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1. Introduction

It is well-known, that for attached flow
around a large-aspect-ratio wing the lift
and pitching-moment coefficients depend
linearly on the angle of incidence as
shown in PFig.1. In the flow downstream of
‘the wing a trailing vortex sheet is formed,
which slightly departs from the wing plane
and rolls up in spanwise direction from
both sides. For low-aspect-ratio wings on
the other hand the flow separates from the
leading-edges even at small angles of in-
cidence. A free vortex sheet rolls up to
form two concentrated vortices over the
upper surface of the wing. Thus, the posi-
tion of the trailing vortices deviates
largely from the wing plane not only far
downstream of the wing but also in its
vicinity. This leads to the well-known
nonlinear dependence of the aerodynamic
coefficients of such wings from the angle
of incidence as given in Pig.1l.

The principle of aerodynamic theory is to
find a theoretical representation of the
flow, which takes into account the impor-
tant properties of the real flow and

which neglects higher order effects,

which have no significant influence on the
results and which therefore would compli-

Linear Theory
(high-aspect-ratio wings)

Nonlineagr Theory
(slender wings and bodies)

cate the theoretical treatment quite un-
necessarily.

In linear theor% L. Prandtl [1] in his

ine theory for large-
aspect-ratio wings proposed to neglect
friction effects with the exception of the
Kutta condition of zero load at the
trailing-edge and to assume the trailing
vortex sheet to be flat and to be situat-
ed in the plane of the wing. This means,
that the trailing vortices are fixed with
respect to the wing which leads to the
linear dependernce of the aerodynamic co-
efficients on the angle of incidence. The
excellent agreement between the linear
theory based on this flow mecdel and
experiments indicates that Prandtls con-
cept retained the essential properties of
the flow and that only unimportant effects
have been omitted. Wing-fixed trailing
vortex sheets are the basis of all linear
theories from the well-known lifting-sur-
face theories of H. Multhopp [2] and E.
Truckenbrodt [3] for the calculation of
lLocal lift and pitching~-moment distributias
up to the modern panel methods by J.L. Hess,
AM.0, Smith [4E P.E. Rubbert et al. (5],
F.A, Woodward 6}, R.L. Carmichael [7],
Th.E. Labrujere et al. [8] and
W. Kraus, P. Sacher [9] for
the calculation of the press-
ure distribution on the wing
surface., Wing-fixed trailing
vortex sheets are also success-
fully used for the solution of
linear interference problems,
Using this concept lift and
pitching-moment of wing-body-
combinations have been calcu-
lated by X. Hafer [10], where-
as the pressure distribution
on such configurations is given
by the panel methods [4] and
%] to [9], mentioned above.
As another linear interference
problem a large-aspect-ratio
wing in ground proximity can
also be treated by a slight

q q 4c; {nonllnear modification of Prandtls wing-
part fixed vortex system: The well-
ch lin known linear dependence of the
ET—-a {’ ear aerodynamic coefficients on
x 0 part +the angle of incidence at
o o large ground distances is well

FIGURE 1: Linear and nonlinear theory for
wings of different aspect ratios

predicted by a linear theory,
in which the trailing vortices
are assumed to be situated
parallel to the ground.
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Methods of this kind are due to F. Thomas
[11), U. Ackermann- [12], K. Gersten [13]
and G.H. Saunders [14].

In nonlinear theorz Prandtls vortex model
has™To be alliered iIn such a way, that the
position of the trailing vortices with
respect to the wing is a function of the
angle of incidence, U. Ackermann [15] and
C.H. Fox [16] have shown that a single
vortex sheet originating from the trailing
edge of the wing and located at a certain
angle relative to the wing plane leads
only to a very much smaller nonlinear part
of the aerodynamic coefficients than ex-
periments show, Therefore, the main non-
linear effect results from the free vor-
tices located over the upper surface of
the wing, whereas the position of the
trailing vortices far downstream has no
significant influence on the nonlinear
part of the aerodynamic coefficients, A
nonlinear theory for the calculation of
the overall forces and moments of slender
wings with arbitrarily shaped planform is
due to K. Gersten [17] . In this theory a
simple vortex model is used the free vor-
tices of which leave the wing surface at
an angle of € = «/2 = const. Other non-
linear theories aimed at the calculation
of the pressure distribution of slender
wings and bodies have been developed by
C.E. Brown, W.H. Michael [18], K.W. Mang-
ler, J.H.B. Smith [19), J.H.B. Smith [20]
and E.S., Levinsky, M.H.Y. Wei [21] by
means of vortex models more closely relat-
ed to the physical flow, but these theo-
ries are restricted to slender conical
wings. More recently nonlinear theories
with a good representation of the real
vortex flow and satisfying the Kutta-
condition at the trailing-edge have been
nublished by R.K. Nangia, G.N. Hancock [27]
and C. Rehbach [23].

In the present paper two different non-
linear interference problems will be
treated in some detail:

(i) High-aspect-ratio wings in ground
proximity for small ground distances.

(ii)Slender wing-body-combinations
at incidence.

