basic (plain) aerofoil chord or wing chord at flap mid-span (i.e. m ft
chord with high-lift devices undeployed), see Sketches 1.1, 1.2
and 1.3
c extended aerofoil chord, i.e. chord with trailing-edge slotted flap m ft
deployed, see Sketches 1.2 and 1.3
C wing geometric mean chord m ft
c wing aerodynamic mean chord, see Item No. 76003 m ft
Cet1 Cet2r  equivalent flap chord of first, second, third element of trailing-edge M ft
c slotted flap, see Sketch 1.2 for double-slotted flap, Sketch 1.3 for
ets triple-slotted flap
C, wing root (centre-line) chord, see Sketch 1.1 m ft
Ci1» Cio» Ci3 chord of first, second, third element of trailing-edge slotted flap, see m ft
Sketch 1.2 for double-dlotted flap, Sketch 1.3 for triple-slotted flap
Aciq, AC,, increment in ctl_, Cios Ci3 see Sketch 1.2 for double-slotted flap, m ft
Sketch 1.3 for triple-slotted flap
ACy
C{1 » Cio » extended chord of first, second, third element of trailing-edge slotted m ft
, flap, see Sketch 1.2 for double-dlotted flap, Sketch 1.3 for
C3 triple-slotted flap
F viscous correction factor used in calculation of Cmo,
see Equation (7.2)
h, centre of incremental lift at zero angle of attack due to trailing-edge
slotted flap deployment on aerof oil section expressed as fraction of
basic aerofoil chord, measured positive aft from its quarter-chord
position
h2' 1 h2’ 25 empirical centre of incremental lift at zero angle of attack associated

, with deployment of equivalent first, second, third element of
h2,3 trailing-edge slotted flap on aerofoil, expressed as fraction of
extended chord, measured positive aft from extended aerofoil

quarter-chord position, see Equations (3.5), (3.7) and (3.9)

h 17, 3 o7, theoretical valuesonwhich hy , , hy 5, hy 5 are based,
see Equations (3.4), (3.6) and (3.8) and Figure 7

h2,3T
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Ji1 Jos dia correlation factor for first, second, third elements of trailing-edge
slotted flap, Figures 1, 2 and 3 (from Item No. 94031)

K part-span factor; pitching moment coefficient increment due to
part-span trailing-edge slotted flaps extending symmetrically from
wing centre-line divided by pitching moment coefficient increment
due to full-span trailing-edge slotted flaps at same deflection angle,

Figure 8
Ks flap type correlation factor, (= 1.0)
Kin flap type correlation factor for wing sweep, (= 1.0)
K, value of K corresponding to n = n,, required in Equation (3.11)
Ko value of K corresponding to n = n,, required in Equation (3.11)
Kx part-span factor dependent on wing sweep effect, Equation (3.14)

and Figures 9ato of
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Kaj valueof K, correspondingto n = m,, required in Equation (3.11)

Kro value of K, correspondingto n = n,, required in Equation (3.11)

M free-stream Mach number

p parameter in Equation (3.14) for K, , see Equation (3.15)

q free-stream kinetic pressure N/m?  Ibf/ft?

R. aerofoil Reynolds number, based on free-stream conditions and ¢

Re wing Reynolds number, based on free-stream conditions and €

S wing planform area, 2s¢ m? 2

S wing semi-span, see Sketch 1.1 m ft

t maximum thickness of aerofail m ft

Xis chordwise location of flap-shroud trailing edge, see Sketches 1.2 m ft
and 1.3

Zim maximum upper-surface ordinate of basic aerofoil, see Sketches 1.2 m ft
and 1.3

81°, 6;,°,  deflection of first, second, third element of trailing-edge slotted flap, deg deg
5.0 positive trailing-edge down, see Sketch 1.2 for double-dlotted flap,
3 Sketch 1.3 for triple-slotted flap

n spanwise distance from wing centre-line as fraction of semi-span
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uf value of n at inboard limit of flap, see Sketch 1.1
Mo value of n at outboard limit of flap, see Sketch 1.1
Ag wing leading-edge sweep angle, see Sketch 1.1 deg
Aqa wing quarter-chord sweep angle, see Sketch 1.1 deg
Ay wing half-chord sweep angle deg
Aq wing trailing-edge sweep angle, see Sketch 1.1 deg
A wing taper ratio (tip chord/root chord)
Subscripts
() expt denotes experimental value
( )pr ed denotes predicted value
centre line
o
Cr
Moment ) N
reference CM o~ N
at c/a. o~ _lc T L
See Reference 23 viiVA [ S~ B
for definition. ; ~ :
- Ny : \
v i Z )
n;s _
- =‘~ = Lt
NeS A
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Aerofoil datum (chord line)

ESDU Copyright material. For current status contact ESDU.

