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Abstract

In the present paper an aeroelastic analysis on Ultra
High Capacity Aircraft (UHCA) with emphasis on the
aeroelastic sensitivities is performed. Because of the
large flexibility of the wing structure of this kind of air-
plane, two flutter analysis recommended in the techni-
cal literature have been performed: the aileron rever-
sal analysis and the wing flutter analysis in presence
of the engine nacelle. The use of the finite-state mod-
elling for the unsteady aerodynamics has allowed to
carry out explicitly the aeroelastic sensitivity problem
and then to predict locally the aeroelastic behavior as
function of some design variables as the fuel weight,
the wing stiffness, and the engine location. The nu-
merical results are relative to the case of a UHCA wing
with data provided by CIRA.

Introduction

The reduction of the direct operating costs has re-
cently stimulated the interest on the new ultra high ca-
pacity aircraft. This evident advantage has as counter-
part the increasing weight and flexibility of the wings
with consequence on static and dynamic aeroelasticity,
see Forsching (2 9): gpecifically, bending deflection
of the wing tip can reach almost 3-4 m with conse-
quent reduction in effective angle of attack and the
effectiveness of trailing-edge control surface. Further-
more, the loss of stiffness in the lifting surface, the
mass distribution, and - above all - the positioning of
the turbofan engines (with higher and higher by-pass
ratio) can provide a reduction in the natural frequency
and a consequent reduction in the flutter speed (e.g.,
the first bending natural frequency can be less than 1
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Hz and the first nacelle engine pitching frequency less
than 2H z, Forsching (#)): indeed, a root locus relative
to an aeroelastic system exhibits as the lower modes
are typically the critical ones in the flutter stability
scenario, Bisplinghoff (). The use of aeroelastic sensi-
tivities,see Haftka (* ©) either to structural parameters
(mass or stiffness variations, thickness variations, etc.)
or to configuration parameters (as the engine-nacelle
positions) can be of great interest in the design of this
kind of airplane where the aeroelastic constraints are
to be carefully taken into account. Indeed, the typi-
cal flutter speeds must be expected to be close to the
maximun cruising flight speeds.

The influence of the structural modifications in the
aeroelastic stability analysis has been analized by Striz
and Venkayya (") where the influence between struc-
tural (finite element method) and aerodynamic (lifting
surface method) discretization has been also investi-
gated in the framework of the structural optimization
with flutter constraints.

A lot of papers on the numerical methods for the nu-
merical evaluation of the aeroelastic sensitivities (e.g.,
Cardani and Mantegazza (#)), for standard eigensen-
sitivity formulae (e.g., Rogers (*)) are available in the
technical literature. A relevant semplification on the
sensitivity evaluation problem was obtained with the
use of finite-state aerodynamics, Jones (**) Karpel
(1) Morino et al. (*»): indeed, this advantage was
shown in Karpel (** 1) where also the influence of the
modal variations for optimization problems in static
and dynamic aeroelasticity was investigated.

In Balis Crema et al. (**) a study on the influence
of the structural modification in the evaluation of the
aeroelastic sensitivities was carried out: and the por-
tion of Generalized Aerodynamic Force (GAF) ma-
trix which is “structure-dependent” (i.e., which is de-



pendent on the natural-vibration modes) was explic-
itly identified. This goal was reached considering the
standard modal description for the structure, a com-
pressible unsteady potential integral formulation for
the aerodynamics (e.g., Morino (1,17) or Albano et
al. (*) Giesing et al. (**)) and the finite-state aero-
dynamic approximation proposed Morino et al. (2%,
These variations considered in the mentioned paper
were not modifications in the lifting-body geometry
but only on the vibrational characteristics: in the
present paper the formulation for the sensitivity prob-
lem proposed by Balis Crema et al. (*%) is used for the
aeroelastic-sensitivity analysis of a UHCA but consid-
ering also the body shape variation due to the nacelle
position or the diameter magnitude which is an essen-
tial issue for the aeroelastic performance of the high
capacity aircraft.

