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ARTICLE INFO ABSTRACT

Communicated by Grigorios Dimitriadis In the development of electric aircraft, due to the use of Distributed Electric Propulsion (DEP), not only the
classic wing flutter but also the propeller whirl flutter needs to be considered for wing structural design. To
this end, this paper proposes an aeroelastic optimization method within the framework of an in-house tool
named PROTEUS, which enables the preliminary design of DEP wing laminates including propeller whirl flutter
effect. In this method, a new aeroelastic model is developed for the coupled propeller-wing system, based on
a classic whirl flutter analysis model and the wing aeroelastic model implemented in PROTEUS. Further, the
required sensitivities of aeroelastic stability constraints are derived and implemented by making use of these
implemented in PROTEUS for conventional wing design. The objective of the optimization is to minimize
wing mass by aeroelastically tailoring the lamination parameters and thickness of wing laminates, subject to
given aerostructural design constraints. The features and usefulness of the proposed optimization approach are
demonstrated through two numerical case studies (with and without whirl flutter constraints) focused on sizing
the wing structure of a reference DEP aircraft. The necessary inputs regarding propeller mounting stiffness and
damping for the case studies are determined through parametric studies of isolated propellers. The results indicate
that including whirl flutter effect in wing sizing slightly increases wing mass, and introducing a flexible-mount-
propeller leads to the decrease in wing flutter speed. Additionally, a parametric study of investigating propeller
mounting stiffness is conducted, which confirms that the propeller mounting properties have a large influence
on aeroelastic instability of the coupled propeller-wing system.
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1. Introduction It is well known that thinner wings with high aspect ratio are more
prone to undergo large deformations because of the higher flexibility
of the wing [6,7]. This makes clearing aeroelastic instabilities, such as

Driven by the growing shortage of the traditional fossil energy re- wing flutter, more challenging in wing design, as flexible wings tend to

sources and the stringent sustainability goal of reducing in-flight emis-
sions, the concept of hybrid-electric or all-electric aircraft has garnered
great attention in the past decade [1]. In contrast to the conventional air-
craft powered by a fuel-based propulsion system, most electric aircraft
utilize a so-called Distributed Electric Propulsion (DEP) system, where
multiple electrically-driven propulsors spread across the wing span, to
generate the required lift and thrust [2].

The use of DEP has a great potential to increase the aerodynamic and
propulsive efficiency of the aircraft, because the propulsors can be sized,
placed and operated in a beneficial manner by taking the advantages
of the versatility and scalability of the electrical systems [3]. For the
further improvement of aerodynamic performance, currently, most DEP
aircraft concepts are equipped with high aspect ratio wings [4,5].
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experience these instabilities at lower speeds compared to stiffer ones
[8]. In particular, since the electric aircraft is driven by flexibly-mounted
propellers, another dynamic aeroelastic instability phenomena, known
as propeller whirl flutter [9,10], may occur during the operation of DEP
aircraft.

Propeller whirl flutter is characterized by a diverging spiral motion
described by the rotor hub, which is mainly caused by the interaction
between the unsteady aerodynamic forces and moments of the propeller
and the gyroscopic effects induced by the revolving rotor [11]. For
propeller-driven aircraft, propeller whirl flutter and classic wing flut-
ter can happen independently or coupled together, which can severely
damage the aircraft structure on which the propeller system is mounted,
and even lead to fatal accidents [12,13]. Therefore, it is important to

Received 4 June 2024; Received in revised form 30 November 2024; Accepted 1 December 2024

Available online 5 December 2024
1270-9638/© 2024 The Author(s). Published by Elsevier

(http://creativecommons.org/licenses/by/4.0/).

Masson SAS. This is an open access article under the CC BY license


http://www.ScienceDirect.com/
http://www.elsevier.com/locate/aescte
mailto:Z.Wang-16@tudelft.nl
https://doi.org/10.1016/j.ast.2024.109813
https://doi.org/10.1016/j.ast.2024.109813
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ast.2024.109813&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Z. Wang, V.Q. Liu Xu and R. De Breuker

take both wing and propeller aeroelastic instabilities into account at the
preliminary design stage of DEP aircraft.

To this end, the wing and propellers of DEP aircraft are required to
be modeled as a fully-coupled system for aeroelastic analysis. This is
because, on the one hand, including the flexibly-mounted and rotating
propellers adds extra mass, inertia and aerodynamic loads to wing struc-
tures [5], and it also affects wing aerodynamics as the result of blowing
the air around the wing [14]. On the other hand, the deformation of the
flexible wing has an impact on propeller aerodynamics as it results in a
change in the local angle of attack of the propeller blades [15].

Regarding to the existing studies on modeling DEP wings, Amooz-
gar et al. [5] have proposed an aeroelastic stability analysis method, in
which the electric propellers are modeled as concentrated masses and,
the propeller thrust force is included as a follower force. Although this
method can account for the propeller effects on wing aeroelastic char-
acteristics, it lacks the capability to analyze propeller whirl flutter.

In the development of the NASA X-57 Maxwell all-electric aircraft,
Hoover et al. [16], Hoover and Shen [17] and Heeg et al. [18] have
investigated propeller whirl flutter stability and its influence on aircraft
design. Their studies are carried out by making use of the multibody
dynamics simulation tools [19,20] developed for turboprop and tilt rotor
aircraft [10,21,22].

Alternatively, a simple whirl flutter analysis model originally devel-
oped by Houbolt and Reed [23] recently has been reused to develop new
aeroelastic analysis methods for DEP wings [24,25]. In these methods,
the propeller is attached to a flexible wing via a rigid pylon consider-
ing only pitch and yaw motions. For improving the structural model
of propellers, the flexibility of pylon can be accounted for using beam
elements [26].

Furthermore, several sensitivity studies have been conducted based
on recently developed whirl flutter analysis methods. For example, Béh-
nisch et al. [27,28] investigate the effects of propeller spanwise and
chordwise locations, mounting stiffness, and aerodynamic interaction
on aeroelastic instabilities in propeller-wing systems. Koch and Ko-
ert [29,30] propose a method to include and analyze the influence of
blade elasticity on propeller whirl flutter stability, with results showing
a significant stabilizing effect compared to rigid propeller blades.

Additionally, to overcome the limitations of conventional eigen-
value-based whirl flutter analysis approaches, Riso [31] explores new
methods for predicting whirl flutter, such as the pre-flutter output-based
bifurcation forecasting method [32] and machine learning techniques
[33].

