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I SUMMARY

Induced drag has o significant impact on the per-
Formance of Tight vehicles. Ha considerable amount
of the airhorne time is spent in mancuvering Tight,
optimization ot vehicle performance  requires the
minimization of drag associated with mancuvering. In
this study only the inerement in induced drag due to

aireradl lateral control and lateral control induced

adverse vaw  is analvzed  theorctically, using  an
induced drag minimizing three-dimensional potential
flow computer program. The eflects of varying single-
scgment aileron span and employment of double-
seemment ailerons with an optimum combination of
outhouard control surlace deflection
angles and the merits of dilferentiating the upward
and downward aileron deflection angles are investi-

inboard  and

wated. The influence ol wing induced sidewash onto
the vertical tail induced drag due to aireraft yaw trim
sideforees is accounted for. The optimum size of con-
ventional ailerons is found to be in the order of 700
semispan. Double-scgment aileron systems exhibit a
slightly They also
require smaller control deflection angles and. there-

lower induced drag increment.

tore. should yicld additional reductions in viscous
profile drag,

2O INTRODUCTION

The straight line glide performance of sailplanes
has been improved dramatically over the past 15
vears and seems now to come close to the theoreticul
limits, at least in the case of standard class gliders.
However, during a typical cross-country  [light, a
glider spends a significant fraction of the airborne
time in mancuvering or circling fight. Therefore. high
cross-country traveling speed is the product of both
the glide performance and the thermalling capabilities
of the sailplane. The process ol finding and centering
thermals involves o good deal of mancuvering flight.
In the quest tor maximum glide performance and a
low rale ol sink during circling [light, muany designers
have neglected to consider the airplane handling char-
acteristics and the drag due 1o control dellections
during transient flight conditions. Thus. further per-
fonmance improvements can he expected from
aptimization ol sailpline maneuvering characteristics.
Many eliders cquipped with flaps droop the ailerons
in conjunction with the tlaps for slow Mlight. Tmmedi-

ately the question arises whether there are merits in
ulilizing dilterential dellections of the aps to aid in
the lateral control of the aircralt.

This paper theoretically analyzes lor an elliptic
wing ol the aspect ratio 200 parameters representative
for Sailplane configurations—the induced drag ncre-
ments in potential flow due to lateral control. The
following points will be addressed:

e Filect of the ratio of aileron span to wing span for
conventional single-aileron systems

@ l'ftect of using aileron and inboard tap deflections
lor roll control

@ lttecl ol differentiation of the amount ol upward
and downward Nap travel on induced drag and the
induced adverse vawing moment

e Drag due to vertical tail side load for yaw trim

ALYSIS

Viscous clfects were not included in this analysis,
although ihe profile drag increments due to control
dellection angles may be as large or even larger than
the induced drag increment. The potential flow analy-
ses were performed with o three-dimensional vortex
lattice compuler program. This program is capable off
minimizing the induced drag of an arbitrury acro-
dynamic configuration while satislying a sct ol con-
straint conditions such as prescribed lift, sideforee. or
moments. At the same time. the program determines
the wing anele ol attack and control deflections
required  to achieve these  optimum conditions.
Details on this method are described in reference 1.

FFor the potential flow analysis. the following
asswmplions were made:

@ OQuasi-steady-staie aserodvnamics can be applied

@ No rollup of the tiling vorticity shed by lilting
surfaces

e Onlyv one degree of freedom of motion (roll)

® Rigid airplane

3 Generad Remarkys on e Aerodinamics of Roll
Condral
Figure | explains the coordinate system and most
ol the symbols used in the present analysis. The roll-
ing monment and vawing moment cocfficients (CpMy.
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CM,) as vell as the roll- and yaw-damping coeffi-
cients in this report have been nondimensionalized
with the aivcraft span (b) rather than the half span (s)
used in most of the literature.

Fig. 1. Coordinate System and Nomenclature

The forces and moments acting on an aircraft arc
most casily explained by considering the two limiting
cases.

At the beginning of the maneuver, there is only the
static rolling moment (Cqu] acting on the wing, but
the rate ol roll (wx) is zero. This condition is
depicted in figure 2. The trailing vortices shed by the
wing antisymmetric load distribution are seen to
induce upwash (W) at the left side of the wing and
downwash at the right side. In addition, sidewash (V)
is induced, which points away from the direction of
the intended turn.

