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ESTIMATION OF DRAG ARISING FROM ASYMMETRY IN THRUST OR AIRFRAME

CONFIGURATION
1. NOTATION AND UNITS"
SI British

A wing aspect ratio, bz/ S
Ap effective aspect ratio of fin and rudder, th- /Sg
b wing span m ft
Cp drag coefficient for aeroplane, D/gS
C D, drag coefficient for fin and rudder, Dy/qS
(C; )F lift-curve slope for straight-tapered wing of aspect ratio 4,

taper ratio, c, /c , half-chord sweep angle A,, -, and area 25

estimated from Item No. 70011 (Reference 9), see Sections 6. l 1

and 6.1.2 here
¢, rolling moment coefficient for aeroplane, L/gSb
C, yawing moment coefficient for aeroplane, N/gSh
Cy sideforce coefficient for aeroplane, Y/¢S
C Y, sideforce coefficient for fin and rudder, Y5/qSy
C,, ¢, wing root and tip chords m ft
¢, , ¢, fin root and tip chords m ft

F F

D drag of aeroplane N Ibf
Dy drag of fin and rudder N Ibf
D, . windmilling drag, per engine N Ibf
Fy net thrust, per engine N Ibf
g acceleration due to gravity m/s? ft/s?
2,5 8,5 &, components of g in x-direction; y-direction; z-direction m/s? ft/s?
H geopotential height m ft
hp fuselage maximum height m ft
hp fin height, measured from root chord, see Sketch 1.1, or height of m ft

equivalent single fin, see Equation (A2.9)
Jg,Jp, Jy  sideforce correction factors defined in Reference 13
Kp induced drag factor for fin and rudder
L rolling moment Nm 1bf ft
LZ resultant rolling moment Nm Ibf ft

¥ See also Section 1.1.

Issued December 1988
With Amendment A, September 1989
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rolling moment due to fin and rudder

rolling moment derivative due to sideslip*,

L, = (dL/9v)/(pVSb/2) = 9C;/0B

rolling moment derivative due to rudder deflection”,
(0L/9L)/qSb

rolling moment derivative due to aileron deflection”,
(dL/9E)/qSb

moment arm (from wing aerodynamic centre) of sideforce due to
fin and rudder; used in method of Section 3, see Sketch 3.1

moment arm of engine gross thrust or propeller thrust

free-stream Mach number
aeroplane mass

yawing moment

resultant yawing moment

yawing moment due to fin and rudder

yawing moment derivative due to sideslip*,

N, = (IN/9v)/(pVSbh/2) = dC, /B

yawing moment derivative due to rudder deflection”,
(oN/9K)/qShb

yawing moment derivative due to aileron deflection”,

(ON/9E)/qSb

angular velocity components about x-axis (rate of roll);
y-axis (rate of pitch); z-axis (rate of yaw)

kinetic pressure, pV~/2

wing (reference) area

fin and rudder area, see Sketch 1.1
rudder area

propeller thrust, per propeller
components of V in x-direction; y-direction; z-direction
true airspeed (resultant velocity relative to air)

aeroplane body-axis coordinates (origin at aecroplane centre of
gravity), see Sketch 1.1

moment arm (in yaw) for sideforce due to fin and rudder

sideforce, positive to starboard (in y-direction)
sideforce due to fin and rudder

sideforce derivative Y, = (dY/9v)/(pVS/2) = dCy/dB
fin contribution to ¥,

sideforce derivative due to rudder deflection”, (9 Y/9C)/qS
sideforce derivative due to aileron deflection”, (9Y/9€)/gS

moment arm (in roll) for sideforce due to fin and rudder

See footnote at end of Notation Section

rad™!
rad !

m

Nm

Nm
Nm
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rad !
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asym thr
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Subscripts

aero

aileron
asym
feathered
ind

n

profile
sideslip
B=0
=0

O =0

angle of sideslip (sinf =v/V)

increment in aeroplane drag coefficient

fin-and-rudder contribution to AC D

increment in Cp, due to thrust asymmetry

increment in Cp, due to windmilling engine

change in wing lift coefficient needed to counteract rolling
moment due to asymmetry, see Sections 6.4 and 6.5

asymmetry in airframe mass

rudder deflection angle

spanwise coordinate, y/(b/2)

inclination angle (elevation or angle of pitch) between horizontal
and x-body-axis

fin and rudder quarter-chord and half-chord sweep angles
aileron deflection angle

density of air

bank angle, (® = 0, wings level; ® >0, starboard wing down)

denotes airframe aerodynamic force or moment, except for those
imposed by asymmetry and denoted by “asym”

denotes value for aileron

denotes asymmetric force or moment imposed on aircraft
denotes value with feathered propeller

denotes induced drag component

denotes »’th fin in multiple-fin configuration

denotes profile drag component

denotes value for flight in sideslip for aircraft minus fin
denotes flight condition with zero sideslip

denotes flight condition with zero rudder deflection

denotes flight condition with wings level

* See Section 1.1.

Use of Control and Stability Derivative Data

deg

rad

deg

deg

rad

kg/m3

deg

slug
rad

deg

deg

rad
slug/ i3
deg

This Item follows the definitions and nomenclature used in the ESDU Aerodynamics Series for control and
stability derivatives. The derivatives L, etc. are formally defined for a datum condition of steady, rectilinear
flight at zero sideslip. The equivalence to coefficient derivatives, dC;/df3, etc., holds for these conditions,
see Reference 33. The subscript “e”, used to denote datum conditions in the Aerodynamics Series, is omitted
here. Conversions to forms customarily used in the USA are as follows.

Derivative used here |L L ¢ LF;

N, N

v

NE_, Y YC

Y

USA equivalent o

c, C, C, |Cy

C C
B lsg sy | “ng g Tngy

C
B Yer

Ysy
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True airspeed V'

Sideslip velocity v T

Oy body axis

Line of engine gross thrust

B

Ox body axis

Aeroplane centre of gravity

Reference point for fin
and rudder sideforce

Shaded area is Sg

Dorsal (and ventral)
extensions ignored

hp
i -
Ox body axis / /’z;f =
-~ cr
True airspeed V' ! F
XF

Oz body axis

Sketch 1.1 Axes, dimensions and angles
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2.1

INTRODUCTION

Methods are provided for estimating drag increments arising in steady trimmed flight as a consequence of
asymmetry in thrust or airframe configuration. The primary application is to flight with one or more engines
inoperative as, for example, in calculations of climb performance after take-off or a missed approach where
the drag due to asymmetry can be greater than the drag due to the inoperative engine at low speeds, see
Sketch 2.1. Thrust asymmetry may also be significant in range calculations if a long diversion becomes
necessary because of engine failure.

The Data Item can, however, be used to consider asymmetries in thrust, drag, lift and mass since these are
counteracted in related ways. The significant factors are the relative magnitudes of the yawing and rolling
moments imposed on the aircraft and the piloting techniques used, that is, the combination of control inputs
applied about the yaw and roll axes.

Section 3 provides a simple method, based on established data for a wide range of aeroplanes, for predicting
the drag increment for flight with one or more engines inoperative (excluding the drag of the inoperative
engine). The broad effects on drag of different flight techniques are shown but, because of a lack of detailed
information for individual aeroplanes, no information is given on the breakdown of drag into components.
The correlating parameter used is derived in Appendix A.

Section 4 gives the force and moment equations used to determine equilibrium flight conditions for use
with aerodynamic data. Results of such calculations are shown in sketch form while a detailed example is
given as Appendix B.

Section 5 provides a detailed discussion of the alternative ways in which an aircraft can be flown to achieve
steady straight flight in the presence of thrust or airframe asymmetries. Practical aspects of obtaining and
using flight-test and wind-tunnel data are discussed.

Section 6 lists the various drag components that can arise as a consequence of thrust and airframe
asymmetries and gives methods for estimating some of them. Where the estimation procedure involves the
use of Data Items from the ESDU Aerodynamics Series, typical values of the drag components are
presented.

Appendix A derives the relationships between asymmetric forces tending to yaw the aircraft and the
fin/rudder side force and induced drag corresponding to equilibrium flight.

Appendix B presents an example of the use of wind-tunnel data, in conjunction with the equations for
equilibrium flight conditions from Section 4, to estimate the drag due to asymmetry in thrust.

Relationship Between Lateral/Directional Trim and Longitudinal Trim

The methods given are concerned primarily with the effects, on drag, of establishing the lateral/directional
trim of the aeroplane in the presence of thrust or airframe asymmetries, However, it is likely that changes
in longitudinal trim will occur between corresponding symmetric and asymmetric flight conditions, for
example, the loss of thrust of an engine may introduce a large change in pitching moment.

