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Calculation of Unsteady Subsonic Flow about
Harmonically Oscillating Wing/Body Configurations

R. Roos,* B. Bennekers,T and R.J. Zwaani
National Aerospace Laboratory NLR, Amsterdam, The Netherlands

A description is given of a panel method for the calculation of the aerodynamic loading on harmonically
oscillating wing/body configurations in subsonic flow. Neglecting their thickness, the loading on the lifting
surfaces is assumed to be generated by a distribution of unsteady lifting lines. The loads on the body are
represented by an unsteady source panel distribution. A way is indicated to introduce the effect of the steady
flow into the unsteady calculations. The method provides local and total coefficients as well as detailed pressure
distributions on both the lifting surfaces and the bodies. The applicability of the method is shown in a com-
parison of calculated and experimental pressure and load distributions on a wing/tip tank/pylon store con-

figuration.

Nomenclature

AY =influence coefficient

=velocity of sound

=local chord

=mean chord

= pressure coefficient

=local side load coefficient; C, = side load /g o,

=local normal load coefficient; C,=normal
load /qol;es

=kernel function

=reduced frequency

=wave number

=reference length; wing f,=c, body f,..=max.
diam

=components of the normal vector n

=Mach number

=number of panels

=normal vector

=velocity vector

=distance between collocation point / and the
centroid of panel j

=displacement vector

=surface of wing or body

=time

=longest panel diagonal

U, V,W =components of the velocity vector

X, ¥,Z =right-hand Cartesian coordinate system

XqYesZe =components of the displacement vector

AC, =pressure jump between lower and upper wing

surface

8 =(U-M)"

¥ =specific heat ratio
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=angular coordinate on the body, deg
K Re =right-hand Cartesian coordinate system
source strength
perturbation velocity potential
=oscillation frequency
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Superscripts

B =referring to the body

D =referring to the lifting surface

* =referring to a time-independent quantity

Subscripts

B =referring to the body

D =referring to the lifting surface

n =referring to the steady (n=0) and unsteady
(n=1) flowfield

0 =referring to the steady reference position

1 =referring to the unsteady flowfield

=referring to the freestream condition

Introduction

RESENT day military aircraft are often equipped with

large wing-mounted stores. For the investigation of the
aeroelastic characteristics of such aircraft (flutter, gust
response, and maneuvering loads), it is necessary to have
reliable estimates of the unsteady aerodynamic loading in-
troduced by such stores, both on themselves and on the wing.

Several years ago, the NLR, recognizing this problem,
started a research program to investigate the airloads on
oscillating wing/body configurations. The first part of the
program consisted of detailed pressure measurements in the
wind tunnel on a harmonically oscillating wing/tip tank/store
configuration. Recently results of this experimental in-
vestigation were presented by Renirie.! The second part
involved the development of a method for the calculation of
aerodynamic loads on oscillating wing/body combinations in
subsonic flow. Since the latter method should provide data
for aeroelastic analysis as well as data to support wind tunnel
measurements, it was required that both local and overall
aerodynamic coefficients and generalized aerodynamic
coefficients, as well as detailed pressure distributions on the
wing and on the bodies, could be calculated.

Until recently the loading introduced by the bodies was
either neglected completely or approximated using slender-
body theory only. An early attempt to calculate more
thoroughly wing/body interference effects on oscillating
configurations was made by Kalman, Rodden, and Giesing. 2
In an application of the doublet-lattice method they were able
to give a reasonable prediction of the interference effects on
the wing due to the proximity of the body. However, their
ring-wing approximation of the body prohibited a meaningful
calculation of forces on the body itself. Later, to overcome
this restriction, they introduced a slender body formulation
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into their method.? And finally, to keep the system of
equations within reasonable bounds, they incorporated an
image system to take care of the interference effects.* The
method thus obtained gives quite satisfactory results as far as
the calculation of aerodynamic coefficients is concerned.

