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Abstract: Whirl flutter stability is an important certification criterion for propeller-driven air-
craft. Recent studies, e.g., with the Transfer-Matrix (TM-) method, have shown a significant sta-
bilization of propeller whirl flutter due to blade elasticity. However, the results have been shown
only for simplified dynamic models and the TM-method has not been used on full-aircraft level
yet. The work related to this paper provides additions to the TM-method in order to make it
useful for practical applications on full-aircraft level, as well as additional insights into the ef-
fect of blade elasticity on the whirl flutter behavior of a generic turboprop aircraft model. For
the theoretical part, transformations for the propeller transfer matrices are introduced to ensure
compatibility in the mass model, unit and coordinate system between the propeller and aircraft
model. Furthermore, the transfer matrices are interpolated in airspeed to reduce computational
time. As a use case, a generic turboprop aircraft model is introduced and frequency-domain
whirl flutter results with rigid and elastic blades as well as varying thrust setting are presented.
Results show that the stabilizing influence of blade elasticity observed on simpler models also
applies to the full-aircraft model and is stronger than, e.g., the influence of thrust.

1 INTRODUCTION

During the design of propeller aircraft, especially in the layout and structural design of the en-
gine support, whirl flutter prediction plays an important role in ensuring aeroelastic stability [1].
Whirl flutter is an aeroelastic instability of the whirl modes of an elastically supported propeller
engine [2]. The whirl modes emerge from the structural engine pitch and yaw modes due to
propeller and engine gyroscopic moments, which couple the mode families [3]. The backward
whirl mode, in which the whirling motion is oscillating against the shaft rotation, can become
unstable due to motion-induced aerodynamic forces on the propeller [2]. Houbolt and Reed [4]
developed a commonly used method1 for predicting these motion-induced aerodynamic forces
based on rigid blades and a linearized strip theory for the blade aerodynamics. Rodden and

1From now on called Houbolt/Reed method or HR-method in this paper.
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Rose [5] used the theoretical method introduced by Houbolt and Reed and demonstrated its
application in the context of aircraft flutter analysis with MSC Nastran, laying the basis for the
introduction of motion-induced propeller forces into the frequency-domain flutter assessment of
full-aircraft configurations. They also introduced simple correction methods for taking the pro-
peller wake effects on the wing aerodynamics into account which are also applied in this work
(see section 3.3). The method found extensive application, e.g., for parameter studies [6–8] and
is also used for certification analysis [9].

However, one of the main assumptions of the Houbolt/Reed method is the limitation to rigid
propeller blades. Although it greatly simplifies the mathematical framework to neglect blade
elasticity, its inclusion into whirl flutter analysis has been shown to have a stabilizing impact on
whirl flutter. As flexible blades are even more important when studying the aeroelastic stability
of tilt-rotor aircraft compared to turboprops, even early publications [10–12] on tilt-rotor whirl
flutter include simplified models for modelling blade degree of freedom (DOF). Johnstons re-
sults [11] show that including different DOF (e.g., flap or lead-lag motion) can even change the
instability mechanism from classical backward whirl flutter towards direct coupling between
the blade modes and the nacelle. Moderate amounts of flexibility, as it appears, e.g., in tur-
boprop propellers with clamped blades, has been shown to be purely stabilizing on propeller
whirl flutter [13, 14]. Donham [13] pointed out, that it is the dynamic response of the elastic
blades to the harmonic excitation in the rotating frame (whirl frequency plus rotational speed)
that alters the transfer function between propeller hub motion and hub loads and therefore influ-
ences whirl flutter stability. Hoover and Shen [14] included elastic blades into their study of the
whirl flutter characteristics of the NASA X-57 aircraft and compared the results to a rigid-blade
analysis, also finding a stabilizing influence while including blade elasticity. Their analysis is
based on time-domain stability analysis of a coupled multi-body simulation (MBS) model in
Dymore [14].