It will be shown in the first example (i)
that a nonlinear dependence of aerodynamic
coefficients on the angle of incidence may
also occur in the case of attached flow,
whereas in the second example (ii) a
classical case of separated flow will be
investigated. Both problems are solved by
means of an adequate representation of the
real flow, retaining the essential pro-
perties of the flow and neglecting effects
of higher order.

The two problems have been investigated by
the author, D. Hummel [26], and under his
supervision by H. O0tto [27].
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2. Notations

wing-fixed coordinates,Fig.4
dimensionless
equ. (9)

fuselage-fixed coordinates,
Fig.9

wing span

coordinates,

local chord

mean aerodynamic chord
wing aréa

aspect ratio

taper ratio

radius of the fuselage

length of the fuselage

quarter-chord point of mean
aerodynamic chord

distance of point N25 from
fuselage apex

ground distance of point N25

angle of incidence

local angle of incidence
at the fuselage

local angle of incidence
at the wing

Vift coefficient (= L/anS)

pitching-moment coefficient
(= M/q__ SE) with respect to
point N25, nose-up positiv

coefficient of induced drag
local Lift coefficient

local pitching-moment
coefficient

free stream velocity
dynamic pressure

perturbation velocities,
generated by the real wing,
equ. (2)

perturbation velocities,
generated by the image wing
vorticity distribution

spanwise vorticity distri-
butions according to equ.(7)

influence functions.
(For details see [26] and
(271)



2,2 Subscripts

0 corresponding to zero lift

F,W,R corresponding to front-part,
wing-part and rear-part of
a wing-body-combination

v,25,h corresponding to leading-

edge, quarter-chord-line and
trailing-edge.

3, High-aspect-ratio wings in close
ground proximity

2.1 Experimental results

The 1ift and pitching-moment curves
and CL(CM) of a rectangular wing of
aspect ratio A 2,8 are plotted in
Fig.2 for various ground distances h/c
after experiments due to H. John [24].
Results of the linear lifting-surface
theory for wings in ground proximity after
K. Gersten [13] are also drawn for com-
parison., At large ground distances, h/c
oo and h/c = 1,0, the experimental data
are fairly well predicted by the linear
theory. At small ground distance, h/c
0,2, however, the linear theory yields
only the slope of the aerodynamic coeffi-
cients for small angles of incidence. At
larger angles of incidence considerable
nonlinear parts of the aerodynamic coeffi-
cients occur, especially for the pitching-
moment coefficient. Detailed studies have
shown, that the flow is completely attach-
ed for all ground distances of the wing.
Therefore, the nonlinear dependence of the
aerodynamic coefficients on the angle of
incidence at small ground distances cannot
be due to any flow separations, but must
be an aerodynamic interference effect in
attached flow.

eq (@)

3.2 Theoretical approach
3,2,1 Fundamentals,

image principle

The basic equation for the solution of the
present interference problem is the
equation for the perturbation potential ¢
in inviscid incompressible flow

(1) + 9, =0 .

From the perturbation potential ¢ result
the perturbation velocities wu,v,w as

(2)

Ignoring wing thickness the wing is re-
placed by a lifting-surface vortex-model,
which satisfies equ.(1). The unknown vor-
tex strength k(x',y') within the lifting
surface is calculated from the tangent-
flow condition at the wing surface, which
is the boundary condition of equ.(1). In
addition the Kutta-condition of zero load
at the wing trailing-edge is fulfilled,
which determines the solution completely.

(PXX . (Pyy

L V=(Py,W=‘PZ-

The present problem of a wing in ground
proximity is treated by the well-known
image principle. The boundary condition
of tangential flow at the ground plane is
satisfied automatically by adding an image
wing and an image vortex system below the
ground plane as shown in Fig.3. Thus, the
problem of a wing in ground proximity is
replaced by the problem of interference
between two wings. The aerodynamic forces
acting on the real wing under considerat-
ion are due to the parallel flow with the
velocity V and due to additional
velocities u and w induced by the
image wing. These induced velo-
cities have to be taken into account in
the condition of tangent-flow at the
surface of the real wing as shown in
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aon Experiments after H.John

Lift and pitching-
moment coefficients
of a rectangular wing
in ground proximity

—— Linear Theory after K.Gersten
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Vortex system parallel to the
_ground plane

theoretical vortex system

real wing and
real vortex system

Voo X
h
l ,ground plane

Vo h

image wing and
image vortex system

theoretical image
vortex system

Vortex system inclined against
the ground plane

real wing and
real vortex system

theoretical vortex system

[ /ground plane =

leaaaads 771

~X
T7777777777

rXs
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theoretical image
vortex system

image wing and
image vortex system

FIGURE %: Representation of a wing in ground
proximity by different vortex models