Lately, Morino® described a calculation method for steady
as well as unsteady subsonic and supersonic flow about
complex configurations, applying source and dipole
distributions. This method can provide pressure distributions,
aerodynamic coefficients, and generalized aerodynamic
coefficients for harmonically oscillating configurations. Such
results have been presented in Ref. 6. For isolated and in-
terfering lifting surfaces the agreement with experiment and
lifting surface theory is good. However, for a wing/body/tail
configuration, the lack of comparative results prevents a
conclusion about the successful prediction of the unsteady
loading on the oscillating body and the interference toward
the lifting surfaces.

The method developed at NLR (NLRI method) is set up to
calculate detailed pressure distributions on bodies as well as
lifting surfaces. To this end the doublet-lattice method is
combined with an unsteady source panel method. To in-
troduce the effects of the distortion of the steady flowfield
due to the thickness of the body, the possibility is built in of a
coupling with a steady method, which itself is a combination
of a vortex-lattice method and a steady source panel method.
The complete NLRI method is described in detail in Ref. 7.

In the present paper only a short outline of the calculation
method will be given. Emphasis is placed on the applicability
of the method, which will be demonstrated in a comparison of
calculated and experimental pressure and load distributions
on the aforementioned oscillating wing/tip tank/pylon/store
configuration.

Outline of the Calculation Method

When describing the airloads on a wing/body configuration
the elements of such a configuration can be divided into two
parts: relatively thin lifting surfaces (wing, pylon, fin, and
stabilizer), and more or less streamlined closed bodies
(fuselage, pylon-stores, and wingtip tank). Each of these
elements influences the others through interference effects.

In the setup of the present calculation method the distinc-
tion between the two types of elements was used explicitly.
The unsteady aerodynamic forces on the lifting surfaces are
calculated with the doublet-lattice method. In this method the
thickness of the lifting surfaces is neglected and only the effect
of the dynamic angle of attack is taken into account. This
method has been chosen for two reasons. First, comparisons
of a large number of calculated and experimental results have
shown that in general the neglect of wing thickness has not
hampered a satisfactory agreement. Secondly, as shown in
Refs. 2, 3, 8, and 9, by applications to widely different lifting
surface configurations, the doublet-lattice method in par-
ticular has proved to be very flexible in handling different
configurations of interfering surfaces (including the
simulation of an ergine nacelle).

An unsteady source panel method has been chosen to
describe the flowfield about the bodies, of which the thickness
is not neglected. This choice has been made, first because
detailed pressure distributions are required, and second
because at NLR at lot of experience with steady source panel
methods is available.'® The interference effects between the
different parts of the configuration are realized by coupling
the formulations of both methods through the boundary
conditions imposed on all surfaces.

The flowfield about the oscillating configuration is
described with the velocity potential, consisting of a
freestream part and a perturbation potential ¢. This per-
turbation potential satisfies the linearized equation

Bz + + ___1_. — % =0
P xx ‘pyy Pz az P Pt ™ (1)
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subject to the boundary condition
DS—aS+ vS=0 (S=0) 2
Dr ot TS h @

requiring the flow to be tangential to the surface of the
oscillating wing/body configuration, described by

S(x,»,2,1) =0 3

The potential ¢ is divided into a steady part ¢, and a
harmeonically oscillating part ¢,;e’’. As shown in Ref. 7, this
division makes it possible for Eq. (1) to be transformed into
the Laplace equation for ¢,, describing the steady flowfield,
and the Helmholtz equation for ¢,, describing the unsteady
flowfield. Using this, the general solution of Eq. (1) for ¢,
and ¢; can be expressed in terms of an intergral over a steady
and an unsteady source distribution on the surface of the body
and the lifting surfaces, together with an integral over a steady
and an unsteady dipole distribution on the camber surfaces
and the wake. Since in the present method the lifting surfaces
are assumed to be infinitely thin, the distributions on these
parts are reduced to only a dipole distribution on the camber
and wake surfaces. The strength of the distributions has to be
determined by specifying the boundary conditions, of which
the detailed forms for the steady and unsteady parts of the
flowfield are derived in Ref. 7 under the assumption of small
oscillation amplitudes. Applying these conditions leads to two
sets of integral equations for the steady and the unsteady
distributions. The actual expressions are given in the Ap-
pendix.

