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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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ESTIMATION OF SIDEFORCE, YAWING MOMENT AND ROLLING MOMENT
DERIVATIVESDUE TO RATE OF YAW FOR COMPLETE AIRCRAFT AT SUBSONIC
SPEEDS

1 NOTATION AND UNITS (see Sketch 1.1)

The derivative notation used is that proposed in ARC R&M 3562 (Hopkin, 1970) and described in Item
No. 86021. Coefficients and aeronormalised derivatives are evaluated in aerodynamic body axes with
origin at the aircraft centre of gravity and with the wing span as the characteristic length. The derivatives
Y. N, and L, are often written as Cyrr Cor and C, in other systems of notation, but attention must be
paid to the reference dimensionsused. Inparticular, informing Cy, , C,,, and C,, differentiation may be
carried out with respect to rb/2V not rb/V as implied in the Hopkin system. It is also to be noted that a
constant datum value of V is employed by Hopkin.

This Item makes use of severa other Items which have been produced at different times over a period of
many years. Although the nomenclature in these Items is consistent for the important parameters such as
stability derivatives, it involves some variation and duplication for the less significant parameters. Because
of this, and to avoid repetition, the Notation given here is limited to the major quantities appearing in the
main text of thisltem and to quantities not appearing in other Items. When referred to the method in another
Item the user should consult the Notation at the front of that particular Item before carrying out any

ESDU Copyright material. For current status contact ESDU.

calculations.
S British

A aspect ratio, b/S
b wing span m ft
Coo zero-lift profile drag coefficient
ACpH o increment in C, dueto trailing-edge flap deflection
C, lift coefficient, L/%pV>S
AC ¢ increment in C, due to trailing-edge flap deflection
C, rolling moment coefficient, Z/l/szZSb
C, yawing moment coefficient, .4 /%p VZSb
C, sideforce coefficient, Y/%pV°S
L lift N | bf
z rolling moment N m Ibf ft
L, rolling moment derivative due to sidedlip;

L, = (0.2/9v)/¥2pVSb
Lo valueof L, whenwingC, = 0
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rolling moment derivativg due to rate of change of sidedlip;
L, = (02/9Vv)/¥2pSb

rolling moment derivative gue to rate of yaw;
L, = (02/9r)I%pVSb

empirical correction added to alow for partialy separated flow
on wing (see Section 3.3.2)

yawing moment tail arm; distance from moment reference
centre to centre of pressure position of fin sideforce, measured
paralel to longitudinal body axis

Mach number
yawing moment

yawing moment derivative due to sidedlip;
N, = (9-4/9Vv)/¥2pVSh

yawing moment derivativze due to rate of change of sideslip;
N, = (9-4/9V)/%pSh

yawing moment derivativezdue to rate of yaw;
N, = (9-4/0r)/%pVSb

rate of yaw
wing planform area

fin side area

velocity of aircraft relative to air
sideslip velocity
rate of change of sidedlip velocity

sideforce

sideforce derivative due to sideslip;
Y, = (9Y/9v)/¥pVS

sideforce derivative due to rate of change of sidedlip;
Yy, = (9Y/9V)/¥pSh

sideforce derivative due to rate of yaw;
Y, = (9Y/ar)/%pVShb

rolling moment tail arm; distance from moment reference
centre to centre of pressure position of fin sideforce, measured
normal to longitudinal body axis

angle of attack of longitudinal body axis
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m ft

N m Ibf ft
rad/s rad/s
m? ft2
m? ft2
m/s ft/s
m/s ft/s
m/s? ft/s?
N | bf
m ft

degree degree
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o angle between wing zero-lift lineand longitudinal body axis,so  degree degree
that angle of attack of wing zero-liftlineis o + a.,

B angle of sidedlip rad rad
rate of change of angle of sidedip rad/s rad/s

Ag wing leading-edge sweep angle degree degree

Ay, wing quarter-chord sweep angle degree degree

Ay, wing half-chord sweep angle degree degree

A ratio of tip chord to centre-line chord (taper ratio)

p density of air kg/m?® slug/ft3

Subscripts

exp denotes experimental value

pred denotes predicted value

Additional symbols

ESDU Copyright material. For current status contact ESDU.

