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ESDU DATA ITEMS
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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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EFFECT OF WING HEIGHT ON LIFT AND AERODYNAMIC CENTRE FOR A 
SLENDER WING-BODY COMBINATION
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ESDU 95009
EFFECT OF WING HEIGHT ON LIFT AND AERODYNAMIC CENTRE FOR A 
SLENDER WING-BODY COMBINATION

1. NOTATION AND UNITS 

SI British

aspect ratio of net wing, 

parameter defined in Equation (A1.9)

lift coefficient based on net wing area

contribution to  from region forward of station x

pitching moment coefficient about wing-root leading edge 
based on body maximum cross-sectional area and diameter, 
positive nose up

normal force coefficient based on body maximum 
cross-sectional area

forebody volume coefficient, (volume)/

root chord, i.e. chord at wing-body junction m ft

function in expression for lift in Appendix A

parameter defined in Equation (A1.13)

height of wing above body centre line at station x, 
see Sketch 1.1

m ft

integral in Equation (A1.9)

function in expression for lift in Appendix A

ratio of  due to angle of attack, , to corresponding lift of 
net wing, 

ratio of  due to angle of attack, , at , to 
corresponding lift of net wing, 

value of  at 

A 4 s' r–( )2/S

a

CL

CL x( ) CL

Cm

CN

CVf πr2 lf

Cr

FWBO KWBO /KWB

fWBO kWBO /kWB

G φ ψ,( )

g

h

I φ ψ,( )

J φ ψ,( )

KB LB α
LW

KWB x( ) LWB x( ) α δ 0=
LW x( )

KWB KWB x( ) x x1=
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ESDU 95009
ratio of  due to angle of attack, , at , to 
corresponding lift of net wing, 

value of  at 

ratio of  due to wing-body angle, , at , to lift of 
net wing, 

ratio of  due to wing-body angle, , at , to lift of 
net wing, 

lift, N lbf

contribution to L from region forward of station x N lbf

forebody length m ft

free-stream Mach number

pitching moment about axis through N m lbf ft

body maximum radius m ft

net wing area m2 ft2

wing semi-span (value of s(x) at station , see Sketch 1.1 m ft

spanwise extent of wing at station x, see Sketch 1.1 m ft

 semi-span of reference wing (value of  at station m ft

spanwise extent of reference wing at station x, see Sketch 3.1 m ft

, , transformation parameters in Appendix A

 free-stream velocity m/s ft/s

axial distance from forebody tip m ft

distance of aerodynamic centre of wing-body combination aft 
of 

m ft

shift of aerodynamic centre due to off-centre mounting of wing m ft

axial location of pitching moment axis m ft

angle of attack of body centre-line or wing alone rad rad

compressibility parameter, 

wing-body angle, see Sketch 1.1 rad rad

sweepback of wing leading edge deg deg

KWBO x( ) LWBO x( ) α δ 0=
LW x( )

KWBO KWBO x( ) x x1=

kWB LWB δ α 0=
LW

kWBO LWBO δ α 0=
LW

L L x1( )

L x( )

lf

M∞

M x x0=

r

S

s x1 )

s x( )

s ′ s′ x( ) x1 )

s ′ x( )

t1 t2 t2

V∞

x

x ′ac
x0

x ′ac∆

xm

α

β M∞
2 1– ½

δ

Λ0
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ESDU 95009
sweepback of wing mid-chord line deg deg

taper ratio of net wing, tip chord/root chord

free-stream air density kg/m3 slug/ft3

angle defining wing height at station x, see Sketch 1.1 rad rad

value of  at station rad rad

value of  at station , 

Subscripts

denotes body

denotes wing-body combination with centrally-mounted wing

denotes wing-body combination with off-centre* wing

denotes net wing

denotes wing-body combination with centrally-mounted wing, 
excluding contribution from body alone

denotes wing-body combination with off-centre wing, 
excluding contribution from body alone

relates to station at most upstream part of net wing

relates to station at which wing attains its maximum spanwise 
extent 

denotes value for 

denotes value for 

* A wing mounted above or below the body centre-line is described in this Item as “off-centre”.

Λ½

λ

ρ∞

Φ φ /π

φ

φ1 φ x1

ψ r/s x( )

ψ′ r/s′ x( )

ψ′1 ψ1 x1 r /s ′

B

C

CO

W

WB

WBO

0

1

 [ ]α 0= α 0=

 [ ]δ 0= δ 0=
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ESDU 95009

Sketch 1.1  Wing-Body Geometry

x1

x

x

x

x0

δ

2r

2s

s(x)

h = r cos φ

φ

End view

Cross-section normal to the
body axis at station x
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2. INTRODUCTION

This Item presents a theoretical method, based on slender-body theory, for estimating the effect on the lift
and aerodynamic centre of mounting a wing off-centre* on a body by direct comparison with the
centrally-mounted wing. 

The method is derived for the case of a plane wing with a sweptback leading edge†, a local span increasing
(and then possibly constant) with increase in streamwise distance, and an unswept trailing edge. The wing
is mounted on a body with a circular cross-section of constant diameter over the length of the wing; the
wing may be set at an angle to the body centre line, see Sketch 1.1. 

It is assumed that the flow is attached throughout and that the effects of viscosity are confined to thin
boundary layers on the surface and to the wake. Disturbances are assumed to be small, thus allowing the
use of linearised approximations to the equations of inviscid compressible flow. The further assumption is
made that the velocities change slowly in the streamwise direction relative to their rates of change across
the stream; slender-body theory is then applicable.