Dividing the potential in a steady and an unsteady part, as
indicated previously, results in a decoupling of the steady and
unsteady flowfields. However, Eq. (A9) shows that for bodies
this coupling can be restored if, in the boundary condition,
terms of the order of ¢, are not neglected as compared to
terms of the order of g,. In that case the effects of the local
changes in the steady flowfield due to the presence of the
bodies are introduced again in the unsteady calculation.

To solve the integral equations (A7-A9), the distributions
are discretized by dividing the bodies and lifting surfaces into
Npg and Np panels, respectively. The panels on the bodies are
assumed to contain a source distribution of constant yet
unknown strength o,. The dipole distribution on each panel
of the lifting surfaces is taken to be concentrated in a lifting
line of strength AC, , positioned along the Y4-chord line of
the panel. In addition each panel possesses a collocation point
in which the boundary condition is imposed. With this
discretization the integral equations are reduced to two sets of
(Ng+ Nj) algebraic equations

(n=0,1)
)

The term F, is the prescribed normal velocity in the
collocation point of the ith panel of either the body or the
lifting surface. The influence coefficient 4,7 represents the
normal velocity induced by the jth panel with a source
distribution or lifting line of unit strength in the collocation
point of the /th panel. Their method of calculation as well as
the numerical procedure to solve Eq. (4) are given in the next
section.

After the source and lifting line strength have been
calculated, the pressure distributions can be determined. For
the lifting surfaces the strength of the lifting lines is taken to
be equal to the pressure jump over the surface in the middle of
the Vi-chord line of the panel. The steady and unsteady
pressure distributions on the bodies follow from the ex-
pressions given in the Appendix. Equation (A12) for the
unsteady pressure distribution on the bodies shows a similar
coupling with the steady flowfield as is explained for the
integral equation (A9).

NB ND
[ Y ajsi+ Y, A,,’qu,n:F,,’]_ ,
j=1 J=1 i=1.2,..(Ng+Np)
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Fig. 1 Schematic outline of the calculations.

A schematic diagram of all necessary calculations is given
inFig. 1.

Numerical Calculations

For. the steady flowfield, the calculation of the influence
coefficients 4/% and A/ is made with the expressions of the
source panel method of Hess and Smith'! and the vortex-
lattice method, respectively. Accordingly, the doublet-lattice
method is used for the unsteady coefficients A /2.

A new calculation procedure has been developed to evaluate
the unsteady coefficients A /8, expressed by the integral

A By,
—ikyr

1 Sg [ : e
_— v elk]Mgg(x—fB) _
47 Sg ( r

This procedure is partly based on formulations given by
Hess'? for his acoustic panel method for arbitrarily shaped
bodies. The method by which the integral is evaluated depends
on the ratio r./t, the distance between collocation point / and
the centroid of the panel j on the body over the longest
diagonal of this panel. The following regions are
distinguished:

1) r./t=4: the point i lies far away from panel j; the source
distribution on the panel is approximated with a point-source
at the centroid of the panel.

2) 4>r./t=1.9: the point i lies at fairly large distance
from panel j; the source distribution is approximated with a
two-term multipole expansion in powers of (k;¢) and (¢/r.)
around the centroid.

3)1.9>r./t=1: the point i lies at fairly small distance from
panel j; the same approximation as in 2), with three terms
taken into account instead of two.

4) 1>r./t>0: the point i lies close to the centroid of panel
J» the integrand is approximated with a one-dimensional
Taylor series expansion in powers of (ik,r).

)] -ni{x,y,23dS (5
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5) r./t=0: the point i lies at the centroid of panel J; the
integrand is expanded similarly as in 4), but now the ex-
pressions are simpler.