(g denotes component due to body

(@IS denotes component due to fin

(s denotes component due to trailing-edge flap deployment at
congtant C,

( )ID denotes component due to wing planform in fully-attached flow

Ow denotes total component due to wing

Or denotes component due to wing dihedral

(e denotes component due to wing twist

asinL/ and L) denotesvaluesin fully-attached flow
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® Centre of gravity position

Longitudinal
body axis’

7
V cos B

Wing zero lift line
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© Centre of pressure position
of fin sideforce

Sketch 1.1 Sign conventions

The longitudinal body axis is a reference axis, fixed in the body in the plane of symmetry and passing through the centre of
gravity position. The exact direction of the axis in the plane of symmetry is conventionally determined by considerations of
mid-body geometry.
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INTRODUCTION

An aircraft’s sideforce, yawing moment and rolling moment derivatives dueto rate of yaw, Y. N, and L,
are customarily estimated by calculating the effects of the major components of the aircraft individually
and adding together the part derivatives so obtained. For aircraft at subsonic speeds, separate Items on the
various part derivatives have been issued over a number of years and each of the major components is
covered. This Item demonstrates how the methods in those separate [tems may be combined to provide an
estimate of the derivatives of acompleteaircraft, and illustratesthe overall accuracy of prediction by means
of comparisons with wind-tunnel and flight-test data.

Tables 2.1 and 2.2 list the major components of Y., N, and L, and the Items from which they may be
estimated. Thetotal values of the derivatives are obtained by evaluating each component at the same angle
of attack and summing theresults. The ltemsthat deal specifically with Y, , N, and L oftenrequirefurther
information, such as wing lift coefficient or the lift and drag coefficient increments due to trailing-edge
flap deflection. Such information may be obtained from other Items and these are also listed in the Tables.
If static stability wind-tunnel data are available for theaircraft of interest then these can sometimes be used
as an alternative source for the additional information required.

Comparisons between experimental and predicted valuesof Y, N, and L arediscussed in Section 3 in
termsof magnitudeand variation with angle of attack. The Derivation and Referencesaregivenin Section 4.

Section 5 contains a detailed worked example that demonstrates the cal culation of the component parts of
the derivativesfor aparticular aircraft and their subsequent combination. The choice of aircraft isthe same
as that used to demonstrate the calculation of derivatives due to sideslip in Item Nos 81032 and 82011
(Derivations 57 and 59). The example devotes a separate subsection to the cal culation of each component
and describes at which stages in the calculation use is made of the additional I1temslisted in Tables 2.1 and
2.2 and when experimental data, if available, may be useful. As the example provides guidance and
information on pointsthat are not covered in other Itemsit isadvisableto refer to the appropriate subsection
of the exampl e to obtain the best use of each Item dealing with the separate componentsof Y, , N, and L, .

A simplified method for estimating complete aircraft values rapidly is given in Appendix A.

TABLE 2.1 SIDEFORCE AND YAWING MOMENT DERIVATIVES

Component Dueto Calculated from| Possible additional
Item No. Item Nos
(NP Wwing' 71017% | Aero W.02.04.0134, 02%° and 03%8 for wing zero-lift drag coefficient
76003%* , 700114 for wing lift coefficient
750133, 74009%° , 7401151 , 7401252\ for lift coefficient
Aero F.01.01.08% and 09%° increments due to
Aero W.01.01.01%° trailing-edge flap deflection
(Nps Trailing-edge 71017% | 75013%3 | 74010%° for increment in wing
flap deployment Aero F.02.01.06%2 and } zero-lift drag coefficient
(at constant C, ) 0731, 870246 due to trailing-edge flap deflection
61
(Y)g: (N)g |Body 83026
(Y)g. (N)g |Fin 82017%° | 82010°8 1 for fin sideforce derivative
70011%° and centre of pressure
Aero C.01.01.01% J position in sideslip
Item No. Aero A.07.01.00% gives a brief introduction to the various components of the yawing-moment stability derivatives and
their related Data Items. (Derivation numbers are given asindices.)