According to the literature survey, currently, only a limited number
of research work has been done on the study of DEP wings considering
whirl flutter instability. In particular, to the best of authors’ knowledge,
almost all existing studies focus on investigating the aeroelastic instabil-
ities of the existing or given wing designs of electric aircraft. The field
related to wing sizing of DEP aircraft including propeller whirl flutter ef-
fect seems to be unexplored. However, as it has been demonstrated in the
development of tilt rotor aircraft [34-36], that the aeroelastic tailoring
techniques are capable of reducing wing weight with the maintenance
of sufficient whirl flutter stability margins.

Accordingly, the present work proposes an aeroelastic optimization
method for the preliminary design of composite wings with DEP units,
in which not only the classic wing aeroelastic instabilities (e.g., wing
flutter) but also the propeller whirl flutter can be considered as design
constraints. The proposed method is numerically implemented through
extending an existing in-house tool PROTEUS [37] that is originally de-
veloped for the aeroelastic tailoring of conventional composite wings.
The novelty of this paper mainly lies in developing a new aeroelastic
model of the fully-coupled propeller-wing system based on the classic
whirl flutter analysis model developed by Houbolt and Reed [23] and
the wing aeroelastic model already implemented in PROTEUS. Further,
the new sensitivities required for aeroelastic stability constraints are
derived and implemented within the framework of PROTEUS, which en-
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ables the optimization of DEP wing structures including propeller whirl
flutter effect.

Additionally, to demonstrate the features and usefulness of the pro-
posed optimization method, a reference DEP configuration developed in
GENESIS project [38] is employed to perform numerical case studies.

The manuscript is organized as follows. In Section 2, a new aeroelas-
tic model is developed for the coupled propeller-wing system. Section 3
provides the sensitivities required for aeroelastic stability constraints,
Section 4 defines the optimization problem for the design of DEP com-
posite wings. Then the proposed optimization method is applied to nu-
merical case studies in Section 5. Finally, Section 6 summarizes the main
conclusions of the current study.

2. Aeroelastic analysis
2.1. Wing aeroelastic model

This section reviews the wing aerodynamic and structural analysis
models implemented in PROTEUS, which provides the necessary details
for constructing the aeroelastic model of the coupled propeller-wing sys-
tem in Section 2.3.

For wing structural analysis, a geometrically nonlinear beam Finite
Element Model (FEM) is adopted. In this model, the linear Timoshenko
beam elements are coupled into a co-rotational framework, making the
beam model essentially nonlinear, as the stiffness properties depend on
displacement [39]. In general, the structural model can be expressed as:

Mw@w""quw :Qw’ (@)

where g,, is composed of the degrees of freedom (DOF) of each beam
node, and M, and K, refer to the global mass and stiffness matrices,
respectively. Furthermore, Q,, represents the equivalent nodal forces
and moments obtained from wing aerodynamic loads using [40]

Qw = TASRaQ:/ ’ (2)

where the matrix R, is used to rotate the wing aerodynamic loads Q%
through the aircraft angle of attack, a, to the body-fixed coordinate sys-
tem, then the rotated wing aerodynamic loads are transferred to beam
element nodes via a transformation matrix T 5.

For wing aerodynamics, an unsteady vortex lattice method based
on potential flow theory is implemented in PROTEUS. In this aerody-
namic model, the wing aerodynamic state vector can be expressed as
X, = [I“Tv,a;r]T, in which the vector T, contains the vortex strength
of each aerodynamic panel of the free wake panels, and a,;, are the
perturbation angles of attack induced by the free stream flow. Defining
Xy, = [xz,x;r]T as the aeroelastic state vector with the wing structural
state vector xg = [¢T,qL |, then the wing aerodynamic loads Q% can
be formulated as

Qi =H;T x, + HTyx,+ L;B,ay,, 3)

with the wing aerodynamic state equation

xa:HlTlxw+H2dair’ (4)

where the details on matrices H,, H, H3, Hy, T|, T,, L3 and B,
can be found in Appendix B of [37]. Further details on the aerodynamic
model refer to the work of Werter et al. [41].

Combining Egs. (1) - (4), the aeroelastic state equation of the wing
can be formulated as

H,T, H,
Xy, = . Xy +
H Hg

. Oair = AgsXyy + B @yir s (5)
H; H;
where the formulations of the matrices Hs, H¢ and H; are also given

in Appendix B of [37]. The aeroelastic instabilities of the classic wing
(without DEP units) can be identified using the above aeroelastic model.
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Fig. 1. Illustration of a propeller-wing model with the main parameters indicated for deriving propeller aerodynamics and equations of motion of the coupled

propeller-wing system [24].

2.2. Propeller aeroelastic model

In this section, a classic whirl flutter analysis model originally de-
veloped by Houbolt and Reed [23], and recently revisited by Mair
et al. [42], Liu Xu [24] and Bohnisch et al. [25], is introduced for the
analysis of an isolated propeller system (which is equivalent to a pro-
peller flexibly mounted on a rigid wing).

In the classic model, the propeller is assumed to rotate under wind-
milling conditions. This work considers rigid, fixed-pitch propellers,
where the propeller’s rotational speed changes with incoming airspeed
to maintain windmilling. For constant-speed propellers, however, wind-
milling is achieved by adjusting the propeller blade pitch.

Further, as illustrated in Fig. 1, the motion of a flexible mounted
propeller can be described using 2 DOF: Pitch 6 and yaw y angles. For
the construction of the structural dynamic model, the propeller mass is
lumped into two concentrated masses: Rotor mass representing the spin-
ner and blades and motor-nacelle system mass describing the motor,
nacelle and other system components. The nacelle-pylon is simplified
as a massless rigid rod with pitch and yaw pivot points (elastic cen-
tres for pitch and yaw deflections), and the rod connects the propeller
concentrated masses to wing structural model, i.e., beam axis. The na-
celle stiffness properties are characterized by the pitch K, and yaw
K, stiffnesses defined at pivot points. They can be determined accord-
ing to the given uncoupled pitch f, and yaw f,, frequencies through
Ky = 1,2nfy)* and K,, = I,,(2xf,)*, where I, and I,, are the pro-
peller mass moments of inertia in pitch and yaw motions, respectively.
Moreover, to evaluate the structural damping of the nacelle, the pitch
gp and yaw g, damping coefficients are required as input.

Accordingly, the equations of motion of the isolated propeller can be
derived using Lagrange’s equations, and the structural dynamic model
of a flexibly mounted propeller can be formulated as

Asqp + qup + Esqp = Qp > (6)

where q, = [6,w]T contains the generalized coordinates of propeller,
and Q, represents propeller aerodynamic loads. The formulations of
propeller mass A, damping C, and stiffness E, matrices can be found
in Section 8.1.1 in [24].