In all Sections except Section 3 it is assumed that forces along and moments about all three aircraft axes
can be considered independently, i.e. that there is no cross coupling between lateral/directional and
longitudinal trim changes, and no further consideration is given to longitudinal trim. Note that for some
aeroplane configurations there may be significant interactions between lateral/directional and longitudinal
trim changes, for example if wing downwash is affected by changes in directional and/or lateral control or
in power settings.
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2.2

In Section 3 and Figures 1, 2 and 3 the increment in drag coefficient due to asymmetry in thrust includes

all drag components except the windmilling drag of the inoperative engine or propeller.

Methods For Estimating Drag of Inoperative Powerplants

The Performance Series includes methods of estimating windmilling drag of propellers (Item No. ED1/1,
Reference 1), windmilling drag of jet and fan engines (Item No. 81009, Reference 2) and spillage drag of
axisymmetric intakes (Item No. 84004, Reference 3). The combined usage of References 2 and 3 is

demonstrated in Reference 4.

= ACDasym thr

10
Symbol | Number | Engine Engine
of locations bypass
9 \ engines ratio
o 2 wing high
3 X 2 wing low
\ \ﬁ; L\ < 2 rear fuselage | low
§
S 7 * 3 |wing(2) high
K o 3 wing (2) high
6 4 wing high
4 wing high

Drag due to thrust asymmetry

Drag due to windmilling engine

/

\\\

A
\\
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0 0.1 0.2 0.3 0.4 0.5 0.6

I I I I I I I |
0 50 100 150 200 250 300 350

s
/

Equivalent airspeed (knots) in ISA sea-level conditions

Sketch 2.1 Examples of relative magnitudes of drag due to thrust asymmetry and engine
windmilling drag
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3.1

3.2

FIRST APPROXIMATION TO AIRFRAME DRAG COEFFICIENT INCREMENT FOR STEADY
STRAIGHT FLIGHT WITH FAILED ENGINE(S)

Figures 1, 2 and 3 present data for use in estimating values of AC/, L the increment in airframe drag
i sym t
coefficient due to thrust asymmetry. asym thr

Method of Estimating AC),

asym thr

Values of AC}, are presented in Figures 1, 2, 3 as functions of the parameter

asym thr

() ()
27\ ¢ lphp) S

The imposed yawing moment, N, for a symmetrically located pair of powerplants, is

asym?’
N = (thrust difference between powerplants) lp

asym

where the moment arm, / b is defined in Sketch 1.1. Where one of the pair of powerplants is inoperative,

Nasym =(Fy*tD,, )l for jet and fan engines,
Nasym (T+D eathered)l or (T+D,, )lp for propellers.
The wing (reference) area, S, used in the correlating parameter and in defining AC D, is the equivalent

straight-tapered gross wing defined in Sketch 3.1. Values of the fin and rudder mofient” arm, lf, should be
determined as indicated in Sketch 3.1.

For a single vertical fin the height /4, and area S, are as shown in Sketch 1.1. For multiple-fin

configurations,
1 he,

2
he o (ESp)

[\

See Section A2.3 of Appendix A for the derivation of this expression and for advice regarding the selection
of appropriate values of £ F, and Sy . For non-vertical fins, 4, and S F, are taken as the projected values
in the aeroplane plane of symmetry

Estimation of AC), ’ for Different Flight Techniques* and Airframe/Powerplant Combinations
asym thr

For jet- and fan-engined aeroplanes (Figures 1 and 2) it should be assumed that the only drag component

excluded from AC}, asym thr is the engine windmilling (i.e. internal) drag, D, and that cowl spillage drag

is included in Flgures 1 and 2 (see Reference 2 for method of estimating Wlndmllhng drag).

For propeller-driven aeroplanes (Figures 2 and 3) it should be assumed that the only drag component
excluded is that of the feathered or (less likely) windmilling propeller (see Reference 1 for method of
estimating windmilling drag).

*  See Section 5.1 and Sketches 5.1 to 5.4 regarding the various flight techniques.
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3.3

For flight with “roll controls centralised ™, for jet- and fan-engined aeroplanes, Figure 1 provides data
for estimating values of AC sy 1hr based on established data for 25 aeroplanes.

For flight with “significant sideslip, including wings level ™, Figure 2 provides data for estimating values
of ACp . for both propeller-driven and jet- and fan-engined aeroplanes. The data for the 7 jet- and
fan- englned aeroplanes used were for wings level. Of the 18 propeller-driven aeroplanes for which data
are included in Figure 2, three were for wings level. The only data for propeller-driven aeroplanes excluded
from Figure 2 were those (“for zero sideslip*”) used in Figure 3. The use in Figure 2 of the parameter

(hp/h B)2 implies that much of the drag is induced by the aircraft body in sideslip.

For flight with “zero sideslip*”, for propeller-driven aeroplanes, Figure 3 gives a rough guide, based
on data for 4 aeroplanes.

For flight with “zero sideslip*”, for jet- and fan-engined aeroplanes, the fin and rudder induced drag
is the major component and a guide to its magnitude is given in Figures 1 and 2. More detailed estimates
may be made using the methods of Section 6.1.2 and 6.2 for fin and rudder induced drag and profile drag,
respectively.

For flight with zero rudder deflection”, for jet- and fan-engined aeroplanes, limited data (for 2 very
different configurations) suggest, as might be expected that values of ACp,,,, ,, lie between those
obtained from Figure 1 for roll controls centralised” and those from Figure 2 for flight with significant
sideslip, including wings level.

Basis of Figures 1, 2 and 3

The data used to generate curves in Figures 1, 2 and 3 are either determined from, or confirmed by, flight
tests and have been used in generating flight-manual data for the aircraft concerned. The primary correlating
parameter is derived in Appendix A. Its use implies the following assumptions.

(i) The yawing moment due to asymmetric engine or propeller thrust is balanced by the
moment due to fin and rudder sideforce.

(i1) The drag due to asymmetry is made up entirely of the induced drag corresponding to the fin
and rudder sideforce.

Assumption (i) is reasonable for flight with zero sideslip* but for straight flight this implies that the aircraft
must be banked. In practice, some combination of bank and sideslip is likely but for most of the aircraft
for which data were available these angles were unknown. In general, bank angles are of order 2 to 4 degrees
and for civil transport aeroplanes some airworthiness requirements stipulate a maximum bank angle of 5
degrees. In practice, it may be preferred to fly with roll controls centralised (to avoid actuation of spoilers
and/or to enhance the repeatability of flight-test results) or with wings level (to simplify piloting
technique — particularly in instrument flight conditions).

Given that a combination of bank and sideslip angles is likely, the list of possible components of drag given
in Section 6 indicates that while the fin and rudder induced drag may be the dominant term for flight with
zero sideslip, this is unlikely to be true for other flight conditions. The extent to which assumption (ii) is
invalid can be gauged from Figures 1, 2 and 3 by noting the departure of the aircraft data from the region
labelled “fin and rudder induced drag”.

*  See Section 5.1 and Sketches 5.1 to 5.4 regarding the various flight techniques.
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Difficulties associated with obtaining consistent measurements of drag due to asymmetry are discussed in
Section 5. These are accentuated if no system of thrust and drag accounting is specified in the sources of
data used. In particular, when analysing data for some aeroplanes it was not clear whether cowl spillage
drag (if present) was included in “engine windmilling drag” or in the drag due to asymmetry. The analyses
of data supporting Figures 1 to 3 (and other aspects of the Data Item) are reported in Reference 35.

|
A Al 7 TR

W
\

Aerodynamic centre ',
of equivalent wing
(at 1/4 chord point)

— Aerodynamic mean chord
of equivalent gross wing

Fin and rudder

half-chord line
Ip

Reference point for
fin and rudder sideforce

s
&

Procedure

(i) Construct equivalent straight-tapered wing ABCD having same exposed area as actual wing.

(i) Extend AD to F and BC to E on centre line to give equivalent straight-tapered gross wing ABEF.
(iii) Identify A’, B” at distances EF from A and B. Identify E’, F” at distances AB from E and F.

(iv) Locate mean chord of equivalent gross wing at intersection of A’E” and B'F’.

(v) Aerodynamic centre is located at 1/4 chord point.

Sketch 3.1 Approximate method used to estimate fin and rudder moment arm /,

(Section 3 and Figures 1 and 2 only)
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ESTIMATION OF EQUILIBRIUM FLIGHT CONDITIONS AND ASSOCIATED DRAG

Systematic methods of estimating the drag due to asymmetry utilise aerodynamic data for sideforce and
for yawing and rolling moments to determine sideslip angles, bank angles and control deflections for steady
straight flight and, then, evaluate the corresponding airframe drag increments. Equations for establishing
the equilibrium flight conditions are presented in Section 4.1 while Section 4.2 discusses methods of
solution and presents some simplifications for particular flight cases.