Recent results regarding the influence of blade elasticity [15] have been obtained using the
Transfer-Matrix (TM) method in the frequency domain. The TM-method identifies frequency-
domain transfer functions from propeller hub motion to hub loads from a time-domain isolated
propeller model [16]. The stabilizing effect of including blade elasticity has been demonstrated
on a simplified propeller-pylon system and explained by uncovering the underlying mechanism
that changes the hub-load transfer functions when considering blade flexibility. The main sta-
bilizing factor is the reduction in the coupling moment between pitch and yaw DOF, Mzθ and
Myψ, respectively. This part of the propeller transfer function acts in the direction of the back-
ward whirl mode and drives the instability. The reduction in amplitude of this coupling term
has been traced back to inertial forces due to blade deformation (driven by the blade stiffness)
as well as an azimuthal shift in the aerodynamic loads due to blade oscillations (driven by the
first blade eigenfrequency) [15]. However, the analysis is only conducted for a simplified pylon
model with one pitch and yaw DOF each. The question arising from this study is whether this
effect is also present in full-aircraft configurations, where, e.g., aerodynamic damping from the
wing aerodynamics also plays a role. To answer this question in this paper, the TM-method is
applied to add different propeller transfer functions to the aeroelastic model of a generic tur-
boprop aircraft. The current formulation of the TM-method is computationally expensive for
such configurations though, as the transfer matrices for the propeller have to be identified for
each operating point separately. Furthermore, it requires changes in the dynamic model of the
aircraft in order to ensure compatibility of the coordinate system and avoid accounting twice
for the propeller mass. The work presented in this paper is based on the master thesis of the
first author [17], where more extensive results and explanations can be found. In parallel, the
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influence of propeller aerodynamic modelling has been studied using the same aircraft model
by Koch [18].
In the first part of this paper, the theory for whirl flutter analysis in the frequency domain, espe-
cially using the TM-method, is reviewed and the additions to the existing method are described
which ensure an efficient application in practice. In the second part, the aircraft model is briefly
described and whirl flutter results between the Houbolt/Reed method and the TM-method us-
ing rigid and elastic blades with varying stiffness are presented. In the last part, the results are
summarized, discussed and recommendations for future work are given.

2 METHODS

Whirl flutter is triggered by motion-induced unsteady aerodynamic forces on the propeller.
Therefore, the transfer behaviour between hub displacements and hub forces is fundamental
for whirl flutter analyses [16]. To perform whirl flutter analyses in the frequency domain, the
propeller forces Fprop need to be described depending on the Laplace variable s, the hub motion
Xhub and the operating point defined by the flight velocity V , the propeller revolution Ω and
the air density ρ. For small perturbations about a reference state, this transfer function can be
linearised concerning the hub motion Xhub leading to a frequency-dependant transfer matrix
Hprop that describes the linear transfer behaviour of the propeller [16], as shown in Eq. 1.

Fprop = Hprop(s, V,Ω, ρ)∆Xhub (1)

The matrix Hprop depends on the Laplace variable s and the operating point and also contains
the gyroscopic moments. Transforming the hub coordinatesXhub to modal coordinates qh using
the propeller mode shapes Φprop and inserting the term into the aeroelastic equation of motion
in modal coordinates leads to:

M genq̈h +Kgenqh =
[ρ
2
V 2Q

gen
(s) + ΦT

propHprop(s, V,Ω, ρ)Φprop

]
qh (2)

where M gen and Kgen are the generalised mass and stiffness matrices of the structure and Q
gen

the generalised aerodynamic force matrices (including unsteady aerodynamics from other air-
craft components) [16]. Eq. 2 can be solved for its eigenvalues, e.g., by means of the g-
method [19], resulting in the frequency and damping values of the aircraft eigenmodes. The
damping values can be interpreted for stability assessment of the aircraft and also contain po-
tential whirl flutter instabilities.

There are different methods to determine the matrixHprop. The first method used in this work is
the classical Houbolt/Reed method [4,5] which is used as a reference for the second method, the
Transfer-Matrix method [16], which is further developed in this work and applied to perform
parameter studies on a generic full-aircraft configuration.

