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Abstract:

Due to the need of higher efficiency and the reduction of CO2 and noise emission the bypass
ratio of gas turbines tends to increase. This leads to higher rotational masses which arises
the question of gyroscopic moments influencing the eigenbehavior of the aircraft and thus the
system stability regarding structural depended phenomena, e.g. flutter. Therefore this paper
presents a multibody model to determine the structural coupling between a Coanda wing and an
ultra high bypass ratio gas turbine (BPR of 17). The results in form of the spectral analysis of
an eigenvalue analysis enables the understanding of the coupling mechanisms and gyroscopic
influences. By analyzing the time dependent behavior of the wing-engine system under consid-
eration of a follower force, representing the thrust, deepens the understanding of the structural
load at the wing root.

1 INTRODUCTION

In the multidisciplinary framework of the Collaborative Research Center 880, consisting of the
Technical University of Braunschweig, Leibniz University Hannover and the German Aerospace
Center, a promising aircraft is developed according to the technology of 2030 [9]. The superor-
dinate aim of the research is to combine high-lift technologies thus increasing the efficiency of
point-to-point connections in major economic areas. Additionally, equal demands such as less
fuel consumption and the reduction of the emission of CO2 and noise are addressed. In order
to achieve these goals and support the tendency towards greater bypass ratios, which can be
historically foreseen by the engine manufacturers [10], a gas turbine with an ultra-high bypass
ratio is to be used.

Furthermore the main priority in aircraft construction is to ensure the safety during flight against
system instabilities e.g. flutter, which is a phenomenon based on the coupling of aerodynamic
and structural forces. This aeroelastic instability is mainly influenced by structural character-
istics of the aircraft structure. Under the assumption that the bypass ratio tends to increase in
the future, the rotational masses increase, too. Whereby gyroscopic effects need to be consid-
ered [12]. Therefore a multibody model consisting of a Coanda wing from [11] and a UHBR
engine from [8] was built up, to investigate the dynamical coupling of the engine-wing struc-
ture. The results improve the understanding of the given system and additionally give input for
a reduced order model of the CRC 880 [5].
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Figure 1: Reference configuration of the CRC 880
Figure 2: Close-up of the engine mounted over the

Coanda-wing

A fundamental general investigation concerning the aeroelastic stability was performed for a
free cantilevered wing by [4]. The principal influence on the eigenbehavior and thus on the
system stability by placing a mass at the wing tip was analyzed by [7]. The results show a
reduction in the flutter velocity. Additional investigations were carried out by [2, 3] concluding
a high sensitivity of the dynamical aeroelastical characteristics of the wing towards the posi-
tioning of a mass connected to the wing. [1] investigated the influence of thrust in the form of a
follower force under isolated conditions. Those numerical investigations used a finite element
formulation whereas this paper uses a different approach using multibody dynamics capturing
large deformations to conduct the yet neglected gyroscopical influences.

2 BASIC EQUATIONS

In the following chapter the governing equations describing the time variant influence of the
angular momentum of a rotational shaft with a mounted disk, as a generic example for a gas
turbine shaft, are presented.

2.1 Angular Momentum

To determine the angular momentum of a rotating system, more precisely of a rotating disc
mounted on a shaft with the degree of freedom to tilt, it is described the easiest in a principal
axis system (figure 3). Assuming rotational symmetry of the disc and the shaft, a rotational
fixed coordinate system (x’,y’,z’) is introduced. The x’-axis coincides with the symmetry axis
of the disc and the y’- and z’-axis as center plane of the disc. Ω corresponds to the rotational
velocity and ws and vs the translation of the center of gravity of the disc. ϕys and ϕzs describe
the tilting motion of the disc.

