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Abstract

Numerical results concerning wing-body interference for
compressible flow obtained by the use of an Euler method
are presented. Beside the presentation of the basic mecha-
nism of the mutual influence of wing and body there are
pointed out the numerical results which had been obtained
using simple principle models to determine the body ef-
fects and the Mach number effects on pressure and lift
distributions of the configuration. A detailed analysis of
the total lift behaviour of wing and body confirm the basic
results.

1. Introduction

Because of economic reasons the design of transport air-
craft requires a reasonable knowledge of flight mechanics
behaviour as soon as possible during the design process.
To fullfil this demand aerodynamics has to provide the
corresponding data. In this context a detailed knowledge
of the mutual influence of the flow around the compo-
nents of the aircraft (interference) is of great importance,
because often its influence on the total behaviour of the
aircraft is of the same order of magnitude as the contribu-
tions of the single parts of the aircraft alone[1].

The acrodynamic interaction between wing and body -
wing body interference - had been very early a research
object in fluid dynamics [2, 3]. So body lift could be iden-
tified as a force induced directly by the wing circulation
and it had been shown that the velocity field of the body
crossflow for its part induces an additional wing lift [4].

In incompressible flow there exist a lot of experimental as
well as theoretical investigations, working out the basic
interference effects [5]. By the use of modern methods,
like Euler and Navier-Stokes codes, e.g. [6, 7], up to now
isolated solutions for special configurations with high ac-
curacy had been obtained, which however do not allow
any statements about the physical background of the in-
teraction between wing and body. A detailed knowledge
about the interference effects on pressure and lift distribu-
tions of wing and body in the compressible flow regime
however is of high importance especially with regard to
an optimum design of transport aircraft at high subsonic
Mach numbers. For this reason at the Institute for Design
Aerodynamics at DLR systematic parameter studies had
been performed using an Euler method, with the aim 1o
close the lack of knowledge considered before. The
present paper is limited to the presentation of the results
Copyright © 1994 by ICAS and AIAA. All rights reserved.

obtained during the investigations with variation of body
radius and the free stream Mach number. The complete
version of the topic considered is published in [8] and in
extracts in [9].

2. Numerical method

The computational grids required for the application of the
Euler method are based on a C-H topology [10]. In stream-
wise direction they show a C structure, in spanwise direc-
tion a H structure. After providing a starting grid a smooth
and non-overlapping 3D mesh had been generated using
an elliptical grid generator with source term control in
wall proximity [11]. The applied topology, the spatial
point distribution as well as the point density on the sur-
face of a realistic wing-body configuration indicates fig.1.
Especially the important region of the wing-body junction
and the wing itself show very fine resolution.

A basic description of the Euler method used named CEV-
CATS is given in [12]. The basic equations as well as the
solution algorithm are presented in detail in [13]. The
computational method is based on the equations of motion
for three-dimensional compressible inviscid flow in inte-
gral form. Its numerical solution is based on a discretiza-
tion separately done in spatial and time direction. The spa-
tial discretization is done using the Finite Volume method,
where the discrete equations form a system of first order
differential equations. It will be solved using an explicit
five step Runge-Kutta time step method with several tools
for convergence acceleration [12].

3. Results

3.1 Fundamentals of wing-body interference

Considering a wing-body configuration the wing is situ-
ated in the induced velocity field of the body and vice
versa. The interactions of these perturbation fields lead to
interference effects, which especially influence the pres-
sure and lift distributions of wing and body. Lifting wings
generate velocity fields, which are characterized by in-
duced upwash velocities in front of the wing and down-
wash behind. An estimation of the influence of these ve-
locity fields on the flow around the body leads to the
following statements (see also [4] and [14]):

. The wing-influenced total body lift is only a quan-
tity induced by the wing.
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. Approximately it has the same value as the lift of
the part of the wing covered by the body.