- C -
- Cetl .
- Cet2 .
, : eI
G S Ci3
< c >/
Xis R
A
Zum - o~
- - - J/\ — = L —
First
Ac,, ™ eélement
. . datum®
Aerofoil datum (chord line) Aci
AC >
Second

Sketch 1.3 Deployed triple-sotted flap notation (at section AA)

datum*

Third \ > datum’
element\ § _°

t3

¥ The deflection of the first flap element, 6,;, is the angle between the aerofoil datum line (i.e. the aerofoil chord line) and the
first element datum line.
Thefirst element datum line is the chord line of the element, defined as the line passing through the centre of the leading-edge
radius and the trailing edge.
* The deflection of the second flap element, 5,5, isthe angle between the first and second element datum lines.
The deflection of the third flap element, 8., is the angle between the second and third element datum lines.
In contrast to the definition of the datum line of the first flap element, the datum lines of the second and third flap elements are
the rotated aerofoil datum line considered to be fixed in each element.

Copyright Engineering Sciences Data Unit

Provided by IHS Markit under license with ESDU

No reproduction or networking permitted without license from IHS

Full document details: ESDU 99014 A 2003

5

Licensee=/, User=,
Not for Resale,

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-99014-a-2003
http://www.avadocuments.com/doc/esdu-99014-a-2003

ESDU 99014

2. INTRODUCTION

This Item provides a method to obtain the increment in pitching moment coefficient at zero angle of attack
due to deployment of trailing-edge double-slotted or triple-dotted flaps at |ow speeds, either on an aerofail
or on awing.

For aerofoilsthe method predictsthe centre of lift position, h2,1’ h2,2 and h273 , due to deployment of each
element of a double-slotted or triple-slotted flap, based on the thin-aerofoil theory of Derivation 19 and
modified to obtain correlation with the experimental data of Derivations 3, 5, 6, 7, 8, 10, 13, 17 and 18.
Each centre of lift position is combined with theincrement in aerofoil lift coefficient for the corresponding
element calculated from Item No. 94031 (Derivation 2) to estimate the total pitching moment coefficient
increment. When applied to a multi-element flap, thin-aerofoil theory represents each element as an
‘equivalent’ single-element flap (of chord c, etc., see Sketches 1.2 and 1.3), and their moment
contributions are summed.

For wingswith full-spanflaps, factors, dependent on planform geometry, are applied to the pitching moment
coefficient increment on a section that is representative of the wing, to alow for three-dimensional effects.
Derivations 20 and 21 are used asthe basisfor these factors, with some adjustment to the simple theoretical
assumptions. For wings with part-span flaps, additional factors are introduced that are dependent on taper
ratio, aspect ratio, sweep and spanwise extent of the flap.

Section 3 describes the prediction method and Section 4 discusses Mach number and Reynolds number
effects. The applicability and accuracy of the method are addressed in Section 5. The Derivation and
References are given in Section 6. Section 7 provides worked examplesillustrating the use of the Item for
an aerofoil and awing.

3. PREDICTION METHOD

The method for aerofoils requires the use of Item No. 94031 to determine the lift increment characteristics
of the aerofoil/flap combination from which to derive the pitching moment coefficient increment.

For wings, the streamwise section, flap geometries and angles at the mid-span of the flap panel are taken
to be representative of the wing/flap system, see Sketches 1.1, 1.2 and 1.3. The method again requires the
use of Item No. 94031 to determine the lift increment characteristics of the representative section/flap
combination from which to derive the section pitching moment coefficient increment. By this means the -
effects of spanwise variation are averaged out. Empirical correctionsallow for the effects of wing planform -
geometry and the spanwise extent of the flaps. f

ESDU Copyright material. For current status contact ESDU.