w
. Fig.3 as well as in the calculation of
4 VOOSlna Yo the aerodynamic coefficients from the
T?g U vortex distribution.
z Vnc0s a
] 3.2.2 Caleulation of the induced velocities
(04
X As the basis for the solution of the inter-
L/ ference problem the induced velocities in
(o o} the vicinity of a vortex system have to be
J/ calculated. This has been done for the
X plane vortex model of the lifting-surface
theory and for a given dlstrlbutlon of
1 T1] v vorticity k(x',y') Dby K. Gersten [25]
AT B =3 and D. Hummel [26]. The induced velocities
%7 U according to PFig.4 are
o COS o
¥ i d : 3 Xy
"]
1 1] : (3) u(x,y,2) = 7= // Ky ) B axay
T{ | ‘d p ‘ -s X
Vo v N5 X
?&r [ ] dy’ +8 X
[ ‘ ( - [
. o 4) vi(x,y,2z) =~ k(x',y')x
dr=kix)dxq x4 < g s %,
ﬁx' 31
2(y-y')z x-x'
FIGURE 4: Calculation of the induced x [[( 12422]2 (T + )+
velocities in the viecinity Iy z
of a plane vortex system
according to lifting-surface Aiy =y ) 5 x—;' dx'dy'
theory (y-y' ) +z T
+s Xy
(5) w(x,y,2) = \/ /‘ k(x',y") [ (Y—y')2_z2 (14 x—x') 72 x—x'} ax'ay"
? ? - ?
w -8 X [(y-y1)2+2°12 * (y-y')°+2° 7
(6) with el (x—x')2 + (y—y')2 2
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The vorticity distribution k(x',y') may
be given according to
bV
-2 _® 2
(7) k(9,d) = % RE(ET [y(&)cot A+
+ 4u(3)(cot % - ZSian

with the relations ¢(x',y') andd(y') as

3 £ham(r)
(8) vl (1 - cosg) = i 15 i3
(9a) and cos Y = %' .

Introducing equ.(7) into equ.(3) to (5)
and using dimensionless coordinates

S vy R S e N E
(98) E =55 n=%, w =%, T=90e=%

the induced velocities can be written in
the form

+1
(10) BEs1.0) vl” = 1 [ Gysapan
=1

+1
V(é{ﬂg@) = _]_ ('l +j'l-l) —ﬂ')c dTll_
Vo T _/1 o (-7 )2+£°
(11) 1 7( TR
- - iMy+itp 7!
" o [(n—n')2+t;2]2d
( : +1 ( 5
w n,80 : : =L =g 1
L (i'v+3j'w) an' -
e er _/1 ST a2 P
+1 E

(12)

1
Sy — ('n +.j"}.l)
" _]1 Y (n-7')2+C

[_C__TF i

Te egu.{10) $o (12) d,it,i" and 3, 3! 3"
are influence functions which are written
down and plotted in [26]. These influence
functions result from the integration in
chordwise direction. They are merely
geometrical relations which depend only on
the position 7' of the inducing wing
section and on the location of the sensing

point £&£,n,L. For points in the plane of
the wing = 0 equ.(12) yields
+1
w((,m,0) _ 1 Al - ' Ay
(13) T o / e [l'Y*'J'H] =23
=1

The evaluation of the spanwise integrals
in equ.(10) to (12) may be performed by

M
zz: cn(inYn+jn“n)

n=1
M

(15) HEGLL)L = 57 o [(1zein)y, (353000,

n=1

<
I

M
(16) !déﬁﬁjgl = - ZE;‘}n(iﬁYn+jﬁ“n) +
n=

* dn(igYn+j£“n)] y

The coefficients within these sums By
e ard | @ are given by K. Gersten

a
a [26] . i

afd D. Hufimel

The present method for the calculation of
the induced velocities in the vicinity of
a lVifting surface was checked by experi-
ments on a rectangular wing of aspect-
ratio A = 3. The distribution of local
1ift and pitching-moment with respect to
the wing span

2b 2b
(17) ey, =Ty and ¢ = p

was calculated after the Lifting-surface
theory of E. Truckenbrodt [3] and the
induced velocities according to equ.(14)
to (16). The comparison with experimental
data given in [26] shows excellent agree-
ment especially in close proximity of the
wing. Therefore the method is well suited
for the solution of interference problems.
It has been applied in the present problem
of large-aspect-ratio wings in close
proximity to the ground.

3.2.3 Vortex models

The wings in ground proximity have been
treated by the image technique as shown in
Fig.3. In order to find out the reasons
for the nonlinear dependence of the aero-
dynamic coefficients on the angle of inci-
dence two different vortex models, either
parallel to the ground or inclined against
the ground, have been used. In both cases
the influence of the longitudinal velocity
components u_(x,y), produced by the image
wing undernea%h, has been studied by taking
into account these velocities or neglecting
them,

3.2.3.1 Vortex system parallel to the ground

The vortex system parallel to the ground
which is used in linear theory for small
angles of incidence is shown in Fig.3%a.
The ground distance of the two plane vor-
tex sheets is that of a representative
point of the wing such as the quarter-
chord-point of mean aerodynamic chord,N25.
The position of the two vortex sheets 1is
fixed thus being independent of the angle
of incidence. The tangent-flow condition
is satisfied on the vortex sheet