~— INDUCED
DOWNWASH W

— INDUCED
SIDEWASH

Fig. 2. Rolling Moment Cyy  and Induced Velocities Due to
; : Hxo
Aileron Deflection

Figure 3 shows the load distribution for the other
limiting case, where the ailerons are not deflected but
the wing is rotating al the rate wy. The load distribu-
tion generaled by the rotation of the wing creates a
rolling moment (—CMX), which counteracts the rolling
motion. This rolling moment is referred to as roll
damping moment (B(Tfoawx) and depends only on
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the shape of the wing planform. The velocities
induced by the rolling motion are scen to have two
different sources: the rigid body motion due to Wy
and the velocities induced by the roll-generated span-
wise load distribution.

5 ¥, SIDEWASH DUE TO RIGID
i ; BODY MOTION AND DUE
TO TRAILING VORTICES

VELOCITY DUETO
RIGID BADY MOTION T
-~ INDUGED DOWNWASH
Fig. 3. Roll Damping Moment C MrD”‘E' to Wing

Rolf Rate e, '

A steady-state rate of roll 1s obtained when the
static rolling moment (CMy ) of figure 2 is canceled
by the roll damping moment in figure 3. In both fig-
ures 2 and 3, the left side of the wing is seen to pre-
dominantly experience induced upwash velocities
while the right side experiences downwash. This con-
dition is sketehed in figure 4. The change in the direc-
tion of the relative wind causes the lift vector on the
left wing to be tilted forward and backward on the
right wing. The resulting thrust drag couple causes the
induced (adverse) yawing moment due to roll. For a
given roll rate, the adverse yawing moment is directly
proportional to the wing lift coefficient.

>
DOWNWASH

7
o -um'/_r/\

¥ UPWASH
b o
Note: Only the downwash due to
e b the antisymmetric load distribution

15 showrn,

Fig. 4. Roll Induced Yawing Moment

3.2 Minimum Induced Drag Antisvmmetric Load
Distribution

The spanwise load distribution that yields the mini-
mum amount of induced drag for a given wing static
rolling moment (C'MXO} is shown in figure 5. For an
elliptic wing, this implies a linear variation of the sec-
tion local lift coefficient (Cﬂ) between the two wing-
tips. Such a load distribution is achieved by a linear
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o8 - 04 == T = counteracting rolling moment is of the magnitude
s ] SECTION LIFT COEFFICIENT g -
olo g | 0.3 | by (Mx—i.g"?w‘\.
= R " . f . ~
' | o While lincar wing warping is not a practical means
= 4 = 0.2 - . 4 i i
Z S ol roll control Tor present aircrall construction tech-
i S . . . L
s 2 ‘ ‘” 0.1 niques. this optimum condition can be used as a yard-
w = . .
e ooek g ol stick to compare the merits of other more practical
o S . . .
[z} ?] - solutions tor aircralt roll control. In the subsequent
= o - -0, L .
= I3 analyses. it will be assumed that the control surtaces
; S g2- s . . ) -~
z 4 502 are rigid and that the control surface chord length is a
£ .8 ‘ 0.3‘ constant traction ol the focal wing chord length.
@ |
-8 ~0.4 = biec I | 0.008 g :
=1 -05 o , 95 1 | ACCELERATED ROLL— AT QERILL,
2y J ED ROL x=0.
SPANWISE STATION, ' 0.006 - ST#LPTLCTWWG
e e N~ . OPTIMUM
Fig. 5. Minmmn Induced Drag Load Distribution on an Ellip- 0.004 | TWIST
tic Wing for a Given Rolling Momeni (Lincar Wing Twist RAG 1_ ASPECT RATIO 20
i 0.002 :
Distribution) INCREMENT, [ S
atp, o
twist distribution rom the wingrool to the wingtip.
. . ” 4 5 -0.002 e - 2
Fhe loud distribution due to roll damping is shown ACn, < 20w on + 05150
in fizure 6. The curves of figures 5 and o are similar, -0.004 -
* - : T W : ~— DECELERATED ROLL
except for a scale lactor. This vields the obvious -0.006 -] . 1
result that the incremental induced drag of an clliptic .08 -0.0d 0 0.04 008
S . ) : B ] ., ; ROLLING MOMENT, Cy,,
wing in steadv-state roll (€ My O} is g minimum (in
fact 0) when it has o linear twist distribution. Then Fig. 7 Induced Drag incremenr Duc to Roll Rate w, and
the load  distributions due to the static rolling Reditng Moment Cyg for an Filiptic Wing With Optinem
M,

moment (CMy ) and due to roll damping cancel cach
other., and only the basic clliptic load distribution of
steady-state Tevel Tight remains,