Where wind-tunnel data are used as the basis of estimation, the resulting increment in airframe drag
coefficient (for a given configuration and values of angle of attack and Mach and Reynolds numbers) is

AC, = f(B, €&). 4.1

Appendix B presents an example based on wind-tunnel data.

Where estimated aerodynamic data are used, individual contributions to drag are likely to be evaluated
separately. If the contributions to drag are those considered in Section 6 then, for example,

ACp = (ACp) . +AC),  +AC +AC +AC . 4.2)

sideslip aileron spoiler slipstream

Other subdivisions of drag due to asymmetry are possible. Sketch 4.1 shows an example of the variation,
with sideslip angle, of estimated values of contributions to drag due to asymmetric thrust for a large transport
aeroplane in the take-off configuration (Reference 31). The sketch illustrates an alternative subdivision of
the terms [(AC ) I AC Dsideshp] in that the broken line which passes through the origin represents the “drag
due to sideslip” of the whole aircraft at zero rudder deflection, to which a “rudder drag” contribution is
added.

Contributions to AC),

Total drag due to
engine out

" Drag due to sideslip
plus rudder drag

Rudder drag

. Drag due to sideslip
/" (finon, {=0)

s _——  Spoiler drag
/ o .
Windmilling drag
| _/‘Aileron drag
4 6 8

Sideslip angle, 3 deg

Sketch 4.1 Example of drag coefficient increments resulting from balancing lateral-directional
asymmetry due to failed engine in take-off climb configuration

10
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4.1 Equations for Equilibrium Flight Conditions

For trimmed, steady straight flight the resultant sideforce, rolling moment and yawing moment acting on
the aeroplane must be zero. These conditions may be expressed in terms of forces along the y-body axis
and moments about the x- and z-body axes, as follows.

YZ =Y, T mgsin®cos® + Yasym =0, 4.3)
z

L~ = LaeerLasym =0, 4.4
N* = Nygo * Ny = 0. (4.5)

If wind-tunnel data are used as the basis for solving Equations (4.3) to (4.5), these data may be expressed
in the form of sideforce, rolling and yawing moment coefficients” C y» C;» C,. For a given airframe
configuration, and fixed values of angle of attack and Mach and Reynolds numbers, these coefficients are
functions of B, {, . The corresponding terms in Equations (4.3) to (4.5) are

Yaero = qSCY’ (4‘6)
L,,, = 45bC,, (4.7)
N.. = aSbC,. (438)

Where estimated aerodynamic data are used as the basis for solving Equations (4.3) to (4.5), one method
of expanding the equations to represent the various force and moment components is as follows:

YZ = YF + Ysideslip + Yaileron tmg sin®cos© + Yasym =0 ’ (4‘9)
z

L= LF + Lsideslip + Laileron + Lasym =0, (4.10)

NZ - NF + Nsideslip + Naileron + Nasym = 0. (4.11)

If control and stability derivative data are to be used to obtain solutions to Equations (4.3) to (4.5) (as
in Appendix B), these equations must be expressed in terms of the notation used in the Aerodynamics Series
for stability derivatives to give

(vav)p—?-g-F(YgxQ)qS+(Yéxé)qSﬁ-mgsin@cosG)-FYasym =0, (412
(L, % v)pVZS b, (Ly X §)gSh+ (L x §)gSh + Ly, = 0. (4.13)
(N, x CLETN (N % §)gSh + (N x €)qSh + Ny, = 0. (4.14)

Further alternative forms of these equations can be written if force or moment data are likely to be available
in coefficient form, for example, for the yawing moment due to sideslip the term,

pVSb _ (N _ \p¥Sbh _ (9C,
(N, x »)E= (avxv) : (anB)qu. (4.15)

In such cases, however, it is more likely that the approach of Equations (4.3) to (4.8) will be used.

* As quoted, the coefficients C v C I Cn accord with those used in the ESDU Aerodynamics Series. Other methods of rendering these
quantities non-dimensional are in use, for example wing chord may be used in place of span, b.

11
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4.2

4.2.1

Solution of Equations for Equilibrium Flight Conditions

Equations (4.3) to (4.5), (4.9) to (4.11) or (4.12) to (4.14) must be solved to determine the values of sideslip
and bank angles and rudder and aileron (or spoiler) deflections that correspond to trimmed steady straight
flight. However, various simplifying assumptions can be made regarding the representation of the imposed
asymmetric force and moments and the solution of the equations for particular cases. These are considered
in Sections 4.2.1 and 4.2.2 respectively.

Representation of imposed asymmetric force and moment

In Section 4.1 the terms representing the imposed asymmetric sideforce and moments in Equations (4.3)
to (4.5), (4.9) to (4.11) and (4.12) to (4.14) allow all forms of asymmetry to be considered, for example,
asymmetries in thrust, drag, lift and mass.

For asymmetry in thrust, the full expressions for body-axis components of forces and moments due to
engine gross thrust, momentum drag, propeller thrust and propeller in-plane force are given in Tables 6.3
and 6.4 of Item No. 85030 (Reference 8). In practice, many of the terms involved (particularly those
involving more than one small angle) can be ignored.

The simplest expression for N for a symmetrically located pair of powerplants, is

sym’
N = (thrust difference between powerplants) lp ,

asym

so that where one of a symmetric pair of powerplants is inoperative,

Nygym = (Fy+D,, )1, for jet and fan engines, (4.16)
Nogom = T+Dpered)!, ot (T+D,, )1, for propellers. (4.17)

Equations (4.16) and (4.17) take no account of different lines of action of the forces but, if differences exist,
the moment arm, /_, should be selected to take account of any “toe-in” or “toe-out” of the engine gross
thrust or propeller thrust vectors. The term representing the drag of the inoperative powerplant (D, or
Dfe athereq €T€) should strictly include all drag changes due to the inoperative engine, i.e. in spillage drag,
and in slipstream drag behind a propeller or jet or fan engine (“scrubbing drag”). However for the purposes
of calculating Ny, (but not for drag calculations) it is permissible to omit many of the smaller terms,
such as the drag of a feathered propeller.

For asymmetry in airframe lift and/or drag, Item No. 85030 (Reference 8) gives definitions of both the
air-path-axis (Table 6.5) and body-axis (Table 6.6) components of airframe and control acrodynamic forces
and moments. Note that Equations given in Section 4.1 here are expressed in terms of body-axis components
of forces and moments but that the customary methods of presenting aerodynamic data” provide values of
rolling and yawing moment coefficients about the “aerodynamic-body axes” (or “wind axes” or “stability
axes”). For small angles of attack and sideslip the differences can be overlooked but, if large angles are
likely, the appropriate body-axis components should be derived (see Table 6.2 of Reference 8 for
axis-transformation formulae).

* Most wind-tunnel data are presented in terms of these axes and the practice is adhered to in the ESDU Aerodynamics Series.

12
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4.2.2

For asymmetry in airframe mass of magnitude Am , located at point (x, y, z) relative to the position (in

the absence of Am ) of the aeroplane centre of gravity, the expressions for Y, sym” L, sym and N, sym 8T€
asym Amgy = Amgsin®cosO, (4.18)
Lasym = Am(yg, - zgy) = Amg(ycos®cos® — zsin®cosO), (4.19)
asym Am(—yg, + xgy) = Amg(ysin® + xsin®cos®). (4.20)

Simplifications to equations for equilibrium flight conditions

From the discussions presented in Section 5, a number of simplifying assumptions can be made for particular
flight cases. Although the remarks made here apply regardless of whether wind-tunnel or estimated
aerodynamic data are used, they are illustrated by reference to Equations (4.12) to (4.14).

6)] For flight with wings level, ® = 0 so the term involving ® in Equation (4.12) vanishes; but
aileron and/or spoiler deflections depend on the size of any rolling moment to be counteracted.

(i1) For flight with zero sideslip, v = § = 0 so that the first term in each of Equations (4.12) to (4.14)
vanishes but bank angle ®#0.

(ii1) For flight with roll controls centralised, the aileron and/or spoiler deflections are zero or very
small so that terms involving & may be ignored.

(iv) For flight with rudder centralised, terms involving { become zero.
) For some calculation purposes the following terms, which for some configurations represent
adverse secondary effects of control deflections, may be neglected as of second order compared to

the others.

rolling moment due to rudder, i.e. L ¢ term in Equation (4.13)
yawing moment due to aileron, i.e. Ng term in Equation (4.14).

(vi) For nearly all calculations it is possible to neglect the sideforce due to aileron deflection i.e. Yg
term in Equation (4.12).