This component depends on the wing lift coefficient. If trailing-edge flaps are deployed the lift coefficient of the wing with flap deflected is used. It
therefore includes the effect of the lift increment produced by the flap. (See Sections 5.3 and 5.4.)
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TABLE 2.2 ROLLING MOMENT DERIVATIVE

Component Dueto Calculated from | Possible additional
Item No. Item Nos
L)y planform” 7200147 76003>* , 70011% for wing lift coefficient
Loy | LCop| wing dihedral 75013%3 , 74009%° , 7401151 , 7401252 for lift coefficient
(Lpe twist Aero F01.01.08%7 and 093° increment due to
Aero W.01.01.01° trailing-edge flap deflection
. e e
W e | eocoons?. s | o amed i omer
37 36 -
(at constant C, ) Aero F01.01.08™ and 09 flap deflection
(AL)) Partial This Item: 8103257
corr separation of Equations (3.1) | Aero A.06.01.03*! and 09*2 , Aero C.01.01.014° for predicted
wing flow and (3.2) 73006 | 80033%° , 800346 , 8201078 valueof L,
(L) Fin 8201750 82010 for fin sideforce derivative
F 700114 } and centre of pressure position
Aero C.01.01.01*°  J insideslip
Item No. Aero A.06.01.00* gives abrief introduction to the various components of the rolling-moment stability derivatives and their
related Data Items. (Derivation numbers are given as indices.)

This component depends on the wing lift coefficient. If trailing-edge flaps are deployed the lift coefficient of the wing with flap deflected is used. It therefore
includes the effect of the lift increment produced by the flap. (See Sections 5.3 and 5.4.)

3. COMPARISONSWITH EXPERIMENTAL DATA

31 Discussion of Data

The accuracy with which the methods in the Items listed in Tables 2.1 and 2.2 predict Y,, N, and L, for
complete aircraft has been assessed by making comparisons with the values measured in the wind-tunnel

tests reported in Derivations 1 to 20 and the values extracted from flight-test results that are reported in
Derivations 21 to 30. Data have been studied for awide variety of aircraft types representing civil transport
aircraft, high performance fighter aircraft and light and general aviation aircraft, together with results for
anumber of simpler wind-tunnel models of the type employed to study the effect of systematic variations
of geometric parameters. The magjority of these data have been taken from low-speed tests for clean-wing
configurationswith no high-lift devicesdeployed. Experimental datafor other conditions are less abundant,
but the analysisincluded alimited number of results from tests at high subsonic Mach numbers (M = 0.8)

and afew data from low-speed tests on configurations with wing leading-edge dats or trailing-edge flaps
deployed.

ESDU Copyright material. For current status contact ESDU.

It should be noted that wind-tunnel data from two types of test have been used. In one type a curved flow
representsthe yaw rate of the aircraft and this enables the direct measurement of therate of yaw derivatives.
In the second type of test the aircraft is mounted on aforced-oscillation rig and the rate of yaw derivatives
are measured only in combination with aderivative dueto therate of change of sideslip, i.e. thesetestsgive
Y, —Y,coso, N, =N, coso and L, —L coso.. The v derivatives arise from the body, wing and the fin and
become increasingly important as the angle of attack increases, see References 62 and 63. Reference 62
discusses the causes and magnitudes of the wing and fin contributions to the derivatives N, and L, in
detail and concludes that they can not be estimated satisfactorily by simple means. In the case of the
derivative Y, the body also contributes significantly at low o (see Item No. 83026). In order to provide
an indication of the practical importance of the rate of change of sidedlip, data from oscillatory tests have
been included in the present study and have been compared directly with the predicted rate of yaw
derivatives, except in the case of Y, when the slender-body theory estimate discussed in Item No. 83026
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has been used. These comparisons have been confined to low values of angle of attack (o< 10°) where
the derivatives N,, and L,, should not be too large. Errors between predicted and experimental values of
this second type can, however, be expected to be higher than those for curved-flow wind-tunnel data.