{Linear) Twist Distribution

A3 Rall Control With Ouithoard Ailerons

B a3 —
Gi= Most aircratt are equipped with ailerons extending
'_.1 = 92 | from a spanwise station (s)) to the wingtip. Figure 8
g 2 U..fm shows, lor a given static rolling moment (('Mxni. the
- 15 SECTION LIFT antisymmetric spanwise load distributions for such
g o :cj o CoRfiEn aileron arrangements. For compurison the ideal load
% _? g_m AR =20 3 distribution lor a twisted \‘HI]‘IIEL‘ wn,g_h:ls been
z 9 M added. FFigure 9 shows the spanwise variation of the
Eo4l oze | TR | - section HIU coelficient tor the same conditions. The
@ 5 oa maximum  incremental  section Lift  coetticient

E 0. o ne 10 " - o v b 3 ' . i
10 5 5 98 required Tor a given static rolling moment (Cpy )

SEANWISERTATION: 5 decreases rapidly with increasing span of the aileron.
Fig. 6. Load Distribution Due 1o Roll on an Elliptic Wing
(Roll Daviping)} 04— —— ————
[OUTBOARD AILERONS
5 = ; : ONLY
Figure 7 shows the induced drag increment due to _ ==
coll as o Tunction of the wing rolling moment, During 0.3+
the steady-state condition (Cyy = 0), the drag inere-
. - : LOCAL
ment is seen to be zero and independent ot the roll LOAD,
rate. The drag increment for the elliptic wing of Ci‘-r‘_':
. . . i b G
aspect ratio 20 0s approximated by the expression e
0.1
hl
AT e 3 o B R (1)
ACp; =20y @y +0515 0y __OPTIMUM TWISTED
X X .
FOIL
; : % e T e 1.0
It s interesting to note that there is an optimum way SPANWISE STATION, zt_}r :
to reduce the rate ol roll and that, in facl, some for-
ward thrust can be obtained. Differentiating equation Fie. 8. Aptisvimnerric Load Distribution About an Flfiptic
(1) with respect to ('_\,1\ indicates that the optimum Wing With Part-Span Ailcrons of Constant Chord Ratio for
roll deceleration is achieved when at every instant the o Prescribed Wing Roliing Moment

17




TECHNICAL SOARING, VOL. V, NO. 4

1
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SECTION B
LIFT
COEFFICIENT,
C; ICMyy a-
2t ——— OPTIMUM TWISTED
i FOHL
a1 i = 1 ——
a 05 10
o SPANWISE STAH()N.‘;T
Fig. W Incremental Section Lift Coefficient for an Ellipric

Wing With Part-Span Ailerons of Constant Chord Ratio for
a Prescribed Wing Rolling Moment

Therefore. large-spun ailerons should provide better
control power at low speeds when the wing operafes
close tostall. In both figures 8 and 9. ailerons starting
at approximately 30% wing semispan scem to yield
conditions closest to the theoretically best lincar
twist distribution. This will be discussed further in
the next paragraphs.