(vii)  For flight with wings level with an asymmetric yawing moment, and where simplifications (v)
and (vi) apply, Equations (4.12) and (4.14) become.

(Y, x v)p—zV—S + (Y x§)gs = 0, (4.21)
VSh
2

(N, x v)E==2 + (N x §)gSh = -N (4.22)

asym

By substituting v = Vsinf in Equations (4.21) and (4.22) they can be expressed in the forms

(Y, x sinB) + (Y, x ) = 0, (4.23)
-N
. _ asym
(N, x sinB) + (N x §) = “aSh (4.24)
-N
from which  sinBg _ , = = (4.25)

YV

13
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(viii)  For flight with zero sideslip with an asymmetric yawing moment, and where simplifications
(v) and (vi) apply, Equations (4.12) and (4.14) become

(Y Q)‘I—S + mgoos@sindg _ o = 0, (4.26)
Sb
05 = N, (4.27)
(Y x Q) (Y x 8)
. ol g qs| _ o -1 g
from which (DB -0 sin {mgcos@ X 2} sin [ c, } (4.28)
_ Vasym
= — 4.29
-0 Ny % qSb (4.29)
or, by combining Equations (4.28) and (4.29),
N Y
. -1 asym ¢
D = —_— 2, 4.30
p=0 s [b mgcos@NJ (4.30)

Note that the use of different methods of rendering aerodynamic parameters non-dimensional, may result
in, for example, wing chord replacing span, b, in Equations (4.24), (4.25), (4.27), (4.29) and (4.30).

4.2.3 General solutions for case with asymmetric yawing moment

Equations (4.12) and (4.14) are used here to derive general relationships for the case of an aeroplane in
trimmed flight with an asymmetric yawing moment but ignoring the effects of aileron and/or spoiler
deflections. From Equation (4.14), if the substitution v = Vsinf3 is made, the rudder angle to trim can be
expressed as

. 1 Nasym
¢ = Ng[qu + N, sinB]. 4.31)

If the same substitution is made in Equation (4.12), that Equation may be solved simultaneously with
Equation (4.31) to give

Y.N
[—Q—M — (mgsin@cos@))}
NC b

sinff = L (4.32)
T e
Yv__Nv
Ny
YvNasym in® o
I[N—VT—(mgsm cos )}
and = — . (4.33)
qS Y
{C NNJ

14



ESDU product issue: 2004-01. For current status, contact ESDU. Observe Copyright.

—

p— ™
—
Engineering Sciences Data Unit

By using the relationships developed in Equations (4.25) and (4.30), it can be shown that for this case the
bank and sideslip angles to trim are related by

' sin 3 - 'smtb ' (4.34)
sinfg _ smdDB ~ 0

Similarly, it can be shown that the bank and rudder angles to trim are related by

¢ _,__sn® (4.35)

Q(D ~ 0 sin(I)C ~ 0

Combining Equations (4.34) and (4.35) leads to the following general relationship for bank, sideslip and
rudder angles to trim,

sin 3 ¢ sind)g — 0
—_— = 1+ —1|—= i 4.36
sinfg _ [C(D ~ 0 ]smd)B — 0 ( )

The effects of aileron and/or spoiler deflections can of course be included in these results if the appropriate
terms (i.e. those involving & ) are not deleted from Equations (4.12) and (4.14). Alternatively, the particular
flight condition corresponding to & = 0 can be deduced by noting that for this condition Equation (4.13)
reduces to

LvsinB+LCC = 0. (4.37)
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PRACTICAL CONSIDERATIONS

Sketch 5.1
Flight with asymmetric
thrust and zero bank

Sketch 5.2
Flight with asymmetric
thrust and zero sideslip

Sketch 5.3

Flight with asymmetric
thrust and sideslip towards
live engine 3

Sketch 5.4
Flight with asymmetric
thrust and rudder central

Sketch 5.5

Flight with asymmetric
thrust and dead-engine
down
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Conditions for Steady Straight Flight with Asymmetric Engine or Propeller Thrust

There are an infinite number of combinations of bank and sideslip angles and of rudder and aileron and/or
spoiler angles under which steady straight asymmetric flight can be achieved. Seven categories of flight
condition are identified and discussed in paragraphs (a) to (g) and most of these are illustrated in
Sketches 5.1 to 5.5 (views from vertically above and along the air-path vector, ;). For simplicity, the
sketches show only the major powerplant and airframe-aerodynamic forces (and weight) although for
trimmed, steady, straight flight each of the following conditions must be met (see Section 4.1).

(1) Resultant sideforce is zero, so that there is no acceleration perpendicular to the direction of
motion (the necessary condition for straight flight).
(i1) Resultant yawing moment is zero (the necessary condition for the aeroplane to maintain constant

heading and thus constant angle of sideslip).
(ii1) Resultant rolling moment is zero (the necessary condition for the aeroplane to maintain a constant
bank angle).

(a) Flight with wings level. In this condition the relevant forces on the aeroplane are as shown in Sketch 5.1.
The aeroplane is sideslipping towards the dead engine with the rudder to the opposite side. The rudder and
angle of sideslip have been adjusted by the pilot until there is no resultant side force on the aircraft, and
also no resultant yawing moment. Ailerons (and/or spoilers) are used as necessary to maintain wings-level
flight. This flight condition is relatively simple to establish (in both visual and instrument flight conditions)
but the associated drag penalty may be severe.

(b) Flight with roll controls centralised, i.e. zero aileron and spoiler deflections. As in (a), above, rudder
is used to counter the asymmetric yawing moment and the aeroplane sideslips towards the dead engine.
Since ailerons or spoilers are not used, the rolling moment due to fin and rudder sideforce must be countered
by the rolling moment due to sideslip (L) of the rest of the airframe. For jet- and fan- engined aeroplanes
a state of equilibrium is usually reached at quite small angles of bank. For such aeroplanes the technique
is advantageous because of the avoidance of aileron and, more particularly, spoiler drag and the relative
ease with which test results may be repeated. The technique is applied in the certification of many jet- and
fan-engined transport aeroplanes but is unlikely to be acceptable for propeller-driven aeroplanes because
of the larger bank angles likely due to the lift loss associated with the failed engine.

(c) Flight with zero sideslip. The forces acting now are shown in Sketch 5.2. The aeroplane is banked with
the live engine wing down and rudder applied to the same side to counteract the yawing moment due to
asymmetric thrust. The side component of the wing lift balances the sideforce on the fin and rudder due to
the rudder deflection. The angle of bank required to reduce the sideslip to zero is normally only two or
three degrees and the rudder angle is less than that required in case (a) above. The pilot will find it impossible
to maintain this flight condition unless he has a special sideslip indicator or some other indication (such as
a head-up display with appropriate air-data inputs, see Section 5.3.4) that he is not sideslipping.

(d) Flight with asymmetric thrust and sideslip towards live engine. Sketch 5.3 shows the forces acting
in the general case of trimmed flight with both sideslip (towards the live engine) and bank (live engine
down). The direction of sideslip is beneficial here since the contributions to sideforce (and hence to the
moment countering the effects of thrust asymmetry) due to both the fin and the deflected rudder act in the
same direction (and not in opposition, as in cases (a) and (g) — see Sketches 5.1 and 5.5). Zero resultant
side force on the aircraft is achieved by balancing the contribution due to the fin, rudder and airframe by
the side component of wing lift, produced by banking the live-engine wing down. This class of flight
condition is of particular value in cases where the rudder control available is limited.

(e) Flight with rudder central. The forces acting are shown in Sketch 5.4. In this case, which can be seen
as a unique example of case (d) (Sketch 5.3), the aeroplane sideslips towards the live engine until the yawing
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5.2

5.3

moment so produced (depending on N, ) balances the moment due to asymmetric thrust. The resulting side
force (depending on Y|) is balanced by the side component of the wing lift produced by banking the
live-engine wing down. The angles of bank and sideslip are now considerable.

(f) Flight with rudder free". If the rudder is balanced by a horn and thus has a tendency to ‘float’ against
the wind, the condition of flight with rudder free will lie between (c) and (e), but if the rudder is balanced
by, for example, a geared tab, angles of bank and sideslip even greater than the condition (e) will be needed
before the rudder hinge moment becomes zero. This condition of flight would not usually be chosen by the
pilot for steady flight because of the large angles of bank and sideslip involved. It is a condition in which
fin stall may occur.

(g) Flight with asymmetric thrust with dead engine down. Starting from the first condition mentioned,
i.e. with wings level, the aeroplane can be flown with the dead engine banked down. This condition is
unlikely to be chosen in straight flight because of the large angle of sideslip toward the dead engine and a
large rudder angle will be needed to prevent yaw, see Sketch 5.5. This is a condition under which fin stall
and rudder overbalance” are prone to occur.