The flight-test data that have been used come from tests in which the dynamic response of an aircraft to
various control inputsis measured and then a complete set of aerodynamic stability derivativesis deduced
which corresponds to that response. The accuracy with which the various derivatives can be identified by
this process depends on the sensitivity of theresponse of the aircraft to each derivative. Usually, satisfactory
estimatesof N, and L, can be obtained, although L, is sometimes subject to afairly high uncertainty. The
response of an aircraft istoo insensitiveto Y, for an accurate value of this derivative to be necessary and
so Y, isfrequently omitted from such analyses, a point which should be remembered when examining the
accuracy of prediction of Y, ingeneral. In the extraction of flight-test resultsthe v derivatives are usualy
ignored. Reference 63 showsthat they can have asignificant effect on the estimated rate of yaw derivatives
at high angles of attack. However, at low angles of attack (o0 < 10°) they are considered to be sufficiently
small to be ignored in direct comparisons between the flight-test data and the predicted values of N, and
L, . Because of the errors involved in isolating particular derivatives from the flight-test data and the
omission of the v derivatives, the errors between predicted and experimental flight-test values can be
expected to be higher than for curved-flow wind-tunnel data.

3.2 Accuracy of Prediction for =0

The predicted and experimental values of Y., N, and L, at low angles of attack are compared in
Sketches 3.1, 3.2 and 3.3. Sketch 3.1 shows that the experimental values of Y, are generally predicted to
within £0.05 or, at high values, to within £15 per cent. The prediction for the oscillatory rig data have
—(Y,)g added (see Section 3.1). Sketch 3.2 showsthat theexperimental valuesof N, aregenerally predicted
towithin £0.025 or, at high values, to within £15 per cent, with poorer agreement being shown for some
oscillatory rigandflight-test data. Sketch 3.3 showsthat L, isgenerally predictedtowithin £0.02, although
there are some larger errors mainly in cases of flight-test data. Possible causes of the discrepanciesin the
oscillatory rig and flight-test data have been discussed in the preceding section. Overall the accuracy of
prediction is consistent with the accuracy figures quoted in individual Items, approximating to the square
root of the sum of the squares of the individual errors.

For those cases in Sketches 3.1 and 3.2 where curved-flow data show a large prediction error, it has been
found that this can be attributed, at least in part, to errors in the fin contributions predicted by Item No.
82017. Such inaccuracies can arise if the aircraft configuration departs significantly from the simple
geometries that are considered in Item Nos 82010 and Aero C.01.01.01, when those Items are used to
provide estimates of the fin sideforce derivative in steady sidedip, (Y,)g, and the yawing and rolling
moment tail arms ¢ and Z¢ that form part of themethodinItem No. 82017. However, if valuesof (Y, ),
(N)g and (L,)g areavailable from wind-tunnel tests these can be compared with the predicted values to
determine empirical corrections, see Section 5.6. Examples of theimprovementsthat can be introduced by
such corrections are illustrated by arrows in Sketches 3.1 and 3.2.
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33 Variation with o

A typical set of experimental data is used for illustration purposes throughout Sections 3.3, 3.4 and 3.5.
These data have been taken from Derivations 3 and 7 which report on anumber of curved-flow wind-tunnel
tests of the aircraft model shown in Sketch 3.4. The data are presented as a whole in Sketches 3.5 to 3.7
and cover both the cruise (clean) configuration and the landing configuration with leading-edge dlats,
trailing-edge flaps and undercarriage deployed. Reference to particular features of the sketches is made
where appropriate. Section 3.3 considers the effect of o without the deployment of high-lift devices,
Section 3.4 the changes due to such devices and Section 3.5 the effect of Mach number. The behaviour of
the derivativesis a good representation for awide variety of aircraft configurations.