2.1 Houbolt/Reed method

The theory of Houbolt and Reed, as it has been applied in [6] and [16], uses stiffness and
damping terms to determine the propeller forces and moments and build the linear description
of Fprop as in Eq. 1:

Fprop = [Kprop(V,Ω) + sDprop(V,Ω)− sG(Ω)]︸ ︷︷ ︸
Hprop

∆Xhub (3)

Forces and moments around the propeller axis are neglected in this method, causing the pro-
peller matrices to become 4x4-matrices and the vector of perturbations ∆Xhub to consist only
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of the displacements in the propeller plane (translation in y and z direction and rotation θ and ψ
around these axes). The matrix G (compare Eq. 4) describes the gyroscopic matrix containing
Mgyro = IpΩ [3]:

G =


0 0 0 0
0 0 0 0
0 0 0 Mgyro

0 0 −Mgyro 0

 (4)

The stiffness and damping matrices are composed of non-dimensional derivatives as follows
[16]:

Kprop = 2πqR3


0 0

Cyθ
2R

Cyψ
2R

0 0 Czθ
2R

Czψ
2R

0 0 Cmθ Cmψ
0 0 Cnθ Cnψ

 , Dprop = 2πqR3


− Cyψ

2RV

Cyθ
2RV

Cyq
2V

Cyr
2V

− Czψ
2RV

Czθ
2RV

Czq
2V

Czr
2V

−Cmψ
V

Cmθ
V

CmqR

V
CmrR
V

−Cnψ
V

Cnθ
V

CnqR

V
CnrR
V


(5)

with the flight velocity V and the propeller radius R. The first index of the derivatives specifies
the resulting force or moment and the second index specifies the deflected degree of freedom
that causes this load component. The derivation is based on a linear strip theory approach, only
including unsteady aerodynamic effects afterwards via a local Theodorsen function correction
[4]. Further, to allow an analytical derivation, the propeller blades are assumed to be rigid and
no steady state influence and no induced flow is considered [4].

2.2 Transfer-Matrix method

The Transfer-Matrix method (shortly ”TM-method”) has been developed to find a method for
propeller whirl flutter evaluations in the frequency domain that overcomes some of the lim-
itations mentioned for the HR-method [16]. In this method, the matrix Hprop is determined
directly as a frequency-dependent transfer function between propeller hub motions and forces
respectively moments without making use of damping and stiffness matrices, in the form of:

Fprop =


Fxx Fxy Fxz Fxϕ Fxθ Fxψ
Fyx Fyy Fyz Fyϕ Fyθ Fyψ
Fzx Fzy Fzz Fzϕ Fzθ Fzψ
Mxx Mxy Mxz Mxϕ Mxθ Mxψ

Myx Myy Myz Myϕ Myθ Myψ

Mzx Mzy Mzz Mzϕ Mzθ Mzψ


︸ ︷︷ ︸

Hprop

∆Xhub (6)

where the entries Fij orMij in the matrix stand for a scalar depending on the frequency defining
the force or moment response regarding the i-axis to a perturbation in j direction [16]. The
perturbation vector ∆Xhub now consists of all six degrees of freedom of the propeller hub.
Gyroscopic moments can be included in Hprop or added to the equation of motion separately
as an additional gyroscopic matrix G. Hprop is identified using time-domain simulations of an
isolated propeller model, which is excited from its steady state for each hub degree of freedom.
Simulation tools for this type of time-domain perturbation are already widely spread, having
a high fidelity which is carried forward directly into the fidelity of the transfer matrices [16].
In this work, the MBS-tool Simpack [20] is used for modelling the isolated propeller. The
perturbation response is then transformed in the frequency domain and provides the transfer
functions for the different degrees of freedom and frequencies depending on the perturbation.
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As perturbation, a harmonic or pulse excitation can be used. While harmonic excitation can
be used also for time-variant conditions (such as non-axial flow), for time-invariant and linear
systems, pulse excitation excites a broad spectrum of frequencies in only one time simulation,
reducing the computational costs [16]. Each degree of freedom of the propeller hub has to be
excited separately to generate the full transfer matrix, whereby however in some cases practical
simplifications, e.g. in terms of symmetry, can be made to reduce the computational effort [16].

Attachment 
nodes

Propeller model Structural model

Figure 1: Illustration of the combination of propeller model and structural model

The derived set of transfer matrices is (numerically) coupled with a suitable node of the struc-
tural model representing the propeller hub node (see Fig. 1). In past applications of the TM-
method, only examinations on a simple two-degree-of-freedom propeller model have been con-
ducted. In these cases the models used have been intentionally built to apply the method. The
transfer matrices could be included in the flutter calculation directly after the previously pre-
sented identification procedure. However, if more complex aircraft configurations are evaluated,
the current TM-method needs to be extended to overcome some limitations the initial procedure
has, allowing its direct and efficient application on these models in practice. There are three
main challenges that need to be solved and are treated in greater detail in the next subsections:

• The influence of the propeller mass that is included in the propeller model in the multi-
body simulation, but usually also in the structural model, must not be accounted for twice.