The propeller aerodynamic model is built using Houbolt-Reed’s
method [23], where the aerodynamic loads acting on a rotating pro-
peller are expressed via 16 aerodynamic derivatives. Accordingly, the
propeller aerodynamic loads Q,, in Eq. (6) can be formulated as

0, = A, +Coy + E,q,. )

Similarly, the calculation of aerodynamic mass A,, damping C, and
stiffness E, matrices refers to Section 8.2.1 in [24].

Inserting Eq. (7) into Eq. (6), the aeroelastic state equation of the
propeller can be formulated as

0 I

X, = Xy

~AL(E,—E,) —A(C,~C,) ®)

= Assxp s

where x, = [qg, qg]T is the propeller structural state vector, Ay, = A, —
A,, and I is used to represent the identical matrix throughout the paper.
The above aeroelastic model is used to investigate the whirl flutter of
an isolated 2-DOF propeller system.

2.3. Propeller-wing aeroelastic model

In the coupled propeller-wing system, the propeller is flexibly
mounted on a flexible wing. As a consequence, the propeller displace-
ments are not only described by pitch and yaw motions, but also have a
dependency on wing deformation. As depicted in Fig. 1, in the present
work, only the heave A and torsion @ motions of the wing are coupled
with the propeller’s pitch and yaw motions, and there is no coupling be-
tween wing’s inplane-bending and propeller’s yaw motions. It is worth
mentioning that the model illustrated in Fig. 1 is devised base on the
one presented in the work of Bennett and Bland [43]. The main differ-
ence, as described in the authors’ previous publication [24], is that the
nodal degrees of freedom of the system are used as generalized coordi-
nates in the present model, instead of the uncoupled vibration modes
used in [43].

Applying the Lagrange’s equations to the propeller that is coupled
with a flexible wing, then the propeller structural dynamic model is
changed from Eq. (6) to

Asép +Bséwp+CSQp+DSQWp +Esqp :Qp’ ©)

where the vector Qup = [h,a]T is composed of the wing nodal (vertical)
displacement and twist at the section where the propeller is placed. The
matrices B and D, provided in Section 8.1.1 in [24], are the new
mass and damping matrices introduced for propeller model due to the
coupling with the flexible wing.

Similarly, due to the coupling between propeller and wing, the pro-
peller aerodynamic loads formulated as Eq. (7) have to be changed to

Qp :Aain +Bai1wp +Caqp +Daqu+anp+Faqu’ (10)

where the aerodynamic mass B,, damping D, and stiffness F, matrices
are the new terms, which can be found in Section 8.2.1 in [24].

Inserting Eq. (10) into Eq. (9), then the aeroelastic model for a pro-
peller coupled with a flexible wing can be formulated as

<As - Aa) qp + (Bsg - Bag) qw + (Cs - Ca) qp
+ (Dsg - Dag) qw+ (ES - Ea) qp - Fang :0s

where By, B,;, Dy, D, and F; represent the global form of the ma-

trices By, B,, Dy, D, and F,, respectively. These global matrices are
introduced as the result of replacing the vector q,,;, by wing generalized

an
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coordinates q,,, and they are obtained by restructuring their counter-
parts according to the location of the beam node that is connected to
the propeller. One may refer to Appendices C and D in [24] to under-
stand the process of coupling the propeller and wing matrices. However,
note that the beam model used in [24] differs from the one used in the
present work.

For a DEP wing, on one hand, including a rotating propeller adds
extra mass and inertial terms into the wing structural model due to
propeller mass and gyroscopic effect. On the other hand, the propeller
aerodynamic loads can be added as nodal forces and moments acting
on wing structural model, in order to account for the propeller aerody-
namic effect on the wing. Note that the interaction between the wing
and propeller aerodynamics is not considered in the present work. Ac-
cordingly, on the basis of the clean wing structural model given in Eq.
(1), the dynamic structural model of a DEP wing can be formulated as

M Gy, + K Gy + Fogiy + Gl + Hoglly = O,y + Q- a2)
where F

sg» Gsg and H g, are introduced because of the presence of a ro-
tating propeller. They refer to the global form of the matrices F, G, and
H  which are given in Section 8.1.1 in [24]. From the numerical imple-
mentation point of view, note that, here the global wing mass M, and
stiffness K, matrices are obtained from PROTEUS without considering
propeller concentrated masses. Moreover, Qp,, represents the propeller
aerodynamic loads applying on wing (vertical) displacement 4 and twist
a DOF, which can be expressed as

pr = Pngp + PquIW + Pngp + P4ng + Pqup + P6ng > 13)

where Py, to Py, are restructured from the matrices P, to Py that are
provided in Section 8.2.2 in [24].

Combining Egs. (11) - (13) and (2), then the dynamic structural
model of the DEP wing can be formulated as

M i+ Cypq + K yyyq =, Ty R, 0%, 14)
with
M, +Gy— Py Fy— Py
M,,= :
Bsg - Bag As - Aa
~Pag Hgy = Py,

Cyp= , (15)

| D,-D,, C,-C,

[ Kw - P6g _PSg
Kyp= :

| _Fag Es - Ea

and @, =[I,0]", where the vector g = [q_, qT]T represents the DOF of

the coupled propeller-wing system. Further, by defining x,,, = [¢",¢"] T
the structural state-space system can be expressed as
Fyp = AwpXyp + Byp® T psR, 05, (16)
where
M—l
-M_!C -M'K wp

To include the wing aerodynamic loads (formulated as Eq. (3)) into
Eq. (16), Eq. (3) is reformulated as

st = H3T1¢2x + H4T2(I)3xwp + L3 Baaair ’ (18)

T

— T 4T 4T 4T 4T oT| .
where x = [FW, iy 40 Gy 4, | 18 the state vector for the propeller:
wing system, @, and ®; are the matrices composed of zeros and ones,
which are used to select x,, from x, X, from %,,,, respectively.
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Subsequently, inserting Eq. (18) into Eq. (16), the aeroelastic model
of the propeller-wing system can be formulated as

H6x H H Xair 5 19)

Hs=1-B,,® TysR,H,T,®;,
Hg=A,, @, + B, ® TR, H;T, P, (20)

H7 = Bwpq)lTASRaLSBa ’

where @, is used to select Xp from x. Combining Egs. (4) and (19),
the aeroelastic state equation of the coupled propeller-wing system can
be formulated as

H\T ®, H,

X=X | =Agx + By, (21)
H; Hg H; H;

where @, is used to select x,, from x, as mentioned above.