Wind-Tunnel Data

Wind-tunnel test programmes often include data relevant to the estimation of asymmetric trim drag, for
example, sideforce and yawing and rolling characteristics are measured as part of the overall work on
stability and control derivatives. Tests to establish the variation of drag coefficient with sideslip and rudder
angles are usually conducted for a selection of airframe configurations and angles of attack (and may include
“fin-on” and “fin-off” cases) — a typical set of results is shown in Appendix B.

Appendix B demonstrates the use of the data in Sketch B4.2 to estimate the change in aeroplane drag
coefficient for particular asymmetric flight cases. The accuracy of this approach depends on how
representative the wind-tunnel tests are of flight conditions. Features that may not be represented in the
former include aileron and/or spoiler deflections, cowl spillage and powerplant scrubbing or slipstream
flows. In addition, the effects of sideslip, on transition, and the various corrections to measured forces and
moments, may be less well established than for symmetric configurations.

Flight-Test Data

There are several approaches to the use of flight tests to measure (or to confirm estimates of) drag due to
thrust or airframe asymmetry' and these are considered separately in Sections 5.3.1 to 5.3.3. Where the
objective is to measure the drag increment due to thrust asymmetry for a particular aeroplane, results are
frequently presented as in Sketch 5.6. Other forms include: substitution of [equivalent airspeed]2 for ¢ in
the parameter on the horizontal axis or multiplication of that parameter by [/ /Sb] or by [[ /Spx[] or use
. b, . P
of the square of any one of these. All of these forms of presentation permit the inclusion of values of
AC Dy thr from tests made for either or both of the following

(1) for a wide range of flight conditions (and hence ¢) but a limited range of power settings, for
example with one engine windmilling and the other at “climb” power,
(i1) for a wide range of asymmetric thrusts, using differential power settings, but possibly for a

limited range of values of g.

A characteristic of presentations such as Sketch 5.6 is that test results obtained at high speeds tend to be
concentrated near the origin (especially if the parameter on the horizontal axis is squared). If test data are

This case is only relevant if the control circuit is such that, “rudder free” implies that rudder position is determined solely by the
aerodynamic moment acting.
T Section 5.3 is written in terms of thrust asymmetry. However the same techniques apply for other forms of asymmetry.
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5.3.1

5.3.2

obtained at low speeds only, the subsequent extrapolation to the origin (broken line in Sketch 5.6), can,
seemingly, provide estimates for much higher-speed conditions but, in practice, test data at higher speeds
are more likely to be as indicated by the solid line in the Sketch. This tendency is followed in the presentation
of mean lines in Figure 1 and 2.

ACp Data measured at

asym thr .
high speeds Low speed test data

- Extrapolation of low speed test data

Thrust difference between symmetric powerplants
q

Sketch 5.6 Example of presentation of measured drag coefficient increment due to thrust
asymmetry (windmilling drag excluded)

General approach to drag measurement

If time and resources are available, the best method of determining drag due to asymmetry is as part of the
overall programme of drag measurement. Data Item No. 79018 (Reference 6) provides an example of the
application of three techniques, each involving determination of the resultant acceleration of the acroplane
and the subsequent calculation of lift and drag from a knowledge of engine thrust. In that Item,

(1) Section 4 considers the use of air data measurements only to determine acceleration,
(i1) Section 5 considers the use of body-axis-aligned accelerometers,
(ii1) Section 6 considers the use of accelerations derived from an inertial platform.

To apply these methods to determine drag due to thrust asymmetry, the thrust of each engine must be
represented separately (in the case of (i), where air-path-axes are used, the force components due to
individual engines are given in Section 4.1 of that [tem).

Use of climb performance tests to determine drag
Climb performance tests, for example at fixed calibrated airspeed but with one engine at reduced power,
or shut down, can be used to deduce the change in drag from that in symmetric flight. Such tests can also

be used to confirm pre-flight estimates.

For still air, or for conditions where wind speed does not vary with height, the rate of climb, dH/dz, is
calculated from the along-flight-path equation of motion expressed in the following general form,

dH _ V[component of thrust along airspeed vector minus drag ] 5.1)
i W Y | |
godH

A derivation and detailed presentation of Equation (5.1) is given in Item No. 70023 (Reference 5) together
with additional information on test techniques efc. For known flight conditions, i.e. climb technique, speed,
weight and thrusts, changes in airframe drag for different levels of thrust asymmetry can be deduced from
measured values of climb rate using Equation (5.1). Values of the acceleration factor (the term in square
brackets in Equation (5.1)) are given in Item No. 81046 (Reference 7) for climbs at constant equivalent
airspeed, constant calibrated airspeed and constant Mach number.
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5.3.3

5.3.4

Combined use of flight-test and wind-tunnel data

If wind-tunnel data are available (and assuming that all significant effects of asymmetry are correctly
modelled), initial flight tests may be limited to determining the combinations of sideslip and rudder
deflection angles corresponding to steady, straight trimmed flight. Values of AC[, can then be deduced
directly from the wind-tunnel data and, if required, bank angles can be determined using Equation (4.12).
The values of AC}, so obtained can be validated by using them to estimate climb performance with an
inoperative engine and checking these against actual climb performance (see Section 5.3.2). Such validation
would be essential for civil certification.

Limitations

Drag due to asymmetry is a (relatively) small difference between drags in symmetric and asymmetric flight
conditions and so is inevitably a difficult quantity to measure accurately. A major difficulty is the
establishment of steady, repeatable test conditions and in this respect the use of climb tests (Section 5.3.2)
introduces further uncertainties. If rudder deflection and sideslip angles are measured, then some of the
apparent scatter in flight-derived data (when plotted as in Sketch 5.6) can be explained. Measurements of
€ and P are, of course, essential to the technique of Section 5.3.3. The repeatability of results can also be
enhanced by restricting the range of flight techniques and control inputs used.

One such technique is to avoid all use of roll controls (“centralised roll controls™), use the minimum rudder
deflection required to counter the yawing moment due to thrust asymmetry and accept the resulting
combination of sideslip and bank angles. This technique is widely used with jet- and fan-engined transports
and leads to a relatively low level of drag due to asymmetry. It is, of course, particularly beneficial if use
of lateral controls would result in spoiler deployment. Other, less practicable, methods of limiting the range
of possibilities are as follows.

6)] To aim for flight at zero sideslip; this is desirable since it corresponds to low drag, see Sketches 4.1
and B4.2, but is difficult to establish without special instrumentation, for example, a head-up display
with appropriate air-data inputs. The ability to reproduce, operationally, what had been
demonstrated in flight test, would also have to be established.

(i1) To fly with zero rudder deflection; this is a high drag configuration and involves large bank angles
so that it is of little practical value.

Analysis of test data requires a knowledge of the asymmetric forces imposed on the aeroplane,
(1) to calculate values of the imposed moment, see Section 4.2.1,

(i1) to deduce aeroplane drag using the methods described in Section 5.3.

In a detailed analysis to deduce airframe drag, a system of thrust and drag accounting is essential and values
are required for windmilling drag, cowl spillage drag and for any drag or lift changes associated with
changes in slipstream and scrubbing flows. It is possible that for some installations values of windmilling
drag and of thrust at low power settings may be less well established than at higher settings and estimates
may not be available for all the other powerplant-related force components. One frequent result is that the
value of “drag due to asymmetry” often includes other terms. For example, in deriving the method of
Section 3 and Figures 1 and 2, it was found that for most of the available data, the quoted value of

C Dasym thr included all drag components (due to asymmetry) except for the engine manufacturer’s quoted
windmilling drag.

The scatter on the measured data for any one aircraft can be large. Of two aircraft flying with wings level
one exhibited a scatter of £0.01 onarange of ACp, ~  from 0 to 0.02 and the other exhibited a scatter
of £0.005 on a range of values from 0 to 0.014. Somewhat better repeatability and hence lower scatter of
measured data is found with the “roll controls centralised” technique.
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6.

6.1

ESTIMATION OF INDIVIDUAL DRAG COMPONENTS

Significant drag components associated with methods of countering yawing and rolling moments due to
asymmetry in thrust or airframe configuration are as follows (the list is not exhaustive).

Fin and rudder induced drag due to the sideforce required to counter a yawing moment, see
Section 6.1,

Fin and rudder profile drag change due to rudder deflection, see Section 6.2,

Airframe (fin-off) drag due to sideslip, see Section 6.3,

Wing induced drag changes due to change in lift distribution associated with:
aileron and/or spoiler deployment to counter any rolling moment,
aircraft sideslip,
changes in engine exhaust or propeller slipstream flows,

Change in profile drag due to aileron deflection, see Section 6.4,
Spoiler profile drag, see Section 6.5,

Change in profile drag due to changes in extent to which airframe components are immersed in
propeller slipstream or engine scrubbing flows,

Interference of cowl separated spill flow with other airframe components.

