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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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RUDDER SIDEFORCE, YAWING MOMENT AND ROLLING MOMENT CONTROL
DERIVATIVESAT LOW SPEEDS: Yo N AND L,

1. NOTATION AND UNITS (see Sketches 1.1t0 1.3)
A F lift-curve slope of straight-tapered wi ng of aspect ratio A,
quarter-chord sweep A, and taper ratio c,c/c, ¢
Ap aspect ratio of fin, taken as 2h2/S:
g Ap eq equivalent aspect ratio of fin with lift-curve slope equal to
0 _(YV)FR(SW/SF) and half-chord sweep A,
E b wing span
c
(@]
It b tailplane span, see Sketches 1.2 and 1.3
>
% Ck fin chord at mid-span of rudder, see Sketches 1.2 and 1.3
€
% Cr rudder chord aft of hinge line at mid-span of rudder, see
< Sketches 1.2 and 1.3
o
- Cr fin root chord, see Sketches 1.2 and 1.3
©
2 Cr fintip chord, see Sketches 1.2 and 1.3
S
% dge body width at station BB” defined by fin root quarter-chord
= station, see Sketches 1.2 and 1.3
Q.
S dgr body width at station AA” defined by inboard end of rudder
8 hinge-line, see Sketches 1.2 and 1.3
(%)
- hge body height at station BB” defined by fin root quarter-chord
station, see Sketches 1.2 and 1.3
hgr body height at station AA” defined by inboard end of rudder
hinge-line, see Sketches 1.2 and 1.3
he height of exposed fin measured from body surface at station
BB’ defined by fin root quarter-chord station, see
Sketches 1.2 and 1.3
her height of exposed fin measured from body surface at station
AA’ defined by inboard end of rudder hinge-line, see
Sketches 1.2 and 1.3
hg spanwise extent of rudder, see Sketches 1.2 and 1.3
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height of inboard end of rudder hinge-line above longitudinal m ft
body axis passing through moment reference point, see
Sketches 1.2 and 1.3

Jg, J7,Jy  factors, defined in ESDU 82010 (Derivation 8), applied to
a, g When caculating (YV)F to allow for presence of body,
tailplane and wing, respectively

Jr body interference factor in calculation of rudder control
derivatives
Iro basic value of body interference factor J

ki, Ky correction factors for section thickness and Reynolds number
in calculation of o5, see Equation (3.6)

7 rolling moment Nm Ibf ft

L rolling moment derivative due to rudder deflection, rad % rad 1
(D7190) ¥epV°S,b

Ir moment arm of sideforce due to rudder measured parallel to m ft
longitudinal body axis, see Sketch 1.1

me distance from moment reference point to fin root m ft
guarter-chord point measured paralel to longitudinal body
axis, see Sketches 1.2 and 1.3

N yawing moment Nm [bf ft

N yawing moment derivative due to rudder deflection, rad* rad L
(0.4 108)1%2p V28, b

Oxyz aerodynamic-body axis system, origin O at moment reference
point, see Sketch 1.1
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Re Reynolds number based on c
S fin reference area, he(c, + ¢,)/2 m?2 ft2
Sw wing planform (reference) area m? ft2
(tle)ge thickness to chord ratio of fin section at mid-span of rudder
Y sideslip velocity m/s ft/s
Vv velocity of aircraft relativeto air m/s ft/s
Y sideforce, positive to starboard,, see Sketch 1.1 N | bf
(YV)F fin sideforce derivative due to sideslip, (dY/dv)/%pVS,
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(Y,) modified fin sideforce derivative due to sideslip, defined by
V'ER :
Equation (3.2)
Ye sideforce derivative due to rudder deflection, rad 1 rad 1
(QYI9L)1%2p V23S,
Z parameter, defined in ESDU 82010 (Derivation 8), allowing m ft
for influence of tailplane position on location of centre of
pressure of fin load due to sideslip
z moment arm of sideforce due to rudder measured normal to m ft
longitudinal body axis through moment reference point, see
Sketch 1.1
Z height of tailplane above fin root chord, see Sketch 1.2 m ft
2R distance of tailplane above body surface at station AA’ m ft
defined by inboard end of rudder hinge-line, see Sketch 1.2
o angle of attack, see Sketch 1.1 degree degree
(/N control effectiveness parameter, ratio of lift-curve slope dueto
control deflection to lift-curve slope dueto angle of attack, see
Section 3.2
(a5)th theoretical value of o
B angle of sidedlip degree degree
¢ rudder deflection angle, positive deflection trailing edge to radian radian
port, measured in streamwise plane, = £’ cosA,
¢ rudder deflection angle, positive deflection trailing edge to radian radian
port, measured in plane normal to hinge line
N, N, dimensionless inboard and outboard limits of rudder, see
Section 3.3
Ay p fin quarter-chord sweep angle, see Sketches 1.2 and 1.3 degree degree
A, oF fin half-chord sweep angle degree degree
Ay rudder hinge-line sweep angle degree degree
Ap fin taper ratio, ¢,/c,
p density of air kgm®*  slug/ft®
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e trailing edge angle of fin section at mid-span of rudder degree degree
®,, 0, part-span correction functions
AD part-span correction factor