• The alignment of the propeller model, which is used to generate the transfer matrices,
and the structural model, with which it should be combined (e.g. regarding coordinate
system orientations) is required.

• The necessity to generate transfer matrices for each operational point that should be
evaluated in the flutter analysis can get very time consuming for complex models.

To keep the advantages of the TM-method in terms of independency of propeller model and
structural model, it is crucial to make it possible to combine different propeller models with dif-
ferent structural models without adapting the specific models. Therefore, to solve the mentioned
issues, additional pre-processing steps are added to the method procedure after the transfer-
matrix generation and before introducing the transfer matrices into the flutter equation. With
this approach, different structural configurations can be used in the analysis without adapting
the dynamic airframe model itself.

2.2.1 Elimination of the mass influences from the transfer matrices

The propeller modelled in Simpack always contains the masses of the propeller blades. These
masses can not be eliminated from the MBS-model before the transfer-matrix generation, at
least for elastic propeller blades, and therefore always influence the generated transfer matrices.
However, the propeller masses are usually also part of the finite element model (FE-model)
of the airframe and must not be considered twice. Therefore, the masses need to be either
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subtracted from the FE-model or from the generated transfer matrices. To keep the FE-models
independent from the method used to include the propeller in the flutter analysis, the second
option, removing the mass influence from the transfer matrices, is the more practical solution
and is realized in the following. Mass has a quadratic influence with increasing frequency in the
flutter equation. This is transferable to the mass part in the transfer-matrix term Hprop. Because
it is included in the flutter equation on the right side of the equation, the term has a negative
sign. The mass from the propeller blades is known from the Simpack model as a mass matrix
Mprop referenced about the propeller hub point. Therefore, with the simplification of σ = 0 and
so s = iω, the mass part in the transfer matrices can be calculated as:

−Mprop s
2 = −Mprop(iω)

2 =Mprop ω
2 (7)

This term can then be subtracted from the generated transfer matrix:

Hprop,new = Hprop −Mprop ω
2 (8)

with the simplified propeller mass matrix Mprop:

Mprop =


mprop 0 0 0 0 0
0 mprop 0 0 0 0
0 0 mprop 0 0 0
0 0 0 Ip 0 0
0 0 0 0 Iθ 0
0 0 0 0 0 Iψ

 (9)

with the propeller mass mprop and the inertia around the main axes Ip, Iθ and Iψ. Elements
beside the main diagonal, that may occur due to differences between centre of gravity and the
reference point at the hub, are neglected. The coupling terms therefore remain in Hprop,new

and are correctly accounted for. The new transfer matrix Hprop,new can now be combined with
a full FE-model without considering the propeller mass twice. The gyroscopic matrix can be
eliminated similarly to the propeller mass matrix, in case a separate gyroscopic matrix shall be
included.

2.2.2 Alignment of the transfer matrices with the structural model

The transfer matrices generated by the Simpack model are directly introduced into the flutter
equation in relation to the attachment nodes in the structural model as illustrated in Fig. 1.
No normalisation or non-dimensionalisation is performed beforehand. As the transfer matri-
ces remain with dimensions, this can cause incompatibilities in case of different unit systems
or coordinate systems between propeller and airframe model. In the presented case in Fig. 1,
differences in terms of the coordinate system definition of both models, as well as in the unit
system are present. Before the generated transfer matrices can be introduced in the flutter equa-
tion, they need to be aligned to the structural model to eliminate these discrepancies. As shown
in Eq. 6, a fully identified transfer matrix consists of elements which each depend on different
degrees of freedom, specified by the indices, and need to be adapted accordingly. These adap-
tions can be brought together in a transformation matrix T which is multiplied element-wise
with the generated transfer matrices to apply the necessary changes.
For cases with a gyroscopic moment added separately from the transfer matrices, the change of
unit system and orientation of the x-axis also affects the definition of this moment. So, it also
needs to be aligned accordingly.
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Coordinate system orientation

To align the coordinate system orientation of the models seen in Fig. 1, a coordinate system
rotation around the z-axis by 180° is needed. The transformation is illustrated in Fig. 2. For