(18) g & = 4 S S (a¢ small)

The perturbation velocity w 1is produced
by the vortex system of the real wing,
whereas u_ and w result from the image
wing underfieath. °Since w, U_ and w are
linear functions of the angle of inidence
a, equ.(18) is actually a nonlinear equat-
ion with respect to «. Introducing the
induced velocities from equ.(10) and (12)
leads to the integral equation



+1 +1

% ?ﬁT[i'W%O.)wJ'(n;o.»]i—f];T- . z%/[i'(n;i—h>v+j'<m"’s—h)@

(-m)oa(ufe)®

J ! [(n=n1)%+4(n/5)%] 2
(19) +1 2 +1 :
1 h 2h . 2
=i [1"(1\' Jy+3m (myg= )u] MQ £a) 5 dn' + %f[i(n;-;)ﬁa(n;?h)u} v’ .
1 [(n-1)%+4(n/5)] il
According to the lifting-surface theory Xy
after E. Truckenbrodt [3] equ.(19) is u w
satisfied along the quarter-chord-line and (22) CL(Y) =2 [1+ vg cosa - VE sina]x
along the trailing-edge. Applying equ.(14) ® o0
and %1 equ. (19% can be transformed into Xy
a system of 2M linear equations for 2M
unknown values of vy and u . Equ.(19) has x —L—LXI dx
been solved for different values of «a q; c{y)
with and without taking into account the Xy
last nonlinear term, u w
(23) e (y) = —2_/ [1+ V§ cosa - v§ sina] x

3.2.3.2 Vortex system inclined against n o 0

the ground Xy
Another nonlinear effect may be due to the X-X
inclination of the wing against the ground. X —T—%é Eﬁﬁ;ll —%37 .
Therefore a plane vortex system inclined ey Vo ¥

against the ground as shown in Fig.3b was
used. Since the slope of a vortex sheet
far downstream of a wing has no significant
effect on the aerodynamic coefficients of
the wing, the unrealistic intersection of
the two vortex sheets with the ground plare
has been conceded. In this case the exact
tangent-flow condition is

w u
- %L - vg cos2a - vg sin2a.

oo (o 9] o}

(20) sina =

Since the position of the vortex sheets
relative to the ground depends on the
angle of incidence, the velocities wu_ and
w_, induced by the image vortex systeﬁ are
n8nlinear functions of the angle of inci-
dence.,Therefore equ.(20) is nonlinear with
respect to o even if the last term is
not taken into account. Applying equ.(10)
and (12) leads to the integral equation

(21) see below.

& an ( denote the position of the
sgns1ng » point on the real wing in a
coordinate system fixed to the plane vor-
tex sheet of the image wing. Equ.(21) has
been transformed into a system of linear
algebraic equations, which has been solved
for different values of a .

3.2.4 Aerodynamic coefficients

From the vorticity distribution k(x,y)
in the lifting surface the local 1ift and
pitching-moment coefficients result as

The evaluation of these two equations was
performed by neglecting the last term in
square brackets and by replacing u_(x,y)

5 . The integration over the span
Lea g to the overall force and moment
coefficients

1
u

s25

A _/ (1 + Vm

(24) cp = cosa)y(m) dn
ug x

2

(25) CMNose™ - A_/(1+ v, cosa)[—%iy(n) -
- s u(n]
w (n)
(26) ¢ —-g/[ ] y(n)dy.
o X~=00

The term in square brackets of equ.(26)
represents the induced angle of incidence
far downstream of the wing. For the inclin-
ed vortex model, which intersects the
ground behind the wing, w_(x—=w ,m) was
calculated for the ground™ distance of
the trailing-edge.

3.3 Sample calculations and comparison
with experimental data

The various theories, developed in this ?
chapter, have been applied to examples fbr

+1

sina =

(21)

+1

[i'(n:o)m'(n;om]%{lnl. + Soget

+1 2.2

(n-1")°-C

_/1 [i’(ﬁp,Cp)Y'*j’(&p,Cp)u] m%“ »

2 +1

cos2 i B
- 20828 [ lsn(g 0 v+ (6t ]
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zdn' + == f1EL(£p Cp)Y+J(£p,Cp)u]dn .
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® Experiments after H.John

which experimental data are available. The
purpose of these sample calculations was
to find out the reasons for the nonlinear
dependence of the aerodynamic coefficients
on the angle of incidence by comparison
with experiments.