S Roll Control With Aileron and Inboard Flap
Deflection

An additional degree ol Ireedom is introduced if

both the ailerons and the inboard flaps can be
deflected to create a prescribed static rolling moment.
The condition that the induced drag due to the roll-
ing moment must be a minimum yiclds the optimum
detlection schedule Tor the inboard and outboard
ailerons. The resulting optimum spanwise load distri-
butions and local section lift coellicient variation are
shown in figures 10 and |1, Compared to the single-
alleron-only configurations, the two-scgment aileron
approximates much better the ideal optimum condi-
tions; therclore, drag increments can be
expected.

lower

0.4 S — ;
J INDEPENDENT INBOARD i '
AND QUTBOARD AILERONS |
03 ° )
0?"\ 0_4?.
LOCAL oY *
oAb, | %8
Cp'C 0.2
bCMyo
0.1
———— OPTIMUM TWISTED
FOIL
L 1 A 1
00 0.5 1.0
SPANWISE STATION, 2Y

b

Fig, 100 Mininmon lnduced Drag Antisymmetric Load Distri-

bution About an Elliptic W.. g With Constant Chord Ratio

Ailerons for a Preseribed Wing Rolling Moment
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T OPTIMUM TWISTED
FOHL

i L 0 1
[¢] 05 10

SPANWISE STATION, ‘%'
Fig. 11, Minimum Induced Drag Incremental Section Lift
Cogfficient foran Ellipric Wing With Constant Chord Ruatio
Ailerons at a Preseribed Wing Rolling Moment

3.3 Flap Deflection Angles Required

Ruather than presenting the actual flap deflection
the load distributions
described in the previous paragraph. the change in
wing section angle of zero Lift will be given. With the
aid of figure 12, the angle ol zero Lift change can be
transluted into the ecquivalent fap dellection angle,
depending on the lap chord to section chord ratio
(C/C). Contrary Lo the viscous drag, the induced drag
is independent of the flap chord ratio selected.

[t should be noted that for minimum induced drag
in the case of an elliptic wing, cqually large positive
and negative flap dellection angles are required. Vis-
cous cliects, however, in general limit the allowable
downward aileron travel. The induced drag penalty
associated with lap-up and flap-down travel differ-
entiation will be discussed later in this paper. Section
viscous drag increases rapidly at high lap angles,
which therefore must be avoided. Figure 13 shows,
for a given static rolling moment (CMy o), the
required change in wing section angle of zero lift as a
function of spanwise location (s|) of the inboard
end of the outboard ailerons. Compared to a full-span
gileron (s = 0), a typical single aileron starting at

angles required  to achicve

1.0 I —
09 |
08
CHANGE IN 07
FOIL ANGLE 0.6
OF ZERO LIFT, ]
ﬂan 05 -
M)g - c__%:- c
R
0.3
02

0.1

) S TR [ N R (T Pl g -}
0 01020304 0506 0.7 08 0910
FLAP CHORD RATIO, Cy/C

Fig. 12, Change in Foil Section Angle of Zero Lift as a Func-
tion of the Flap Chord Ratio (Thin Airfoi Theory)




st~ 0,60 requires newrly twice the deflection angle
In the
detlections ol the inboard fhap puanel are relatively

case ol a o seamented aileron, the optimuom

small, The jump in detlection angle between the
mhoard and outboard aileron is nearly independent
ol the spanwise focation ol the hreakpoint. Compured
to the simegle aileron concept. there is o signiticant
reduction - the  outhoard  aileron  detlections
required. Therelfore, independent ol the mdoced drag
characteristics, noticeable reductions i viscous drag
due to control surface dellection can be expected

from the use of scemented atlerons.

UTB2ARD

2.0 AlLFHONS

L7 opTimum

CHANGE 1IN
COMBINATION
Ik

SECTION
LOCAL ANGLE

OFf ZEROLIFT U INBOARD AMD

: OUTHOARD
it G g ; AILERCONS
{RADIANS) e

v
w"?-\' = }OT‘\“\
W ASPECT HATIO 20
(’,"/ '_'—'|
L
0 &
i 05 1.0

2%
SPANWISE LOCAT!ION OF AILERON BRFAKPOINT. %

Fig 130 Change i Aderon Scetion: Angle of Zero Lift
Regudred for Rodl Control of an Elliptie Wing

a0 Induced Dreag Die to Lateral Control

Ihe wing indouced drag increment due to lateral
control inputs s in the case ol an elliplic wing.
mdependent of the wing it coelficient. When the
spanwise load distribution generating the static rolling
moment (Cafy ) has net been the result of a lincar
twist distribution, the load distribution due to roll
damping will still cancel the rolting moment (Cy\ )
but once the steadv=state rate ol roll has been
reached. there will remain o residual spanwise load
distribution due to the control dellection, This Touad
distribution causes induced drag that. Tor a given con-
higuration. is proportional 1o the square ol the roll
rale (v b The induced drag merement doe to roll
control is described by the cquation

