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Fig. 1 Geometry of a generic swept and tapered wing planform
with lumped fuselage mass and a variable inertia tip store. Mf =
10,000 kg and t = 0.01 m.

sure will decrease. This is similar to what happens with trail-
ing-edge controls.

It is of interest to compare Rm with the similarly de� ned
ratio for trailing-edge control

R = C /Cd mac ld d

For typical control surface sizes, incompressible thin airfoil
theory gives Rd in a range of 20.12 to 20.19. If Rm is more
negative than Rd, then the lift effectiveness of boundary-layer
blowing would experience greater degradation as a result of
� exibility than that of a trailing-edge control surface for the
same rigid lift increment. Analysis of some available data for
circulation-controlled airfoils suggests that this might be the
case.4 Values for Rm from 20.232 to 20.32 have been ob-
tained. These values have become increasingly negative as
blowing is increased. Thus, the potential aeroelastic load ef-
fectiveness problems will be exacerbated. The reversal dy-
namic pressure could be reduced by as much as 50% compared
with a trailing-edge control. Another consideration is that,
while typical trailing-edge controls extend over only a rel-
atively small outboard portion of the wingspan, circulation
control is likely to extend over a substantial portion of the
wingspan. This could further amplify the aeroelastic load at-
tenuation characteristics of circulation control. If circulation-
controlled airfoil technology is to be considered for future
high-L /D transport vehicles, then aeroelastic effects will have
to be given serious attention.
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Introduction

M ODERN-DAY � ghter aircraft are designed to carry
heavier accessories at the wingtips in the form of

warheads/auxiliary fuel tanks, which have a different mass and
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center of gravity (c.g.), depending on the mission. It is well
known that at large � ight dynamic pressures, stability deriva-
tives are altered signi� cantly because of structural � exibility.
It is also well known1 that, for a free aircraft, the static aero-
elastic corrections to the stability derivatives are substantially
different because of elastic deformations caused by inertia
forces resulting from accelerations. In this context the inertia
con� guration of a tip store vis-à-vis the aircraft inertia and
wing geometric properties assumes special signi� cance, as it
has the potential to alter the overall inertia force distribution
and, thereby, the � exible stability derivatives. This is even
more important in situations where store con� guration changes
either during � ight or between missions. It is therefore desir-
able to understand the nature of changes in the � exible stability
derivatives because of different wing geometry and tip-store
mass con� guration for a generic � ghter aircraft wing con� g-
uration. This study investigates these sensitivities for a small-
aspect-ratio wing in a symmetric subsonic � ight for different
tip-store inertia con� gurations.

Solution Procedure
The general static aeroelastic problems of freely � ying air-

craft cannot be solved exactly; a suitable numerical solution
procedure is needed. A general-purpose static aeroelastic anal-
ysis software STAAC (Ref. 2) has recently been developed,
based on the assumed-modes approach of Nicot and Petiau,1

that uses the doublet-lattice method for aerodynamic analysis
and the � nite element method for structural analysis. Further,
aeroelastic corrections to stability derivatives resulting from
inertia forces are based on the rigid modes de� ned at the air-
craft c.g. It has not been possible to completely validate the
free aircraft aeroelastic analysis as results, generic or other-
wise, because such con� gurations have not been found in open
literature. However, basic checks for a free rectangular plate
with uniform mass distribution have been done2 that, as ex-
pected, produce no inertia-related aeroelastic corrections. Fur-
ther, trends for net c.g. movement toward the leading as well
as the trailing edge are consistent with the physics of the prob-
lem, just as a forward shift of the c.g. reduces the aeroelastic
effect because of a reduction in the overall elastic deformation
caused by the inertia forces. These checks have shown that
STAAC2 is a reasonable tool for investigating the aeroelastic
ef� ciencies of freely � ying aircraft.

Example, Numerical Results, and Discussion
Figure 1 shows the geometry of a small-aspect-ratio swept

and tapered wing as a plate of uniform thickness t (0.01 m),
along with the tip store, which is modeled as a lumped mass
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Table 5 Sensitivity of stability derivatives to tip-store c.g. shifta

xs/ct CLa Cma CLq Cmq Qdiv

20.20 4.837 1.411 3.498 0.282 0.929 3 105

20.10 4.735 1.400 3.605 0.332 0.138 3 106

0.00 4.895 1.453 3.800 0.404 0.352 3 107

0.10 5.418 1.608 4.121 0.511 0.126 3 106

0.20 6.321 1.885 4.582 0.661 0.468 3 105

a
ct /cr = 1.0, L = 0 deg, xf /cr = 0.0, Ms /M f = 0.05, M = 0.2, Q = 104.

Table 4 Sensitivity of stability derivatives to tip-store massa

Ms/Mf CLa Cma CLq Cmq Qdiv

0.00 4.920 1.447 3.819 0.399 0.224 3 106

0.01 4.915 1.448 3.815 0.400 0.231 3 106

0.02 4.910 1.450 3.811 0.401 0.239 3 106

0.03 4.905 1.451 3.807 0.402 0.251 3 106

0.04 4.900 1.452 3.804 0.403 0.312 3 107

0.05 4.895 1.453 3.800 0.404 0.352 3 107

a
ct /cr = 1.0, L = 0 deg, xf /cr = 0.0, xs /ct = 0.0, M = 0.2, Q = 104.