y, Y

% Moment reference point
= Point of action of rudder sideforce
Oxyz Aerodynamic-body axis system
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Sketch 1.1 Axis system and moment arms
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Section on BB
g %  Moment reference point
AA’ indicates the longitudinal station defined by the plane normal
to the longitudinal body axis that passes through the inboard
end of the rudder hinge-line.
BB’ indicates the fin root quarter-chord station defined by the plane
normal to the longitudinal axis that passes through the point at
which the fin quarter-chord sweep line intersects the body surface.
Sketch 1.2 Geometry for fin-mounted tailplanes
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Sketch 1.3 Geometry for body-mounted tailplanes
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2. INTRODUCTION

This Item provides a method for predicting the rudder control derivatives Y,, N, and L, , for aircraft at
low speeds.” The method treatsthe rudder asaplain control with no control gap and makes tise of the results
for such controlsfitted to awing to obtain the control effectiveness parameter o . The control derivatives
are then obtained by combining oz with a modified fin sideforce derivative due to sidedlip, (YV)FR,
appropriate moment arms, |z and z,, and a part-span correction factor, A® . The empirical factors used
tomodify thefin sideforce derivative have been obtained from an analysis of thewind-tunnel datacontained
in Derivations 9to 15. The aircraft geometries covered by the method are those where asinglefinislocated
on top of the aircraft rear-body, and in the plane of symmetry, with the tailplane mounted either on the fin
itself or on the rear-body.

This Item is complementary to ESDU 82010 (Derivation 8) which contains a method for predicting fin
sideforce, yawing moment and rolling moment derivatives due to sideslip. The method in this Item makes
use of some of the data from ESDU 82010, but where necessary these have been repeated in sufficient
detail to allow the present Item to be used independently. The definitions of the fin geometric parameters
are consistent in the two Items, although the prediction of the control derivatives naturally requires
additional parameters that are associated with the rudder geometry. In Sketches 1.2 and 1.3 the upper
diagrams show the additional dimensions needed, while the lower diagrams show the dimensions that are
common to both Items.

3. METHOD

Therudder control derivatives are expressed in terms of the set of aerodynamic-body axes Oxyz defined in
Sketch 1.1.

The rudder sideforce derivative' is given by

Yo = ~(Y)pg O AP (3.1)
where (YV)FR = —Jgdta eSSy - (3.2

The equations for the yawing moment and rolling moment derivatives' are

ESDU Copyright material. For current status contact ESDU.

NC = —YC(IRcosoH zpsino)/b 3.3
and LC = YC(chosoc —lgsina)/b. (34

31 Modified Fin Sideforce Derivative (Y,)pg

The derivative (Y,)_, isobtained asamodified form of the basic fin sideforce derivative (YV)F that is
estimated in ESDU 55{010 (Derivation 8) as

(Y = ~JgdrduarrSe/Sy- (35)

) Appendix A describes a computer program, ESDUpac A8708, that has been written for the method of this Item.
T The derivatives with respect to the rudder angle ' measured in a plane norma to the rudder hinge-line are YC' = YCcosAh,
NC' = NCcosAh and LC' = LccosAh.
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Here a, - isthelift-curve slope of astraight-tapered wing of aspect ratio A = Zh?: ISc, sweep A, and
taper ratio c,/c, and can be estimated from ESDU 70011 (Derivation 5), which gives a, /A¢ interms
of the parameters ActanA,, AF and Ar. The factors Jgs It and Jy ae empirical correction factors
and it isthrough changesto Jg and J, that the sideforce derivative is modified.