hl 3
- s

AC=8) O Bt RILH t K3, =

Pigure T4 presents the values for the constants Ky

through Ky as o function ol the spanwise location of

the aileron breakpoint (sp). The induced drag mere-
ment i seen to be o minimum when spois located ot
approximately 0% span in the case ol single aileron
control, while in the case ol double=ssepment ailerons
the optimum is reached Tor sy = 045, There seems 1o
e no striking drog difference between the optimum
span single-clement aileron and the double-seanented
counterpart. However. the drag penalty [or short-spuan

TECHNICAL SOARING, VOL. V, NO. 4

singlessegment ailerons, as they are commonly used in
most airerafl, s more signilicant,

== OPTIMUM COMBINATION OF INBOARD AND OUTBOARD AILERONS
—— QUTBOARD AILERONS ONLY . -

267 13C0, = Kq Cmy wx * K2 O + Ky of
241 | D20 4
K1 21 |
s
2.2+ "/ -2 |
S e
2.0 o .
> IDEALLY IBEALLY
10° TWISTED 3 e TWISTED,
WING | wwu},
K2 078 P 005 - -~
\/ - -
= __—"’, ~T
05, . i g . i
a 05 10 0 0s 10

SPANWISE LOCATION OF AILERON

SPANWISE LOCATION OF AILERON
BREAKPOINT, zt‘j‘

BREAKPOINT, 7;'

Fie. 14, Induced Drag Increment for an Fllipiie Wing of the
Aspect Razio 20 Due vo Laieral Congrol Inprs With Con-
stant Clrondd Ration Ailerons

A0 cbiadvsis of the Rolling Maotion

Ihe tollowing analysis provides some msight into
the relative signilicance ol the various drag terms in
cuation t2) The time dependent rolling motion ol
an aireralt, neglecting effects of virtual mass, can be

deseribed by the tollowing  differential  equation
(rel. )
3¢
N dp _ 0C iy I .
=t dt T M, T B, un P W
N - A L8 LD Sl o
0.5puzbhA xQ X oG

\ J - — 7
v
slulic roll damping

rolling

roll aeeeleration
inertia moment
(=0 at steady

moment
nmoment

rofl )

where

by = im'rIiu1 ol the aireratt about the roll axis
[ kg mi=|

o = density ol the air | ke m= |

b = wingspun [m]

A= wing area | - |

PT Dleawy /b = aireralt rate ol roll | see !

U, =  speed of the aireralt [m see ) |

Fieure 15 presents o mmnerical solution ol cqua-
Lion (30 Tor o typaeal standard class glider, assuming
that o maximum nondimensional roll rate of wy =
0.07, a value representative for many aircralt, can be
altained,
so that after 003 see the maximum statice rolling
moment (Cyy, = 0.044) was uchiceved, To stop the

roll. the controls were assumed to be returned to the

I'he ailerons were assumed to be detlected

neutral position also within 0.3 sec. The statie rolling
moment was dassuned 1o he generated by optimum
lincar twist or by differentially  dellecred
ailerons (s = 0.63). respectively. Data Irom the previ-

wing
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ous paragraphs were used to caleulate the induced
drag increment. During the roll acceleration time of
approxonately 08 sec. the ideally twisted wing is
seen Lo expericnce an incremental indoced  drag,
which is purtly related to the work stored in the roll
niomentum ol the aireratt,. Alter the acceleration
phase. o steady rate of roll s muintained with zero
induced  drag increment. During  the  deceleration
phase, part of the energy stored in the rolling mass is
recuperated in the form of negative indoced drag.
The aircraft with part-span ailerons shows basically
the sume characteristivcs, hut the drag levels are
higher, and, most signiticantly. there is g constant
amount of incremental induced drag during the lime