In the next Section the basic aeroelastic model for
the study of stability and the aileron reversal together
with the finite-state aerodynamics formulation will be
presented; next, the aeroelastic sensitivities formula-
tion will be shown; finally, the numerical results and
comments.

As apparent from Balis Crema et al. (45 the first
three authors are responsible for the content of the
Section entitled Aeroelastic Sensitivities, for that of
the Section entitled Numerical Results concerning the
aeroelastic sensitivity while the other autors are re-
sponsible of the remainders of the this Section. All the
authors are responsible of the section entitled Aeroe-
lastic Model and Finite State Aerodynamics.

Aeroelastic Model and Finite-State Aerodynamics

Consider an aeroelastic system described in terms of
the amplitudes, ¢,(t) (n = 1,...,N), of the natural
modes of vibration, ¢(”), which are here assumed to be
normalized, so as to have the generalized masses equal
one. The corresponding Lagrange equations of mo-
tion, neglecting structural damping and gravity, are
given by, Bisplinghof (4),

d?q

i T ¥a=of (1)

where €2 is the diagonal matrix of the natural (an-
gular) frequencies of vibration of the structure, qp =
000UZ /2 is the dynamic pressure, whereas the com-
ponents of f are the generalized aerodynamic forces
associated with the n** mode, ¢(") (n=1,..,N),as

i fo = ﬂs ¢ 6™ as 2)

where t is the aerodynamic force per unit area act-
ing on §. Here, we assume that the aerodynamic
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forces depend linearly upon the Lagrangean coordi-
nates ¢,(t); specifically, in the following we limit our-
selves to potential subsonic or supersonic flows (the
modeling of viscous effects, particularly important for
the control surfaces, and/or of transonic effects, falls
beyond the scope of the present paper). Hence, the
Laplace transform of the generalized force vector can
be expressed as (in the following the Laplace trans-
form of a time dependent function f(¢) will be indi-
cated as f(s), where s is the Laplace variable)

f(s) = f£n(s)+1Ea(s)
= B(2) @0+ (o) A9 ®)

where f’m(s) are the aerodynamic forces due to the
elastic motion and f;(s) are those due to the control
surface (e.g., the aileron motion) whereas E and Eg
are the so-called aerodynamic matrices. As empha-
sized by Eq. 3, the aerodynamic matrices are function
of s and Uy only through the variable p := sb/U,
which is known as the complex reduced frequency (b
is the reference semi-chord). Note that E may be ob-
tained analytically for some simple cases (e.g., classic
Theodorsen incompressible 2-D aerodynamic theory);
otherwise, E(p) and E(p)g are evaluated numerically,
for instance, by doublet-lattice (Giesing (**)), or panel
methods (Morino (?:22)). More precisely, the algo-
rithm for the evaluation of E(p) is typically available
only along the imaginary axis: E(p) is then the an-
alytic continuation of E(ik) being k := Imag[p] the
so-called reduced frequency.

In the case of compressible potential flow (Morino (*?)
and Balis Crema et al (**)), the GAF matrix is a N x
N matrix which can be exactly decomposed in three
contributions:

E(p) = Ec(p)Ep(p)Ea(p) (4)

such that only Ec(p) and E4(p) are explicitly depen-
dent upon the assumed modes: in the same paper it
was shown that the influence of the structural varia-
tion on these matrices are negligible and this issue has
been emphasized in the results presented in this paper.
Indeed, from the above equations the GAF matrix E*
including the structural modifications is given by

E* =E5EpE’, = EcEgE, + (5)
+AEcEBE 4 + EcERAE,  + AECEBAE 4

As shown in Balis Crema et al. (**)_in the Eq. 5 there
are contributions of order A¢ and of order A (¢ - ¢): as
in the structural eigenproblems the eigenvector varia-
tion is typically larger than the corresponding eigen-
value one, then in Eq. 5 the corrective terms are of
higher order with respect to (Aw) and (Aw)? if (Aw)
represents the eigenfrequency variation. Nevertheless,
this issue is true for a natural frequency variation and



not, for example, for an aerodynamic modification as
it will be shown in the next Section.