Figure 2: Coordinate system transformation

this rotation a transformation matrix TCOS is derived, changing the signs of some elements in
the transfer matrices by element-wise multiplication:

Hprop,cos = Hprop ◦


1 1 −1 1 1 −1
1 1 −1 1 1 −1
−1 −1 1 −1 −1 1
1 1 −1 1 1 −1
1 1 −1 1 1 −1
−1 −1 1 −1 −1 1


︸ ︷︷ ︸

TCOS

(10)

Unit system definition

To adapt the unit system of the propeller model (and of the transfer matrices) to the structural
model definition, a transformation matrix T unit is derived. The present propeller model uses
m as length and kg as mass unit, while the unit system of the structural model uses mm and
t, respectively. Dependant on the input and output magnitudes of the single elements of the
transfer matrix, different unit conversions are necessary. For the present conversion this leads
to the following adaption of the transfer matrices:

Hprop/t,mm = Hprop/kg,m ◦


0.001 0.001 0.001 1 1 1
0.001 0.001 0.001 1 1 1
0.001 0.001 0.001 1 1 1
1 1 1 1000 1000 1000
1 1 1 1000 1000 1000
1 1 1 1000 1000 1000


︸ ︷︷ ︸

Tunit

(11)

2.2.3 Interpolation of the transfer matrices for more velocity steps

For complex models, many operating points, e.g. velocity steps, have to be considered in the
flutter analysis to ensure proper mode-tracking and detailed results. For each of these operating
points, there needs to be a transfer matrix as input in the flutter analysis. That might make the
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TM-generation quite time consuming. To decouple the number of velocity steps used for the
TM-generation and those used during the flutter analysis, an interpolation routine is introduced
in the procedure to enable the refinement of the velocity steps after the generation of the transfer
matrices. For the interpolation routine, a linear method is used that interpolates every TM-value,
separately for each base frequency, over the velocity steps. The routine can also extrapolate over
the limits of the given velocity steps, but this might lead to wrong results in this range and should
be avoided if possible.

3 MODELS

In order to examine the influence of blade elasticity and thrust on full-aircraft level, the flutter
stability of a twin-turboprop aircraft with a high-wing configuration and a conventional tail is
evaluated. The aircraft has a wingspan of about 16 m and represents a short-distance, short take-
off and landing (STOL) commuter aircraft for 20 passengers. Both propellers, mounted each
on one wing, rotate in the same direction (clockwise as viewed from the front) with a constant
rotational speed of Ω = 168.3 rad/s. The dive speed VD of the aircraft is 142m/s.

3.1 Aircraft model

The structural model used for the flutter calculations is a full-span aircraft model for MSC
Nastran [21]. The fuselage is modelled using bar elements, while the wing and empennage,
as well as the control surfaces, consist of shell elements, which each have a specified material
and density. The structural model has been modified to trigger whirl flutter instabilities in the
examined velocity range for the flutter analysis with the classical HR-method by reducing the
engine mounts stiffness.

To model the unsteady aerodynamics of the aircraft, the commercial aeroelastic software ZAERO
[22] is used. The panel model used can be seen in Fig. 3. For the lifting surfaces (empennage
and wing), CAERO7 panels are defined while for the other components, BODY7 elements
are used. The aerodynamic data is generated with the linear subsonic unsteady aerodynamic
ZONA6 method of ZAERO [23].

Figure 3: Aircraft aerodynamic model Figure 4: Propeller model in Simpack

3.2 Propeller model

The aircraft is equipped with two identical constant-speed propellers with five propeller blades.
For the transfer-matrix generation a propeller MBS-model in Simpack [20] is used. It is the
same model as used in reference [15] and is illustrated in Fig. 4. The model includes the
propeller blades and the hub, but no further pylon structure. The propeller blades are modelled
using linear, finite element beam models. By defining the number of blade modes considered
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the propeller blades can be modelled as rigid or elastic (three blade modes are considered for
elastic modelling). The model is parametrised, so the blade properties can be adjusted, e.g., to
scale the stiffness via a factor kscale. kscale = 1 represents the nominal case and higher values
leading to a higher blade stiffness. Technical details of the propeller can be found in Table 1.