A detailed description of the above approximations and the
resulting expressions are given in Ref. 13.

Making a distinction between bodies and lifting surfaces,
the set of algebraic equations (4) can be written in matrix form
as follows

ABE 48P o, F?
|
|

. = (n=0,1)
ADB 1 ADP AC,, FP
(6)

in which the matrix is partitioned into four submatrices, each
containing the coefficients of a particular type of influence
between panels on the bodies and/or the lifting surfaces. The
advantage of this partitioning is that the method of solution
can be based on the expected properties of the submatrices.
This has led to the following procedure: First the subset of
equations containing [A4,72] is solved with an iterative Gauss-
Seidel process. Then the residue is determined and used to
solve the set containing [A,”?] with a direct Crout process.
The residue is determined again and the process is started
from the beginning. This iteration process is repeated several
times until the increment, which during each run is added to
the solution of ¢, and AC, , has become smaller than a
certain value. A relaxation factor takes care of large
oscillations during the first few iteration steps.

In the calculations of the examples to be discussed in the
next section the coupling between the steady and unsteady
flowfield has not been made. As can be seen in Egs. (A9) and
(A12), the realization of this coupling requires the evaluation
of the second derivatives of ¢,. But the values obtained in
preliminary calculations with the steady version of the method
were not everywhere small, i.e., of the same order as ¢, and
V ¢,. Instead, locally at places with a relatively small radius
of curvature they were so large that they dominated the
solution completely. Reducing the size of the panels did not
yield a significant improvement. Apparently the concept of
small disturbances, on which this unsteady method is based, is
violated as far as the second derivatives of ¢, are concerned.
Since they appear only locally one can argue that their in-
fluence on the unsteady pressure distributions will be of minor
importance. This might explain the still satisfactory
agreement with experimental data, obtained while neglecting
the coupling.

Comparison of Calculated and Experimental Results

To verify the theory and to show the applicability of the
method, several calculations have been made for the model
tested in the wind tunnel as a part of the NLR wing/store
program previously mentioned. This model, shown in Fig. 2,
consists of a tapered wing with a wingtip tank and a
removable pylon/store combination. Measured results where
obtained for pitching oscillations around an axis at 15% of
the root chord. The calculations and comparison with ex-
perimental data are made at M, =0.45 and a reduced
frequency £ =0.305 (based on the semispan) for two con-
figurations: 1) wing with tip tank only, and 2) wing with tip
tank, pylon, and store.

Panel Distributions
Before describing the panel distributions used for the
aforementioned configurations, some observations should be
made about the panelling near the intersection of a lifting
surface and a body. It is clear that if the panelled lifting
surface would terminate at the body surface, large normal
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PITCH AXIS

WING REFERENCE PLANE

CONTAINER

WING REFERENCE PLANE — %
SECTION B..B = - i

TIP TANK
Fig. 2 Schematic view of the wing/tip tank/pylon/store con-
figuration.

velocities would be induced on this body surface. This would
result in considerable errors in the calculated pressures near
the junction. The usual way to overcome this is the use of an
image system, obtained by mapping the singularities on the
wing to the inside of the body (see Ref. 4). This method works
very well if the body can be represented by an infinitely long
cylinder. However, in the case of a closed body, the accuracy
can become problematic near the panels where the trailing
vortices of the image system intersect through the rear of the
body.

For the present calculations a simplified approximate image
system is used, in which the lifting surface is assumed to
continue toward the centerline of the body. The part inside the
body is covered with one strip of panels. The strength of the
lifting lines is taken to be equal to the adjacent strip outside
the body and thus no additional collocation points are
required. The reasons for using this simple type of image
system are as follows:

1) Numerical problems near the attachment line of the
lifting surface and the body are avoided.

2) Application of this system in the NLR steady panel
method '° has given good results.

3) For symmetric flow conditions around a fuselage, the
centerline trailing vortex is absent.