In addition, the yawing moment due to aileron/spoiler deployment and rolling moment due to fin and rudder
sideforce will, if present, modify the imposed moments due to asymmetry.

Fin and Rudder Sideforce and Induced Drag

From Appendix A, Equation (A1.2), the value of fin and rudder sideforce coefficient, Cy, , needed to

counter a yawing moment, N, ym due to asymmetry, is

N
F asym
c. = _ . (6.1)
Yp q9Sp 4SpXp

Expressions for N, may be derived to suit the particular forces involved — see Section 4.2.1.

sym

The fin and rudder induced drag may be expressed in coefficient form (based on fin area) as,

D, .
CD _ F,lnd, (62)
F,ind qSF

and values may be converted to the corresponding contribution to aeroplane drag coefficient using,

S
_ ¢ « F (6.3)

(ACD)F,ind Drina™ 8

The relationship between A(Cp), ; . and N, . for the case of steady straight flight with a yawing
moment due to asymmetry is derived in Section A2 of Appendix A — see Equation (A2.4). A method for

adapting Equation (A2.4) to multiple-fin configurations is given in Section A2.3.
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Methods of estimating the fin and rudder sideforce and induced drag are discussed in Sections 6.1.1 and
6.1.2.

6.1.1 Estimation of fin sideforce
The method, using two Items from the Aerodynamics Series, is as follows.
Data Item in Aerodynamics Series
Method
No. Title
70011 Lift-curve slope and aecrodynamic Figure 1 of Item is used to deduce lift-curve slope (there
Ref. 9 centre position of wings in inviscid |denoted dC; /doc) for straight-tapered “wing” of aspect
subsonic flow. ratio Ap(= 2h /Sg), taper ratio c, /c o half-chord
sweep angle A,/ > and area 25
82010 Contribution of fin to sideforce, Values of lift-curve slope from Item No. 70011, denoted
Ref. 13 yawing moment and rolling moment | (C L)F here and in Item No. 82010, are converted into
derivatives due to sideslip, (Y. g values of the fin contribution, (Y, ) to the sideforce
(N,) I (L,) r in the presence of derivative due to 51des11p using,
body, wing and tailplane. (Y, ) —JgJ, JW(C ) Sp/S,

where Jp J JW are factors to account for body, tail
location and wing location (values of Jp, J, Jy are
presented in Figures 1, 2, 3 of the Item).

6.1.2

Estimation of fin induced drag

There is no separate Data Item dealing with this topic. However, to a first approximation, values may be
estimated using the following relationship which is based on the method of estimating (Y,)) . described in
Section 6.1.1 but with the factor J;;, = 1. The contribution to aeroplane drag coefficient due to fin induced
drag is given by

0.8 ZS

(ACY) o a = 77@ JH(Cp ), IBST(E)] < (6.4)

The method of Equation (6.4) is valid for fully attached flow only and in any event should be restricted to
B<10 deg. The underlying method of Item No. 82010 for (Y)) - 1s itself based on experimental data over
small ranges of sideslip angles about zero, typically between £2 and +5 deg.

Comparison of results from Equation (6.4) with “measured” values deduced from wind-tunnel tests with
ten models (see Reference 35) suggests that the results should be within 230 per cent as long as attached
flow conditions prevail. The “measured” values used in these comparisons were deduced as follows.

(1) For each test where both “fin-on” and “fin-off”” measurements of C, were available as functions

of B, the quantities {[C})] - [CD] *O}FIN ON and {[Cp] - [CD] _o}tFIN OFF Were deduced,
i.e. differences between the value of Cp at p = 0 and the value at each finite value of 3.

(i1) “Measured” values of the fin-induced contribution to drag coefficient were deduced as

} : (6.5)

{11 = [Cply _ o} SLICp -~ [Cply g}

=0"FIN ON
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6.2

Fin and Rudder Profile Drag

Figure 4 gives a method for estimating the change in fin and rudder profile drag due to a known rudder
deflection angle. The Figure is adapted from Aerodynamics Item No. 87024 (Reference 21) but includes
an indication of the spread of the source data.

Values of the drag parameter given in Figure 4 are converted to the corresponding contribution to aeroplane

drag coefficient, (AC) F.profile using

i

AC .
( S

(DD
= [ (6.6)

) _ FC = O)proﬁle
D’ F profile

qSR

A complete calculation process, including the estimation of rudder angle to give the required fin and rudder
sideforce, would include the method described in Section 6.1.1 and would then continue as follows.

Data Item in Aerodynamics Series
Method
No. Title

87008 Rudder sideforce, yawing moment and | Method applies plain-control effectiveness parameter
Ref. 14 rolling moment control derivatives at |to modified form of fin sideforce derivative (see

low speeds: Y, ¢ NQ and LQ. Section 6.1.1) to obtain rudder derivatives. Hence
deduce rudder deflection, {, to give required
sideforce coefficient as function of sideslip angle, 3.

87024 Low speed drag coefficient increment |Figure 1 of Item No. 87024 (main carpet) gives drag
Ref. 21 at constant lift due to full-span plain | coefficient of fin and rudder as function of rudder to

flaps. fin chord ratio and rudder deflection angle. Figure 4
in present Item is derived from that Figure.

6.3

Airframe Drag Due to Sideslip (Fin-Off)

Figure 5 gives a guide to the increase in fin-off airframe drag coefficient, due to change in sideslip angle
B. The figure is based on low speed wind-tunnel data (see Reference 35) for eleven aeroplane models
(fin-off) together with data for tests on several fuselages and two airships (fins-off). Most of the data were
for models with circular-cross-section fuselages/bodies but a limited amount of data is included for elliptic
and “double-bubble” shapes.

Values of the drag parameter given in Figure 5 are converted to the corresponding contribution to aeroplane
drag coefficient, ACp_,, - lip> using

AC =

sideslip

[D-Dgy _ 1., .1 K
{ p 20 szdesllp} % Tsl_? 6.7)

qhB
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6.4

6.5

Aileron Drag
Ailerons contribute only a small component of total drag due to asymmetry, see Sketch 4.1.

There is no method in the ESDU Aerodynamic Series for estimating the induced drag due to aileron
deflection. However, Item No. Flaps 02.01.08 provides a method for estimating the vortex drag of a wing
with symmetrically deployed part-span flaps. As a first approximation it is suggested that the change in
induced drag due to aileron deflection at constant lift may be obtained from the second term of
Equation (2.1) of that Item with the incremental lift coefficient taken as,

L
incremental lift coefficient, AC;, = L (6.8)
Sy .
49 gileron

where L, sym is the imposed rolling moment due to asymmetry and y ;... is the coordinate of the aileron

mid-span point. An alternative approach is given in Reference 24.

Aileron profile drag changes can be estimated as follows. Data Item No. 88013 (Reference 22) can be used
to predict aileron deflection angle for given value of L ; Item No. 87024 (Reference 21) can then be

used to deduce the profile drag increment (full-span controls) and Item No. F.02.01.07 (Reference 15) used
as a correction to part span.

Spoiler Drag
If spoiler controls act with ailerons, their contribution to drag can be considerable, see Sketch 4.1. Estimates

of the profile drag penalty incurred for a given change in lift can be made using Figure 6 which has been
generated using information from four Items in the Aerodynamics Series, as follows.

Data Item in Aerodynamics Series
Method
No. Title

74009 Lift coefficient increment at low speeds
Ref. 17 due to full-span split flaps. The data from these two Items have been combined

74010 Low-speed drag coefficient increment at | to form Figure 6b in the present Data Item.
Ref. 18 zero lift due to full-span split flaps.

74012 Conversion of lift coefficient increment | Data from Item No. 74012 are presented as Figure
Ref. 20 due to flaps from full span to part span. |6a in the present Item and should be used before

reading values from Figure 6b.

Flaps Conversion factor for profile drag Data from Item No. Flaps 02.01.07 are presented as
02.01.07 |increment for part-span flaps. Figure 6¢ in the present Item and should be used to
Ref. 15 adjust values of AC}, obtained from Figure 6b.
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EXAMPLE OF USE OF FIGURES 1 AND 2
Use the methods of Figures 1 and 2 to estimate the change in drag coefficient due to thrust asymmetry for

the turbo-fan engined aeroplane described in Section B1 of Appendix B. Estimate values for both “roll
controls centralised” and “wings level” flight conditions for the following case (“case (i)”” in Appendix B),

W=175000 Ibf, V=143kn, 241.4 ft/s, M=0.2162, g=69.2465 Ibf/ft2.
From Appendix B, Section B1.1, § = 1400 fi2, lp(=xp) =60 ft, hp = 20 ft.
For use with Figure 2, assume hg =15 ft.

