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YAWING MOMENT COEFFICIENT FOR PLAIN AILERONS AT SUBSONIC SPEEDS

1. NOTATION AND UNITS (see Sketchl.1)
Sl British
A aspect ratio
b wing span m ft
C. lift coefficient of wing and flap system with ailerons
undeflectedL/l/szZS
AC; component of lift cefficient due to deployment of
trailing-edge flaps
C rolling moment coefficient due to ailerorﬁﬂl/szZSb
C, yawing moment cefficient due to aiIeIns,J'll/szZSb
Chi contribution toC, due to changes in induced drag
Cnp contribution toC, due to changes in profile drag
c;lc ratio of aileron chord aft of hinge line to local wing chord at
mid-span of aileron
F(n) function definingC,,; for ailerons that extend from  to wing
tip
G function in calculation ofC,; see Equatioii2.3)and Figure 1
H function in calculation ofC,; see Equatioii2.3)and Figure? deg! deg?
J; empirical factor for convertindC, ; into effective twist angle
in calculation ofC,; see Equati¢@.3). Taken as 18.0 degrees
degree degree
Js empiri_cal factor applied t6, in calculation Gf;,  see
Equation(2.3). Taken as 1.4
L lift N Ibf
g rolling moment, positive starboard wing down N m Ibf ft
LE' rolling moment derivative with respect &,9C,/9¢ for radt radt
ailerons that extend from  to wing tip
M Mach number
AN yawing moment, positive nose to starboard N m Ibf ft
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wing planform area M ft2
wing semispan m ft
free-stream velocity m/s ft/s

compressibility parametgrl — M 2)1/2

angle between chord line of aerofoil section and line joining

mid-thickness point at hinge line to trailing edge of undeflected

aileron, measured at mid-span of aileron in plane normal to

hinge line degree degree

geometric twist angle of wing tip relative to root chord, positive
leading-edge up degree degree

spanwise distance from wing ceedine as fraction of
semispan

value ofn at inboard limit of aileron at hinge line

value ofn at outboard limit of aileron at hinge line

(n; +ngy)/2

wing taper, ratio of tip chord to ceatline chord

sweepback of wing quarter-chord line degree degree

sweepback of wing half-chord line (needed in calculation of
LE') degree degree

sweepback of control hinge line degree degree

part-span factor in calculation ﬁfnp , see Figre

values ofy af; and, , respectively

(0]
aileron deflection angle measured in plane normal to hinge line,

arithmetic mean of deflection angles of port and starboard

ailerons, positive for starboard aileron down and port aileron

up, 1/z(E'p +&'.)/57.3 radian radian

deflection of port aileron measured in plane normal to hinge
line, positive trailing-edge up degree degree

deflection of starboard aileron, measured in plane normal to
hinge line, positive trailing-edge down degree degree

free-stream density of air ko® slug/f



88029

2.1

AA normal to hinge line
at mid- span of aileron

Mid-thickness point
Chord line m —_—
( AN

Part section on AA ™ Piane of hinge -line
normal to section chord

Sketch 1.1 Wing and aileron geometry

METHOD "

This Item presents a semi-empirical method for predicting the yawing moment coeffigient due to the
operation of plain sealed ailerons at subsonic free-stream Mach numbers when the flow over the wing is
wholly subsonic. The coefficient is treated as the sum of two compoignats, C, and . The firstis due to
the asymmetric changes in induced drag caused by aileron deflection, and the second is due to imbalanc
of the profile drag on the port and starboard wings. Thus theGgtal is

Cp=Cpi+Cpp- (2.2)
Induced Drag Contribution

Theoretical considerations of the interaction of the symmetric wing loading due to angle of attack and the
antisymmetric loading due to equally deflected ailererms éee Derivations and6), show that for a plane

wing C,; is proportional to the product of the wing lift coefficiet and the aileron rolling moment
coefficientC, (= L..&') . Derivaibn 6 goes on to show that if the ailerom® deflected unequally, so that

&', >¢&' say, thenzthe appropriate symmetrical loading is for the wing with both ailerons raised by an angle
%Fé'p—é's] . The change i'C,; depends on the consequent reduction in lift and is obtained theoretically
as a contribution that is proportional @ , Vz[E'p—E'S] , and 1@ a very good approximation. Other
terms are necessary to account for any geometric twist of the wing and any deployment of trailing-edge
flaps inboard of the ailerons. These considerations er@hle for ailerons extending from, to be

*  AFORTRAN computer program is available for the method of this Item and that of N0.88013 as ESDUpac A8840, see Item No. 88040
for details.
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2.2

expressed in the following form, which has been found to provide an excellent qualitative model,