In ESDU 82010 the factor Jg alows for body interference and depends on the fin-body geometry at the
fin root quarter-chord station. It is a function of hge/(hge+hp) and A , with the body cross-section
inherently assumed to be circular, i.e. hgp = dge . For estimating (Y, ), in this Item the factor Jg is
replaced by the factor J5. Thisis expressed in terms of abasic vaue Jg, whichis closely related to Jg,
and an empirically determined correction factor to alow for tailplane position. Figure 1 shows Jg,
which has an identical form to Jg except that it is expressed as a function of the fin-body geometry at
the station defined by the inboard end of the rudder hingeline via the geometric parameter
(hgr+dgr)/(hgr* dgr + 2heR) , See Sketches 1.2 and 1.3. This produces afactor that is smaller than Jg
because of thetapering of therear fuselage and allowsfor the possibility of anon-circular body cross-section
in the way suggested in ESDU 82010. For T-tails, zrg = heg, the correction factor for tailplane position
is 1.05, for body-mounted tailplanesit is 0.80 and for tailplanes at a general height z;z on thefinalinear
variation is assumed between those two extremes. These results are summarised in Figure 1.

The factor J isused in ESDU 82010 to allow for the increase in fin effectiveness due to atailplane. For
aircraft with tailplanes mounted on thefin it isgiven as afunction of tailplane height on thefin, z;/h., and
the ratio of tailplane span to fin height, b;/hr . For tailplanes that are mounted on the body itisgiven asa
function of by/h and hge/(hge +hp) . For estimating (YV)FR the datafor J; are used unaltered in this
Item, and for convenience they are reproduced as Figures 2a and 2b.

In ESDU 82010 thefactor J,,,, whichisafunction of wing height, isused to allow for wing wake and body
sidewash. Asthesedo not affect rudder power, J,, isset equa to unity and doesnot appear in Equation (3.2).

3.2 Control Effectiveness O

A method for estimating the effectiveness of plain controls on wings is contained in ESDU 74011
(Derivation 6) and for low speedsit gives o5 in terms of wing aspect ratio, Reynolds number, control chord
to wing chord ratio, and wing section thickness to chord ratio, the final two parameters being assumed
constant across the wing span. To use this method to calculate o, for the rudder it is therefore necessary
to define an equivalent aspect ratio for the fin, A, to use in conjunction with the rudder to fin chord
ratio and fin section geometry. Thisis achieved by finding the aspect ratio of awing that, with a half-chord
sweep of A,,r, hasalift-curve slope equal to —(YV)FRSW/SF rad~. Figure 3 presents 1/ Ap oy interms of
Ay and —(YV)FRSWJSF, together with the modified lifting-line formula that has been assumed for
generating thesedata. (For thefin geometriesthat have been studied thissimple approximate formulaagrees
to within about £5% with the more accurate data that could be found iteratively from ESDU 70011,
Derivation 5.) The rudder to fin chord ratio is often constant across the rudder span but, in any case, the
ratio cg/c at the mid-span of the rudder may be used. Similarly the fin thicknessto chord ratio at rudder
mid-span, (t/c), may be taken as constant over the rudder span.

ESDU Copyright material. For current status contact ESDU.
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The method in ESDU 74011 presents a5 (in adifferent notation) in aform equivalent to

oy = (o) [1—Kikol, (36)

where (o)., isatheoretical value based on lifting-surface calculationsand [1 -k, k,] isacorrection that
allows for section geometry and Reynolds number. For convenience, and to provide a consistent notation,
the relevant data are reproduced in this Item as Figure 4a, which gives (o)., intermsof /AL, and
Cr/Cg, Figure 4b which gives k; intermsof (t/c)p sec A,z and cg/ce, anéq:igure 4c which gives k,
interms of log,,Re and cg/c -

The basic method of ESDU 74011 contains the simplifying restriction on section geometry that the
trailing-edge anglein degrees, 1, isequal to 100(t/c) . Most practical geometries satisfy this assumption
sufficiently well for there to be no significant error in the prediction of o . In the unlikely case of extreme
departures, the viscous effects that are dependent on the trailing-edge angle can be more accurately allowed
for by the additional use of ESDU Aero W.01.01.05 and Aero C.01.01.03 (Derivations 3 and 4) to calculate
an appropriate factor to replace [1—k k], as described in ESDU 74011.

33 Part-span Factor A®

If the rudder does not extend across the complete span of the fin it is hecessary to calculate a part-span
factor AD.