The calculated data for use in the method are presented graphically. Equations from which they may be
derived are given in Appendix A. The use of the method is illustrated by means of two worked examples
in Section 6. 

Methods for the prediction of the lift-curve slope and aerodynamic centre position of wing-body
combinations where the wing is mounted centrally on the body are given in Item Nos 91007 and 92024
(References 6 and 7) respectively, for subsonic and supersonic speeds.

3. METHOD

In this Item the effect on the lift of a wing-body combination due to mounting the wing off-centre is
presented in the form of the ratio between the lift (excluding that on the body alone) of the actual wing
body combination and one in which the net wing is removed and remounted centrally, i.e. .
Sketch 3.1 shows the relationship between the two wings, the local spanwise extents of which are connected
by the equation

. (3.1)

For convenience, the local spanwise extents are expressed in non-dimensional form through the parameters
 and .

* A wing mounted above or below the body centre line is described in this Item as “off-centre”.
† See comments in Section 4 for application to rectangular wings.

φ π/2=

s′ x( ) s x( ) r 1 φsin–( )+=

ψ  r/s x( )=( ) ψ′ r/s′ x( )=( )
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ESDU 95009

Sketch 3.1  Relationship between actual and reference positions of wing at station x

3.1 Lift Due to Angle of Attack (δ = 0)

Item No. 91007 presents the lift  on a wing-body combination with a centrally-mounted wing in the
form

(3.2)

where

(i)  is the lift of the body alone, 

(ii)  is the lift on the wing in the presence of the body

and (iii)  is the change of the lift on the body due to the presence of the wing. 

Data for each of these components are then presented in the form of their ratios to the lift of the net wing
alone (at the same angle of attack) ,  and . 

The last two terms in Equation (3.2) may be combined in the form

(3.3)

to give the lift on the wing-body combination, excluding the contribution from the body alone. 

Similarly, the ratios with the lift of the net wing may be combined as

. (3.4)

s′(x)

s(x)

φ

Actual position of wing

Reference position

r

LC( )

LC LB LW B( ) LB W( )+ +=

LB

LW B( )

LB W( )

KB KW B( ) KB W( )

LWB LW B( ) LB W( )+=

KWB KW B( ) KB W( )+=
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The value of  resulting from slender-body theory is plotted in Figure 1 as a function of . The
expression from which  was calculated is given in Equation (3.5) of Item No. 91007.

The treatment in Derivation 1, when the wing is mounted off-centre, only gives the lift in the combined
form of Equation (3.3). In this Item the terms ,  and  are used to distinguish the off-centre
case from the centrally-mounted case. For the off-centre case, Equation (3.2) then becomes

. (3.5)

Data from which to calculate  are presented in this Item in the form , the ratio of 
to . The ratio  is plotted in Figure 2 as a function of  and 
for the reference wing. Data are only presented for values of  from 0 to 0.5 (the wing above the centre
line) since the effect is symmetrical above and below the centre line, so the value at  is identical to that
at . 

The equation from which  was calculated is given as Equation (A2.4) of Appendix A.

3.2 Lift Due to Wing-body Angle (α = 0)

Item No. 91007 also presents the lift on a centrally-mounted wing due to wing-body angle, , in terms of
the ratios

(i) , corresponding to the lift on the wing in the presence of the body,

and (ii) , corresponding to the change of the lift on the body due to the presence of the wing, 

each related to the lift on the net wing alone at an angle of attack equal to the wing-body angle. These may
be combined in the form

. (3.6)

The value of  resulting from slender-body theory is plotted in Figure 1 as a function of . The
expressions from which  was calculated are given in Equations (A1.1) and (A1.10) of Item No. 91007.

Again, available theory for the lift of a wing-body combination with an off-centre wing (Derivation 1) gives
only the combined lift. As before, the term  is used to distinguish the off-centre case from the
centrally-mounted case. Data from which to calculate the lift are presented in this Item in the form ,
the ratio of  to . The ratio  is plotted in Figure 3, again as a
function of  and  for the reference wing and plotted only for values of  from 0 to 0.5.

The equation from which  was calculated is given as Equation (A2.5) of Appendix A.

KWB ψ1′
KWB

LCO LWBO KWBO

LCO LB LWBO+=

LWBO[ ]δ 0=
FWBO KWBO

KWB  LWBO[ ]δ 0=
/ LWB[ ]δ 0=

≡( ) FWBO φ1/π ψ′1
φ1/π

φ1
π φ1–

FWBO

δ

kW B( )

kB W( )

kWB kW B( ) kB W( )+=

kWB ψ1′
kWB

kWBO
fWBO

kWBO kWB  LWBO[ ]α 0=
/ LWB[ ]α 0=

≡( ) fWBO
φ1/π ψ1′ φ1/π

fWBO

Copyright Engineering Sciences Data Unit 
Provided by IHS Markit under license with ESDU Licensee=/, User=, 

Not for Resale, No reproduction or networking permitted without license from IHS

--`,,```,,,,````-`-`,,`,,`,`,,`---

Full document details: ESDU 95009 1995

http://www.avadocuments.com/doc/esdu-95009-1995
http://www.avadocuments.com/doc/esdu-95009-1995