3.3.1 Sideforceand Yawing Moment Derivatives

Thepredictedvaluesof Y, and N, vary only slightly astheangle of attack and wing lift coefficient increase.
This is because the fin provides the major contributionsto Y, and N, and these are affected only by the
small variation in the effective yawing moment tail arm (see Sections5.6 and 5.7). Thereisalso anincrease
in the magnitude of the lift-dependent part of the wing contributionto N, but thisremains small compared
to other components (see Sections 5.3 and 5.7). The experimental valuesof Y, and N, vary only slightly
asthe angle of attack increases, in agreement with the predicted values, until large departures from the low
angle of attack values accompany the appearance of flow separation effects. Significant variations with
angle of attack are not usually apparent until o exceeds 10°, and for highly swept wings the values of Y,

and N, remain essentially constant upto 15° or 20°. The predicted val uestherefore model the experimental
behaviour quite well over theinitial angle of attack range. In general the experimental values of Y, show
morevariationthan N, , butas Y, iscomparatively unimportant in stability calculations such variation can
be neglected. The cruise-configuration datain Sketch 3.5 illustrate these points.

3.3.2 Ralling Moment Derivative

The wing planform and the fin provide the maor contributions to L, . The value predicted in Item No.
72021 for the wing planform contribution in fully-attached flow, (Lr)p , isproportional tothewing C, and
varies linearly with o (see Section 5.4). The predicted contribution of the fin varies non-linearly with o
because of the changesin the effective rolling moment tail arm but thisisless significant (see Section 5.6).
Consequently the value predicted for acomplete aircraft under the assumption of fully-attached flow, L ,
increasesalmost linearly with o (see Section 5.7)". Experimental valuesof L, depart quickly and severely
from that prediction, falling well below L; from low values of o onwards, as demonstrated by the
cruise-configuration data in Sketch 3.6a. This is due to the fact that the magnitude of the planform
contributionisdramatically reduced by the occurrence of small areas of separated flow. For the same reason,
the experimental planform contribution to —L,, shows a very similar departure from its value in attached
flow, that isalso proportional to thewing C, . Reference 64 givesamethod that makes use of thissimilarity
to produce an empirical correction term (AL, ), thatisaddedto (L ),,, toalow for the effect of partial
flow separation. The method requires appropriate experimental values of L,,, and Item No. 72021
recommends that it be employed whenever such data are available.
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V!

Thecorrectiontermisequal to half the difference between the value predicted for the planform contribution
to L,, in attached flow and the experimental value in partially-separated flow. For an isolated plain wing
this can be written

(AL,) = 05[(L,) 1. (3.1)

corr ppred (Lv)wexp

* Primesasin L’ and L’ denote valuesin attached flow. Note that the planform contributions denoted by (Lr)p and (LV)IO are only
defined as values in attached flow and therefore they do not carry primes.
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Reference 64 presents a large number of comparisons with experimental data for a wide range of wing
planformsthat demonstrate that a correction of this magnitude leads to much improved estimates. It should
be noted that the factor 0.5, which is empirical, must be adjusted if the parameters that are used to make
L, and L, dimensionless are different from those in the Notation.

In most cases the experimental valuesof L,, that are available do not allow adirect comparison of predicted
and experimental planform contributions because the wing has camber, dihedral and twist and istested only
in combination with a body or as part of a complete configuration. To alow for this Equation (3.1) is
rewritten in amore general form that permits direct substitution of those data,

(ALp)corr = 0S[(Ly, pred — LYo pred)_(Lv exp” Lvo exp)] . (3.2
The total wing contributionto L, is
(Lw = (L (AL eorr- (33)

Thevaluesof L, at zerowing C, , L,, areincluded to ensure that (AL, )., iSZzero when the planform
contribution is zero. The values of L,, may be for an isolated wing, a wing-body or a complete aircraft,
provided the same configuration is taken throughout. Equation (3.2) reduces precisely to Equation (3.1)
only if al components of L, , apart from the wing planform contribution, are predicted exactly. The
correction obtained istherefore likely to be better when deduced from data for the simpler configurations,
although a qualitative improvement will always be obtained.

Section 5.4.3 demonstrates the application of Equations(3.2) and (3.3). Estimates of the various component
partsof L,, for an aircraft can be evaluated by using Item Nos Aero A.06.01.03 and 09, Aero C.01.01.01,
73006, 80033, 80034 and 82010 as described in Item No. 81032.