3.1  Aerofail Pitching Moment Coefficient Increment AC .,

Theincrement in pitching moment coefficient at zero angle of attack, dueto deployment of adouble-dlotted
or triple-slotted flap on an aerofail, is obtained from

AC a0 = AC;m(X()(c’/c)Z—ACL’Ot (c'lc)(c’lc=1)/4-C gp(c’/lc=1)/4+C op(c/c=1). (3.1)

Here, Ac;ntao istheincrement in pitching moment coefficient at zero angle of attack due to deployment
of adouble-dlotted or triple-dotted flap on an aerofoil, based on the extended chord, and is evaluated as

AChig0 = =~ [JuAC N5 1 +IpAC Hhy 5 +J5AC 5h; sl(ay)y/2m (3.2
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and AC| ; istheincrement in lift coefficient at zero angle of attack due to deployment of a double-slotted
or triple-slotted flap on an aerofail, based on the extended chord, and is evaluated as

AC[ o

= [J1ACL | + J,AC, +J3AC 5 ](al)O/Zn, (3.3)
where Ji1, Jis s Jig, AC_’Ll , AC’!_2 .and AC| ; aregiven in F?gur&e 1to 6 respectively, reprodl_Jced from
Item No. 94031. The basic aerofail lift-curve slope, (al)0 , inincompressible flow, may be obtained from
Item No. Wings 01.01.05 (Derivation 1) and the flap deflection angles, §,,°, 8,,° and 6,,° , arein degrees.
Theformulaefor J;,, J;, and J,5 areincluded on Figures 1 to 3.

The centre of the lift increment due to the first flap element at zero angle of attack , h, ; , is expressed as
a fraction of the extended chord and measured positive aft from the quarter-chord point of the extended
aerofail chord. It is derived empirically from its theoretical valuein Derivation 19 for a hinged plate on a
thin aerofoil and adjusted to allow for chord extension by replacing ¢, /c with ¢y, /c’ to give

0.25[1 — (2Cy /¢’ — 1)?1¥2[1 - (2c 4/ ¢ — 1)]

h/2,lT = . (34)
{n - cos‘l(ZCetllc’ —1) + [1 - (2c,/c — 1)2]”2}
Anincremental adjustment to obtain correlation with experimental data gives
h’z,l = h/2,1T - 4(z,, /o> (x/c-1), (3.5

where X,/ ¢ is the chordwise location of the flap-shroud trailing edge as a fraction of the basic aerofoil
chordand z,,,,/ ¢ istheratio of the maximum upper-surface ordinate to the aerofoil chord, see Sketches 1.2
and 1.3.

Following the model of Equation (3.4), the theoretically derived centre of the lift increment due to the
second flap element at zero angle of attack is

0.25[1—(2Cy,/C" —1)2]Y?[1—(2Cy,/c’~1)]

ESDU Copyright material. For current status contact ESDU.

oot = (3.6)
{n— CoSH(2C,/C" —1) +[1—(2Cy,/C - 1)2]”2}
No adjustment is required to obtain correlation with experimental data, so that
ho2 = N7 - (3.7)
Similarly, for the third flap element
0.25[1—(2C45/c’ —1)21°[1—(2cy4/c’— 1)]
hy g = , (3.8
{n— C0SH(2C45/C" — 1) + [1—(2Cy5/C — 1)2]1’2}
Documents
7 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 99014 A 2003


http://www.avadocuments.com/doc/esdu-99014-a-2003
http://www.avadocuments.com/doc/esdu-99014-a-2003

ESDU 99014

where again no adjustment is required to obtain correlation with experimental data, so that

hys = hygr. (39

Vauesof h; ;+, h, ,1 and h) 51, determined respectively from Equations (3.4), (3.6) and (3.8), aregiven
inFigure 7 asafunction of cy,/c”, cy,/C” and cy4/c”.