For this class of aeroplane, Section 3 suggests that the parameter used in Figures 1 and 2 be expressed
in the form

2
J_(Nasym)z( 1 )21 _ _I_(FN + Dwm)2 lp 1
2w\ ¢ lphg) S 27 q lphp S’

For M = 0.2162, Sketch B4.1 gives F', = 20 950 Ibf, from which the value of N, = 404 181 Ibf ft is
deduced in Section B2. The corresponding value of the parameter used in Figures {and 2 is

1 (404 1812 1 2
— = 0.002 69.
27t(69.2465) (20 X 60) 1400

For this value of the parameter on the horizontal axis in Figure 1, the mean line provides an estimate
for “roll controls centralised”, of

ACp = 0.0065.

asym thr

For the value of 0.002_69 for the parameter on the horizontal axis of Figure 2 and, from given
information, for (hp/hg)” = (20/15)" = 1.778, this Figure provides an estimate for “wings level”, of

AC, = 0.0138.

asym thr

These values of ACDmm ., May be compared with values estimated for case (i) in Appendix B (where
wind-tunnel data are used to predict the effects of rudder and sideslip angles on airframe drag) as
follows.

From Section B4, the minimum increment in drag coefficient = 0.006.

From the Table in Section B3.1, the increment in drag coefficient
for flight with wings level (® =0) =0.0114.
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0.024

0.022 Data basis for roll controls centralised:
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14 high bypass ratio turbo-fans
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asym thr
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FIGURE 1 INCREMENT IN DRAG COEFFICIENT DUE TO THRUST ASYMMETRY: JET- AND
FAN-ENGINED AEROPLANES WITH ROLL CONTROLS CENTRALISED
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0.034 Data basis for flight with significant sideslip,
including wings level:
5 turbo jets All with hp 2
0.032 |2 high bypass ratio ¢ wings {1.05 s(h—) <235
B
turbo fans level :
0.030 |3 turbo props with wings level 5 S(E)ZS 3.05
10 turbo props Acroplanes hp
with no o2
5 piston engines spec1ﬁeq flight | < (_F)S 3.7 BRI R A R A A e e e
0.028 technique hp
0.026
0.024
0.022  FHHHH AR A A A AP A
A(:Dasym thr
0.020
0.018
/
0.016 .
Il >
/
0.014 7
/
/ /
0.012 /
/ /
II /
0.010 [/ Th
I
e iy
/ / /
0.008 ass
/ / ;
0.006 |1/
. s 158 [ : 1/ |
[/ T
iy it i # I mr
0.004 ”’/ | l” III 'Il l"' | [ | 'l' i /11'
vk | | | | | | 111
/ f | [ I JT | .' 1]
7 f T | e '
I ' | iapas ! ' DProxi ange of fin |
0.002 s ] |'l 1} ! : d rudderinduced drac
1] [N | ang 1C Qalag
i fimyimr Eu Am AR LR URR S
IRViRVimyimni
0 0.001 0.002 0.003 0.004 0.005 0.006
2
1 ( Nasym) 11
e\ oq ) (I hF)2 S

FIGURE 2 INCREMENT IN DRAG COEFFICIENT DUE TO THRUST ASYMMETRY: FLIGHT WITH
SIGNIFICANT SIDESLIP, INCLUDING WINGS LEVEL
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FIGURE 3 INCREMENT IN DRAG COEFFICIENT DUE TO THRUST ASYMMETRY: PROPELLER-DRIVEN
AEROPLANES WITH ZERO SIDESLIP
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FIGURE 4 PROFILE DRAG INCREMENT OF FIN AND RUDDER DUE TO RUDDER DEFLECTION (FULL
SPAN) (See Section 6.2 for basis)
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FIGURE 5 EFFECT OF SIDESLIP ON AEROPLANE DRAG (FIN-OFF)
(See Section 6.3 for basis)
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FIGURE 6 ESTIMATION OF SPOILER PROFILE DRAG COEFFICIENT
(See Section 6.5 for basis)
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APPENDIX A FIN AND RUDDER SIDEFORCE AND INDUCED DRAG IN STEADY STRAIGHT
FLIGHT WITH YAWING MOMENT DUE TO ASYMMETRY IN YAW

Al. FIN AND RUDDER SIDEFORCE
Consider an aeroplane in steady flight but subject to a yawing moment, N, due to asymmetry. Assume
that this yawing moment is counteracted by a sideforce, Y, on the fin and rudder acting at distance x,

from the aeroplane centre of gravity (moment reference point). By equating moments,

. asym
TP (AL1D)

This sideforce may be expressed in coefficient form based on fin and rudder area, S, as

asym

c, = — = —2m (A1.2)
q9Sp 9SpXp
A2. FIN AND RUDDER INDUCED DRAG

The fin and rudder induced drag coefficient corresponding to C y, may be expressed as

2
C = K—F(CYF) A2.1
Dpina nAF (A2.1)

where A is the aspect ratio of the fin and rudder. For a fin and rudder area, S, and height, 4, and
assuming that the fuselage acts as an ideal reflection plane, the fin aspect ratio may be expressed as

2 2
_@hp)” 2k

A = —. A2.2
Foo2s. S (A2.2)
Substituting from Equations (A1.2) and (A2.2) into Equation (A2.1) gives
2
- KF Nasym SF
Cp. = — S )
F.,ind T | q FXF 2hF
2
KF N, asym 1
= onl o | T2 (A2.3)
X
*F SF hF

If the corresponding contribution to acroplane drag coefficient, based on wing reference area, S, is denoted
A(Cp) , then
F,ind

SF
A(CD)F,ind N CDF,indx ?
K [N 72
. F| " "asym 1
i.e. (ACRH) . = —-[ } —_—. (A2.4)
D’F . ind 2T qxp Sh?;
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A2.1

A2.2

Derivation of Parameter Used in Section 3 and Figures 1 and 2

Section 3 of'this Item introduces Figures 1 to 3 which present summaries of established data for AC Dasym thr
due to asymmetry in jet- or fan-engine thrust and in propeller thrust. The parameter used for
presenting/correlating these data is derived as follows.

(1) The yawing moment due to asymmetric engine or propeller thrusts is assumed to be
counteracted by the moment due to fin and rudder sideforce — as given by Equation
(A1.2).

(i1) The drag due to asymmetric engine or propeller thrusts is assumed equal to the induced

drag corresponding to the fin and rudder sideforce and so is given by Equation (A2.4).

(ii1) For ease of calculation, the moment reference point is taken as the aerodynamic centre
rather than the aeroplane centre of gravity. Consequently, the fin and rudder moment arm,
Xf, in Equation (A2.4) is replaced by the length, /., defined in Sketch 3.1.

(iv) The parameter used in Figures 1 to 3 is the right-hand side of Equation (A2.4) with K,
omitted and x5 = I, i.e.

Evaluation of NV, asyms
For a pair of engines located symmetrically at distances [ from the aeroplane centre line, but operating at
different thrusts, the yawing moment due to thrust asymmetry is

N, sym (thrust difference between engines) / -

For more than one pair of engines, the yawing moment due to thrust asymmetry is

N, sym 2 [(thrust difference between pair of engines) lp ].

For a pair of jet or fan engines, one operating at net thrust F',;, the other generating windmilling drag D
the value 'of N asym 18 uspally given to a satlsfa.ctor.y approximation by (Fy+D
a symmetrically located pair of propellers N is given by (T+D feathere d)lp

appropriate.

Twm>
w1, » while for

or (T+D,, )., , as

Sym

Thus, for jet- and fan-engined aeroplanes with one engine inoperative, the parameter derived in
Section A2.1 becomes
2 2
L F N T D wm l . l
27 q Iphp] S

Corresponding expressions for propeller-driven aeroplanes are obtained by replacing the term (F+D, )
by (T+Dfeathered) or (T+Dwm)‘
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A2.3

Height of Equivalent Single Fin for Multiple-Fin Configurations

Fin height, /4, in the expressions in Sections A2 and A2.1 is defined in Sketch 1.1 for a single,
fuselage-mounted, dorsal fin. An expression is derived here for an “equivalent-single-fin” value of 4,
giving the same fin-induced contribution to aeroplane drag coefficient, as a multiple-fin configuration. The
following assumptions are made.

() Each vertical (or inclined) surface that extends either above or below a fuselage or
tailplane, and contributes to the directional stability and control of the aeroplane, is
considered to be a separate fin. (Thus, where surfaces extend both above and below a
tailplane at the same spanwise station, they are counted as two fins if both upper and
lower parts have rudders; if only one part has a rudder, it alone is regarded as a fin.)