Fig.2 schematically shows the flow field of an body with
incidence in streamwise direction. One can see that the
non influenced body does not generate any resulting force
but only a pitching moment. The total body lift is zero, if
the body is closed at nose and tail. The flow around the
body can be divided into a displacement flow parallel to
the body axis and a crossflow normal to the body axis. In
comparison to the crossflow the displacement flow gener-
ates perturbation velocities which are so small that its in-
fluence can be neglected [14].

In Fig.3 schematically is shown the velocity field normal
to body axis induced by an infinite body with a circular
cross section. It is identical to the velocity field of the
flow around a circular cylinder.

The normal velocities resulting from this crossflow can be
interpreted as an additional distribution of angle of inci-
dence. Along the spanwise direction in mid wing position
(y > R) then results:
Aa(y) oy)-a, g2
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With this additional distribution of angle of incidence as
body influence on the wing flow the application of the
Kutta-Joukowsky theorem on a flat plate wing with chord
¢ and ¢, as chord at the wing root yields an additional

wing lift caused by the body (spanwise integration with

Fp=n-¢cV,-a,andK=2-p_-V,-T_)
AL, c (y) R2 @)
and a corresponding total wing Lift
L e(y) _ [1 _95(y) RZJ &, @
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The determination of the total lift of a wing-body configu-
ration is done like in {4], where the calculation of the lift
acting on the body is performed by the reflection of the
wing vortex system at the body surface (fig.4). Far behind
the wing in the Trefftz plane the influence of the bound
vortices disappears and only the influence of the free vor-
tices remain. In a cross section normal to the body axis
the flow can be regarded as two-dimensional. The appli-
cation of the mirror principle of the free vortices at the
body surface than automatically fulfills the tangential
flow condition on the body surface. With a given wing
circulation from this procedure can result statements
about the body lift, but not about its distribution along the
body axis.

Finally for a wing-body configuration with a wing, which
is not influenced by a body (zero body incidence, wing de-
calage), results the body lift

" c(y) oy sy R
e, U e @

and corresponding the total lift of the configuration
2
c(y) (1 ()’)\(1 R

)\ \dy‘ ®
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The comparison of eq.(2) and eq.(4) as well as eq.(3) and
eq.(5) respectively shows that they are identical if the dis-
tribution of the induced angle of incidence o, (y) is ne-
glected. This is allowed if high aspect ratio wings are con-
sidered where is |chi (y) /%,{ « 1. Thus follows for high
aspect ratio wings with given distribution of circulation
that the additional wing lift A L, caused by the body inci-
dence approximately is equal to the body lift Ly caused by
the wing with zero incidence of the body:

ALy body incidence = LB zero body incidence (6)

and similarly that the total wing lift L,, which is influ-
enced by the body with incidence, approximately has the
same value as the total lift Lw.p) of a corresponding
wing-body configuration with wing decalage (zero inci-
dence of the body):

Lw body incidence = L(W+B) zero body incidence - )

Furthermore from this can be derived a simple relationship
for the ratio generated from the body lift and the total lift
of the considered wing-body configuration if the wing cir-
culation is assumed to be constant:

R ®
Lemg

L(W-{-B)

Here n; = R/s is the relative body radius. Correspond-

ing to the general statements initially made about the body
lift, eq.(8) shows that the body takes over the lift which
would have been generated by the part of wing covered by
the body.

3.2 The investigated wing-bo

The systematic investigations to determine wing-body in-
terference effects have been performed using simple prin-
ciple models. There are based on symmetric wing-body ar-
rangements, which allow a clear separation of the different
interference effects of wing and body. The fundamental
configuration is shown in fig.5.

cments
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A survey of the investigated configurations is given in
fig.6. The investigations to determine the body influence
have been performed using two different types of configu-
ration, each with three different bodies (case KI, KII,
KIII). Type A is characterized by the feature that with
variation of body radius the half span s of the configura-
tion is kept constant, while for configuration type B the
half span of the wing s, is unchanged, i.e. the half span s
varies with variation of the body radius.