To identify the aeroelastic instabilities, an eigenvalue problem of the
state matrix A in Eq. (5), A in Eq. (8), or A in Eq. (21) is solved with
the increase in airspeed, and the system is recognized as unstable when
the real part of one of the eigenvalues becomes positive. Additionally, it
is worthwhile to mention that the final aeroelastic model (given in Eq.
(21)) derived for the coupled propeller-wing system follows a consis-
tent form and notation used for PROTEUS wing aeroelastic model given
in Eq. (5). This makes the implementation of whirl flutter analysis in
PROTEUS become very straightforward. Specifically, to perform a whirl
flutter analysis, the only modification in PROTEUS is to construct a new
state matrix proposed in this work, which eventually only requires the
inclusion of the terms introduced by propellers.

3. Sensitivity analysis

In order to govern the real part of eigenvalues of the state matrix
A in Eq. (21) to prevent the occurrence of whirl flutter and/or wing
flutter, the sensitivities of the real part of eigenvalues with respect to
design variables are required for optimization.

Defining an eigenvalue A with the right u and left v eigenvectors,
such that Au = Au and vT A, = Av", then the partial derivatives of the
eigenvalue 1 with respect to the state matrix A can be obtained using
[44,45]

94 = vT%u/(vTu), 22)
da;; da;;
where q;; refers to an element in matrix Ag.

According to Egs. (20) and (21), the sensitivity of Ay with respect
to a design variable 6 can be formulated as

0H,
- — TP,
0Ay a6 23)
96 IRY) ; _0H,
—Hg —H H,+H s =
i) 06
with
0H 0B,
=5 =" 5 O, TosR, H, T, D,
=B,y ® —— 3% — AR H Ty ®g 24
oH
_Bwp(I)lTASRa E TZ(I)B’
and
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0H, O0A,, 0B,
5 " 9 D, + Tq’lTASRaHf%Tl(DZ
0T g
+ By — 2R HT1 0, (25)
0H;
+ B, ®:TxsR, Wqu’zs

where 0H /06, 0T pg/06, 0H3/06 and 0H,/0d6 are already imple-
mented in PROTEUS for classic wing optimization. Here it is worth-
while to mention that the design variables defined in PROTEUS are the
lamination parameters and laminate thickness of wing laminates. More
information on the definition of wing aeroelastic optimization is given
in Section 4.

Further, according to Egs. (15) and (17), the terms anp /96 in Eq.
(24) and aAwp /06 in Eq. (25) can be obtained via

0 T
-1 wp -1
M _ Mop 55 MwpCo ’ (26)
95 M‘laMwPM‘lK —M—laKW" ol
wpT g5 WP WP T w55
dBwp oM T
= | _ag-1 WP ag—1 2
5 My —soMy, 0 27)
with
oM, L
aM_sz 96 aK_WP: 96 (28)
EY; 08 ’
0 0 0 0

where M, /06 and 0K, /06 have been implemented in PROTEUS for
classic wing optimization.

Since the real part of the eigenvalue A can be implicitly expressed
as Re(d)= f (5, q,,(6), xa(é)), thus the corresponding sensitivity can be
obtained by
dRe(4) _0Re(A)  0Re(A)dq,  dRe(A) dx,

ds =~ 06 oq, dé ox, dé
_ ORe(1) a;‘ss + 0‘_455 dq, a;‘ss dx,
~ 0A, \ 05  0q, d5 = ox, ds )’

(29)

a

where dRe(1)/dA, can be determined according to Eq. (22), and
0:455 /06 is calculated using Egs. (23)-(28). Similarly, the terms aASS /
dq,, and dA/dx, can be also determined according to Egs. (23)-(28)
when the design variable 6 is assumed to be one of elements in vector
q,, or x,. Furthermore, the terms dq,,/dé and dx,/dé are also already
implemented in PROTEUS.

Note that, in principle, the derivatives of the generalized coordinates
and aerodynamic derivatives of propellers with respect to design vari-
ables also need to be considered for calculating sensitivities. However,
in the current work, these related terms are canceled in Eq. (29) as they
are not considered for sensitivity calculation.

4. Aeroelastic optimization

In PROTEUS, composite wing structures, i.e., wing skins and spars,
are divided into a series of design sections, where the independent lam-
ination parameters and thickness assigned to each design section are
defined as design variables. In the present work, the aeroelastic opti-
mization problem defined for DEP composite wings is similar to that
implemented in PROTEUS. In a general fashion, the optimization prob-
lem can be mathematically formulated as
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. MV.,1)
min 5
Vi M,
.
subject to 5 <1,
G (30)
i=1,..,1, j=1,.,J,
with -1<6<1,
se(V,t},

where V and 7 are the lamination parameters and the normalized lam-
inate thickness of wing design sections, of which an arbitrary design
variable is notated as §. Lamination parameters are a compact repre-
sentation of the stacking sequence of a laminate, their values depend
solely on the stacking sequence and are independent of the material.
The normalized laminate thickness is calculated using

B} U, +L
I, = 2 - ——=k)  k=1,.K, 31
U, -L, 2

where 7, represents an element of vector Z, and K is the total number
of wing design sections. ¢, refers to the original laminate thickness, L,
and U, are the thickness lower and upper bounds, respectively.

Similarly, the objective, i.e., wing mass M, in problem of Eq. (30)
is normalized by the initial wing mass M,,. And the optimization con-
straints f l’ (i-th constraint under the j-th load case) is normalized using
the corresponding limit value Cio. Accordingly, in total, I X J constraints
are considered in the optimization problem (30), in which [ is the total
number of constraints per load case and J is the total number of load
cases.

From the numerical implementation point of view, the optimization
problem of Eq. (30) is solved using the in-house tool PROTEUS. Al-
though PROTEUS is capable of considering both static and dynamic gust
loads for wing sizing [46], in this work, only the static load cases are
considered for wing optimization. Furthermore, the optimization con-
straints cover not only aeroelastic stability, but also local angle of attack,
aileron effectiveness, material strength, buckling load and lamination
feasibility. Further details on design constraints in PROTEUS refer to
[371 and references therein. Additionally, PROTEUS updates the design
variables with the globally convergent method of moving asymptotes
(GCMMA) optimizer developed by Svanberg [47].

The optimization problem of Eq. (30) can be solved using the existing
version of PROTEUS for conventional wing design, where the aeroelas-
tic stability constraints are assessed according to the aeroelastic model
given in Section 2.1. However, in order to solve problem of Eq. (30) for a
DEP wing including propeller whirl flutter effect, PROTEUS needs to be
extended. Specifically, the aeroelastic state matrix A in Eq. (5) needs
to be replaced by Ay in Eq. (21). Further, the sensitivities provided
in Section 3 are required to be implemented in PROTEUS for the opti-
mization of DEP wing structures. Note that the presented optimization
problems focus on investigating wing structural sizing with and with-
out whirl flutter constraints. The aerodynamic interference between the
propeller and wing, as well as propeller loads such as torque and thrust,
are not considered in the optimization.