Fig.5 shows the experimental lift and
pitching-moment coefficients of a rectan-

gular wing of aspect ratio
%round distance

24] ., In the

A 2,8 at
h/c = 0,2 after H.John
two diagrams the angle of

incidence for zero lift, U and the

10

J

Comparison of different
theories with experiments

pitching-moment coefficient for zero lift,
Cc..~y have been subtiracted, because for wirgs
in ground proximity these quantities de-
pend on the wing thickness which has been
neglected in the theory. The curves

turn out for the vortex model parallel to
the ground and neglecting the u_-components
induced by the image vortex system. This is
the well-known linear theory for wings at
large ground distances as developed for
instance by K. Gersten [13] . Taking into
account the u_-components for the vortex
model paraLLe% to the ground, curves C),

® Experiments after H.John

WARYAANY NS R RN Ny u Y

|

LN

AITHTHTHTERTETETETETEE EE T EEEEEEEY \\\\\\§:

1.0,
5
v’
’ wing wing
étouches touches
Ethe the
? glround / grouna|' g
A
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FIGURE 6: Lift coefficients for an A

delta wing at ground distance h/c

2,75 swept wing and an A = 2,33
0,2, Comparison of different

theories with experiments (Notations see Figure 5)
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FIGURE 7: Induced drag of a rectangular wing A = 2,8 in ground proximity.
Comparison of different theories with experiments

(Notations see Figure 5)

the lift is reduced, the nose-down pitching
moment is increased, and both coefficients
depend nonlinearly on the angle of inci-
dence. If, on the other hand, the inclinat
ion of the wing against the ground is con-
sidered without taking into account the u_-
components produced by the image vortex
system, curves C) , Lift and nose-down
pitching-moment also depend nonlinearly on
the angle of incidence and are increased
as compared with curve C). If both effects,
rnamely the inclination of the wing against
the ground and the u_-components, are taken
into account simuLtaﬁeousLy, the nonlinear
curves result, which are in fairly
good agreement with the experimental data.
For the 1ift coefficient, c;, the two
effectscancel each other ou% to a large
amount, thus leading only to a slightly
nontinear 1ift curve., For the pitching-
moment the two effects add up in such a
way that a highly nonlinear dependence
CL(CM) ocecurs.,

Similar results have been obtained for
other wing planforms as shown for example
in Pig.6 for a 50° sweptback wing of
aspect ratio A = 2,75 and for a delta
wing of aspect ratio A = 2,33 and taper
ratio A = 0,125, taken from ref. [26].
The nonlinear lifting-surface theory, in
which the inclination against the ground
as well as the u_-components induced by
the image wing h&ve been taken into accourt,
curves (4, shows faily good agreement
with experimental data. Compared with the
corresponding linear theoiy the nonlinear
theory leads to lower values of the lift
coefficient for the rectangular wing, Fig.
5, and to slightly larger ones for the
swept wing and for the delta wing, Fig.6.

Drag characteristics for the rectangular
wing are shown in Fig.7. The induced drag
with .ground effect divided by the one with-
out ground effect is plotted as a function
of ground distance for constant lift coeffi-
cient, c¢; = 0,8, and as a function of lift
coeffici%nt for constant ground distance
h/c = 0,2, The drag data are not so well
predicted as the Lift and pitching-moment
coefficients. The well-known drag reduction
with decreasing ground distance as calcu-
lated by the nonlinear theory is in better
agreement with the experiments than that
after linear theory. For the special groumd
distance 'h/c = 0,2 +the dependence of the
induced drag on the 1ift coefficient is
very well predicted by the nonlinear
theory.

3.4 Conclusions

The nonlinear behaviour of large-aspect-
ratio wings at small ground distances is
foun? to be the outcome of two nonlinear
effe 'ts in completely attached flow, which
occu simultaneously, namely

(1) the
the
and

the effect of the induced longitudi-
nal perturbation velocities caused
by the image wing underneath.

influence of the inclination of
wing against the ground plane

(ii)

4. Slender wing-body-combinations
at incidence,

4.1 Experimental results

The aerodynamic characteristics of slender
wing~body-combinations have been investi-
gated in an extensive research program by
H. 0tto [27]. Three-component wind-tunnel
measurements as well as studies of the
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flow in a water-tunnel have been carried
out on various slender wings, fuselages
and their combinations. Three sharp-edged
wings of aspect-ratio A 1,0 and of
taper ratios A 1,0 (rectangular wing),
A = 0,5 (trapezoidal wing) and A = 0,125
(cropped delta wing) have been investi-
gated. The five fuselages used in the
tests had thickness/length ratios of 0,05
and 0,10 and were cylindrical bodies with
various shapes of the nose and the after-
body. The wing-body-combinations had body-
thickness/wing-span ratios of 0,2 and 0,4.
The wings were located at the fuselage
center-line and their rear position was
altered in a wide range.

The 1ift and pitching-moment curves c.(a)
and cy(a) for combinations of a cylin-
drical fuselage having an ogival nose and
the A 1,0 cropped delta wing are
plotted in Fig.8 for various rear positims
of the wing relative to the fuselage [27].
The results of the linear theory for wing-
body-combinations after X. Hafer [10] are
also drawn for comparison, The aerodynamic
coefficients depend nonlinearly on the
angle of incidence and the linear theory
yields only the slope of the aerodynamic
coefficients for small angles of incidence.

the flow in the water-
that even at small angles
of incidence the flow separates from the
leading edges of the wing and from the
fuselage as illustrated in Fig.1. There-
fore, the occurrence of a nonlinear depend-
ence of the aerodynamic coefficients on
the angle of incidence is -at least for
the most part- due to flow separations as
it is well-known for slender sharp-edged
wings and slender bodies. On the other
hand, Fig.8 shows that the nonlinear parts
of the aerodynamic coefficients depend on

Visualization of
tunnel has shown
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the position of the wing with respect to
the fuselage. (The different linear parts
of the pitching-moment coefficients are

due to the choice of a wing-fixed pitching-
moment reference point, N, ). The nonlinear
part of the aerodynamic coéfficients de-
creases with increasing distance of the
wing from the apex of the fuselage. From
this may be concluded, that interference
effects between wing and fuselage also con-
tribute to the nonlinear dependence of the
aerodynamic coefficients on the angle of
incidence.