Figure 3: x’, y’, z’-principal axis exemplaric depicted at a rotationally symmetric disc.
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Consequently the components of the angular momentum are states as followed ((1) ff.):

Lx = θpϕ̇xs (1)
Ly = θaϕ̇ys (2)
Lz = θaϕ̇zs (3)

Figure 4: Components of angular momentum

The angles ϕxs, ϕys and ϕzs are the angles of the disc and θp and θa the polar, respectively the
axial moments of inertia. Under the assumption of small angles, the component Lx = −ΘpΩ is
constant due to the fact that Ω = ϕ̇xs = const. This leads to the formulation of Ly(4) and Lz(5):

Ly = Ly′ + Lx′ϕzs = Θaϕ̇ys − ΩΘpϕzs (4)
Ly = Lz′ − Lx′ϕys = Θaϕ̇zs + ΩΘpϕys (5)

The resulting moment on the structure can be described as a time derivative of the rotational
momentum (figure 4):

My = L̇y = Θaϕ̈ys − ΩΘpϕ̇zs (6)

Mz = L̇z = Θaϕ̈zs + ΩΘpϕ̇ys (7)

The terms Θaϕ̈ys(6) and Θaϕ̈zs (7) correspond to the resulting moments due to the rotary inertia.
Both, the terms ΩΘpϕ̇zs (6) and ΩΘpϕ̇ys (7) are the influences of the gyroscope.

2.2 Forward and Backward Whirl of a Rotating Shaft

The second phenomenon in context with the change of angular momentum is the whirl move-
ment of the rotating shaft. If the rotor is set in motion, it tends to bend and follows an orbital
motion due to the flexibility of the shaft. With the approach of

{
r0
ϕ0

}
=

{
r̂0
ϕ̂0

}
eλt with λ = jω (8)
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Under the assumption of a symmetrical setup for the rotor of figure 3, with the stiffness factors
sik (s12 = s21 = 0) the homogeneous linear system of equation is stated as follow:

[
(−mω2 + s11) 0

0 (−Θaω
2 + ΘpΩω + s22)

]
·
{
r̂0
ϕ̂0

}
= 0 (9)

Solving this system (9) leads to

ω = ±
√
s11
m

(10)

for pure transverse movement and a just tilting movement

ω =
Θp

2Θa

Ω ±
√

(
Θp

2Θa

Ω)2 +
s22
Θa

(11)

which is dependent on the rotational velocity. Under the assumption, that the examined system
is not symmetrical, as assumed in the simplifications, each of the eigenfrequencies is dependent
on the rotational velocity and shows the splitting up of the eigenfrequencies.

3 NUMERICAL MULTIBODY MODEL

The numerical model was modelled with a substructure technique importing the flexible com-
ponents from Ansys as modal reduced models. Principally two models were merged, both with
similar approaches. The finite element wing model from [11] and the multibody engine model
with the topology from [8].

3.1 Engine Model

The geometry and geometrical parameters for the engine model are derived from Gasturb 12
[6] by meeting the flight conditions for [9]. Consequently the model consists of the nacelle
(figure 5) and the drive shafts, consisting of three components (figure 6). The high pressure
shaft consists of 8 compressor stages and 2 turbine stages. The low pressure shaft contains
three booster stages and 4 turbine stages. The fan, connected with the low pressure shaft via a
planetary gear, is reduced in rotational speed by a transmission ratio of 3.15. The direction of
the rotational velocity of both units are consensual, whereas the high pressure shafts rotates in
opposite direction with a factor of -1.43 compared to the rotational velocity of the low pressure
shaft.

3.2 Wing Model

The geometrical dimensions for numerical model of the wing structure is depicted in figure 7.
As reference configuration, the simulations were performed for the wing with flaps up. The
geometrical parameters are listed in table 2. The pylon connection between the engine and the
wing is assumed to be rigid.

The engine axis is mounted 4.51 m in span wise direction from the aircraft axis (y-direction),
1.57 m over the middle axis of the wing (z-direction) and the inlet of the engine nacelle is
located at 5.301 m with respect to depicted inertial system (figure 8).
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Figure 5: Sectional drawing of the UHBR nacelle
Figure 6: Multibody model of the UHBR gas turbine

Table 1: Eigenfrequencies of the wing. (B.=Bending, T.=Torsion, In.=Inplane, A.=Axial)

Mode f0 [Hz] Mode Mode f0 [Hz] Mode
No. Shape No. Shape
1 24.18 B. LP 6 153.11 B. Fan
2 61.04 B. Fan 7 189.43 A. LP
3 103.97 B. LP 8 375.84 B. LP
4 106.89 A. Fan 9 408.59 T. Fan
5 144.47 A. HP 10 445.66 B. HP