For a T-tail, as shown in diagram (i) in Figure 5a, the rudder is contained between the tailplane and the
body and if the spanwise loading across the fin is assumed to be fairly uniform, then A® can be taken
simply as the ratio of rudder span to fin span, hg/heg. If there is afin extension above the tailplane, as
shown in diagram (ii), then the function @, , which represents the proportion of the load carried by the fin
below thetailplane, multiplies h/z5 . Thefunction @, dependson thetailplane height, z;, and is based
on calculations made for arectangular fin and tailplane of typical span using the trailing horseshoe vortex
model of Derivation 2 with an ad hoc allowance for the presence of the body; it only provides a ssimple
approximation to the division of thefin load but one that should be adequate for the purposes of estimating
rudder control derivatives.

If the tailplane is mounted on the body, or if the tailplane islow on the fin so that the rudder is completely
above the tailplane or extends continuously on either side of it, as shown in diagrams (iii), (iv) and (v) in
Figure 5b, then use is made of the method in ESDU 74012 (Derivation 7). That method was designed for
applicationtowingswith part-span controlsand evaluates A® as @,(n ) —P,(n;) , where @, isafunction
calculated from lifting-surface theory that depends on wing planform geometry, and n, and n; denotethe
dimensionless outboard and inboard limits of the control. For estimating rudder control derivatives, n,
and n, aretaken asfractions of the fin span h as shown in Figure Sb. The numerical datain the Figure
have been reproduced directly from ESDU 74012, but are expressed in terms of the fin parameters A,:eq ,
Ay and A

ESDU Copyright material. For current status contact ESDU.

34 M oment ArmsIR,zR

The moment arm |; is measured parallel to the body longitudinal axis and is obtained by adding a quarter
of the fin chord at rudder mid-span to the semi-empirical moment arm calculated in ESDU 82010 for the
fin sideforce due to sideslip, so that
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The bracketed expression is the moment arm from ESDU 82010. The distance m is measured from the
moment reference point to the fin root quarter-chord station (see Sketches 1.2 and 1.3), and the parameter
zr whichisafunction of tailplane height z; isgivenin Figure 6 which has been reproduced directly from
ESDU 82010.

The moment arm z, ismeasured normal to the longitudinal body axis. For arudder contained between the
tailplane and the body, asin diagrams (i) and (ii) on Figure 5a, z5 is measured to the rudder mid-span, so

Ze = hg; +0.5hg, (38

where hy; is the distance of the inboard end of the rudder hinge-line above the moment reference point
and hy isthe rudder span.

If the tailplane is body-mounted or if the tailplane is low on the fin so that the rudder is completely above
the tailplane or extends on either side of it, as shown in diagrams (iii), (iv) and (v) in Figure 5b, then z; is
measured to 40% of the rudder span, so

Ze = hg; +0.4hg, (39

where the 0.4 factor has been determined empirically.

4. ACCURACY AND APPLICABILITY

Predicted and experimental values of the rudder control derivatives are compared in Sketches 4.1 to 4.3.
In general, YC is predicted to within £0.04, N, to within £0.02 and L, to within £0.01; the data shown
are dl for zero angle of attack. The error bands are half those associa%ed with the prediction of the fin
derivatives due to sideslip in ESDU 82010, which is a consistent reflection of the possible uncertainty
introduced viathe estimate of (YV)FR .

The method has been based mainly on analysisof datafor civil transport aircraft, wherethefin isreasonably
well aft of the wing. Some additional data for light aircraft and combat aircraft have aso been utilised to
support the analysis. Attention has been restricted to low speeds and angles of attack, sideslip and rudder
deflection for which therudder sideforceand momentsvary linearly with £, typically 0< o <10°, |B| < 10°

and |{| < 10°. For some configurations Y, decreases by about 10% or so as o increases from 0 to 10°,
with aconsequent influence onthe variation of N, and L, with o . In most casesthe rudder characteristics
depart only slowly from the linear as { increases from 10° to 20° or so. The extent of the linear range
depends on the control nose shape. It has been assumed that there is no load on the tailplane, and the data
arerestricted to conventional controls with a sharp trailing-edge.
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The control gap between rudder and fin has been assumed to be insignificant in terms of its effect on rudder
control derivatives. Someinformation on the effect of significant gapson control effectivenessis contained
in ESDU Aero C.01.01.04 (Derivation 1).

Table 4.1 summarises the ranges of parameters covered by the experimental data. The method should only
be used with caution for configurations with geometries that are significantly different from those listed.
The different types of fin and rudder geometries that have been studied are illustrated in the diagrams in
Figures 5a and 5b.
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