Thefinal termsin Equation (3.1) involving C, y5 and C,, g the lift and pitching moment coefficients
at zero angle of attack for the basic aerofoil, provide an approximation to the effect of extension of the
aerofoil without flap angular rotation. (Note that the term involving C ., o5 IS aways small compared to
the first two terms in Equation (3.1) and it is sufficient touse C ., in place of C,, og, See Section 7.1).
The method must not be used to obtain pitching moment increments due to extension without rotation of
at least one of the dlotted flap elements, since the values due to extension alone are critically dependent on
detailed geometry not accounted for in themethod. Asshownin Table 5.1, theminimum validated combined
flap deflection angle for double-slotted flapsis ‘Stlc" +8,,° = 20°.

The centre of incremental lift at zero angle of attack due to flap deployment, expressed as a fraction of the
basic aerofoil chord and referred to its quarter-chord position, is obtained from

—AC
h, = ——mo0 3.10
2 AC/y (c'lc) (310

32 Wing Pitching Moment Coefficient Increment AC, .0
For a wing a zero angle of attack the increment in pitching moment coefficient due to slotted flap
deployment is

AC = K¢ (Ko = KDAC 0 + Kia(Kyo — Ky )(AI2)AC/, (¢ C)tanAy,,  (3.11)

mtwo0

where A isthe wing aspect ratio, A4, isthe wing quarter-chord sweep angle, and ACLOt and AC .0
are now calculated from Equations (3.3) and (3.1), respectively, for the representative streamwise section
of the wing, taken at flap mid-span.

ESDU Copyright material. For current status contact ESDU.

Thepart-spanfactors K; and K, are obtained from Figure 8 asfunctions of wing taper ratio and theinboard
and outboard limits of the flap, n = n; and n,, respectively.

The flap-type correlation factors for double-slotted and triple-slotted flaps have been derived from the data
of Derivations 4, 9, 11, 12 and 14 to be

K; = 10 (3.12)

and Ky = 10. (3.13)

The part-span wing-sweep factors, K,; and K, ;, are obtained for slotted flaps from Figures 9ato 9f as
functions of the extended chord ratio, c’/c, and the inboard and outboard limits of the flap, n = n; and
M, respectively, for arange of values of wing taper ratio. Note that for all cases with afull-span flap or an
unswept quarter-chord line the second term in Equation (3.11) has avalue of zero.
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The data for K, given in Figures 9a to 9f for A =0, 0.1, 0.2, 0.4, 0.6 and 1 were obtained from
Derivation 20 for extended flapsin the form

_ =3+ 2_ a3 e _ _[o5_ _
N 4(1%”2){[0.57] 0.333(1-A)n J[(c Io)(1 p)+pJ [0.5 0.333(1 x)J p}, (3.14)

where A isthewing taper ratio

and p = (c/e)[n = 05(1 = 4)n?] , (3.15)
0.5(1+ X)) —[n —05(1 —A)n2](1-c’/c)

4. EFFECTSOF MACH NUMBER AND REYNOLDSNUMBER

41 Mach Number Effects
High local Mach numberswill occur at low free-stream Mach number as aresult of high angle deployment
of slotted flaps. Significant Mach number effectswill occur at free-stream Mach numbersgreater than about
0.2, at large values of 8,,°, 6,,° and §,5° and at progressively smaller values of these angles as Mach
number isincreased. None of the data considered for this Item was for a Mach number greater than 0.2.

4.2 Reynolds Number Effects
Vauesof AC, ;o @d AC, ..o &€ derived with an aerofail lift-curve slope, (a;), (obtained from Item
No. Wings 01.01.05), which is dependent on Reynolds number. For the data used in the derivation of this
Item no additional effect of Reynolds number on AC, .. .o or AC ..o Was found over the ranges of
Reynolds number shown in Tables 5.1 and 5.2.

5. APPLICABILITY AND ACCURACY

51 Applicability

511 Aerofails

ESDU Copyright material. For current status contact ESDU.

Themethod giveninthisltem for estimating the position of the centre of thelift increment and theincrement
in pitching moment coefficient at zero angle of attack due to deployment of atrailing-edge double-slotted
or triple-slotted flap applies only to aerofoils without the deployment of aleading-edge device.

Table 5.1 summarisesthe parameter ranges covered by the experimental data, obtained from Derivations 3,
5,6,7,8,10, 13, 17 and 18, correlated by Equations (3.5), (3.7) and (3.9).
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