In both cases, type A and B, there will occur the same
physical effects, so in the frame of this paper it will be
sufficient to investigate only one type, namely type A. But
it should be mentioned that investigating type B an addi-
tional effect must be taken into consideration which arises
from the effective change of the aspect ratio of the config-
uration with variation of the body radius.

The wing body flow can be divided into the two classical
components of the problems of wing theory i.e. displace-
ment and lift problem. The lift problem will be divided in
two cases: The case of body incidence and wing decalage
(fig.7). In the case of body incidence wing and body have
the same angle of attack, while in the case of wing de-
calage the wing has an angle of attack (decalage) ¢ rela-
tive to the body. The body itself has zero incidence.

3.3 Variation of body radius

For the determination of the body displacement effect on
the wing pressure distribution a comparison between a
simple wing-body model with a rectangular wing geome-
try and the corresponding two rectangular wings alone
has been performed, where the symmetry planes of these
wings have been placed in the symmetry plane of the
body (continuous wing 1) or in the plane of the wing-
body junction (wing 2) respectively (fig.8). The pressure
distributions in a selected plane near the body show that
the wing suction pressure is reduced by the presence of
the body, i.e. the body acts decelerating on the wing flow.
This effect is due to the three-dimensional shape of the
wing-body junction, which in this case leads to diverging
streamlines in the near body region. Furthermore, this fact
means that the near body wing pressure distributions are
decisively dependent on the shape of the wing-body junc-
tion and less dependent on the pure displacement effect of
the finite body.

The pressure distribution of a swept wing is essentially in-
fluenced by a sweep effect acting in the symmetry region
of the wing, called ,,desweep effect” of a swept wing, be-
cause it leads to a desweep of isobars in this region [15].
This effect also will appear in the wing-body junction re-
gion of a wing-body configuration. Regarding the dis-
placement problem the ,desweep effect” is leading to
flow decelerations in the front part of the wing and to ac-
celerations in the rear part respectively. In the case of the
lift problem this effect results in lower loads in the front
part of wing and in higher loads in the rear part, respec-
tively.

In the following will be described the interference effects
which occur for swept models (configuration type A with
leading edge sweep angle ¢ = 36,7° (fig.5)). Fig.9 and
fig.10 show the results for the case with displacement flow
alone (a. = 0°; € = 0°) when the body radius varies.

In fig.9 are plotted pressure distributions in three spanwise
wing sections for the considered bodies as well as the cor-
responding pressure distribution for the limiting case R =
0, which is the wing alone configuration. Its symmetry
plane is identical to the symmetry plane of the configura-
tion with body. The pressure distributions are essentially
influenced by effects described above, namely flow decel-
eration due to body presence and desweep effect (see also
the comparison between configuration KIIA and the wing
alone in fig.10). The effects are increasing with increasing
body radius, in spanwise direction the body influence de-
creases.

The corresponding results for the lift case with body inci-
dence at M, = 0.8 and o = 4° are shown in fig.11 and
fig.12. In the lift case with body incidence (¢ = 0°) the
wing is situated in a body induced upwash velocity field,
which acts like an additional distribution of angle of inci-
dence. Indeed its influence is first visible in section 3 of
the presented pressure distributions. Here the pressure dis-
tributions show a clear downstream shock displacement.
In section 1 the desweep effect and the deceleration effect
predominate as is also shown in fig.12, where the pressure
distributions of the configuration KIIA and the wing alone
are compared separately. The spanwise lift distributions
are plotted in the upper part of fig.11. Clearly be to seen
are the lift losses in the near body region of the wing, in-
creasing with increasing body radius. Further one can see
that this influence is effective along a certain distance in
the spanwise direction, amplified by the effect of the local
zero body incidence due to flow distortion into the direc-
tion of wing chord. After decrease of this effect the wing
lift is increasing in spanwise direction with increasing
body radius due to the additional angle of incidence. The
resulting lift values then are higher than the value of the
wing alone. Also clearly to be seen is the decrease of the
local lift value in the body region, reflecting the distribu-
tion of the finite wing circulation.