(i1) All fins have the same moment arm (or an average value is taken).
(ii1) Each fin, defined as in (i), has a height, % , and area, S . For body-mounted vertical

fins h ,and Sy , are as in Sketch 1.1. For tallplane mounted vertical fins the root chord
is defined relative to the upper or lower surface of the tailplane, as appropriate.

(iv) h £y and Sk, for inclined fins are taken as projected values in aeroplane plane of
symmetry.

v) For an imposed yawing moment, Nas m» due to asymmetry, the sideforce, YFn’

generated by each fin (cf. Equation (A1l. 1) is given by

SE \N
F

Yp = —n | _aym (A2.5)

n ZSF XF

SF \ N

r, asym

d C = —_— A2.6
an Ye [ZSF)qSF Xp ( )

Following the sequence of equations in Section A2, the fin-induced contribution of each fin to aeroplane
drag coefficient, based on wing reference area, is (cf. Equation (A2.4))

K SF N 2
F n asym 1
[(ACH), . 1 = —{[ ] } (A2.7)
F,ind " n 2| =S X 2
F)9%F 1 gp F
K. TN 2 hF
so, for n fins, (ACD)F o= ﬁ{ asym:| é n - (A2.8)
, qxp = SFn)
Comparison of Equations (A2.4) and (A2.8) shows they are equivalent if,
z SF" 2
1 03 ,,
—_ = —. (A2.9)

2 2
e (ZSp)

Equation (A2.9) defines the height, & of the equivalent single fin for a multiple-fin configuration. It was
used successfully in incorporating in Figure 2 data for three aeroplanes.
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APPENDIX B EXAMPLE OF WIND-TUNNEL DATA USED TO PREDICT
DRAG DUE TO ASYMMETRY

B1.

B1.1

B1.2

B1.3

B2.

Sketch B4.2 shows the results of wind-tunnel tests giving the variation of AC}, with sideslip, angle, [3,
and rudder angle, {, for a turbo-fan engined transport aeroplane with twin, wing-mounted engines in a
take-off climb configuration (the same aeroplane is considered in the Example in Section 8). Determine
values of AC, in this configuration for flight with one engine inoperative, in ISA sea-level conditions
(p = 0.002 376 9 slug/ft’) for,

() W = 1750001bf, V= 143 kn, 241.4 fi/s, M = 0.2162, ¢ = 69.2465 Ibf/ft>
(i) W = 1250001bf, ¥ = 121 kn, 204.2 ft/s, M = 0.1829, ¢ = 49.578 86 Ibf/ft .

AEROPLANE DATA AVAILABLE
Geometric Data
- 2 - - - - 2 -
§=1400 ft*, b=110ft, lp =19 1t, xp=60ft, Sp=250ft", hp=20ft
Aerodynamic Data
In addition to the drag data given in Sketch B4.2, the following derivative values are given
Y,=-10, N, =02, YC = 0.3 per radian, Ng = —0.14 per radian.
Ailerons and spoilers are assumed to make no significant contribution to forces or moments.
Powerplant Data
For the given atmospheric conditions the net thrust, F',, of the operating engine is as in Sketch B4.1. The

drag due to the inoperative engine is given by the incremental value, D/g = 4.66 ft? (sum of windmilling-
and spillage-drag contributions).

CALCULATION OF MOMENT DUE TO ASYMMETRIC THRUST

The starboard engine is assumed inoperative (positive N, Sym) and N, sym is expressed as
N asym™ [F'y+drag of inoperative engine]lp .

For case (i), at M = 0.2162, Sketch B4.1 gives F; = 20 950 Ibf.

Since for this case, g = 69.2465 Ibf/ft? ,

Nysym = [20 950 + (4.66 x 69.2465)] 19

= [20 950 +323] 19
= 404 181 Ibf ft.
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B3.

B3.1

For case (ii), at M = 0.1829, Sketch B4.1 gives F'y, = 21 420 Ibf.

Since for this case, g = 49.5789 Ibf/ft> ,

Nosym = [21 420 + (4.66 x 49.5789)] 19

= [21 420 +231] 19
=411 370 Ibf ft.

CALCULATION OF EQUILIBRIUM FLIGHT CONDITIONS

Where there are no effects due to aileron or spoiler deflections, the general expressions of Equations (4.12)
and (4.14) in Section 4.1 may be solved as in Section 4.2.3 to give Equations (4.31) and (4.32) for rudder
angle to trim and sideslip angle respectively.

Case (i), W =175 000 Ibf, V=143 kn

Substituting values into Equations (4.31) and (4.32) gives

¢ = -1 404 181
—0.1469.2465 x 1400 x 110
= 0.270 726 + 1.428 57 sinB ,

0.3 x 404 181
1 (—0.14) x 110

69.2465 x 1400 0.3
-1- ( X 0.2)

+ 0.2 sin [3}

— 175 000 sin @ cos @}

sinff =

—-0.14
= 0.142 131 + 3.1590sin® cos O .
For ® = 12 deg, sinf} = 0.142 131 + 3.089 97sin®.

Values of B and { are calculated in the following table for a range of values of @ for ©® = 12 deg. This
value of © is typical for take-off climb with one engine failed, but the effect of putting @ = 0 and ©® = 18
deg is also demonstrated numerically in the table. The calculated values of f and { for © = 12 deg are
plotted in Sketch B4.2, the corresponding values of AC, are read off and are presented in the last column
of the table.

e | @ . B g

deg | deg sin B deg rad deg ACD

12 0 0.142131 8.1712 | 0.47377 27.145 0.0114
-1 0.088203 5.0603 | 0.39673 22.731 0.00935
-2 0.034292 1.9652 | 0.31971 18.318 0.0069
-3 —0.019586 —1.1223 | 0.24275 13.908 0.0058
—4 —0.073415 —4.2101 | 0.16585 9.502 0.0068
=5 -0.127178 —7.3065 | 0.08904 5.102 0.0104

0 0 0.142131 8.1712 | 0.47377 27.145 0.0114
-2 0.031883 1.8271 | 0.31627 18.121 0.0069
-5 —0.13319 —7.6542 | 0.08045 4.609 0.0109

18 0 0.142131 8.1712 | 0.47377 27.145 0.00114
-2 0.37279 2.1364 | 0.32398 18.563 0.00685
-5 -0.11972 -6.8759 | 0.09970 5.712 0.01055
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B3.2

B4.

Case (ii), W =125 000 Ibf, V=121 kn

Substituting values into Equations (4.31) and (4.32) gives

For ® =

Values of B and  are calculated in the following table for a range of values of ® for ©® = 12 deg. See
Section B3.1 regarding likely effects of changes in ©. The calculated values of B and { are plotted in
Sketch B4.2, the corresponding values of AC, are read off and are presented in the last column of the

sinf} =

411 370

-1
C—0.14 [49.5789 x 1400 x 110
(0.384 846 + 1.428 57sinf),

0.3 x 411 370
| (=0.14) x 110

+ 0.2 sin B}

— 125 000 sin® cos @}

49.5789 x 1400

RE

0.202 044 + 3.151 54sin®cosO.
12 deg, sinff = 0.202 044 + 3.082 68sin®d.

0.3

table.
g
C) i) .
deg deg sin d[zg ACh
rad deg

12 0 0.20204 11.6565 | 0.67348 38.588 -
-1 0.14824 8.5252 | 0.59662 34.184 -
-2 0.09446 5.4203 | 0.51979 29.782 0.0135
-3 0.04071 2.3331 | 0.44300 25.382 0.013
—4 —0.01299 | —0.7444 | 0.36620 20.987 0.01225
-5 —0.06663 ~3.8204 | 0.28966 16.596 0.01305
-6 —0.12018 | -6.9027 | 0.21316 12.213 0.0157

ESTIMATION OF DRAG COEFFICIENT INCREMENTS DUE TO THRUST ASYMMETRY

Values of B and { calculated in Sections B3.1 and B3.2 for steady straight trimmed flight at © = 12 deg
are plotted in Sketch B4.2 and corresponding values of AC}, read off for each flight condition, see tables
in those Sections. (Note that values of B and{ for ©® = 0 and 18 deg calculated in the table in Section B3.1,
would plot on virtually the same line as the data for ® = 12 deg in case (i).)

While values of ACp, vary with flight condition, one effect of the minima exhibited by the curves is that

for considerable ranges of values of B, {, @, the value of AC ' might be taken as constant,

ie. for case (i), ACp

for case (ii), ACp,

i

i

0.006 and
0.013.

A brief comparison of the results obtained here and in Section 8 is given in the latter.
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Sketch B4.2 Drag coefficient increments due to rudder and sideslip angles for equilibrium flight conditions
calculated in Sections B3.1 and B3.2
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