4) The wake of the body is not neglected, since it is
represented by the wake of the extension of the lifting surface

Table 1 = Panel distributions

Inside

Chordwise Spanwise Total body
Wing 10 X 9 = 90 10
Pylon 10 X 2 = 20 10
Lifting 110

surfaces
Direction

Axial Angular Total
Wingtip tank 27 X 8 = 216
Store 19 X 8 = 152
Bodies 368

J. AIRCRAFT

into the body. The number of trailing vortices intersecting the
rear of the body is reduced to one.

The panel distribution as used in the present calculations is
shown in Table 1. The wingtip tank and the store are divided
into 27 and 19 sections, respectively. Each circular section,
being perpendicular to the body axis, contains eight
quadrilateral panels, of which the corner points are positioned
on the body surface. The wing is covered with ten chordwise
strips of ten panels each. The outwardmost strip is assumed to
continue within the tip tank to the tip tank axis in such a way
that parts of these panels are located within the tip tank. The
pylon contains three chordwise strips of ten panels each. Here
the lowest strip is placed in the upper half of the container
ending at the container axis.

Wing/Tip Tank Configuration

Figure 3 shows the chordwise distribution of the unsteady
pressure jump AC),, across the wing in a section close to the
tip tank. The effect induced by the tip tank on the wing is
evident by comparing the theoretical distributions with and
without tip tank, the latter being obtained with the doublet-
lattice method only. Adding the tip tank results in an increase
of AC,,. Considering the agreement between the calculated
and experimental results, this interference effect is predicted
rather well. The unsteady spanwise load distribution on the
wing is given in Fig. 4. The theoretical curves indicate that for
the wing the tip tank acts as a type of endplate. With the tip
tank attached, the load distribution remains at a higher level
and does not reach zero at the tip. Clearly, the interference
effects are largest in the vicinity of the tip. The agreement
between the calculated and experimental results is reasonable,
showing the same trend. The differences are of the same order
as found in earlier comparisons for lifting surfaces only.®

In Fig. 5 an example is given of an unsteady pressure
distribution in the axial direction along the tip tank. Except
for the rear part, where in reality the flow is separated, the

Re<ACP‘>
12 0\
\ SECTION 8
\ =045 k=0.305
\ PRESENT [EXP. [CONFIGURATION

\ | METHOD

\ — O | WING, TIPTANK

— —~ = WING ONLY

0

Fig. 3 Chordwise distribution of the unsteady pressure jump across
the wing of the wing/tip tank configuration oscillating in a pitch
mode.
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Fig. 4 Unsteady normal load distribution on the wing of the
wing/tip tank configuration oscillating in a pitch mode.
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Fig. 5 Unsteady pressure distribution along the tip tank of the
wing/tip tank configuration oscillating in a pitch mode.

agreement is rather good. The differences between theory and
experiment are of the same order as they are on the wing. The
theoretical curve shows the influence of the wing in the
relatively large positive pressures near the attachment
position. The peak at the wing leading edge is too small to be
discernable in the measurements. The corresponding normal
load distribution obtained by integration in the angular
direction is shown in Fig. 6. Here the calculated curves go to
zero at the front and rear ends yielding a better agreement
with measured values. In comparing the normal load
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Fig. 6 Unsteady normal load distribution along the tip tank of the
wing/tip tank configuration oscillating in a pitch mode.
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Fig. 7 Normal load distribution on the wing of the wing/tip
tank /pylon/store configuration oscillating in a pitch mode.

distributions on the tip tank and the wing, it should be
realized that both are nondimensionalized in a different way.
To make them comparable the tip tank value should be
multiplied by the factor 0.2 (max. diam/¢). In doing so it
follows from Figs. 4 and 6 that the load on the tip tank is of
the order of 0.1 of the wing loading. Note that especially the
imaginary part is extremely small.