5. Numerical examples
5.1. Reference aircraft

To demonstrate the features and usefulness of the proposed opti-
mization approach, it is applied to preliminarily design composite wing
structures of a reference aircraft illustrated in Fig. 2. This DEP config-
uration is developed for a 50-passenger regional class hybrid-electric
aircraft, one can find more details in the work of Marciello et al. [38].

As illustrated in Fig. 2, each side of the aircraft wing is equipped with
five propellers, of which a thermal engine (labeled as P1) is mounted in-
board and four electric engines (labeled as P2-5) are equally distributed
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Fig. 2. Illustration of a DEP aircraft [38], where the propellers are labeled as
P1-5.

Table 1
Main propeller parameters of the reference DEP aircraft.
Parameter Thermal Electric
engine engine
Number of blades [-] 4 4
Blade chord [m] 0.259 0.117
Blade lift slope [rad™'] 27 27
Geometric collective pitch angle, 75z [°] 25 25
Advance ratio, J [-] 1.269 1.269
Rotor radius R [m] 1.965 0.885
Hub radius [m] 0.290 0.130
Rotor mass, M, [kg] 164 85
Motor-nacelle mass [kg] 831 336
Polar moment of inertia, I, [kg-m’] 633 67
Table 2
Main characteristics of the reference air-
craft wing.
Parameter Value
Wing span [m] 24.57
Aspect ratio [-] 11.08
Planform area [m?] 54.50
Root chord [m] 2.59
Tip chord [m] 1.39

Maximum take-off weight [kg] 23600

from semi-span to wing tip. The main propeller parameters are listed in
Table 1, and note that the sole distinction among four electric engines
is the mounting position. As mentioned in Section 2.2, fixed-pitch pro-
pellers are considered in this work. Accordingly, the propeller advance
ratio is calculated using J = tan(f,75g — 3°)7, where the geometric
collective pitch angle, f, 75, is defined by the blade angle at the three-
quarter radius, and —3° represents the zero-lift AoA of the airfoil at the
three-quarter radius. The polar moment of inertia of the propeller is es-
timated using I, = (M, - R?)/3, where M, and R denote the rotor mass
and radius, respectively.

Table 2 summarizes the main characteristics of the reference wing.
Fig. 3 shows the wing structural analysis model generated using tool
PROTEUS, which indicates not only the position of propeller concen-
trated masses (black and red dots) but also the distribution of fuel (blue
square) and ribs (green dots). The static load cases considered for wing
sizing are listed in Table 3.
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Fig. 3. Structural analysis model of the DEP wing generated using in-house tool
PROTEUS. (For interpretation of the colors in the figure(s), the reader is referred
to the web version of this article.)

Table 3
Static load cases considered for wing structural sizing.
Load case  Vug Altitude ~ Mach number  Load factor ~ Fuel level
D (m/s)  (m) ©) [©) )
1 122.0 0 0.36 2.5 0.9
2 112.5 6,090 0.49 1 0.7
3 102.3 0 0.32 -1 0.5

5.2. Whirl flutter of isolated propellers

As mentioned in Section 2.2, the classic 2-DOF propeller model re-
quires the inputs on uncoupled pitch and yaw frequencies and damping
coefficients for whirl flutter analysis. In the present work, the required
inputs are determined through performing parametric studies, because
currently these data are not available for the reference DEP aircraft in-
troduced in Section 5.1. It is worthwhile to mention that the uncoupled
pitch and yaw frequencies can also be obtained using an optimization
method, where the certification (or critical) speed is selected as input
[48].

A safety factor is defined to assess the aeroelastic stability of a sys-
tem. Here, the system can be an isolated propeller, a flexible wing or a
coupled propeller-wing. This factor is formulated as s = V. /(1.15V}),
where V, is the approximated instability speed of the system and,
Vp = 1.25V), is the aircraft dive speed obtained according to cruise
speed V7. In accordance with the load cases provided in Table 3, Vj,
has to be equal or higher than 221.4 m/s (true airspeed) to maintain
sufficient aeroelastic stability margins (i.e., s > 1).

With the prescribed values of uncoupled frequencies and damping
coefficients, the whirl flutter speed of an isolated propeller can be cal-
culated using the aeroelastic model given in Section 2.2. Accordingly,
the so-called whirl flutter boundary, where s = 1 always holds, can
be identified for each propeller via a parametric study. Note that, in
this work, the pitch and yaw motions of each propeller are assumed to
be symmetric, which leads to f, = f,, and gy = g,,. Furthermore, it is
worth mentioning that the mounting stiffnesses (represented by uncou-
pled pitch and yaw frequencies) are identified solely for the whirl flutter
stability of the isolated engine/propeller system; no other design factors,
such as the vibration isolation characteristics of the engine suspension
system, are considered.

Fig. 4 depicts the whirl flutter boundaries for five isolated propellers.
As shown in Fig. 4(a), the parametric study performed for thermal en-
gine focuses on investigating the effect of damping coefficient on whirl
flutter boundary. The study result indicates that, as it can be expected,
the increase in nacelle structural damping enlarges the stable area.
Fig. 4(b) plots the whirl flutter boundaries for four electric engines with
damping coefficients gy = g,, = 0.005. It can be seen that, from propeller
2 to 5, the stable region is decreased although all electric engines use
the identical parameter values listed in Table 1. This trend is attributed
to the monotone decrease in the distance between propeller pivot point
and rotor center (i.e., propeller pivoting length), which is also indicated
by the propeller mass moments of inertia given in Table 4. It is worth-
while to mention that, in this work, both the pitch and yaw pivot points
are defined at wing reference axis.
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Fig. 4. Whirl flutter boundaries of the (a) thermal engine and (b) electric engines.

Table 4

Uncoupled pitch and yaw frequencies and damping coefficients chosen for each

isolated propeller.

Propeller ID P1 P2 P3 P4 P5
Uncoupled frequency [Hz] (f, = fw) 5 12 17 26 32
Damping coefficient [-] (g, = g,,) 0.005 0.005 0.005 0.005 0.005
Moment of inertia [kg~m2] ,= lu/) 4499 218 127 63 47
Stiffness [kNm/rad] (K, = Ku/) 4440 1239 1449 1681 1900

According to the identified whirl flutter boundaries, the uncoupled
pitch and yaw frequencies of each isolated propeller listed in Table 4 are
chosen to be the critical values required for providing a stable propeller
system. It can be observed that, from propeller 1 to 5, the critical uncou-
pled frequencies are increased as the result of the decrease in propeller
mass moments of inertia. Comparing the resulting pitch and yaw stiff-
nesses listed in Table 4, the thermal engine P1 requires higher mounting
stiffness than that of electric engines P2-5 to remain stable, which is be-
cause the thermal engine is heavier than electric engines as indicated
in Table 1. The comparison among four electric engines indicates that
a stiffer mount is necessary when the propeller is placed closer to wing
tip. This trend is similar to the finding given in the work of Houbolt and
Reed [23]: A shorter propeller pivoting length requires higher nacelle
stiffness to prevent whirl flutter.