o
2 o
= Ex 0. | AR 20
é ) | b 15m
o OmsE a4 | e U, = 20 mis
P == ?T ”“”r"”‘“ . 1, - 1800 kg m?
=L 5, A0 L ING MOTION
E;,_—_ 0n¢ . . B NE— .
i =) DLUTBROARD i = .
GE AILERON AT s
n.00a- AILEF i L B
AR e = o1 f
o o0z | . i b
wl ootk frNG £ g/ :
DA 1] o i g 0.2 |
; A Z 0.2 :
32 l IDEALLY J|| | 2 4 |
= pnol TWISTED | = s ig !
s | WING s . =
. A =l o e T,
0 051015 0 0% 10 TF 0 ah 10 0oL 10
ROLL ROLL RO ROLL
ACCELERATION DECELERATION ACCELERATION DECELERATION
TIME TIME TIME TIME
(SECONDS| {SECONDS) I5E COM S ISECONDE)

Fig. 15, Roll Characreristics of an Elliptic Weare Tvpical for o
Stanrdard Class Glider at Sea Lovel

period ol steady roll. Assuming that the aireraft is

going Lo change its lateral attitwde by 90 degrees,

about SO% of the mancuvering time is spent in

steady-state roll. and the drag experienced during
steady-state roll hecomes the most signiticant factor.

S8 Eifect of Ailevon Differentiation

Generally  the downward  travel ol ailerons s
smaller than the upward deflections. This differentia
tion ol the detlection angles is necessary to avoid vis-
cous flow sepuration at the wing hull with downward
dellected ailerons, Adleron differentiation also affects
the roll mduced adverse yawing on the wing, This
roll-vaw coupling has a pronounced influence on the
handling characteristics, The yvawing moments are
caused by spanwise variation ot profile drag and
induced drag. Only the induced drag reluted problems
will be addressed in this paper.

Aol Effees of Aileron Ditferentiation on Drag

11 the buasic wing [T distribution is elliptic, dilfer-
entiation ol the aileron  deflections  will  always
imcrease the incremental induced drag due 1o roll con-
trol. An upper limit of the induced drag penalty s
obtained analyzing the case where only upward
atleron deflections are allowed (8 ggwnibyp = 0). Fie-
ures 1o and 17 show the induced drag constants Ko

20

and K3 for these limiting cases. The constant K| was
not determined because it is signilicant only during
the briel roll acceleration and deceleration period.
There s a signiticant drag penalty for the unusually
large aileron differentiation ratio of 8gown/dup = 0.

|

1.5 |

OUTBOARD |
/7 AILERONS

/ |

INBOARD)

0
05 AND OUTBCARD |
AILERONS |

| |
0 02 04 06 08 10
SPANWISE LOCATION OF AILERON BREAKPOINT, 2;',‘
Fig. 1o Effecs of Aileron Differcutiation on tnduced Drag of
an Ellipeie Wi af a Constant Static Rolling Moment

na ! 5
1~ AILERON GEARING
p i h
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0.25 | CJ!F oMLY
5 !
0 7 1
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‘ o1 7 4, = Ky wy
7
01 "
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(1.0 AND DUTBOARD
A 0 AILERONS
[} } :
a 0.5 1.0

oy
SPANWISE LOCATION OF AILERON BRF AKPOINT, e

g 170 Ftiecr of Aileron Differentiation on ludiuced Drag of
an Ellipeic Wing ar Steadv Raie of Rolf

Figure 18 shows the induced drag constants K2 and
cron differential gearing

K3 as o Tunction ol the ai
penalty is seen to be small Tor gearing
up = 050 Differentiation of full-span

ratio. The drag

ratios Sown!

07 .
AR 20
25 "
0.6 15 5 ooues
OUTBOARD AILERONS ONLY |
STEADY STATE CONDITIONS |
05 2 i |
Kz pal K2 acp, K7CM><20
2
1.0 ..XCDI = Kguwy
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0.2+
(J_1|_ 0ns L I ..
0 0.5 l.?
SDOWN

AILEROMN GEARING RATIC, 3
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Fie [N Effece of Aidleron Differentiodion Gearing Ratio on
the Induced Drag Due o Lateral Control of an Ellipiic
Wing



singlessegment atlerons has no effect on the induced
drag.