Table 1: Technical details of the propeller

blade number NB 5
rotor diameter D 2.5m
blade mass mprop 1.542 kg
polar blade inertia Ip,blades 3.597 kgm2

additional polar inertia due to engine parts Ip,add 3.093 kgm2

nominal rotational speed Ω 168.3 rad/s

The propeller aerodynamics are based on an unsteady strip theory approach [24], which is
implemented in the Simpack model by means of twelve force elements per blade, each arranged
along blade segments in radial direction of the blades. The force elements define the airfoil
aerodynamics for each segment with a linear lift slope of CL,α = 2π, a maximal lift coefficient
of CL,max = 1.5 and a minimal drag coefficient of CD,min = 0.15. The aerodynamic moment
is neglected. The flow velocity at each force element is composed of the flight velocity, the
propeller rotation, the hub motion and possible blade deformations. Other induced velocities
are neglected, as well as influences between the single propeller blade elements. Therefore,
especially for high thrust conditions, the aerodynamics are not modelled precisely [15]. For
a comparison of the Wagner strip theory with other propeller aerodynamic methods, compare
Koch et. al. [25] and a parallel study on full-aircraft level [18]. In the aerodynamic modelling
of the propeller, the propeller blades are assumed to have an infinite length. So, no aspect ratio
correction is considered. By means of comparability, this is also applied in the HR-method.

Different operating conditions in terms of propeller thrust are examined later on. The pro-
peller is operated as a constant-speed propeller, where the rotational speed is kept constant. The
propeller blade pitch angle changes to retain a specific thrust (or power) condition at each op-
erating point [26]. The three trim cases used in this work are described in Table 2. To adjust
the propeller to the desired thrust, the collective blade pitch angle is varied iteratively until the
corresponding trim target is reached.

Table 2: Trim conditions

case trim target comment
windmilling torque = 0 standard no-thrust case
max. power power Pmax = 500 kW operation with maximal power, ramped up until

0.35 VD i.o. not to exceed the max. blade AoA
const. T/q thrust T to dyn. pressure q value of ”max. power” case at V = VD,

ratio T/q = 0.2851m2 used for slipstream correction

3.3 Aerodynamic interaction
To include the influence of the propeller wake on the wing aerodynamics a correction factor ac-
counting for the axial velocity components in the propeller wake is applied for the examinations
with thrust. An appropriate factor has been determined by Rodden and Rose [5] and is based
on propeller parameters, such as the propeller diameter D and the propeller area S, but also the
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operating point. It is defined as follows:

wkk = 1 +
D

∆y
·
√
1 +

1√
1 + T/(qS)

· T√
2qS

(12)

It can be remarked that the factor depends on the flight velocity V , but remains constant for
a constant ratio of thrust T to dynamic pressure q. Therefore, for the specific trim condition
with constant T/q, the factor remains constant over the velocity range. That makes it possible
to implement the factor on the aerodynamic pressure coefficients in the flutter calculation using
the CPFACT module from ZAERO [22]. ∆y labels the width of the area where the factor is
applied. The factor is implemented on selected aerodynamic panels (covering the width of the
propeller wake) of the ZAERO model of the aircraft. For the present case, the factor sums up to
wkk ≈ 1.056.

4 RESULTS

To examine the flutter stability of the aircraft model, the trends of frequency f and damping g
of the structural modes over the flight velocity in a range between 0 and 200m/s are evaluated.
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Figure 5: Frequency and damping over the velocity for the structural modes of the aircraft, calculated for rigid
propeller blades

For the aircraft model with rigid blade modelling approaches (either via the classical HR-
method or the TM-method with rigid propeller blades in Simpack model), two whirl instabilities
as seen in Fig. 5 are revealed. The figure shows the trends for the first 30 structural modes, ex-
cept the rigid body modes, of the aircraft model combined with the HR propeller and the rigid
TM propeller. A negative value of g indicates negative damping of a mode and thus, flutter. Two
modes can be found that cross the zero-damping line and go unstable. They are highlighted in
the plot: Mode 9 and Mode 10. Both instabilities are identified as backward whirl modes. Figs.
6 and 7 illustrate the flutter modes and their whirl direction. For mode 10 (see Fig. 6), the whirl
motion of the two propellers occurs in-phase, so both propeller axes are deflected upwards at
the same time. In this case, mostly symmetric structural modes with respect to the xz-plane
are involved. Still, although both propellers perform a backward whirl motion and the mode is
therefore not fully symmetrical, this mode is referred to as ”symmetric whirl” in the following.
In the other case, for mode 9 (see Fig. 7), the whirl motion of both propellers occur with a
phase offset. When one axis is deflected upwards, the other axis is deflected downwards. Still,
both propellers are performing a backward whirl motion, but mostly anti-symmetrical struc-
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tural modes are involved in the airframe motion. In the following, this mode is referred to as
”antisymmetric whirl”.