Table 3 Sensitivity of stability derivatives to midchord sweepa

L CLa Cma CLq Cmq Qdiv

220.0 7.733 3.476 3.058 0.632 0.241 3 105

210.0 5.343 2.009 3.135 0.437 0.554 3 105

00.0 4.895 1.453 3.800 0.404 0.352 3 107

10.0 7.848 1.696 5.827 0.553 0.269 3 105

20.0 10.710 1.423 7.650 0.311 0.184 3 105

a
Ms /M f = 0.05, xf /cr = 0.0, ct /cr = 1.0, xs /ct = 0.0, M = 0.2, Q = 104.

Table 2 Sensitivity of stability derivatives to wing taper ratioa

ct/cr CLa Cma CLq Cmq Qdiv

1.000 4.895 1.453 3.800 0.404 0.352 3 107

0.800 4.958 1.206 4.412 0.258 0.163 3 107

0.600 5.019 0.881 4.560 0.018 0.157 3 107

0.400 5.059 0.443 5.065 20.384 0.169 3 107

0.200 5.119 20.171 5.746 21.087 0.188 3 107

a
Ms /M f = 0.05, L = 0 deg, xf /cr = 1.0, xs /ct = 0.0, M = 0.2, Q = 104.

Table 1 Sensitivity of stability derivatives to aircraft c.g. shifta

xf/cr CLa Cma CLq Cmq Qdiv

20.20 7.132 0.965 4.711 20.068 0.309 3 105

20.10 6.072 1.300 4.432 0.237 0.517 3 105

0.00 4.895 1.453 3.800 0.404 0.352 3 107

0.10 4.862 1.861 3.541 0.618 0.957 3 105

0.20 5.803 2.717 3.804 1.036 0.426 3 105

a
Ms /M f = 0.05, L = 0 deg, ct /cr = 1.0, xs /ct = 0.0, M = 0.2, Q = 104.

Ms, with the c.g. from the midchord as xs. The half-aircraft
fuselage is modeled as an equivalent mass at a distance of xf

from the root midchord. Further, both planform area and aspect
ratio were kept as 1.0 so that results for other cases could be
extrapolated easily. The material is assumed to be standard
aluminum, with properties in SI units. Results are obtained for
a symmetric � ight maneuver for the stability derivatives ,CLa

Cma, CLq, and Cmq (lift and pitching moment coef� cient deriv-
atives with respect to angle of attack a and pitch rate q), which
are calculated at a � ight dynamic pressure of 104 N /M 2, sig-
ni� cantly lower than the divergence value. Further, although a
Mach number M of 0.2 is selected, higher values in the sub-
sonic zone will only mean higher � exible derivatives because
of a correspondingly higher load, which could be extrapolated
from corresponding rigid load ratios.

The results for � exible derivatives, including the divergence
dynamic pressure Qdiv, are obtained for the parameters L, cr/ct,
xf /cr, Ms/Mf, and xs /ct, as given in Tables 1 – 5. Here, the var-
iations in L and cr/ct are determined such that total wing sur-

face area remains constant. Table 1 shows that both CLa and
CLq reduce with an increase in xf/cr (1ve for aft movement),
while Cma and Cmq increase. In contrast, Table 2 shows that
both CLa and CLq increase, while Cma and Cmq decrease as taper
increases. The results in case of the midchord sweep L, pre-
sented in Table 3, show that sweepback has a greater in� uence
on the effective aerodynamic coef� cients than sweep forward,
and that Cma and Cmq decrease with an increase in L. Table 4
presents the effect of Ms/Mf variation when the store c.g. is on
the elastic axis: all quantities are nearly invariant and only the
divergence speed reduces noticeably. This also is in conformity
with basic free aircraft effect. Finally, the effect of xs /ct, shown
in Table 5, is the reverse of that observed in Table 1. These
results for stability derivatives make it clear that free aircraft
� exible force and moment coef� cients can be substantially dif-
ferent even with small changes in geometric and mass con� g-
urations. Further, it is seen that desirable characteristics for free
aircraft are possible by suitably adjusting the various geometry
and inertia parameters, making the present study a useful de-
sign tool.
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Introduction

M ODERN military aircraft employ wings with a delta
shape, which provides good aerodynamic and aeroelas-

tic performance. Delta wings are generally constructed using
a single spar as the wing torsion box, with a width of about
60 – 85% of the total chord; thus there is only a partial con-
nection of the wing root to the fuselage. Because the fuselage
is much stiffer than the wing, it is possible to model the wing
junction with the fuselage as a clamp for structural analysis of
the wing. Further, during the preliminary design stage, the po-
sition of this torsion box with respect to the center chord is a
variable based on many considerations. A study has investi-
gated the sensitivity of the static aeroelastic characteristics of
a generic, large-aspect-ratio, forward-swept wing to shape pa-
rameters.1 Another study examined the effect of spar size and
location on the bending– torsion modal coupling of small-as-
pect-ratio, swept, and tapered plates.2 It is well known that the
location and size of the torsion box have a strong in� uence on
the elastic deformation pattern of the wing and, therefore, have
the potential to signi� cantly alter the overall aerodynamic lift
and pitching moment ef� ciencies from static aeroelastic cor-
rections. Information about the sensitivity of these ef� ciencies
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