Cpi = F(n)—F(ny), (2.2)
where F(n)= —GCLLE,E'+%(%[E'p—é's]cosAh—JééﬁJf ACLf)LE,E' . (2.3)
For the particular case of ailerons that extend to the wingtjss 1 F(1),=0 agg;soF(n;)

The functionG has been determined empirically from wind-tunnel data (Derivatida830) for the rate

of change Oani/(_LE'E') withC, , the lift coefficient of theing and flap system with ailerons
undeflected. Figureda 1b andl1c presentG plotted against/BA and fok=1.0 , 0.5 and 0.2,
respectively; a cross plot agaidst must be made to oBtainintermediate values &f . The carpets are
comparable in form to the low-speed theoretical results of Derivaiiansl6, but their empirical nature
results in some modest adjustments. In particular there is a somewhat fastasel@t with decreasing

A for wings of moderate or high aspect ratio. An allowance for compressifiidgts has been made by
the introduction of the reduced aspect rdbia, in plack of

The rolling moment derivative.,  for ailerons that extend frpm  to the wing tip can be calculated by the
method of Item No. 88013 (Derivatiah or experimental values may be substituted if they are available.
Note thatlL., , is defined per radian and that is correspondingly in radians. The other angles in Equation
(2.3) are in degrees.

The theoretical functiond is given in Figure2 in terms ofA and) , and has been reproduced from
Derivation6. The anglel/z[E'p—E'S] cog\,, allows for unequal (differential) operation of the ailerons
measured in a streamwise plane. The influence of geometric twist is taken as the product of an empirical
factorJs and the relative tip to root twist . Téféect of flap deployment is modelled as an dffetwist

equal to the product of an empirically determined fadtor ~ and the component of theffittieot due

to the flapsAC, ; . Comparisons with experimental data (Derivagarts 30) showed that no empirical
modification of the functiotd was necessary and that for a sufficient accuracy of giedig; could be
takenas 1.4 and, as 18.0 degrees. General valdgs of J; and  have been left in Ey8pdi®an aid

to modelling experimental data. The terms that invdlvare influenced by compressibility effects only
through any changes LQ , A, ¢

The component o€, that depends @p acts in an adverse manner in that it opposes the direction of
the turn expected to accompany the roll produced by the ailerons. For a given aileron rolling moment the
remaining terms give constant increments in the opposite sense if the ailerons are trailing-edge up relative
to the inboard part of the wing. Thus at constanta greater deflection of the up-going aileron, root-to-tip
washout, or flap deployment all provide favourable contributions that will reduce and may overcome the
adverse yawing moment. Conversely, if the ailerarstrailing-edgelown the adverse yawing moment

will increase.

Profile Drag Contribution

The profile drag contributioﬁ:nIO is estimated by using the method given in Item No. 87024 (Deryation

for estimating the drag coefficient increment due to full-span plain flaps at constant lift, together with a
part-span factor from Item No. Aero F.02.01.07 (Derivatipio allow for the limited extent of the ailerons,

and then taking a moment ams  on the assumption that the drag acts at the mid-span of the ailerons. The
data in Item No. 87024 are provided with convenient mathematical expressions and, with some
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rearrangemerihto a general form for small aileron deflections, this aII@Hfj to be written

) 1S 2, O : 2 " s
Cop = (I —Ho)7 7 cOsA, cos Ahg{l—[0.0SV cos/ ] [ £ HD 573 O

~ , 2r, . 18]y — &t O
{1—[0.05y cosA ] [1+ E'pﬂm =30 %. (2.4)

The part-span factqu is given in Figl8@s a function oy and y; ang, are the valueg of that
apply atn; andy, respectively. In Equati@h4), c;/c is the ratio of aileron chord to local wing chord

at the mid-span of the aileron. All angles are in degrees. The expressions that M@Bj/e allow for the
the fact that the profile drag of the up-going aileron is reduced by any aft camber of the wing, see Item No.
87024. The anglg’ is measured at the mid-span of the aileron. The method in Item No. 87024 makes no
allowance for the effects of compressibility, but this simplification is unlikely to introduceceptable

errors in the estiman of C,, .

For wings withy' = 0 and equal deflection of the ailerons the changes in profile drag on the port and
starboard wingsire equal andC,, =0 .If =0 and the up-going aileron is deflected more than the
down-going aileronthe@_  provides a small favourable yawing momeht. If  isincreased in this situation
Cnp first decreases in mgaitude and then changes sign to give an adverse yawing moment.