Next, in order to perform the flutter analysis and
the reversal-aileron analysis in term of state-space
variables, let us introduce the finite-state approxima-
tion for the aerodynamics. The finite-state aerody-
namic approximation for the GAF matrix introduced
by Morino et al., (**)| yields

fm = E(p)m(l Z[EZPZ + Elp + EO + (IP - P)‘—lRp]‘i

where, for the sake of simplicity, only the aerodynamic
matrix Ep,(p) will be considered in the following.
Considering the Eqs. 1, 3 and the finite state Aerody-
namic approximation given by Eq. 6, the Lagrangian
equations of motion in the Laplace domain become
(with Eq(p) = 0)

b2

s Iq+ Q%4 =qp [E2—32+ )

U&

b -1
+E) ~—s5+ Eq + (ILS - P) RLS q

UVeo Uso Us

where the definition p = sb/Us, has been used. Equa-
tion 7 can be rewritten as

[M.s? +C.s+ K. ]q+F=0

) b -1 (8)
= —g¢p (I-&,——s - P) PRq

where
2
M, =1I- QDEzﬁg 9)
b
C, .= —qpE; —
4D 1y (10)
K. :=Q%—¢pE; —¢pR (11)

are mass, damping, and stiffness equivalent matrices
respectively. The above equation can be written in
the time domain as

M.q+ Ceq+Keq+r=0
(12)

P — LxPr=—¢pY=PRq

or in the normal form
B(Uw,a)x = A(Uw,a)x (13)

where x7 := {q7|qT |¢T}, and

0 I 0
A(Us,0) = -K. -C. -I | (14)
—p%=PR 0 Y=p
(1 0 0
B(Uw, @)= |0 M, 0 (15)
0 0 I

whereas « represents a structural-modification param-
eter in the geometrical, stiffness, or mass characteris-
tics (when « = 0, no structural modifications are con-
sidered) such that will modify the natural-frequency
matrix 22, the mass matrix, and the GAF matrix
E(p), i.e., its approximating matrices Eq, E;, Eo, P,
R. Note that one could consider a vector of structural-
modification parameters a™ := {ay, @z, ...} but it does
not change the following considerations and results.

(6) Next, consider the presence of an aileron angle 6, as

a new Lagrangian variable associated to a suitable
shape-mode function which is zero in all the wing do-
main and with a unit rotation for the aileron. Fur-
thermore, consider also the rigid body motion around
the roll axis and the associated lagrangian variable ¢.
Using the presented finite-state aerodynamics also for
the aileron aerodynamic force f, one can rewrite the
Lagrange equations in the standard state-space form

x = Ax+ Bé, pr = Cx - (16)
where the matrices A, B, and C are the system ma-
trix, the control matrix, and the output matrix of the
aeroelastic system with input equal to aileron angle
6. and output equal to the derivative with respect to
time of the roll angle, .. The aileron reversal analy-
sis can be carried out considering an input step func-
tion of é.(t) for a given velocity speed Uy : then, the
aileron reversal happens when the ¢, assumes a neg-
ative value.

Aeroclastic Sensitivities

The method for the evalueation of the aeroelastic sen-
sitivities presented in Balis Crema et al. (*%) is out-
lined in the following. Let us consider the eigenprob-
lem associated to the Eq. 13

[A(Us, @) — 2BUeo, )] u™ =0 (17)

where n = 1,2,...,3N: indeed, the above eigen-
problem can be solved for arbitrary values of the
parameters Uy and a. Pre-multipling Eq. 17 by
the transposed of the left eigenvector v(®)” (such as
v () = 1 (i.e., VT = U~!, where V and U are
the left and right eigenvectors matrix respectively) one
has for all eigenvalues (eigenvectors):

v [A(Uso, @) = AB(Uso, @) u™ =0 (18)