𝝮
𝝮

Figure 6: ”Symmetric whirl”

𝝮 𝝮

Figure 7: ”Antisymmetric whirl”

Both rigid blade methods show these two instabilities. However, the HR-method results show
lower flutter speeds (124.81 m/s and 158.77 m/s) than the TM-method results (130.32 m/s
and 163.64 m/s). The difference between HR- and TM-method even for rigid propeller mod-
elling has already been present in analyses of a simple two-degree-of-freedom model (see [15]).
Therefore, it is expected to appear also on full-aircraft level and can be explained in this case in
the same way by simplifications in the HR-method. As the HR-method results in lower flutter
speed, it is still the more conservative method. In the following, the influence of blade elasticity
and thrust on both unstable modes is examined.

4.1 Influence of blade elasticity

To examine the influence of blade elasticity, transfer matrices generated with the Simpack model
with elastic blades are used for the flutter analysis. Models with different stiffness scales kscale
are used to reveal trends in the results. In the following, only the trends for the two unstable
modes are displayed. Fig. 8 shows the frequency and damping over the velocity for these
two modes for different blade stiffness values, as well as the rigid propeller results from the
previous section. Increasing the blade elasticity from rigid to nominal blade stiffness (kscale =
1) leads to a higher damping and a stabilising effect for both modes. For relatively stiff blades
with kscale = 10, the frequency and damping curves are close to the results from the rigid
propeller modelling, but indicate higher flutter velocities for both flutter modes. At nominal
blade stiffness, no instability is present any more in the examined velocity range.

However, when increasing the elasticity further (kscale < 1), the damping level decreases again
and the system becomes unstable again. Especially, the model with very soft blades (kscale =
0.25) shows an early instability for the symmetric whirl mode (mode 11 instead of mode 10
for this case, due to a mode switch). For this case, it needs to be remarked that few other new
flutter modes appear on other structural modes (which are not displayed here) and have not been
examined further. In general, the results for blades as flexible as this have to be handled with
caution because it has to be investigated further how the TM-method depicts these new effects.
However, it can be concluded that aircraft configurations with very soft propeller blades need
to be handled with care. For detailed knowledge about the arising effects, further studies are
necessary.
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Figure 8: Influence of blade elasticity on frequency and damping of whirl flutter modes (windmilling condition)

4.2 Influence of thrust

For the examination of the influence of thrust on the whirl flutter stability of the generic aircraft
configuration, two trim conditions have been defined: the max. power condition and the const.
T/q condition (see Tab. 2). Figure 9 shows the frequency and damping of the two modes that
go unstable in the rigid windmilling case (see previous section) for the different trim conditions
for a model with rigid propeller blades (a) and a model with elastic propeller blades (b). The
results are all generated using the TM-method. For the elastic model with max. power trim,
mode 11 is plotted instead of mode 10 due to an occurring mode switch in the results.

With rigid blade modelling, it can be seen that there is no significant influence of the differ-
ent trim conditions on the frequency as well as the damping. It can be further noticed that
this (small) influence of thrust compared to the windmilling case is not clearly stabilising or
destabilising for this configuration. Comparing the windmilling condition with the max. power
case, the flutter velocity for mode 9 is slightly decreased due to thrust (from 163.64 m/s to
163.32 m/s). In contrast to that, for mode 10 the thrust has a slightly stabilising effect. The
flutter velocity increases from 130.32 m/s to 131.40 m/s for the max. power case. The differ-
ence is a bit higher than for mode 9, but still less than one percent.
For the elastic blade model, a bigger influence on the damping level appears. The damping
increases over the full velocity range for both modes due to thrust. For the max. power case,
the impact in the lower velocity range is larger than for higher velocities (except for the very
low velocities up to approximately 50 m/s where the power is ramped up and not yet on full
level). This appearance fits to the trim condition that leads to higher thrust at lower velocities
to keep the power constant. For the const. T/q trim condition, the difference compared to the
windmilling case is smaller in the lower velocity range and amplifies for higher velocities. This
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can be explained by the definition of the trim condition which leads to less thrust for low ve-
locities to keep the thrust to dynamic pressure ratio constant. It needs to be remarked that due
to the assumptions made in the g-method, the damping values besides the flutter point are not
determined exactly, so the difference in damping should not be interpreted too precisely.
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Figure 9: Influence of thrust on frequency and damping of whirl flutter modes