Wing/Tip Tank/Pylon/Store
Configuration

Adding the pylon and store to the configuration introduced
a jump in the spanwise load distribution at the place of the
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Fig. 8 The effect of the addition of the pylon and store on the
chordwise distributions of the real part of the unsteady pressure jump
across the wing on both sides of the pylon.
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Fig. 9 Unsteady pressure distribution along the store of the wing/tip
tank/pylon/store configuration oscillating in a pitch mode.

pylon attachment, of which the real part is by far the largest
one. This is shown in Fig. 7 where the calculated distributions
are given for the configurations both with and without the
pylon and store. The experimental results show a jump of
about the same magnitude, although, as in Fig. 4, the overall
level is slightly different. This jump in both the theoretical
and experimental curves can be explained in terms of the
chordwise pressure distribution on either side of the pylon.
Figure 8 shows that the addition of the pylon and store affects
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Fig. 10 Unsteady pressure distribution along the store of the
wing/tip tank /pylon/store configuration oscillating in a pitch mode.
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Fig.11 Unsteady normal load distribution along the store of the
wing/tip tank/pylon/store configuration oscillating in a pitch mode.

mainly the pressure peaks near the leading edge of the wing.
Inboard of the pylon this peak increases, while outboard a
decrease is observed. As a jump in the normal load
distribution indicates a jump in the circulation around the
wing, obviously circulation is carried off by the pylon. As a
result of this the pylon will experience an outward pointing
load.

Figures 9 and 10 give the unsteady pressure distribution
along the store at two angular positions. Both figures show
calculated pressure distributions for three types of con-
figurations: the store alone, and the wing/pylon/store
combination with and without tip tank. Comparing these
distributions, it is clear the addition of the wing and pylon has
a marked effect. On the store this interference effect is largest
near the attachment of the pylon and store, with a maximum
in the vicinity of the leading edge of the wing where the
flowfield is disturbed most. Adding the tip tank gives a slight
increase of the real part of the pressure distribution over the
rear section of the store, while the imaginary part is not
visibly affected. The explanation can be found in Fig. 4,
where it is shown that the addition of the tip tank increases the
normal load distribution and thus the circulation around the
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Fig. 12 Unsteady side load distribution along the store of the
wing/tip tank /pylon/store configuration oscillating in a pitch mode.

wing. The resulting change in the velocity field under the wing
is the cause of the increased pressures on the store.

The agreement between the calculated and the experimental
pressure distributions is reasonably good. It is felt by the
authors that the agreement could be even better if in the
panelling process the corner points are not put on the surface
of the store, but slightly outside. With the eight panels used in
angular direction this will effectively bring the cross-sectional
area of the panelled store back to that of the original store.

The normal and side load distributions on the store are
given in Figs. 11 and 12. On the isolated store the normal load
distribution is symmetrical, with a sign change in the real
part. This is not surprising since the store has identical front
and rear ends connected by a cylindrical part. On this
cylindrical midsection the load is very small, which is also
characteristic for slender-body theory. The results of Fig. 11
clearly show the large interference effects from the wing and
pylon on the normal load distribution. The side load on this
rotationally symmetric store (see Fig. 12) would be
nonexistent without these interference effects. The direction
of the side load on the store coincides with the direction of the
load on the pylon as inferred from the jump in the circulation
around the wing. The addition of the tip tank has only a smail
influence on both load distributions, while the experimental
values are predicted rather well. As in the case of the tip tank,
a comparison between the loading on the wing and the store is
only possible if the values for the store are multiplied by a
factor of 0.26 (max. diam/¢). This means that the loading on
the store is about 7% of the wing loading and that the
imaginary part is negligibly small.

Concluding Remarks

A method has been presented which enables the calculation
of unsteady pressure distributions on wing/body con-
figurations in subsonic flow. The applicability of the method
has been shown in a comparison with experimental results for
a wing/tip tank/pylon/store configuration. Both pressure
and load distributions on the wing and the bodies are in
reasonable agreement with the measurements. The in-
terference effects are predicted very well.