Table 2: Geometrical details of the wing

Reference Area ∼ 45m2

Aspect Ratio 8.35
Sweep Angle 26◦

25% Chord Sweep Angle 20.7◦/ 23.3◦

Max. t/c Ratio 13.5/13.5/12.75/10.3

Figure 7: Sectional drawing of the wing (in mm) Figure 8: Multibody model of the wing with marker
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Table 3: Eigenfrequencies of the wing. (B.=Bending, T.=Torsion, In.=Inplane, E. = Engine)

Clean Wing Wing+Engine Wing+Engine
(Masspoint) (MBS-Model)

Mode f0 [Hz] Mode f0 [Hz] Mode f0 [Hz] Mode
No. Shape Shape Shape
1 2.56 B. 1.77 B. 1.77 B.
2 8.31 In.-B. 3.17 B. 3.17 B.
3 9.32 B. 5.19 In.-B. 5.18 In.-B.
4 9.46 In.-B. 10.49 In.-B. 10.49 In.-B.
5 9.52 B. 15.97 In.-B. 15.96 In.-B.
6 21.12 B. 19.15 In.-B. 19.10 B.-T.
7 23.26 T. 27.87 T. 24.18 E. B.
8 32.33 In.-B. 29.58 B.-T. 24.22 E. B.
9 37.96 B. 38.45 B. 27.86 T.
10 42.03 T. 38.90 B. 33.96 B.-T.

In order to achieve the given physical characteristics of the finite element model of the eigen-
value analysis, the wing was modal reduced with 30 master nodes as static modes and additional
10 dynamical modes were extracted. Whereby only the first 40 modes, with a representative
frequency range up to 100 Hz, were used in the multibody description.

The eigenvalues for the the different versions clean wing (no engine), wing with engine (as
masspoint) and wing with engine (modelled as mbs) are listed in table 3. Not only the eigenfre-
quencies itself change crucially by considering an additional body afflicted by mass and inertia,
but also the modeshapes change from mainly bending to in plane and torsion motions. In the
next step a more complex model of the engine [8] is considered. Around the first frequency of
the engine, the frequencies of the wing tend to change, presumably resulting from a coupling of
the engine model.

4 SIMULATION AND RESULTS

To determine the principal change in eigenbehavior of the wing structure and its coupling with
the UHBR gas turbine several simulations were performed. Starting with the dependency of the
eigenfrequeny to the rotational velocity Ω, in form a Campbell diagram, the angular momentum
of the engine was varied by varying the gear ratio, followed by the comparison of a inversed
angular momentum. Finally presenting the time dependent behavior under consideration of
thrust in case of the design point: top of climb.

4.1 Campbell Diagram

In order to evaluate the principal influences and the gyroscopic coupling mechanism of a flexible
wing and a flexible rotating drive train, a sensitivity analysis by increasing the rotational velocity
with regard to the eingevalues of the model was performed. Two settings were simulated,
the first one with a flexible wing structure but no modal respresentation for the gas turbine
(figure 9). The second simulation was performed with both models considered as flexible bodies
(figure 10). For the rigid engine model no change in the eigenbehavior of the wing was detected.
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Figure 9: Campbell Diagramm of the flexible wing
model and rigid UHBR engine model

Figure 10: Campbell diagram of the flexible wing model
and flexible UHBR engine model

Opposingly, the eigenfrequencies of the flexible engine model change in each mode shape of the
wing in which a common movement of the wing and engine occurs (table 3). As expected, the
higher the rotational speed and thus the angular momentum, the stronger the influencial change
in the eigenbehavior. For the 1st, 2nd and 6th eigenfrequency decreases, whereas the 3rd, 4th
and 5th eigenfrequency increases with increasing rotational velocity. This effect arises around
10000 rpm. The system shows a strong sensitivity, whereby this statement is relativized when
considering the designpoint to be around ∼8000 rpm. The remaining constant eigenfrequencies
are local oscillations, which have no participation in mode shapes, which are characterized by
a global wing movement and thus not influenced by gyroscopic moments.

4.2 Influence of Angular Momentum

Since the principle influence of the coupling of both structures could be ascertained the main
question is the influence of angular momentum on the structural behavior. As bypass ratios tend
to increase in future times, a major challenge is the fan blade tip velocity. Exceeding of the ro-
tational velocity over the threshold of Ma=1 leads to pressure surges and consequently to losses
in performance. Therefore UHBR engines are equipped with an planetary gear decreasing the
rotational velocity of the fan.