In order to obtain the derivative of the flutter speed
and the frequency speed with respect to o (Up,, and
e Ar,), let us derive Eq. 18 with respect to a (for the
sake of simplicity, we shall not indicate in the following
the dipendence on Uy and «)

Gvm)’
do

[A - X, B]u™ (19)
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dA A
Vet Ba

OB OB\ di,
(B L 9BY _d] oy
An (6UU’°‘+ aa) do B] 0

)
T[A - \B] aau_a +v™* [

Reordering the above equation with respect to the un-
knowns U := 90U /0« and dA, /do yields

r [GA oB T dA
(n)" 1282 (n) — (") (n)Zhn _
v [HU An BU] Ua—v Bu Y =
o7 [ OA 0B "
-V (5;—*"5;) ut (20)

In the flutter condition, for all the o’s, one has a char-
acteristic flutter velocity Uw, (@) such as the corre-
sponding critical eigenvalues Ap(a) has Re[Ap(a)] =
0. When the Eq. 20 is written correspondingly to the
flutter condition (A, = jwp, u™ = up e v(® = vr),
one has

JA T dwp
[aU jw BU] urla = jvpBup 5o
JA oB
—_ L ve
= —Vp (601 Jwp 8a) up  {21)
The equation 21 can be rewritten as
dwp
CLU’a—f-b —d-(‘l——c (22)

i.e., considering the real and the imaginary parts,

dwp

ap Uy +br do " CR (23)
dw

aj U,a + by —;la{ =cy (24)

The above linear system gives the two flutter deriva-
‘tives with respect to the structural modification «.
Note that in order to solve the above eigensensi-
tivity problem, one needs the derivative 0A /90U,
0B/0Uc, 0A/Oa, and 6B/da: considering the Egs.
9, 10, 11, 14, and 15, one explicitly obtains

‘ I 0 0 0
B_i;.‘:_: w(Bo+R) 1pEib 0
o0 U2 P
| -3%PR 0 P
9B 00 0
< 1000
. 0 0 0
IA
5": qpEo o+ gpR o — Q,za 9D "ngl,a 0
—qpY%=(P R+ PR,) 0 Uep ,
. 0 0 0
B ;
@ 0 iy 0

Note that the variations Eoo, Ei o, Po, R4 are
higher order terms with respect to a — because they

are all dependent on the modal shapes — if one does
not considers shape variations, Balis Crema et al. (:3):
in this case one can take into account the following
semplified expressions:

0 00
-Q%, 0 0
0 00

D

B

A _ . 0B
" fa

e =) (25)

Numerical Results

In the present Section some numerical results on a
UHCA wing-body configuration will be presented:
all the data are provided by CIRA and some gen-
eral characteristics of the airplane are presented in
Tab. I and the wing shape with a typical aerodynamic
mesh considered in the computation is shown in Fig.
1. The stiffness characteristics given by the EI(y)
and GJ(y) curves are depicted in Fig. 2: consider-
ing these informations, a finite element model with
around 100 d.o.f.s has been implemented using the
MSC — NASTRAN code (CBEAM elements and
three-mass chord-wise distribution have been taken
into account).

Wing Surface 745 m?
Wing Span 78 m
Chord at Wing Root 16.147 m

m

Chord at Wing Tip 3.505

Mean Chord 11.367 m
Maximum Take-off Weight (MTOW) | 550000 Kyg
Operative Empty Weight (OEW) 271900 Ky
Wing (structural) Weight 88477 Kg
Max Payload 77600 Kg
Fuel Weight 200500 Ky
Engine-pylon Weight 7000 Ky
Up 215 m/s