The loading on the tip tank and the store has been found to
be of the order of 10% of the wing loading. The imaginary
part of the loads on these bodies is negligibly small. This
might indicate that in aeroelastic calculations not much
damping can be expected from these aerodynamic forces in
specific store modes.

The coupling between the steady flowfield and the
superimposed unsteady flowfield, which can be taken into
account in the present method, could not be realized suc-
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cessfully. However, the agreement between theoretical and
experimental data, shown here, is such that no immediate
need exists to improve the evaluation of this influence in the
present case.

In view of applications in flutter calculations when un-
steady aerodynamic forces are needed for a large number of
Mach numbers, reduced frequencies, and store con-
figurations, it is worthwhile to investigate whether or not
body influence has to be considered or simplifications are
possible, i.e., to represent a store by an endplate. The present
method then can provide useful data for comparison. Another
field of application may be the calculation of dynamic
stability derivatives, especially those in which a considerable
contribution of the fuselage is involved.

Appendix

Reference 9 shows that, for a configuration of bodies and
infinitely thin lifting surfaces harmonically oscillating in
subsonic flow, the general solution of Eq. (1) can be for-
mulated as

PP Z 1) = 0ol X 0,20 + o K%y, 2’ (AD)

where, for the body

PLY,2)

—ikyr

ds (A2
4 (A2)

in which
r=[(x—§p) "+ B°(y—np) " +B8°(z—p) 17 (AY)

1 e
= _Sgs 0,{Ep. g (pyentolx=tn)
B

and for the lifting surface

o 2(xy,2)
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in which
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and
r=[r"+ 87 (y=np) +B8°(z2—{p) °1 " (A6)

In the above expressions g, represents the strength of the
source distribution on the body surfaces Sz, and AC, s the
strength of the dipole distribution on the lifting surfaces Sp.
The subscript n can have the values 0 and 1, indicating the
steady and unsteady potential.

Substitution of the above expressions in the boundary
conditions derived in Ref. 9 leads to the following set of
integral equations for the steady flowfield

1 1
- ;;555800(53:713,?3>[V 7] B'"Bds

q2

_+_
87U,

SSS AC, Epnp o) [VEy p-npdS=—qonp
D
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(A®)
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and for the unsteady flowfield
—ikpr

1 . ‘ e
_nggs Ul(EB,ﬂB,§B>[V(e'k’M“’(X_EB) )]B‘”Bds
B

N q
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D
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+ng[(r;-V)Vesls (A9)
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1 . e
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SSSDAC,,I 10,80 (VK1 p-npdS

=iwrd-Np + Q- (MpVyi+npVyzl) (A10)

Equations (A7) and (A8) determine the steady flowfield
about the bodies and the lifting surfaces, while Eqs. (A9) and
(A10) concern the unsteady flowfield superimposed on this
steady field. The interference effects between the bodies and
the lifting surfaces are represented in the second integral of
Eqgs. (A7) and (A9) and in the first integral of Eqs. (A8) and
(A10).

After the steady source and lifting line strength have been
calculated, the first and second derivatives of ¢, also can be
determined analytically. Next, these values are used to
determine the right-hand side of the unsteady set of equations,
after which the unsteady flowfield can be solved for as well.

For the lifting surfaces the strength of the lifting line is
taken to be equal to the pressure jump over the surface. The
steady and unsteady pressure distributions on the bodies
follow from the following expressions, derived in Ref. 9

2 =0, 90°90 ]
CpO:’yMé {[1‘1‘ ) Mw(l—"qT):l —1} (All)
and
« 21, =D qo-qo /00
S L I o]

X [gg- Vo, +ivp, + (Us +¢g ) (12 V) @y,

+ (Vo t 00, ) (12 V)po, + (We+ 0 ) (12 V)po 1 (AL2)
in which
‘Io=(Uoc+V’oX)i+(Voo+‘Poy )j+(Woo+‘Poz )k (A13)
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