To determine the influence of the angular momentum, the gear ratio and the direction of the an-
gular momentum are varied. As reference parameters the gear ratio is, as stated above, 3.15 and
the reference direction is in positive y-direction (figure 8). Compared by the pure geometrical
parameters the fan has a 4.6 times higher inertia than the low-pressure unit and a 98.6 times
higher one than the high-pressure unit. The gear ratios were correspondingly varied :±30% and
±50%. Thus only the smallest ratio has a lower angular momentum than the low-pressure unit.
The remaining ratios can be taken from figure 11.

Decreasing the gear ratio and thus increasing the rotational velocity of the fan leads to a reduc-
tion of the first four eigenfrequencies of the wing. The higher angular momentum leads to a
smaller movement, respectively tilting of the UHBR gas turbine participating in the common
mode shapes with the wing. This causes the wing mode shape to become pure bending/in plane
mode shapes.

Inreasing the gear ratio and thus decreasing the rotational velocity of the fan impacts the eigen-
behavior of the coupled system only marginally. The third eigenfrequency shows a small ten-
dency the higher the frequencies becomes with respect to a higher gear ratio. Both behaviors
can be traced back to the intrinsic behavior of the angular momentum to keep its direction and
stabilizes itself. The smaller the angular momentum the easier it is to change its direction and
vice versa.
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Figure 11: Comparison of the angular momentum by components over the rotational velocity and transmission
ratio.

Figure 12: Campbell Diagram of the wing by increasing transmission ratio.

4.3 Linear System Analysis (LSA) - Wing Tip Excitation

To determine the forces and vibrations to be absorbed at the root of the wing (figure 8), the
constraint forces in z-direction at the point A due to an harmonic sweep excitation in z-direction
at the point B, at the tip of the wing, are evaluated. The excitation force has an amplitude of 0.5
m and a frequency range from 1 Hz to 250 Hz divided into 1000 sub steps.

The varying parameters of the LSA are the rotational velocity, the gear ratio and the frequency
of a harmonic force acting upon the wing tip in z-direction.

4.3.1 Reference Configuration - Gear Ratio = 3.15

In order to determine the influence of the dynamics of the UHBR engine on the coupled system,
the behavior of the turbine itself was first analyzed. For this purpose, the bearing forces of the
fan (A), low-pressure shaft (C) and high-pressure shaft (D) due to the excitation force were
evaluated.
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Figure 13: Campbell Diagram of the wing by decreasing transmission ratio.

Figure 14: Campbell Diagram from different components of the model. Gear Ratio = 3.15
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Figure 15: Campbell Diagram with varying gear ratio

The results for the LSA are depicted in figure 14 for the above mentioned output points. Prin-
cipally two effects can be observed, on the one hand the excitation of the structure due to the
external excitation force and on the other hand the coupling of eigenfrequencies causing a peak
in the amplitude.

The first peak of the wing structure around 1.7 Hz, in the range up to 400 rad/s, is a bending
mode excited from the external force. Coincidently the fan shaft is excited, at 62 Hz, due to its
coupling with the excited bending mode. A significant phenomenon is the splitting of the eigen-
frequencies of the rotating shafts (11). The shaft’s tilting causes a change in the direction of the
angular momentum and thus induces a moment softening/stiffening the structure. The splitting
of the eigenfrequencies enables a coupling through the crossing with other eigenfrequencies.
This can be illustrated clearly for the fan shaft starting at ∼176Hz. The double crossing of the
forward-tilting mode with a eigenfrequency of the wing around 200Hz raises their amplitudes
for the intersection point. This phenomenon is the reason for both the amplitudes around 37Hz
(520 rad/s), 51Hz (1000 rad/s) and the two peaks around 80Hz (1150 rad/s). Those intersect-
ing eigenfrequencies and the increase in their amplitude are transferred throughout the whole
structure to the root of the wing.

4.3.2 Variation of the Gear Ratio

The influence of in-/decreasing angular momentum was analyzed by solely varying the gear
ratio, thus the angular momentum is only changed by the fan dynamics. Thus for the eigenfre-
quencies of the fan the splitting decreased by increasing and increased by decreasing gear ratio.
Thus there was no interaction with frequencies lower than 100Hz, which is why the diagram
are only plotted up to this value. Over 100Hz the amplitudes are negligibly small. All other
parameters have been copied from the previous settings. The results are show in figure 15.