ACCURACY AND APPLICABILITY
Accuracy

Comparisons with the experlmental data of Derivatibtes30 suggest that &, = 0, C/&’ is predicted

to within about+0.003rad™> for wings with no flaps deployed. This provides a measure of tha@ccu

of prediction of the combined contributions from unequal aileron deflection, wing geometric twist and
changes in profile drag. It will also reflect any effect of distortion of the wing loading due to the presence
of a fuselage or any engine nacelles. The funcBqmedicts the rate of change @R/(—LE,E') with to

within aboutt0.02. The scatter encoergd in the determimian of J5; was about0.4 and fak it was
about+2.5 degrees.

Applicability

For ailerons that extend to near the wing tjg,> 0.9 , T8hléndicates according to the range of aspect

ratio the combinations of geometric parameters over which the method has been tested against experimente
data. Geometric twist angles inthe rar@é < o, < 0 were covered. Data for wings with flaps deployed
were sudied for wings withA = 5 and flaps that extended from close to the fuselage side to near the
inboard end of the ailerons with flap lift coefficient components in the rangeAC (< 1.4 .Only a small
number of experimental data were available for inboard aileronsnyid0.5 , but satisfactory estimates
wereobtained in those cases. The method should be used only for plain ailerons that are sealed or have s
small a control gap that they are effectively sealed.

The method applies directly to straight-tapered wings. Its use may be extended to wings with other
planforms, e.g. cranked wings, by first employing the geometric techniques in Appendix A of Item No.
76003 (Derivatior?) to construct an “equivalent” straight-tapered wing to provide suitably representative
values ofA, A, A,, andA,, .

The method will apply over the part of the lift curve whée increases linearly with angle of attack.
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When predictingC,;  some allowance for a loss of corffeldiveness at high angles of aileron deflection
can be made by substituting experimental valués of in Equitid) but the method will become less
reliable and must be used with caution & 15° . If only theoretical estimaﬂe§ of are available the
method should not be used ©'r> 15°

Virtually all of the experimental data used to verify the method were from tests at low speeds. Although it
has not been possible to assess the accuracy thoroughly, comparisons with the few test cases that wel
available at high subsonic speeds suggest that acceptable estimates can be expected provided the flow ov
the wing remains wholly subsonic.

TABLE 3.1
Parameter Range Range Range
A 2104 5t09 10to 12
A 0.5t01 0.3to1 0.4t01
N1y, 0 to 45° 0 to 25° Oto5°
n; 0t0 0.8 06t008 | 0.6t00.7

A single set of data was available for= 0.2 A= 3 andA,, = 37° from Derivatio@0. Those tests were conducted at high
subsonic speeddM=0.8)  but supported the supposition made when constructing the cafbest fibre effect of taper was
small for wings of low aspect ratio.

ForA=6,A =1 and/\l/2 =0 one set of data covered the rangg of from 0 to 0.8.

DERIVATION

The Derivation lists selected sources that have assisted in the preparation of this Item.

ESDU Items
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Iltem No. 76003, ESDU International, January 1976.

3. ESDU Low-speed drag coefficient increment at constant lift due to full-span
plain flaps. Item No. 87024, ESDU International, November 1987.

4, ESDU Rolling moment derivativd,; , for plain ailerons at subsonic speeds.

Iltem No. 88013, ESDU International, August 1988.
Theoretical Studies

5. PEARSON, H.A. Theoretical span loading and moments of tapered wings produced by

aileron deflection. NACA tech. Note 589, 1935.
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5. EXAMPLE

Find the yawing moment coefficient as a function of liefiwient for the plain sealed ailerons of the wing
shown in Sketchb.1 for a Mach number of 0.4. The port aileron is deflected 11.0° up and the starboard
aileron 9.0° down. Also determine th#fect of deployment of trhing-edge flaps inboard of the ailerons

to give a lift coefficient componetC ;  of 0.6.

Geometric parameters for wing
E'p = +11.0 A =60
gy = +9.00 A =05
y = 3.0° n; = 0.70
N, = 342 N, = 0.95
N, = 29.7 n = 0.825
o = 20 ci/c= 0.25

AA’ normal to hinge line
at mid-span of aileron

0-95s A
]

Planform geometry

Mid~-thickness point
y'=30°

Chord line f - —_—

Part section on A4’ ™ Piane of hinge - line

normal to section chord

Sketch 5.1
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(i) Calculation of induced drag component gf @r wing without flap deployment

The Mach number is 0.4 sp = (1-M?)*2 = (1-0.4%)"2 = 0.917
From Figurelb for A = 0.5 with 1/BA = 1/(0.917x 6.0 = 0.182 andn, = 0.7 G =0.212.