The results of the investigations with wing decalage for
the configuration type A are presented in fig.13 and fig.14.
This arrangement is of high value for practical designs be-
cause it corresponds to a transport aircraft configuration at
cruise condition with a body in horizontal position (o =
0°), while the wing has an incidence relative to the body
(decalage). Opposed to the case with body incidence the
incoming flow is not deflected in the body region but is
nearly undisturbed in the streamwise direction from what
follows a local reduction of angle of attack in the near
body region of the wing. The results show that this zero in-
cidence effect is the main influence parameter with respect
to the wing lift distribution.

Fig. 13 shows the body influence on the lift and pressure
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distributions. The main difference compared to the case
with body incidence is that the body due to its zero inci-
dence reduces the lift level generally and induces no addi-
tional upwash velocities at the wing position and conse-
quently no additional wing lift. As shown in fig.14 also
the desweep effects near the body are effective.

Fig.15 shows the total lift behaviour of the configuration
type A in dependence on the body radius proportional for
wing and body. One can see that with body incidence op-
posed to the wing decalage case, where results a lift re-
duction due to the body zero incidence with increasing
body radius, the total lift values are nearly the same as for
the wing alone. The comparison between the curve of
wing lift contribution with body incidence (left part of the
figure) and the total lift curve (wing and body of the wing
decalage case (right part)) shows that the corresponding
lift values are approximately the same (see also eq.(7)):

I-'(W+B) wing decalage = Ly body incidence - ®

This statement together with a precise analysis of span-
wise distribution of the mutual induced lift forces of wing
and body lead to the following relations(fig.16);

Lp wing decalage () = ALy body incidence (). (10

This result means that the body lift induced by a wing,
which is twisted by a decalage angle ¢, is approximately
the same as the additional wing lift induced by the body
with a = ¢ incidence. As shown above, this result is valid
for a configuration with an infinite cylindrical body and a
high aspect ratio wing in mid wing position where the in-
fluence of the induced angle of attack can be neglected. It
leads to the result that the deviations of the lift curves in
the middle part of fig.15 can definitely be reduced to the
influence of the induced angle of attack. The higher lift
level for the case with body incidence shows, due to the
higher value of the induced angle of attack, a compara-
tively higher lift loss than in the case with wing decalage.
The next figure (fig.17) shows the ¢ - o curves for the
three investigated wing-body configurations KIA, KIIA
and KIITA as well as for wing A alone. The lift slope is
approximately the same for all configurations. Also plot-
ted is the lift curve for the case with wing decalage. It

shows the same slope but a certain displacement to a
smaller zero angle of attack.

3.4 Influence of Mach number

The total lift portions of wing and body are shown in
fig.18 in dependence on the Mach number for the configu-
ration KIIA. The nomenclature corresponds to the quanti-
ties in fig.16. The lift increases nonlinearly with increas-
ing Mach number, whereas the different lift portions all
increase uniformly. The ratio generated from the body lift
and the total lift of the configuration is plotted in fig.19
dependent on Mach number. Also given is the curve of the

lift ratio for the case of conmsltant wing circulation, the
lower limit of the lift ratio (see eq. (8)). In this case the
wing possesses the maximum lift, so that the relative body
portion reaches a minimum value. In [8] is demonstrated
that this lift ratio is directly dependent on the distribution
of the wing circulation, It increases the more the higher the
circulation deviates from the corresponding constant dis-
tribution along span. In the considered case (fig.19) with-
out the portion of the body alone - body lift is alone wing
induced (eq.(4)) - a constant distribution results, corre-
sponding to a constant shape of wing circulation y(n)
when Mach number changes (fig.20). This statement is
also valid, if the boundary layer displacement thickness is
taken into consideration when the wing flow is calculated
(y,: circulation at wing root). With regard to the body lift
alone a small decrease of the lift ratio results when the
Mach number increases, because the wing lift portion due
to Iocal supersonic fields increases nonlinearly faster with
increasing Mach number than the lift of the body alone.