Fig. 5 gives the time responses, including the pitch and yaw displace-
ments and their velocities, of the isolated thermal engine P1. As shown
in Fig. 5(a), a circle displacement path is observed due to the assumption
of symmetric properties in pitch and yaw motions. Note that the motion
of an isolated propeller is described by two mode shapes: backward and
forward whirl mode. The backward whirl rotates in the opposite direc-
tion to the propeller rotation and, it has a lower frequency compared
to the forward whirl that rotates in the same direction as the propeller
rotation.

Further, only the backward whirl mode can become unstable for an
isolated propeller due to the assumption of rigid wing and rotor blades.
The whirl flutter rotation direction can be checked via the pitch and yaw
displacements and their velocities plotted in Fig. 5(b). As it can be seen,
the isolated thermal engine indeed features a backward whirl flutter as
a clockwise rotation indicated by Fig. 5 is in opposite with predefined
counter-clockwise propeller rotation.

5.3. Wing aeroelastic optimization

Table 5 summarizes the optimization setup for wing sizing. As intro-
duced in Section 4, the optimization objective is to minimize wing mass

by tailoring the lamination parameters and thickness of wing laminates.
In this study, the wing skins and spars are partitioned into 120 design
sections. Consequently, there are in total of 120 X8+ 120 = 1080 design
variables.

Regarding the optimization constraints, six lamination feasibility
constraints are imposed to each design section, which ensures the opti-
mized lamination parameters always represent a feasible laminate. The
composite strength failure and buckling load are assessed and restricted
by means of implementing strain and buckling factors, respectively. As
mentioned before, the aeroelastic stability is governed by the real part
of the eigenvalues of the state matrix in aeroelastic governing equation.
For efficiency, only the first 10 critical eigenvalues for each load case are
restricted in this work. The constraint on minimum aileron control ef-
fectiveness is imposed for ensuring the aileron performance. In addition,
the local angle of attack constraint is included to guarantee the attached
aerodynamic flow. One may refer to the work of Wang et al. [46] and
reference therein for more details on the aforementioned design con-
straints.

Table 6 lists the composite material properties used for wing sizing.
Moreover, the property of aluminum alloy is chosen for modeling wing
ribs and stringers.

To demonstrate the usefulness of the proposed optimization method,
two optimization case studies, listed in Table 7, are defined and con-
ducted. In Case 1, the wing structures are sized without considering
whirl flutter constraints. Namely, the aeroelastic stability constraints
are assessed using the wing model given in Section 2.1, and the effect
of propellers on wing sizing is taken into account via modeling the pro-
pellers as concentrated masses. This case study can be carried out using
the existing version of PROTEUS developed for conventional wing de-
sign. Based on Case 1, ten additional aeroelastic stability constraints for
each load case, calculated using the propeller-wing model given in Sec-
tion 2.3, are included in the optimization of Case 2. Note that solving
the optimization problem in Case 2 requires the extended PROTEUS im-
plemented in the current work.
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Fig. 5. Pitch and yaw displacements and their velocities of the flexibly mounted thermal engine P1 on a rigid wing.

Table 5
Aeroelastic optimization setup.

Type Parameter # variables Constraint limit
Objective Minimize wing mass 1 )
Design variables ~ Lamination parameters 120 X 8 = 960 )
Laminate thickness 120 )
Constraints Lamination feasibility 120 x 6 = 720 )
Composite strength 1104 per load case  Strain factor <1
Buckling load 7680 per load case  Buckling factor <1
Aeroelastic stability 10 per load case Re(1) <0
Aileron effectiveness n 1 per load case n>0.1
Angle of Attack AoA 34 per load case | AoA |< 15°
Table 6
Composite material properties.
Ey, Ey, Gy Vi P X, X, Y, Y, s
(GPa) (GPa) (GPa) ) (kg/m3) (MPa) (MPa) (MPa) (MPa) (MPa)
147.0 10.3 7.0 0.27 1600 948.5 717.6 23.7 94.8 31.6
Table 7
Definition of case studies. zu) Lo
4 09 ——Casel —Case2
Case  Wing aeroelastic constraint ~ Whirl flutter constraint £ 08
1 Yes No %ﬂ 0.7 ,\“
2 Yes Yes B 0.6\
£ 05t \\. .
. B . . 5 .l e
or the analysis of optimization results, firstly, the objective conver- 5
gence behavior and the maximum real part value (Re) of eigenvalues for P 03 . . . . . .
aeroelastic stability constraints are plotted in Fig. 6. It shows that the 0 10 20 30 40 50 60 70
wing mass at every iteration in Case 2 is above its counterpart in Case Iteration
1. This is attributed to the inclusion of additional aeroelastic stability - 004 -
constraints, which leads to the final wing mass optimized in Case 2 is § 0.02 ‘—'—Case 1 7" Case2 T Assess Case I design
about 2% heavier than that obtained in Case 1. In both Cases 1 and 2, = '
the maximum Re of eigenvalues are negative throughout optimization, % 0.00
which means the aeroelastic stability constraints implemented for both '; 0.02
cases are satisfied during optimization. However, when the wing design S5
obtained in Case 1 is reassessed using aeroelastic stability constraints E -0.04
implemented for the coupled propeller-wing system, the maximum Re § 0.06 ‘ ‘ ‘ ‘ ‘ ‘

of eigenvalues becomes positive with the reduction of wing mass (see
the black line with triangle marker in Fig. 6). This demonstrates the lim-
itation of the existing version of PROTEUS and the effectiveness of the
proposed optimization method for wing sizing of DEP aircraft.