(For a general value @f it is necessary to cross plot between Figuddsandlc as in Sketcltb.2)

03
0-2 ]
G /
3
0-1
o 1
0-2 06 I-0
A
Sketch 5.2

From Figure2, for A = 0.5 andn = 0.7 H =0.0829 ded.

The wing in Sketctb.1 has the same planform geometry and ailerons as that used in the worked example
of Item No. 88013 where the Mach number is also 0.4. If the same section properties, and Reynolds numbel
are dso assumed then the predicted rolling moment derivative for ailerons that exteng frdv to the
wing tip is Lg, = -0.103ad™L.

The aileron mean deflection angﬂéisl/z(é'p +&.)/57.3 = (11 +9)/57.3 = 0.175 radians.

Substitution of the values calculated above into Equdid) with J5 = 1.4 andAC ; = 0 gives

H
F(0.7) = —GC Ly & + Z(%[&', — & Jcosh, — Jg8) Ly &

0-2%29(1/2[11 ~ 9]c0829.7° — 1.4 x (~2))(-0.103% 0.175

~0.212C, (-0.103% 0.175 +

0.0038Z, — 0.00091

A similar calculation for ailerons that extend fraqn= 0.95  to the wing tip, @d@th 0.255H = 0.079
deg?, andLg = -0.009 radl, gives

F(0.95 = 0.00040C, — 0.00008

So for the ailerons of this example which extend fipm 0.7 nte 0.95 , EQu&i@hgives

C F(0.7) — F(0.95)

ni

0.0034ZZ, - 0.00083

10
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(i) Calculation of induced drag component gf @ith flap deployment

If trailing-edge flaps are deployed then from Equat{@s3) with J; = 18.0 degrees the additional

contribution toF(0.7) is

H , _ 0.0829
Z(‘]fACLf)LE’E =

SO

W(lS.OACLf)(—O.lO?)X 0.173 = -0.0044&C, ;,
F(0.7) = 0.0038Z, — 0.00091- 0.0044&C, ; .

Similarly, the additional contribution to F(0.95), with = 0.079 deg! and Lg: = —0.009 rad?, is

~0.0003%C ¢, SO

F(0.95 = 0.0004(@C, —0.00008-0.0003AC, ;.

Therefore with flaps deployed

C

F(0.7) — F(0.95)

ni

which forACl_f = 0.6 becomes

C

ni

0.0034ZC, - 0.00330

(iii) Calculation of profile drag component of,C

0.0034Z, —0.00083- 0.0041AC, ¢,

0.0034ZL, — 0.00083— 0.0041x 0.6

From Figure3for A = 0.5, u = y; = 0.220 forn =n; = 0.7, andu = pu, = 0.035 fom =n, = 0.95 .

Substitution in Equatio(®.4) gives

" C

f 2, U '
Chp = (1 _po)%zcos/\%cos Ah%{l—[0.0B,/ cosA]?[1 -

s
s

A s
0573 O

|

—|1-[0.05y cosA]2[1 + 'p] p ALY s
' h &, J0 5730 7
= (0.220- o.osso'jzsx 0.25 x c0s34.2 005229.7%[1— [ 0.05% 3.@0s 2972[1 — %}]
D .
8.0+ 9.07 5. . 1110 98.0- 11.020
x —[1-10.05% 3.@c0s 29.7]2[1 +
0 573 O [1-1 0s 29.71° 11.0]]D 573 O [
2.0 8.020
= 000595 1-[ 0.1377[0] | 220 _ 1 _[0.13q2[2] | =20
%[ [ 0301|757 - [1 - [0-130%12) | ]

0.00595x 0.0250
0.00015

11
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(iv) Calculation of total G

The results of step$)(to (i) are added to give the total yawing moment coefficient. If trailing-edge flaps
are not dployed

Ch = ChitCpp

0.0034Z, —0.00083 + 0.00015

0.0034Z, — 0.00068,
ie. C /&

n

C4/0.175 = 0.0196, — 0.0039 rad"
If trailing-edge flaps are deployed then
Cn = Cpi +Cpp

0.0034Z, —0.00330 + 0.00015

0.0034Z, —0.00315,

ie C /&

. 0.019%, —0.0180rad™ .

Sketch5.3shows the results plotted in the fo@g/é'rad’l agaBstthe total lift coefficient of the wing
and flap system.

Calculoted values of C, /€'

Adverse
0-02
C -
e—,nrod ! /
/ Flops depy
0 1 (AC 4:0:6)
//
-0-01
0 0-2 04 0-6 08 1-0 -2 -4 -6
Favourgble CL
Sketch 5.3

12
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