For combinations of slender wings and
fuselages with vortex type flow separatias
at the wing and at the fuselage, the
occurrence of nonlinear aerodynamic coeffi-
cients may be due to the following facts:
(1) the effect of the trailing vortices
of the wing on the wing itself,
(ii) an interference effect of the wing
vortices on the fuselage

(1ii) the effect of the trailing vortices
of the fuselage on the fuselage
itself and

(iv) an interference effect of the fuse-

lage vortices on the wing.

Detailed studies of the flow, performed by
H. Otto [27], have shown, that on slender
wing-body-combinations having a body-thiclk
ness/wing-span ratio smaller than 0,4 the
vortices resulting from the flow separat-
ions at the fuselage are much weaker than
the vortices according to the flow separat
ions at the wing. Therefore, the effects
of the fuselage vortices, (iii) and (iv),
are small as compared with those of the
wing vortices, (i) and (ii). In addition
to the well-known effect of the wing vor-
tices on the wing itself, (i), for wing-
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body-combinations an interference effect
turned out to be also important, which
mainly results from the influence of the
wing vortices on that part of the fuselage
which is located behind the wing, (ii).If,
therefore, the rear position of the wing
with respect to the fuselage is increased,
this interference effect decreases and the
nonlinear parts of the l1ift coefficient
and especially of the pitching-moment
coefficient are reduced.

4.2 Theoretical approach

4.2.1 Theoretical representation
of the flow

Considering the experimental results, men-
tioned above, the linear theory of lifting
wing-body-combinations after X. Hafer [10]
has been extended by H. Otto [27] to the
calculation of nonlinear lift and pitching-
noment coefficients of slender wing-body-
combinations., The fairly weak trailing
vortices of the fuselage have been neglect
ed in these calculations and only the
effects of the trailing vortices of the
wing have been taken into account.

In the linear theory of X. Hafer [10] the
wing-body-combination is divided into three
parts as shown in Fig.9, namely the front
and rear part of the fuselage upstream and
downstream of the wing, respectively, and
the wing part of the combination which
comprises the wing and the corresponding
part of the fuselage. In the theory the
fuselage is represented by a center-line
distribution of doublets, which is nonzero
in the front and in the rear part of the
fuselage and which is zero in the wing
part of the fuselage because of the velo-
cities induced there by the wing. In the
linear theory of X. Hafer [10] the wing is
replaced by a continuous distribution of

vortices and a trailing vortex sheet which
is located in the plane of the wing as in-
dicated in Fig.9. In the nonlinear theory
of H. Otto [27] the wing part of the com-
bination is represented by the vortex model
of the nonlinear lifting-surface theory
after K. Gersten [17], which is also mark-
ed in Pig.9. In this theory the trailing
vortices are located in plane sheets in-
clined at an angle of € = a/2 with respect
to the wing plane. For this vortex model
of the flow the effect of the trailing
vortices on the wing itself, (i), can be
calculated by means of the nonlinear
theory of K. Gersten [17].

4.2.2 Calculation of the induced velocities

In order to determine the interference
effect of the trailing wing-vortices on thke
fuselage, (ii), the induced velocities pro-
duced by the system of trailing vortices
inclined at the angle €= a/2 have to be
calculated at the fuselage center-line.
Fig.10 shows one plane vortex sheet out of
the whole trailing vortex system. The in-
daced upwash normal to the vortex sheet
d°w in an arbitrarily located point
P(x,y,2), generated by a horse-shoe vortex
of strength k(x',y')dx' and span dy'
located at x',y' is

. (=3 )% [zcose=(x-x")sin ¢]?

dw_ = X
1 {{(y—y')2+[icose—(x—x')siné]2}2

(x—x')cose+zsine
- x[1 + :
o [z cose —{x-x')sin s] x

(y-y' )2+ [zcose-(x-x')sin g]

3 1 1
x(x-x')coss+z51n£ k(x',y') ax'dy"
) 4x
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with r according to equ.(6). For points
on the fuselage center-line, y=2z=0, the
induced upwash results for small angles of
incidence as

+8 X

1 g y'2—(x—x')2sin2s
W(X,€)=-4—1‘ k(x',y') ] x
yl
v

X' i
e +(x-x')%sin‘e

(28) x[1+ jx—xl)cose]_ (x—x')2sin2e ¢
3 Y'2+(X—x')gsin2e
xix-x')cose dx'dy’ .
2

Introducing k according to equ.(7) and
using the notations of equ.(8) and (9) the
induced upwash at the fuselage center-line
may be written in the form

+1
(29) ﬂ%,_ﬁ_l -
(8 0]

Z1E [(i"'Y‘f‘j"'lJ.)dT]' .
-1

In this equation 1i"' and j"' are influen-
ce functions as introduced by H. Otto [27],
which depend on the position of the in-
ducing wing section v and on the angle
£ = a/2. The evaluation of equ.(29) has
been performed by numerical integration.