Tab. 1: U HC A characteristics

The modal analysis of the structure with fuel, with
first ten eigenfrequencies reported in Tab. II, shows
that out-of-plane torsional (T), bending (B), in-plane
bending (B*), and coupled (B/T) modes are present
in the range of eigenfrequencies considered. Note that
the second mode is a bending/torsional mode that is
essentially influenced by the presence of the engines.
The engine locations are at 13.015 m and 22.915 m
from the wing root, the nacelle axis is 2.3 m distant
from the wing lifting surface, and nacelle leading edge
is aroud 5 m distant from the wing leading edge: the
nacelle diameter is 3.5 m and its lenght is 5 m. Note
that the aerodynamic influence given by the nacelle is
not due to the engine-trust forces (which are practi-
cally constant and then they do not influence the sta-
bility) but only by the unsteady aerodynamic loads
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due to the nacelle elastic motion (i.e., a ring-wing be-
havior is taken into account).

The flight conditions considered in the aeroelastic test
are a Mach number M., = 0.8 and an altitude corre-
sponding to a standard air density ¢ = 1.22 kg/m3.
The GAF matrix has been obtained with a doublet-
lattice method, Albano (®) by the MSC —
NASTRAN code: the aerodynamic mesh considered
is: 10 panels chord-wise, 20 span-wise, 10 panels
streamwise on the engine-nacelle and 9 panels around
it. The number of GAF matrix evaluation is equal to
16 in a range of the reduced frequency 0 < k& < 0.8.
In Figure 3 the root locus for 10 < Us < 280 corre-
sponding to the above reference aeroelastic configura-
tion is shown: note that the critical mode (avoiding
the contribution of the rigid mode) is the first one with
flutter speed Up = 272.82 m/s and a flutter frequency
fr = 1.20 Hz: this result is in agreement with that
predicted by Forsching () in the sense that a typical
engine-nacelle pitch flutter occours.

| n | Freq. (Hz) | Mode Type |

1 0. | Plunge mode
2 0.470 B

3 1.415 B/T

4 2.351 T

5 3.330 T

6 3.994 B*/T

7 4.167 B*

8 5.482 B/T

9 6.161 B/T

10 8.913 B/T

Tab.Il: UHCA Modal analysis

Next, let us consider the aileron-reversal analysis. For
several values of the air speed U the steady value ¢$
of the response ¢, after a step input for the aileron an-
gle 6. has been evaluated: the resulting steady values,
normalized with respect to the response ¢ obtained
in the hypothesis of rigid body motion (as well known,
in this case the response is air speed independent), are
depicted in Fig. 4. Note that the reversal-aileron crit-
ical speed U,,, which is about 200 m/s, is teoretically
inside the flight envelope (U, < Up): this is proba-
bly due to position of the aileron at the extreme tip of
the wing; however, as suggested by Férsching (' 23,
the action of leading edge surfaces, e.g., slats, should
improve this aeroelastic behavior.

Finally, the results on the aeroelastic sensitivity anal-
ysis. First, let us consider variations of global char-
acteristics of the wing such as the stiffness distribu-
tion and fuel mass distribution. In Figure 5 the flut-
ter speed is depicted as function of a global reduc-
tion in bending stiffness (EI) with constant torsional
stiffness, torsional stiffness (GJ) with constant bend-

ing stiffness, and, finally, both torsional and bending
stiffness keeping constant the stiffness ratio: note that
these are global reductions in the sense that the shape
of the stiffness distribution is that depicted in the Fig.
2. This curves are obtained negletting the influence of
the engine nacelle and considering the presence of the
fuel. In the same Figure there are also the straigth
lines tangent in three different point of the curves and
obtained with the sensitivity analysis presented above
considering only the stiffness variations in the sensitiv-
ity matrices. Note that the most influent contribution
in the flutter speed decrease is given by the torsional
stiffness. In Figure 6 the sensitivity to the fuel-mass
variation (0=empty, 1="full) is estimated considereng
the presence or not of the aerodinamic influence of
the engine nacelle: the presence of the nacelles decre-
ses the flutter speed; furthermore, as in the previous
Figure, the tangent lines obtained with the sensitive
analysis are also depicted as obtained by the variation
of the (unit) mass matrix.