Fig. 7 provides the thickness distribution of the optimized wing struc-
tures for Cases 1 and 2. It shows that the thickness distribution obtained

0 10 20 30 40 50 60 70
Iteration

Fig. 6. Objective convergence history and the maximum real part (Re) of eigen-
values for Cases 1 and 2.
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Fig. 8. Difference in thickness distribution of the optimized wing structures for
Cases 1 and 2 (Case 2 versus Case 1).

in both cases follow a similar trend, where the wing root and inboard
regions are thicker than other regions for carrying aerodynamic loads.
Further, it can be seen that some leading edge sections are thicker than
their counterparts at trailing edge. This introduces the beneficial wash-
out effect to gain the reduction of wing mass as a result of aeroelastic
tailoring. Note that, due to the limited number of load cases consid-
ered and the omission of the wing lift increase attributable to propeller
aerodynamics, the optimized wing thickness is underestimated in the
present work. Moreover, the difference in thickness distribution of the
optimized wings (Case 2 versus Case 1) is provided in Fig. 8. It can be ob-
served that the thicknesses of most wing laminates (particularly at wing
spars) are increased as the result of the additional aeroelastic stability
constraints included in Case 2.

In order to investigate the optimized lamination parameters, Fig. 9
visualizes the laminate stiffness using a polar plot of the membrane and
bending thickness-normalized modulus of elasticity. Further details on
the stiffness visualization approach can be found in the work of Dillinger
et al. [49] and Bordogna et al. [50]. Comparing the stiffness distribu-
tions obtained in Cases 1 and 2, some clear differences can be observed.
These pronounced differences, along with those observed in the thick-
ness distributions (see Fig. 8), indicate the importance of considering
whirl flutter effect when sizing DEP aircraft wings.

Tables 8 and 9 list the natural frequencies of the rigid-mount-
propeller wing and the flexible-mount-propeller wing for both Cases 1
and 2, respectively. For rigid-mount-propeller wing, aeroelastic insta-
bilities are assessed without considering propeller DOF, which can be
directly obtained from the existing version of PROTEUS. To assess the
aeroelastic instabilities of the flexible-mount-propeller wing, the cou-
pled propeller-wing aeroelastic model proposed in this work needs to
be implemented in PROTEUS. The listed natural frequencies indicate

=}

that the whirl modes of each propeller are coupled with wing modes,
and this coupling has a large dependency on propeller uncoupled pitch
and yaw frequencies (listed in Table 4). Moreover, it can be seen that
including propeller DOF leads to the increase in the wing natural fre-
quencies.

Table 10 gives the aeroelastic instability type, critical speed and fre-
quency of the rigid-mount-propeller and the flexible-mount-propeller
wings. It can be seen that the wing designs obtained in both Cases 1
and 2 are safe (i.e., safety factor s > 1) when the propellers are rigidly
mounted on the wing. Further, the wing flutter frequencies in Cases 1
and 2, 2.48 Hz and 2.69 Hz respectively, align with the natural frequen-
cies of the 2nd wing mode, as listed in Tables 8 and 9 (2.43 Hz and 2.65
Hz).

Further, when the propellers are flexibly mounted on the wing, the
coupled propeller-wing system obtained in Case 1 is dangerous as the
safety factor s < 1, while the coupled system becomes safe (i.e., safety
factor s > 1) in Case 2 as the result of considering additional aeroelas-
tic stability constraints in wing sizing. In Case 1, the flutter frequency
(25.39 Hz) is in accordance to the natural frequency (25.40 Hz) of the
backward whirl mode of electric engine P5, which damages the wing
system and leads to a very low (whirl) flutter speed of 38 m/s. Note
that this is a specific case showing the likelihood of encountering a low
flutter speed when the whirl flutter constraint is not included in wing
optimization. As demonstrated in Section 5.4, the flutter speed of the
propeller-wing system obtained in Case 1 can be increased (as indicated
by safety factor s > 1) by simply increasing the mounting stiffness (un-
coupled pitch and yaw frequencies) of the propellers. In Case 2, the
flutter frequency (8.44 Hz) aligns with the natural frequency (8.36 Hz)
of the 3" wing mode, which clearly demonstrates the effectiveness of
the proposed optimization method for considering the whirl flutter ef-
fect.

Note that, theoretically, it is challenging to categorize the aeroelas-
tic instability type in the couple propeller-wing system, because both
the wing and propeller modes are present. In this work, the system in-
stability type is categorized as whirl flutter when the critical frequency
corresponds to a propeller whirl mode, and the category of wing flutter
is used when the flutter frequency is in correspondence to a wing mode.
Accordingly, in the current propeller-wing system, whirl flutter is recog-
nized in Case 1, while wing flutter occurs in Case 2, as listed in Table 10.
In addition, comparing the critical flutter speeds obtained with rigid and
flexible mounts, it can be seen that including flexible mounts leads to
the decrease in flutter speed.

5.4. Parametric study of propeller mounting stiffness
In the current work, the critical propeller mounting stiffness and

damping (listed in Table 4) are used to assess aeroelastic instabilities of
the given DEP wing due to the unavailability of mounting property data
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Fig. 9. Membrane (in-plane) and bending (out-of-plane) stiffness distribution of the optimized wing laminates for Cases 1 and 2.

Table 8

Natural frequencies of the rigid-mount-propeller wing and the flexible-mount-

propeller wing for Case 1.

Mode

Rigid mounts [Hz] Flexible mounts [Hz]

1%t wing mode

2" wing mode

Thermal engine P1 backward whirl mode
Thermal engine P1 forward whirl mode
3" wing mode

Electric engine P2 backward whirl mode
Electric engine P2 forward whirl mode
Electric engine P3 backward whirl mode
Electric engine P3 forward whirl mode
Electric engine P4 backward whirl mode
Electric engine P5 backward whirl mode
Electric engine P4 forward whirl mode
Electric engine P5 forward whirl mode
4™ wing mode

5% wing mode

1.08 1.17
2.43 4.22

- 4.61

- 5
7.66

- 9.48

- 12

- 13.60
- 17

- 18.37
- 25.40
- 26

- 32
5.95 33.01
8.93 35.25

Table 9

Natural frequencies of the rigid-mount-propeller wing and the flexible-mount-

propeller wing for Case 2.

Mode

Rigid mounts [Hz] Flexible mounts [Hz]

1%t wing mode

2" wing mode

Thermal engine P1 backward whirl mode
Thermal engine P1 forward whirl mode
3 wing mode

Electric engine P2 backward whirl mode
Electric engine P2 forward whirl mode
Electric engine P3 backward whirl mode
Electric engine P3 forward whirl mode
Electric engine P4 backward whirl mode
Electric engine P4 forward whirl mode
Electric engine P5 backward whirl mode
Electric engine P5 forward whirl mode
4™ wing mode

5" wing mode

1.11 1.20
2.65 4.27

- 4.70

- 5
8.36
9.63

- 12

- 13.73
- 17

- 18.56
- 26

- 27.39
- 32
32.49
33.66

Table 10
Aeroelastic instabilities of the rigid-mount-propeller wing and the flexible-
mount-propeller wing.

Instability Rigid mounts Flexible mounts

Case 1 Case 2 Case 1 Case 2
Type Wing flutter ~ Wing flutter ~ Whirl flutter =~ Wing flutter
Speed V,, [m/s] 277 241 38 239
Frequency [Hz] 2.48 2.69 25.39 8.44
Safety factor s [-] 1.25 1.09 0.17 1.08

for real support systems. Consequently, the safety factor s may be under-
estimated if the propeller mounts in real designs are stiffer. Conversely,

10

the flexible-mount-propeller wing obtained in Case 2 could become un-
safe if the mounting stiffness and/or structural damping of propellers,
given in Table 4, are reduced. Accordingly, to further investigate the
effect of propeller mounting properties on aeroelastic instabilities, a
parametric study is conducted through varying the uncoupled propeller
frequencies for the optimized wings obtained in Cases 1 and 2.

Fig. 10 provides the parametric study result, and it shows the trend
of safety factor with the variation of uncoupled propeller pitch and yaw
frequencies (listed in Table 4). Specifically, the frequency variation in-
cludes increasing or decreasing the uncoupled frequencies (fy = f,) of
individual propellers (e.g., P1 and P5) and all five propellers (i.e., P1-5),
ranging from 10% to 90%, respectively. In Fig. 10(a), the wing design
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Fig. 10. Trend of safety factor with the variation of uncoupled propeller frequencies.

optimized in Case 1 is used, and the uncoupled propeller frequencies are
increased. The result shows that increasing the uncoupled frequency of
the electric engine P2 by 70%, or the frequencies of all five propellers
by 40% can help stabilize the couple propeller-wing system obtained
in Case 1 (i.e., safety factor s > 1). This demonstrates that it may be
possible to fix the unsafe wing design sized without considering whirl
flutter effect by increasing propeller mounting stiffness, but it still re-
quires the development of an aeroelastic model for the fully-coupled
propeller-wing system.

Further, Fig. 10(b) illustrates the trend of safety factor with reduc-
ing the uncoupled propeller frequencies for the coupled propeller-wing
obtained in Case 2. It is clear that reducing the uncoupled frequencies
of any propeller can aeroelastically destablize the coupled system. In
general, lower propeller mounting stiffness (as a result of reducing un-
coupled frequencies) leads to a lower safety factor, except at specific
oscillation points (e.g., P1 at 70%). When the uncoupled frequencies of
all propellers are reduced at the same time, as shown by the red line
with triangle marker in Fig. 10(b), the decrease in the safety factor al-
most follows a linear trend.

Moreover, Fig. 11 compares the flutter mode shape of the flexible-
mount-propeller wing obtained in Case 2 with the reassessed mode
shape after reducing the uncoupled frequency of the thermal engine P1
by 80% (i.e., fp = f,, =5Hz X 0.2 = 1 Hz). It shows that the propeller
deflection is rather small in Fig. 11(a), because the initial propeller
mounting stiffness (indicated in Table 4) is sufficient, and the insta-
bility features wing flutter as indicated in Table 10. However, when
the uncoupled frequencies of the thermal engine are reduced to 1 Hz,
the propeller deflection is significantly increased, as can be observed in
Fig. 11(b). In this case, the instability type of the coupled propeller-wing
system is categorized as whirl flutter, where the backward whirl mode
of the thermal engine P1 is very pronounced.

In summary, the parametric study results confirm that the propeller
mounting properties have a large influence on aeroelastic instability of
the coupled propeller-wing system. This effect, in this study, is demon-
strated through altering only uncoupled propeller frequencies, but it also
will be interesting to perform parametric studies on propeller mounting
damping and pivoting length, as indicated in the work of Liu Xu [24].
Further, the optimization method developed in this work focuses on
realizing wing structural sizing with prescribed propeller properties.
Accordingly, it is recommended to further develop the presented aeroe-
lastic optimization method by including propeller mounting effect in
future work.

Additionally, although the in-house tool, PROTEUS, has been numer-
ically verified against other tools [37], such as NASTRAN [51], further
verification of the extended version of the PROTEUS using a benchmark
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Fig. 11. Flutter mode shape of the coupled propeller-wing obtained in Case 2
with different uncoupled frequencies of the thermal engine P1.

DEP wing remains a valuable direction for future work. Specifically,
enhancing PROTEUS to include functionality for categorizing system
modes could enable a more detailed investigation of the instability
mechanisms in the coupled propeller-wing system. This improvement
would further strengthen the proposed method in analyzing and opti-
mizing DEP wing configurations.

6. Conclusions

This work proposes and implements a new aeroelastic optimization
method within the framework of an in-house tool named PROTEUS,
which enables the consideration of propeller whirl flutter for the pre-
liminary design of DEP aircraft wings. In the proposed method, a classic
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whirl flutter analysis model, in which the pitch and yaw motions are
considered to describe propeller DOF, is coupled to the conventional
wing aeroelastic model implemented in PROTEUS, to build an aeroe-
lastic model of the fully-coupled propeller-wing system. The developed
aeroelastic model is formulated into a state-space form, so that the in-
stabilities of DEP wings can be identified by analyzing the eigenvalues
of the state matrix. Further, to consider the whirl flutter effect in wing
sizing, the constraints on state matrix eigenvalues are included in an
aeroelastic optimization model formulated for minimizing wing mass.
Additionally, the sensitivity of the whirl flutter constraint is derived
analytically based on the existing wing aeroelastic sensitivities imple-
mented in PROTEUS.

The developed optimization method has been applied to two case
studies in the preliminary wing design of a DEP configuration devel-
oped in GENESIS project, which demonstrates the usefulness of the
proposed method. In the present case studies, wing mass is minimized
by aeroelastically tailoring the lamination parameters and thicknesses
of wing laminates, subject to the design constraints on wing and pro-
peller aeroelastic stability, aileron effectiveness, material strength and
buckling load. The required inputs of propeller uncoupled frequency
and damping for whirl flutter analysis are determined by performing a
parametric study of isolated propellers. The results of case studies indi-
cate that considering whirl flutter effect in wing sizing slightly increases
the optimized wing mass, and including flexible propeller mounts leads
to the decrease in wing flutter speed. Moreover, a parametric study has
been conducted to investigate the impact of propeller mounting stiffness
on aeroelastic instabilities, where the uncoupled propeller frequencies
used for the wing designs obtained in case studies varied from 10% to
90%. The result confirms that the propeller mounting properties have a
large influence on aeroelastic instability of the coupled propeller-wing
system. Accordingly, it is recommended to incorporate the effects of
propeller mounting properties into the proposed aeroelastic optimiza-
tion method in future work.
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