“he induced velocities at the wing produc-
ed by the doublet distribution of the
fuselage have also to be considered. The
wing part of the wing-body-combination is
replaced by a flat wing in the plane z=0.
The upwash at the wing outside of the
fuselage can be calculated according to

X. Hafer [10] as

XRo -
w(xX,,¥p,0) an (%! )R, (%))
(30)-——3%731——-=%- RoE 12 R2 5 ax}

5 Xpq V(xg-x) 4y

iyR|>R1.

For the region within the fuselage the
induced upwash w is calculated according
to X. Hafer [10] for the corresponding
points at the surface of the fuselage,

FPIGURE 10:
Calculation of the induced
X upwash in the vieinity of

a vortex system inclined
against the wing plane

Xps YR 2p ¥ 0, and this upwash is assumed to
act “in the wing plane, z=zR=O. This leads

to
*R2 p
w(xg,¥g) 4 ag(xg)R, " (xf) dxg
v B 3
® 2 2 2
2 véxR-xé) +yg~ +zg
(31) *Ro 5
3. 2 ag(xp)R, " (xp)  dxp °F
-7 % S —5 55 |yR| <R~
e V(xR_xé) *YR *Zg
In equ.(30) and (31) x and x denote

the boundaries of the doE%Let diggributias
on the fuselage center-line and « ()= 38
the distribution of the local angle of in-
cidence along the axis of the fuselage.
The two equations have been evaluated for
the front part and for the rear part of
the wing-body-combination by numerical
integration.

4,2.3 Iteration method and aerodynamic
coefficients

The calculation of the aerodynamic coeffi-
cients of a slender wing-body-combination
after the nonlinear theory of H. Otto [27]
is performed by the following iteration
procedure.

Preliminaries: According to X. Hafer [10]
the boundary layer of the fuselage is
taken into account by a boundary-layer
calculation at the fuselage in axial flow
for given Reynolds number after Trucken-
brodt's integral method. The resulting
displacement-thickness 61(xg) is added
to the given fuselage contour R(xg) in
order to determine the theoretical
contour Rq(xg) = R(xg) + 61(xg). The
wing-body-combination is then divided into
three parts as shown in Fig.9. For each
angle of incidence « the following cal-
culations have to be performed.
Iteration procedure
a) The vortex distributions y(y) and u(yw)
of equ.(7) are calculated by the non-




linear lifting-surface theory after

K. Gersten [17] for the wing part of the
combination which is assumed to be a
flat wing at a given angle of incidence

@ = o, A first approximation for the
1t .8 W and the pitching-moment Cyw
of the wing part turns out.

b) The distribution of the induced angle
of incidence at the fuselage center-
line, Aa,(x,), produced by the wing is
then calBulBted from equ.(29). The con-
tributions of the front part and of the
rear part of the wing-body-combination
to the aerodynamic coefficients are
then calculated for a fuselage at a
distribution of local angle of inciderre
an(x,) = a + day(x,) according to
stenfer body thBor , see [10], as

XRr2
2n [ R d 2
(91,8, 5~ S—/E e CRLIRICH L
(32) XR1
and XRo
(CM)F R=" 2_7_]:/ E(XR) (XR—G) Y
’ ST 1(xg)

(33) x-a%g [ﬁB(xR)R12(xR)] dxp .

The indices F,R denote the front part
and the rear part of the combination,
XRA and Xxpp are their boundaries

an e 1s the distance of the pitch-
ing-moment reference point form the
apex of the fuselage.

c¢) The addition of the contributions of
all three parts of the wing-body-com-

bination according to

Ao Ov

Experiments
H.Otto

wing position

er, = cpp * Sy t o1y
(34) M
vy = °yp * Syw T Cwm
leads to the first approximation of the

overall aerodynamic coefficients.

d) The distribution of the induced angle of
incidence at the wing, Aa,(x,y), produc-
ed by the fuselage is theg calculated
from equ.(30) and (31). This leads to a
distribution of the local angle of in-
cidence at the wing aw(x,y) = a +

Do (x,¥) .

The calculation for the wing part of the
combination according to a) is perform-
ed for the distribution of local angle
of incidence au(x,y). The calculation
process a) to cw and if necessary d) is
repeated until the alterations of the
overall aerodynamic coefficients are
smaller than a certain limit, |cL i
cL,i_1|-<O,OO1 for instance. ’

e)

The iteration process turned out to be
stable and only about three cycles were
necessary to calculate the final results.