Next, in Figs. 7 and 8 the influece of the engine weight
in presence and in absence of fuel respectively, is ana-
lyzed: the curves considering the influence of the na-
celle are always lower with respect to the other; more-
over, the good influence of the engine weight for the
flutter stability is evident in absence of fluel; again,
the tangent lines are obtained as shown in the previ-
ous Figure.

In Figure 9 and 10 the influence of the engines stream-
wise locations in presence and in absence of fuel re-
spectively is considered: the influence of this param-
eter is relevant above all in absence of fuel and in
presence of the effects due to the nacelles. However,
the global effect of the presence of the nacelles is the
same found in the previous cases. Note that the es-
timates of the flutter derivative are obtained also in
this case considering only the mass matrix variations
(i.e., 01/0a) and avoiding the aerodynamic matrices
variations.

In Figures 11 the influence of the engine vertical po-
sition is analyzed in absence of fuel (no estimable
variations have been found in presence of fuel): the
flutter speed increses very regularly with the verti-
cal displacement (when it is allowed by the physical
constraints) and then the tangent lines are practically
concident withe the curves. Moreover, the presence of
the nacelle decreases the flutter speed.

Finally, the Figure 12 depicts the flutter speed varia-
tion as function of the ratio between the nacelle diam-
eter and the nacelle length (D/L): the variation due
to this parameter is almost linear and then the esti-
mate given by the sensitivity is quite good. Note that
in this case the aeroelastic sensitivities are evaluated
considering necessarily the variations of the aerody-
namic matrices. The presence of the fuel seems to
reduce this destabilizing effects due to D/L ratio. he
significant
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Concluding Remarks

In the present paper the influence of several structural
modifications as the global stiffness, the fuel mass, the
mass, position and dimension of the engine, on the
aeroelastic analysis of a UHCA has been investigated.
This analysis is based on a finite-state aerodynamic
modeling and on the estimates of the mass, stiffness
and aerodynamic variations and for every cases con-
sidered in the analysis a good estimation of such sen-
sitivities has been carried. Specifically:

e a low frequency flutter occours because of the
coupling beetween the first bending mode and
the second torsional/bending mode;

e in all the cases considered, the presence of the
fuel generally reduce the flutter velocity;

e in all the cases considered, the influence of the
nacelle airload typically decreases the flutter
speed;

o the nacelle displacement in streamwise direction
and the nacelle diameter influence considerably
the flutter speed;

Moreover, the aeroelastic analysis on the aileron effec-
tiveness of this kind of wing exhibits that the aileron
revers may occours before the velocity Up, i.e., within
the flight envelope.
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Figure 6:

UHCA EFFECTIVNESS
08 H T ] I L]
0.7 F 4
e
0.6 .
[
0.5 - o E
0.4 + 3 . z
° =
03 C b >
4
02k - . .
o
0.1+ -
0r 6 -
0.1 | ' I ! 1
100 120 140 180 180 200
\"
Figure 4:
UNIFORM STIFFNESS VARIATION
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Figure 5:
FUEL VARIATION - with and without NACELLE AIRLOADS
300 T T T T
no nacelle airloads o
265 b nacelle airloads  +
sensitiv, -----
sensitiv. -~
290 F J
285 o R
%
280 - E
>
275 f=-
270 B
265 4
260 L 1 ! L
1 0.8 0.6 0.4 0.2 0

2088

ENGINE WEIGHT VARIATION - with FUEL
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Figure 7:
ENGINE WEIGHT VARIATION - without FUEL
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Figure 8:

ENGINE STREAMWISE POSITION VARIATION - with FUEL
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ENGINE STREANVISE POSITION VARIATION - without FUEL
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Figure 10:
ENGINE VERTICAL POSITION VARIATION - without FUEL
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Figure 11:
ENGINE NACELLE DIAMETER VARIATION
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Figure 12:



