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Abstract

An important number of recent urban mobility aircraft have multiple propellers to generate the required levels of power
for electric propulsion. The novel urban mobility designs are expected to exhibit more complex aeroelastic behaviour with
their multiple propellers distributed over the aircraft structure because of the aeroelastic instabilities such as whirl flutter
and wing flutter. While it is possible to use sophisticated numerical simulations to address the aeroelastic instabilities in
distributed propulsion aircraft, they are difficult to use in early design stages due to a lack of data and their computational
cost when experimenting over a wide range of parameters is required. On the other hand, aeroelastic problems cannot be
oversimplified due to their multidisciplinary nature. Therefore, a minimum complexity model is required for the aeroelastic
analysis of distributed propulsion aircraft by combining structural and aerodynamic models of the wing and multiple pro-
pellers, which is less complex than sophisticated tools yet good enough to capture the instabilities. For this purpose, the
authors developed a minimum complexity model for the aeroelastic analysis of such aircraft. In the proposed aeroelastic
model, the wing structure is built using a finite volume beam formulation. The unsteady aerodynamics of the wing is based
on Wagner's function and formulated for wing sections. Finally, the classical Reed's model is used for the aeroelastic
modelling of the propellers. The model is verified against results in the literature and its benefits are further demonstrated

through sample analysis.

Introduction

In recent years, there has been a significant increase in the
development of novel electric distributed propulsion aircraft
configurations due to the aerodynamic efficiency, reduced
noise and emission targets of aircraft manufacturers [1]. On
the other hand, multiple propellers and flexible wing struc-
ture interaction in the distributed propulsion aircraft results
in a coupled aeroelastic problem with various aeroelastic in-
stabilities such as whirl flutter and wing flutter [2]. Therefore,
aeroelastic modelling of distributed propulsion aircraft for an
accurate dynamic response prediction has recently become
an important research topic. To understand the whirl flutter
stability of distributed propulsion aircraft, a significant num-
ber of studies have been conducted on the NASA Aircraft X-
57 with a specific focus on the whirl flutter [3]. Furthermore,
the aeroelastic coupling between whirl flutter and wing flut-
ter modes has been investigated in the recent papers [4}9].

Whirl flutter is a well-known dynamic instability problem
in rotorcraft aeromechanics. Fundamentally, aerodynamic
and gyroscopic moments acting on the propeller-rotor lead
to this instability problem when the stiffness or damping be-
tween the propeller-rotor and nacelle is not adequate [6}/7].
The resulting instability can act as a limiting factor in fixed-
wing and tilt-rotor aircraft performance. In the current indus-
try practice, rotors are expected to operate away from whirl
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flutter conditions [8]. So far, a large amount of research
has been conducted to understand whirl flutter stability and
its boundaries [9]. The so-called whirl flutter is more com-
plicated than the classical fixed-wing flutter due to the in-
clusion of gyroscopic moments. In whirl flutter prediction,
Reed's [10] and Johnson‘s models [11] are widely used to
predict the whirl flutter stability of propellers. The so-called
Reed's model has basically two degrees of freedom, includ-
ing the pitching and yawing motions with the gyroscopic and
aerodynamic moments in these directions. Moreover, John-
son‘s model includes rotor-blade, pylon and wing dynamics.

Novel aircraft have different architectures [1] and most
of them possess multiple propellers (distributed propulsion)
to benefit from electrical propulsion as seen in Fig. [1] It is
important to address whirl-flutter in these architectures as
it is required in similar conventional turboprop and tiltrotor
aircraft, which require proper tools. While it is possible to
benefit from advanced simulation techniques to predict sta-
bility boundaries [12}/13], simpler methods are also advan-
tageous for quick estimations during early design stages to
scan a large design space and perform sensitivity analysis.
One such model is 2DOF Reed’s whirl-flutter model, which
has been extensively used for the whirl-flutter stability anal-
ysis.

The main aim of this paper is to present an aeroelas-
tic model of distributed propulsion aircraft with a minimum
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complexity level. This basic aeroelastic model is able to
predict both whirl flutter and wing flutter without using the
sophisticated finite element method and computational fluid
dynamics tools, which significantly reduces computational
costs for optimisation studies in the early design stages of
urban air mobility vehicles. For this purpose, finite volume
method-based beam formulation and unsteady aerodynam-
ics theory based on Wagner's function are employed for
structural and aerodynamics modelling of the wing, respec-
tively. Multi propeller aeroelastic model is also developed,
which is an extended version of Reed’s model for an arbi-
trary number of propellers. The full aeroelastic model of
distributed propulsion aircraft with the minimum complexity
described in this paper can be easily created in popular pro-
gramming languages such as Matlab, Python etc. It can be
used as a design tool in the stability analysis of distributed
propulsion air vehicles.

Figure 1: A distributed propulsion aircraft [14]

Method

This section explains the techniques to model the aeroelas-
tic problem distributed propulsion system focusing on the
least complex methods. The overall model is composed of
blending propellers and wing, as explained next.

Wing Structure

The simplest way of modelling a wing is using beam formu-
lation. While there are lumped parameter models, their for-
mulation is not simpler than beam models, especially con-
sidering possible couplings between different motions of a
wing such as bending and torsion. A physically sound way
is the Finite Volume concept, which is based on the di-
rect balance of forces and moments on a finite volume of
solid rather than using the weak formulation of strain energy.
The finite volume formulation of Ref. [15] is implemented to
obtain the structural dynamics representation in its linear
form [16].

The beam is discretised using three nodes, each node
possessing three translational and three rotational degrees
of freedom. For a beam element, the equilibrium of internal
forces at two internal points and external forces at the three
nodes are written and linearised. The internal loads are re-
lated to the internal strains using a 6 x 6 stiffness matrix.

Then, the linearised strain terms are written as a function of
node degrees of freedom using interpolation polynomials.

ma, Jem 2 ‘
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1 o2

t
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Figure 2: 3-node Beam element.

The 3-node beam element is shown in Fig.|2| The refer-
ence plane, at which elastic properties are defined is named
as material reference frame and lies on a dimensionless co-
ordinate &, has orientation R with respect to the blade ref-
erence frame, allowing ease in defining elastic properties
such as defining the constitutive law about principal axis.
The nodes, (i = 1,2,3) are the locations where position (p)
and curvature (k) about three orthogonal axes are repre-
sented and external loads are applied. The strains and in-
ternal loads are computed at the evaluation points, which
are represented by Roman footers (k = I,1I), as shown in
Fig. |2l The equation of beam can be stated as an equilib-
rium between the internal forces and moment (%) and the
distributed forces and moments (1);

(1) ¥ —TIo+1=0

where derivation is evaluated with respect to beam refer-
ence line & and T is the arm matrix of internal forces:

[0 p'x
@ T[o 0]

The internal loads (& = [0! ©}]7) evaluated at
the evaluation points and the external loads (F =
[FT FI F1]T) applied at node points are in equilibrium ac-
cording to the formulation [15];

3) AS=F

where A is the integrated arms matrix (Eq. [1) which guar-
antees equilibrium between the external loads at the nodes
and internal loads at the evaluation points.

I 0 0 0
(p,—xl)x —1I 0 0
I 0 -1 0

4 A=
@ —(pr—x2)x I (pyp—xi)x -I
0 0 I 0
0 0 —(py—x3)x 1

If perturbation is applied to Eq.
(5)  A¢B+ A0S0+ 8AD) +SATT = Pg+ 8F

where terms with 0 subscripts are reference conditions.
Eq. [ is the linearised equilibrium equation around a ref-
erence condition after neglecting higher order terms and
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cancelling the reference condition. The term Ayd9 gives
the perturbation of internal loads with an arms matrix at ref-
erence configuration whereas 6A¥( term is responsible for
the stiffness contribution due to pre-stress of the beam el-
ement, which can be omitted if the static loads are not ex-
treme. The final linearised form is then:

(6) Apd8 = OF

Now the internal loads should be linked to internal
strains. Considering that it is more convenient to provide
constitutive law in the material reference frame, internal
forces given can be expressed in the beam frame as ;

7) =Dy =RDR"y

where X and D are the rotation and constitutive law matri-
ces having the contributions from two evaluation points and
similarly & and y are the internal load and strain vectors at
the evaluation points.

(8a)
R = diag([R; R; Ry Ry]) , D=diag([D; Dy))

(8b) d=[7 o5 . wv=N] v’

Using updated Lagrangian, i.e. reference load, approach,
the perturbation of internal loads O is;

(9) 59 = SR DR Wy + Ry DR dy

where terms with O index represents reference conditions.
For a rotation matrix R and corresponding linearised rota-
tion angle @, Eq.[9is rearranged as,

8 = Ry DR dy

where 9 and W, are the reference internal forces and
strains and x represents the matrix from of a vector product
operation as before. Considering that in rotor blades, the
magnitude of centrifugal loads are significantly higher than
that of other forms of external loads; only tension forces due
to rotation (tp) at evaluation points are considered as refer-
ence internal loads. Finally, dy can be written using shape
functions and linearised strain for the perturbation variables
x; and @, of the i'" node

(11)

(10)

681 NI/iI p6[ X Njj — Nl’ifl-x
oK 0 Ny 1 [ X } [ X ]
8 = = [’l ! = N !
v derr N[/“I P61 X Niji _N1/1ifi ?; l ?;
SKH 0 NI/”I

with f = RF, where f is the offset of the material frame from
the blade reference frame and shape functions (N):

(12)
Nl(g):@ Ny(E)=1-§2 N3(§):@
where & = —1,0,1 are the points on local coordinate (£)

corresponding to three nodes.

Finally, the internal loads O are related to strains y by a
linear elastic constitutive law 9y = Dy, at two evaluation
points &; ;7 = —1/+/3,1/+/3. The model is composite ready
and can be fully populated. To illustrate the input here, an
isotropic cross section with double symmetry is considered.
In this case, the 6 x 6 material matrix D about its principal
axis has the following form;

(13) D =diag([EA GA, GA. GJ EI, EL])

where EA is the axial stiffness, GA, and GA; are the shear
stiffness about principal axes, GJ is the torsional stiffness,
EJy and EJ, are the bending stiffnesses about bending prin-

cipal axes. Then the 18 x 18 stiffness matrix can be written
for the three node beam element as:

F=K[xi ¢ x2 9, x3 (PﬂT
for K = AgRo DRy diag([N1N,N3))

(14)

It should be noted that this is the stiffness matrix of a single
beam element. A global matrix should be formed if more
than one beam element is needed. For further reading on
the model, please refer to Refs. [15]/16].

Mass and Inertia

The mass and inertia distribution of the beam and other as-
sociated elements such as batteries are realised as con-
centrated elements. As given in Fig. 2] the lumped mass
m having a 3 x 3 inertia matrix Jcm are assigned to nodes
with offsets fcy, Which represent the inertial characteris-
tics of the volume in the vicinity of the corresponding node.
Writing force and moment equations in perturbation form
and collecting in matrix form yields:

Fin | ml meMXT X
(19) [Min] T {meMX Jn ] {‘P}

Wing Unsteady Aerodynamics

The unsteady aerodynamics model is based on the un-
steady aerodynamics of the airfoil sections explained in
Ref. [17]. Consider the equations of motion of an airfoil:

Mx+Cx+Kx=f

In the above equation, x = [w o &]” is the state vector for
plunging w, pitching o and augmented state &. f,; is the
nonlinear forcing due to cubic spring force. and K, C, and
M are linear stiffness, damping, and mass matrices includ-
ing unsteady aerodynamics matrices (Muero, Caeros Kaero)-
The stiffness and mass terms are obtained using the beam
model as explained above. Therefore only aerodynamic
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terms will be retained here, which are given as:

(16)

1 —ab 0
Muero = pb* | —ab  (§+a*)b* 0
0 0 1

Caer() = ansz
%5 (l +65) ( l_ a)
@t s (a5 (
-1
2mph3U
Keero = 275pr2
0 cs Ucacs (c1+c3)
0 —(3+a)esb —(a+%)caca(cr+c3)

U2
0 €2¢4 2npU2b2

__ U

2npb2U?
where the constants are: ¢y = 1.0, c; =0.165, ¢co =0.0455,
c3 = 0.335, ¢4 = 0.3, and the dependent variables ¢5s =
cop—C1—C3,C6 =C1C2+C3C4.

The above system is formulated for airfoil sections. The
pitch and plunge degrees of freedom can be directly in-
serted into the equations of motion of the system. The aug-
mented state (§) is added based on Wagner’s function for
arbitrary (i.e. not only valid for simple harmonic motion) air-
foil motion. For each wing section, an augmented state was
added into the equations of motion. These extra states will
lead to zero valued eigenvalues, which should be ignored in
the final results. On a final note about using the Wagner’s
function for arbitrary airfoil motion is that it allows to identify
damping at any flight speed.

Propeller

The propeller model is based on Reed’s classical whirl flut-
ter model for an arbitrary number of propellers. Therefore
it is worth revisiting the original model. The 2-DOF Reed's
whirl flutter model [6], as visualised in Fig.[3] is a well-known
aeromechanical model in the literature. The dynamical sys-
tem consists of the rotor (propeller), forming the gyroscopic
and aerodynamic forces, supported horizontally by a pylon
that is pivoted at some wing attachment point. The spin axis
of the propeller is oriented more or less into the direction of
the freestream flight velocity V' with angular perturbations
from this vector in pitch 8 and yaw . If we denote the an-
gular moment of inertia of the pylon (including the diametral
moment of inertia of the rotor and nacelle inertia) about the
pivot point as I, and the polar moment of inertia of the ro-
tor as I;. Then, the following equations of motion can be

written:
I, 0] (6 Co -LQ] (6
o )\ Tle o |\
Ko 07](0) (M,
w [0 e V-

where Mg and M\, are the applied moments in pitch and
yaw, taken about the pivot point, arising from the aerody-
namic loads. These terms can be formulated in the form

of perturbational aerodynamic loads using the Strip Theory,
which are expressed as follows:

N, 0
(18) Mg = TbKaR [—(A3 +azA1)5 —A’z\u—i—aA’lG} ,
Np 2 34 / /
(19) M\V = 7KaR _(A3 +a Al)ﬁ +A29+aA1\lf

where the constants are as a function of the Advance
Ratio (u):

(20) dna A/] :‘UAl,

1 2
PR -
R Jo /‘u2+n2
‘u2n2

1 1 4
T A . P N A,
2= R ) o n 3R ) e n

which can be numerically integrated to obtain the aerody-
namic damping (Cgreo) and stiffness (K,,.,) matrices. These
degrees of freedom are added to the already existing wing
degrees of freedom.

Effective
Pivot Point

ﬁ g 7 7 y

Figure 3: Reed’s 2-dof flutter model [6].

The propellers can be attached with an offset to the
elastic axis of the wing, which causes dynamical coupling
with the wing dynamics. This was directly adopted from
Ref. |2], and stated follows:

Mp  Sap Sep 0] [w]
Sor lop lop Of |6,
@D Ser far 0 o] [B|7T
0 0 0 0] [
0 0 0 0]/[w] F,
0 0 0 Lol 6] |M
0O 0 0 0 0| [ M
0 —LQ 0 0] |v| [My

where definitions of these terms can be found in Ref. [2] and
the matrices already provided in Eq. [T7]are not included in

Eq.[21]
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Results and Discussion

This section verifies the suggested method and provides
parametric analysis to demonstrate its benefit in aeroelastic
analysis of distributed propulsion aircraft.

Freestream Velocity (V)

Propeller ﬂ

Tapered Wing

1.25m

0.8m

M

57m

Figure 4: General properties of the tapered wing-propeller model.

Analysis Model

The analysis model is based on the twin-engine Tecnam
P2006T aircraft based on the date reported in Ref. [2]. This
model mainly consists of a tapered wing and a propeller as
shown in Fig. The propeller is attached to the leading-
edge side of the wing. As an overview, the wing has a 5.7
meter half-span and the propeller has a 1.524 meter rotor
diameter. Root and tip chords are also 1.25 meter and 0.8
meter, respectively. The whole wing data is provided in Ta-
blgT] and the propeller data is given in Table[2]

The wing structural model was created with five beam
elements using the finite volume method. For creating the
wing aerodynamic model, unsteady aerodynamics theory
based on Wagner's function was used as explained in the
method section. An extended version of Reed’s model for
an arbitrary number of propellers was also employed for
the aeroelastic modelling of propeller. The whole wing and
propeller data were used to model a single engine wing in
order to verify the proposed method by the authors. The
model was then modified to demonstrate its use in dis-
tributed propulsion aircraft analysis.

Parameter Value
Wing Span 114 m
Root chord 1.25m
Tip chord 0.8 m
Thickness to chord 15%
Radius of Gyration 25% chord
Elastic Axis from LE 50% chord
CG from LE 50% chord
Aerodynamic Centre from LE ~ 25% chord
Bending Rigidity 7 % 10° Nm?
Torsional Rigidity 2 % 10 Nm?
Lift curve slope 27
Cruise Speed 120 knots
Altitude 2440 m

Table 1: Baseline Wing Data |2].

Parameter Value
Number of blades 3
Rotor diameter 1.524 m
Blade chord 0.0924 m
Cruise RPM 2250
Rotor mass 8 kg
Motor-nacelle mass 35 kg
Position of rotor CG 1.16 m
Position of motor CG 0.86m
Pitch non-rotating Frequency 7 Hz
Yaw non-rotating Frequency 7 Hz
Pitch damping ratio 0.005
Yaw damping ratio 0.005
Engine Position 31%

Table 2: Baseline Propeller Data [2].

Wing Model Convergence

0 Clean Wing Convergence

) i

Natural Frequency (Hz)
w
o

Number of Beam Elements

Figure 5: Convergence of the clean wing natural frequencies.

A convergence study on the clean wing has been conducted
in terms of natural frequency. As shown in Fig. [5} natu-
ral frequencies of the clean wing model start to converge
around three beam elements without the necessity of the
higher number of elements. This is one of the important ad-
vantages of using a 3-node finite volume beam compared
to the other numerical methods.

It is found that higher modes converge slowly because
of the higher number of element requirements for them,
which is also similar to the beam element convergence
study in the finite element method. It is worth stating that
the lower modes which dominate the wing flutter have a
higher potential to be coupled with the propeller. This cou-
pled aeroelastic behaviour of the tapered wing - propeller
model can be captured with even two beam elements. How-
ever, five beam elements have been used to analyse the
position of the propeller and the number of propellers in the
rest of this study.
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Flutter Verification

The model developed using the method was successfully
verified against the results in Ref. [2] for the three cases
which are clean wing, only propeller and propeller and wing.
The windmilling condition was applied assuming a constant
propeller advance ratio of J = 1.96 It should be noted that
this advance ratio is different that u used in Reed’s model.

Natural frequency (V — ®) and modal damping (V-g)
data with respect to the airspeed are given in Fig. [g for
the three cases, which are (i) only propeller, (ii) only wing
and (iii) coupled wing and propeller. When analysing the
propeller (i) and wing (ii) dynamics separately, it is found
that the critical speed of the whirl flutter (225 m/sec) is sig-
nificantly higher than the wing flutter (149 m/sec). On the
other hand, the critical speed in the coupled wing-propeller
aeroelastic model becomes 160 m/sec, which is close to
the only wing model. These results clearly show that the
critical speed due to the flutter instability is mainly domi-
nated by wing dynamics. Table [3|compares the results with
those reported in Ref. [2]. Overall, there is a good corre-
lation between the results of the reference study and the
current study in terms of critical speed. The difference be-
tween them is found to be at an acceptable level.

T

Case Critical Speed Reference
Clean Wing 149 m/s 152 m/s
Only Propeller 225 m/s 221 m/s
Propeller and Wing 160 m/s 152 m/s

! Obtained from Ref.

Table 3: Comparison of critical speeds for three cases.
Effect of Engine Spanwise Location

200 Effect of Spanwise Position of Single Propeller
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Figure 7: Effect of spanwise location of the propeller on flutter
speed.

In order to investigate the flutter speed sensitivity to engine
spanwise location, the position of the propeller was shifted
from the wing root to the wing tip. As seen in Fig.[7] flut-
ter speed is lower at the wing root and wing tip, whereas it

reaches the maximum level at the 70 percent spanwise lo-
cation. This analysis mainly demonstrates how quickly the
model can be updated and the parametric studies can be
done in the early design stages of wing-propeller models.

Multi-Engine Layouts

c) Three engines

1 T T

d) Four engines

— T T T

e) Five engines

Figure 8: Distributed propulsion configurations.

Number of Engine vs Flutter Speed

Flutter Speed (m/s)
o ® °
o o o o
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Figure 9: Effect of number of engine on flutter speed.

The method is now applied to different number of engines to
analyse the flutter speeds of distributed propulsion aircraft.
To do this analysis, the thrust is kept the same by assum-
ing the same total area of the propeller. Therefore the area
of the single engine is divided by the number of propellers.
This requires that the radius is scaled by the number of en-
gines \/Np. It is assumed that the other parameters such as
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mass and length reported in Table[2are also proportional to
the radius of the propeller. Therefore, they are scaled down
accordingly as seen in Fig. |8l The rotational speed of pro-
pellers for each configuration were adjusted for 0.7 blade tip
mach number. The critical speeds for the five cases are re-
ported in Fig.[8] Number of engines varies from one to five
in the five cases. Interestingly, only one engine provides the
highest flutter speed, while two engines lead to the lowest
flutter speed.

Conclusions

An aeroelastic model of distributed propulsion aircraft at
a minimum required complexity level was developed and
presented by combining the dynamics of wing and pro-
pellers. Finite volume method-based beam formulation and
unsteady aerodynamics theory based on Wagner's function
have been used to create the structural and aerodynamic
model of the wing, respectively. An extended version of
classical Reed’s model is also used for the aeroelastic mod-
elling of the multi-propeller.

It was shown that the model can predict the coupled
aeroelastic behaviour of distributed propulsion aircraft due
to the whirl flutter and wing flutter instabilities. The numer-
ical model validation was also successfully conducted by
comparing critical speeds with the reference studies in the
literature. It is important to point out that this model can
be helpful for aeroelastic analysis and optimisation in the
early design stages because of not need sophisticated and
expensive commercial software. The presented study high-
lights the importance of coupled aeroelastic analysis of the
distributed propulsion aircraft so as to capture the dynamic
response accurately. Authors plan to merge the developed
tool with urban air mobility sizing tools. This will help to
include flutter and whirl flutter in early design process to-
gether with other design requirements and constraints.
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