Sketches 3.6a and 3.6b illustrate how a major improvement in the prediction of L, isintroduced through
(AL,)cory - Sketch 3.6a shows the predicted values L, and L, together with the experimental data.
Sketch 3.6b compares the experimental variation of L,, withthe predicted valuesof L;, for the wing-body
configuration, and those data have been substituted in Equation (3.2) to evaluate (AL, )., - The close
similarity in the experimental behaviour of L, and L,, should be noted. It isthisthat leads to the excellent
predictionof L, . For other aircraft thissimilarity issometimesless marked, with theresult that the corrected
valuesof L, do not always follow the experimental data quite as well asin Sketch 3.6a.
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34 High-lift Devices
3.4.1 Sideforceand Yawing Moment Derivatives

The deployment of leading-edge slats or trailing-edge flaps has little effect on the experimental values of
Y, and N, . Their maineffect isto delay to higher anglesof attack any tendency to depart from theessentially
constant values maintained at low o and otherwise they cause little change in magnitude. Theoretically,
(see Section 5.3.2), asmall changein N, is predicted as aresult of the deployment of trailing-edge flaps
and thisis in reasonable agreement with the experimental data. Trailing-edge flap deployment is assumed
to have no effect on the predicted values of Y, . Sketches 3.5a and 3.5b compare some cruise and
landing-configuration data to show the effect of dat and flap deployment. Overall the agreement between
prediction and experiment is comparable to that achieved for aircraft without high-lift devices although the
qualitative dependence on o isonly partially predicted.
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3.4.2 Roalling Moment Derivative

The deployment of high lift-devices has a much greater effect on L, than on Y, and N, . Such devices
influence the attached-flow value of the wing planform contribution by changing the wing C, , and for
trailing-edge flapsthereis also asmall contribution that isindependent of thewing C, (see Section 5.4.2).
Furthermore, because they change the flow separation characteristics of the wing a separate cal culation of
(AL,)cor, has to be made by substituting into Equation (3.2) values of L,, appropriate to the high-lift
configuration (see Section 5.4.3).

Comparisons with experimental data have shown that for high-lift configurations the general accuracy of -
prediction of L at low values of o is comparable to that achieved for clean-wing configurations. As o :
increases the predicted values of L, do not follow the experimental variation so closely because the -
corrections made with (AL )., aretoo small, athough they still introduce a substantial improvement at -
high values of o .

Sketches3.6¢ and 3.6d show landing-configuration datathat may be compared with the cruise-configuration
datain Sketches 3.6a and 3.6b. The variation of the predicted values of L, and the experimental values
of L,, areshown for thefin-off configurationin Sketch 3.6d. These have been substituted in Equation (3.2).
It can be seen that, compared with the clean-wing data, the high-lift devices moderate the departure of the
experimental datafrom L} and Lj, at highvaluesof o, but that (AL,).,, underestimates the departure
from L; in Sketch 3.6c.

35 Variation with Mach Number

The effect of Mach number on the derivatives Y, , N, and L, is moderate for Mach numbers up to about
0.8, the derivatives increasing slowly in magnitude. Comparisons with experimental data suggest that the
theoretical methods model the effect of Mach number quite well, until the appearance of shock waves at
high Mach numbers causes the experimental derivatives to depart rapidly from their low speed values.
Sketch 3.7 gives an example of the experimental and predicted variations with Mach number for each of
the derivatives.

3.6 Comparisonswith Flight-test Data

Sketches 3.8ato 3.8d show four aircraft configurations for which predicted valuesof N, and L, have been
compared with flight-test data. These indicate the range of aircraft geometries to which the Data Item
methods can be applied. The magnitudes of the predicted componentsof Y,, N, and L, areillustrated for
cruise conditions. The general agreement with flight test datais quite good, as demonstrated in Sketch 3.9
for an aircraft with variable wing sweep from A = 26° to 58°.
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Sketch 3.5 Illustration of predicted and experimental valuesof Y, and N,
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