4.3 Influence of a slip stream correction factor

The second trim condition with thrust (const. T/q) has been established to include the correc-
tion factor for aerodynamic interactions as presented in section 3.3. For the examined case, this
factor (wkk = 1.056) is quite small. Therefore, it is expected that its influence on the flutter sta-
bility is also small. This hypothesis can be confirmed by looking at the frequency and damping
plots displayed in Fig. 9. Comparing only the two cases with const. T/q trim with and without
using the slip stream correction factor wkk reveals, that an influence of the factor for rigid and
elastic blade modelling is barely existing. Only in the close-up in figure 9 (a) a difference can be
observed showing that including the slipstream correction factor leads to slightly higher flutter
speeds for both unstable modes. But, the difference is still very small.
The thrust to dynamic pressure ratio used is relatively small. The assumed value for trim has
been determined by taking the thrust and pressure value from the reference point at VD. The
effect of the slipstream correction might be larger for T/q values using the maximum thrust at
lower velocities. If the reference condition is not determined at VD, but, for example, at the
Design Manoeuvring Speed of VA = 72 m/s of the aircraft, the ratio increases to a value of
approximately T/q = 2. In this case the factor wkk becomes 1.38, which is much higher than
the calculated value before. However, the influence of such a factor has not been tested because
for whirl flutter usually a higher velocity range is relevant. But, for load analysis this slip stream
correction might have a larger impact as those are performed also at lower velocities.
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5 CONCLUSION AND OUTLOOK

In the work related to this paper, the Transfer-Matrix method for representing propeller models
in a frequency-domain whirl flutter analysis has been improved for practical applications. Ad-
ditional pre-processing steps are included to ensure compatibility of the transfer matrices with
the airframe model in terms of mass model, coordinate and unit system, thus eliminating unnec-
essary adaptions of the airframe model. Furthermore, interpolation over a range of airspeeds is
used to save computational time. In the future, the coordinate transformations could be derived
for arbitrary coordinate system angles. Additionally, linear interpolation of the transfer matri-
ces only works in the low-frequency range below the first eigenmodes of the propeller. More
complex interpolation schemes have to be used in case the resonance peaks of the blade modes
are to be interpolated, too.

The paper presents flutter results for a generic, twin-engine turboprop aircraft model in free
flight. The structural configuration is tuned to show two whirl flutter couplings for the classi-
cal rigid blade analysis. Moderate levels of blade elasticity have a strong stabilizing effect on
the backward whirl modes, eliminating whirl flutter in the airspeed range studied. This con-
firms results with a simplified pylon model from previous studies. Very flexible blades lead
to a destabilization, which can be accounted to additional couplings of the airframe with the
propeller blade modes.

Flutter predictions for trim states with thrust and engine power deviate only slightly from those
in windmilling, especially for the rigid blade case. The (already positive) damping of the whirl
modes in the elastic blade case is further increased. The slipstream correction of the wing
aerodynamics has a negligible influence on the flutter instabilities investigated. In this case, the
missing velocities induced by the oscillating wing at the propeller hub might have an additional
influence on the whirl flutter predictions. These interaction effects should be examined further
in future work, e.g., using CFD-methods.

The results shown in this paper regarding the influence of blade elasticity and thrust are obtained
with numerical simulation only and should be validated in the future, e.g., using high-fidelity nu-
merical simulations, wind-tunnel experiments or in-flight damping measurements. Additional
numerical parameter studies might also reveal more details of the influence of aerodynamic and
structural parameters, such as the individual blade stiffnesses in bending and torsion. All of this
might increase the confidence in the results presented in this study, in order to exploit them for
the design of the next generation of propeller aircraft.
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