SN2 Ettect of Aderon Differcatiation on the
fndiced Yawing Moment
For an clliptic wing with symmetrically deflected
atlerons, the lateral control intreduces an induced
yvawing moment that is described by the expression
3] X

Cy =K, o, tK5C ) C 4)
M, NG 7 M |

X

For a wing of aspect ratio 20, these constants are K
= -0.125 and K7 = -0.048, The minus sign indicates
that this yawing moment tries to move the downward
rolling side ot the wing forward opposite to the

direction of the intended turn.
I the uileron n!t[fucnll I[H)]'I mdoww‘Sup # 1) is
used, additional terms c.). ust be
{ \a! My Wy b must be

introduced in equation (4). Unl\, lhc lcrtm related to
3

wi and ("E have been calculated and are shown in
s X

figure 19 for 844wn/ aup 0 as a function of the
spanwise location ol the aileron breakpoint (sy).
Adleron differentiation is seen to create a positive roll
induced vawing moment at lift coeflicients up to

K"lb}.\
L Kh

-~

(of Che =
M

Aileron dilferentiation is more elfective in the case
of conventional aileron arrangements than lor seg-
mented aileron designs. The induced vawing moment
ol single-segment Tull-span ailerons is not atfected by
aileron dilterentiation. Figure 20 shows the variation
ol the terms K and K5 as a Tunction ol the gearing
ratio for a typical conventional aileron.
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Ba / RATIO, (DG 0
Kf)" ur
| oAt | k4
OUTBOARD AILERONS
Kq Ks ONLY
03k
//Cy, = Kgw, -0.125C “"x’Cszﬂ
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[KBCMXD 8C M)m] wy=0
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AILERONS
0 - =i —
o 0.5 1.0

SPANWISE LOCATION OF AILERON BREAKPOINT, 2_:37

Fig. 19, Fffect of Aileron Differentiaiion on the Induced
Yawing Moment of an Ellipre Wing of Aspecr Raiio 20
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Fie. 200 Effect of Aileron Differentiation Gearing Ratio on

the tnduced Yeawing Moment of an Ellipric Wing

2.0 Lateral Control Induced Sidewash

The trailing vortex system shed by the antisym-
metric load distribution on the wing induces a side-
wash (V), which in turn influcnces the forees acting
at the vertical tail of the aireraft, Figure 21 shows the
sidewash induced 0.3 span downstream ol a wing
with aiferons deflected to generate a stalic rolling
moment (Cpy)- In addition, the only wing planform
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Fig. 21, Sidewash Induced 0.3 Span Downstream of an Ellip-
tic Wing Due to Lateral Control

dependent sidewash resulting from the roll rate (wy)
and its corresponding roll damping load distribution
are shown. Any infermediate condition can  be
obtiined from a lincar superposition of these two
limiting cases, The sidewash is seen to be especially
strong in the case of full-span ailerons or segmented
ailerons. The sidewash creates a sideforce at the verti-
cal tatl This sideforee tends to counteract the adverse
induced yvawing moment if the vertical tail is located
above the traling vortex sheel, thus improving the
aircralt handling characteristics.

I the vertical tail is located above the trailing
vortex  sheet, the sidewash cun also reduce the
induced drug acting on the vertical tail due to the
sideforce required for vaw teim, as is explained in fig-

21
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ure 22, The vertical tail Lt vector is rotated Torward

by the sidewash angle () creating forward thrust.
This benelicial effect is more pronounced in the case
of scgmented and full-spun ailerons.
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Fie, 220 Reduerivs of Vertical Tail induced Drag Due 7o Side-
wash fnduced by dhe Wing

A0 Anadvsis of Aiveraft in Steady-State Rate of
)f\}rn'rl"I

A typical standard class glider conliguration with
three  ditferent  aileron  arrangements  has  been
analyzed at the steady-state rate ol roll wy = 0.07.
The girplane was timmed in yaw by an appropriate
sideforce acting at the vertical tail. The aileron
up and down deflection was differentiated at the rate
Sdown{®up = 0.5 Figure 23 shows the result of this
study. There is an increase in induced drag due to roll
for all three aileron arrangements investigated. The
drag penalty s the largest Tor the conventional part-
span aileron. The induced drag imcrement for an opti-
mized seamented aileron conliguration is only slightly
less than Tor a single-seement Tull-span aileron. There
can be a significant additional savings in viscous drag
sinee the average muount ol control deflection is sig-
nilicantly less (see fig. 14) lor the same control effec-
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rig. 23 Rudder Deflection for Yaw Tritn and Induced Drag
of @ Configuration With an Fllipric Wing ar a Steady Rate
of Roll w, = 0.07
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tiveness in Lhe case of the doublesegment aileron
arrungement.