3.5 Comparison with measurements

Fig.21 presents a comparison with measurements, which
had been performed with the principle model in the year
1970 in the Transonic Wind Tunnel (TWG) at DLR Got-
tingen [16]. The figure shows with the configuration KIIA
as example that the case with body incidence as well as the
case with wing decalage are in good agreement with the
measured values, where the calculations had been done
under consideration of the boundary layer displacement
thickness ([8], [17D).

4. Summary
In the present paper results of numerical investigations
concerning wing-body interference for compressible flow
are presented, which had been obtained using an Euler
method. The computational meshes necessary had been ob-
tained using an elliptical grid generation method.

The fundamental investigations resulted in the following:

. The interference effects are based on the mutual
induced velocity fields of wing and body respec-
tively.

. The body lift is a quantity only induced by the wing
(wing circulation).

. The additional wing lift caused by the body with
incidence (additional angle of attack) is approxi-
mately the same as the body lift induced by the
wing when the body has zero incidence. This fur-
ther means that the wing lift of a configuration
where the wing is influenced by the body with inci-
dence is approximately the same as the total lift of
a configuration with zero incidence of the body.

The numerical investigations showed that pressure and lift
distributions are influenced by
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. flow deceleration in the near body region of the
wing (3D wing-body junction)

. desweep effect of the finite wing in the wing-body
junction region

. body incidence (additional angle of attack)

. change of effective aspect ratio when body radius
varies and wing half span is constant

. twist effect of the body (zero incidence) in the case
of wing decalage and consequently a decrease of
total lift level.

With variation of Mach number it can be stated that

. the ratio generated from the body lift and the total
lift of the configuration (wing and body) is approx-
imately constant.

Comparisons with wind tunnel measurements show fairly

good agreements between the calculated and measured
values.
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Surface grid and mesh structure

Fig. 1

Inviscid flow around a body with incidence

Fig. 2

upwash

upwash

Flow in a plane normal to the body axis of a

wing-body configuration and schematical

Fig. 3

distribution of angle of attack along wing span
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Fig. 16 Mutual induced lift forces of wing and body ~ Fig. 17 Total lift of the principle model in dependence of
of the principle model at M, = 0.8 angle of attack atM,, = 0.8

833



i QZ\\ 1§
1 B
/u/l L
» L
configuration K A
0.6 T T T | I T
05 Criwep il =4% €= 0°)
CL body incidence
0.4 =
¢ wing A alone
0.3} CLiwag)
(x=0°; €£=4°)
wing decalage
0.2} ]
0.1 | ]

Fig. 18 Total lift of the principle model in dependence of Mach number, lift contributions of wing and body
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Fig. 19 Lift ratio Lp/L(w-g, of the principle model in dependence of Mach number

834



configuration KIA
—
1.4
a) 12k Myo=08; x=4°
f 1.0 —
0.8}
T/TOQ'G without wing boundary layer
0.4} — —— with wing boundary layer N,
02 ——— tinear theory [4]; ylyl=const.
0 - l 1 | [ I | |
1.4
b) 124 o= 4°
f 10—
0.8~
\‘/1005— - without wing boundary layer
04 ————— 0:8
g2} = linear theory [4); yly)= const.
0 Ly | ! ] | l | !
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1 ol

Fig. 20 Deviation of spanwise distribution of wing circulation from the constant value (configuration KIIA)
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Fig. 21 Comparison with measurements (TWG) [16}: Wing pressure distributions:
Body with incidence and wing decalage
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