4.3 Sample calculations and comparison
with experimental data

The nonlinear theory of H. Otto [27] has
been applied to a large number of wing-
body~combinations for which experimental
data were available, A typical result is
shown in Fig.11. The lift and pitching-
moment coefficients cL(a) and ¢ (a% for
combinations of an A = 1,0 croppgd delta
wing and a cylindrical fuselage having an
ogival nose are given for various rear
positions of the wing with respect to the
fuselage. The linear theory of X. Hafer
[10] and the nonlinear theory of H. Otto

——— linear theory,
X.Hafer

—— nonlinear theory,
H.Otto
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E?q are compared with experimental data
27 « The solid lines are the results of
the nonlinear theory of H. Otto [27] and
the symbols denote the experimental data.
The 1ift coefficients are shown for two
rear positions of the wing, whereas the
pitching-moment coefficients are given for
five rear positions of the wing., The in-
fluence of the wing position on the non-
linear part of the aerodynamic coeffi-
cients is the same in the nonlinear theory
and in the experimental results and the
experimental data are fairly well predict-
ed by the nonlinear theory of H. Otto [27].

Some details of the mechanism of inter-
ference are shown in Fig.l12. In theory and
experiment the aerodynamic coefficients
can be split up into a linear part and a
nonlinear part according to Fig. 1 as

ch
s Al (aa_)o &' ¥.40y
(35) dey
CM = (dT) a + ACM .
0
The nonlinear parts AcIl and Ac consist

of contributions from the froMt part
(F), the wing part (W) and the rear part
(R) of the wing-body-combination

AcL = AcLF + Ach + AcLR
(36)
AcM = AcMF + ACMW ¢ AcMR .
Pig. 12 shows these different contribut-

ions to the nonlinear parts of the aero-
dynamic coefficients for combinations of a
fuselage having ogival nose and cylindrical
afterbody with three wings of aspect
ratio A = 1,0 and different planforms
located at the same rear position., In all

cases the contribution of the front part
of the combination to the nonlinear parts
of the aerodynamic coefficients is negli-
gibly small and is therefore not shown in
Fig.12. Considerable portions of the non-
linear parts of the aerodynamic coeffi-
cients result from the wing. The well-known
effects of the wing planform on the magni-
tude of the nonlinear aerodynamic coeffi-
cients are also observed in the present
interference problem, for which the local
angle of incidence at the wing is ay(x,y)
rather than a constant a. The second con-
tribution to the nonlinear parts of the
aerodynamic coefficients results from the
rear part of the combination. This portion
is very important for wing-body-combinat-
ions the fuselage of which extends far
downstream of the wing trailing-edge. The
induced upwash at the fuselage center-line
is about the same for all wing-planforms.
Therefore, no planform effects are observed
for this second contribution to the non-
linear aerodynamic coefficients.

Fig,13 shows a comparison between experi-
mental data and the linear and nonlinear
theory for wing-body-combinations with the
A = 1,0 cropped delta wing in fixed posit-
ion relative to the fuselage and two fuse-
lages of different thickness/length ratios,
0,05 and 0,10. These fuselages consisted
of a cylindrical central part with ellip-
tical nose and afterbody. The experimental
data are fairly well predicted by the non-
linear theory of H. Otto [27] for these
configurations, too. The original paper

of H. Otto [27] contains much more exam-
ples and comparisons between the nonlinear
theory and experiments., It turns out that
this theory is in good agreement with ex-
periments for slender wing-body-combinat-
ions with different wings, various shapes
and thickness/length ratios of the fuse-
lages, and for different rear positions of
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the wing relative to the fuselage. From
this can be concluded that the nonlinear
theory of H. Otto [27] takes into account
the essential properties of the physical
flow and that only second order effects
have been neglected.

4.4 Conclusions

The investigations on slender wing-body-
combinations have shown that the nonlinear
parts of the aerodynamic coefficients
result from

(i) +the effect of the trailing vortices
of the wing on the wing itself and
from

(ii) the interference effect of the

trailing vortices of the wing
on the fuselage.

As far as the body-thickness/wing-span
ratio is smaller than about 0,5 the
effects of the fuselage vortices are
negligibly small.

5. Final remarks

In the present investigation two fundament-
ally different interference problems have
been dealt with in some detail. The example
of a large-aspect-ratio wing in close
ground proximity shows, that a nonlinear
dependence of the aerodynamic coefficients
on the angle of incidence can also occur
in completely attached flow. The slender
wing-body~combination at incidence on the
other hand is a classical problem of
separated flow,

Both problems have been solved in such a
way that based on experimental studies the
theoretical representation of the flow was
chosen as simple as possible but as com-
prehensive as necessary in order to retain
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the essential properties of the physical
flow and to neglect only higher order
effects.

For both problems the present approach may
be regarded as a first step because only
the overall aerodynamic coefficients have
been calculated and compared with experi-
mental data., The good agreement, however,
indicates that the essential properties of
the flow have been taken into account. To
calculate the pressure distribution in a
second step, much more details of the
physical flow would have to be taken into
consideration.
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