The rudder deflection angles for vaw trim are the
highest for the conventional part-span aileron, The
segmented aileron requires less rudder movement and,
therefore, can be expected to provide improved air
craft handling characteristics.

4. CONCLUSIONS

There is a significant increase in induced drag dur-
ing the execution ol lateral control maneuvers, unless
lateral control is achicved by theoretically best lincar
wing warping, The amount of additional induced drag
depends on the details ol the aileron design and varies
proportionally to the square of the nondimensional
roll rate.

The optimum size of conventional single-segment
dilerons is in the order of 7007 wing semispan, much
larger than presently used for gliders. The aileron
deflection angles required to achieve a given roll rate
decrease rapidly with the span of the ailerons. Corre-
spondingly, the mcrements in local section Lift coeffi-
cient Tor roll control are reduced, which should result
in better handling characteristics at low-speed oper-
ating conditions. Smaller dileron dellection angles can
also be expected to reduce the profile drag increment
due to viscous cifects.

Full-span. double-sezment ailerons with the opti-
mum breakpoint located at approximately 50% semi-
span offer a slight reduction in induced drag over an
optimum  single-clement aileron system. The main
advantage of the double-segment aileron arrangement
is that large dellection angles are applicd only over
the fraction of the wing where they are aerodynam-
ically most effective. Viscous drag is saved by limiting
the dellections ol the inboard aileron, which affects
a large Traction of the wing arca.

Aileron differentiation is a powerful means to
reduce the adverse induced yvawing moment of short-
span single-segment  aileron  conligurations. [t has
little  ¢ffect on the induced yawing moment of
double-scoment aileron arrangements and no efllfect
on full-span single-clement ailerons. The induced drag
penalty is small for commaonly used atleron differen-
tial deflection ratios.

[he induced drag due to the sidelorce required on
the vertical ail Lo compensate Tor the induced wing
yawing moment should not be neglected. The vertical
tail drag s reduced by the sidewash induced by the
trailing vortices. The double-segment aileron concept
requires the least amount of rudder detlection to
compensate  for induced yaw and is  therefore
expected to give best aireraft handling characteristics.




3. NOMENCLATURE

A
AR = bh/A

b

M = My /gbA

("'Mxo = My,/gbA

(‘_\.1? = MziqbA

h

Ix

K, Ko K3

K4, K5

Kg =

I (8(1Mz)

CLY 2wy /oy =0
Ky =

i (BCMZ )
CLMNCM, /=0

wing arca [mll

wing aspect ratio

wing span [ m|

wing section chord length [m)
induced drag coefficient

flap chord lengih [m]

wing Hift cocllicient

section lift coefTicient

wing rolling moment
coellicient at roll rate Qy

wing roliing moment
cocllicient at zero rate of roll

vawing moment coefficient
vertical tail height [m|

moment of inertia about x-axis
b ]
[kg m=|

coefficients in induced drag
equation

conslunts describing the yaw-

ing moment change due Lo
differential aileron deflections

roll induced yaw coefficient

rolling moment induced yaw
coclficient

vertical tail moment arm [m]

rolling moment at rate ofl roll
wy[mN]

rolling moment at zero roll

rate [ImN]
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M, vawing moment [1mmN]
8] roll rate [ 1/sec]
i . L i
q = pus dynamic pressure [ N/m<]
5 wing hall span [m]
1 distance from x-axis to starl
ol outhoard aileron [m]
1 lime |sec|
u__ freestream velocity [m/s]
Y induced sidewuash velocity
[m/s]
W induced  downwush velocily
[mys]
& section angle of zero lilt
B rudder deflection angle
AC; induced drag increment due to
lateral control
ddown aileron downward deflection
angle
b flap deflection angle
5!.5}) dileron upward deflection angle
€ wing induced sidewash angle
EELEPS R TR g
fol air density [kg/m?]
ol aircraft roll angle

wy = pb/lu_,

0.

o)
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nondimensional roll rate
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