10



IFASD-2017-138

Figure 16: Campbell Diagram, comparison of opposite direction of angular momentum, GR = 3.15

Four different gear ratios, 1.575, 2.1, 4.2 and 6.3 were compared with the reference ratio of 3.15.
With the lowest gear ratio, the fan occupies the highest angular momentum and vice versa. All
four gear ratios show a peak around 1.7Hz, which corresponds to the first bending mode of the
wing (see table 1 and section 4.3.1).

With increasing gear ratio this amplitude of the peak shrinks as the angular momentum de-
creases. Diametrically the amplitudes with higher frequency tend to increase with increasing
gear ratio (decreasing angular momentum). The exception is the peak at ∼57Hz which corre-
sponds to a mode shape including a strong orbital tilting of the UHBR engine. Decreasing the
angular momentum leads to the increasing dominance of the coupling of the low-pressure unit
and its frequency spectra.

4.3.3 Inversion of the Angular Momentum

Since the rotational direction of the gas turbine is not of necessity standardized, its reversal in
the opposing direction is discussed in this section. The eigenfrequencies and behavior of the
engine characteristics itself are not affected by the inversion of the angular momentum due to
the fact that it is a structural characteristic whereas the dynamical parameters are held constant.

This statement is only valid and reasonable if the engine is treated isolated. Changing the
direction of the angular momentum changes the algebraic sign in (6) and (7) but since the
wing-engine system is not symmetrical one cannot assume a diametrical behavior of the system
deriving its properties by reversing them.

For the analysis of the influence of the rotational momentum direction, the force on the wing
root in the z direction is considered, as in the past sections. For the reference direction (’black’)
in positive x-direction 7 significant peaks are detected at 1.74Hz (up to 1000 rad/s), 15.95Hz
(around 1200 rad/s), 37.63Hz (at 522 rad/s and 1392 rad/s), 41.87Hz and 51.34Hz (870 rad/s)
and 51.09Hz (at 986 rad/s) (figure 16). Changing the direction of the resulting angular momen-
tum to the opposing direction (’red’) leads to only 4 remarkable eigenfrequencies, which are
at 19.19Hz (696 rad/s), 33.65Hz (348 rad/s) and 86.49Hz at 1160 rad/s. Wherein additionally
the amplitudes of the peak are significantly lower compared to the occurring maxima of the
reference.
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4.3.4 Variation of the Gear Ratio with Reversed Direction of the Angular Momentum

Reversing the resulting angular momentum of the engine decreases, in this case, nearly all
significant amplitudes of the excited frequencies of the wing structure. As in section 4.3.2 men-
tioned: increasing the gear ratio from 1.575 to 6.3 the influence of the fan angular momentum
decreases and thus the only influencing factor is the eigenbehavior of the low-pressure unit
(figure 15 can be noticed), since the angular momentum of the high pressure unit is nearly neg-
ligible. In the case of the reversed angular momentum decreasing the angular momentum of
the fan leads to decreasing amplitudes. Additionally it leaves the low-pressure unit again as the
dominant influencial factor. However it is much more beneficial for the whole structure as the
reference configuration.

Figure 17: Campbell Diagram with varying gear ratio, angular momentum in opposite direction to reference

4.4 Time Dependent Behavior

To analyze possible non-linear/time dependent and evaluate the system behavior in the chosen
design point, a time simulation was performed for the engine operating around the top of climb.
Therefore the rotational velocities were embedded as boundary conditions (figure 11, FThrust =
18.7kN). The simulation ran for 100s to ensure a state of equilibrium, followed by a 100s
interval representing the time dependent behavior.

Four different cases were simulated: the reference and the reversed angular momentum config-
uration, each with and without thrust. The thrust was modelled as a follower force (aligned with
the axis of the gas turbine) acting on each stage of the UHBR gas turbine components where
thrust is generated.
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Figure 18: Frequency spectrum of the force at the wing root (Joint of the multibody model)

The results of the simulation are depicted in figure 18 in form of the RMS frequency spectrum.
In comparison for the case of no thrust the basis level of the amplitude is slightly higher for
the reference case. The structural behavior coincides in the majorly dominating peaks (8.5Hz,
58Hz, 116.5Hz, 125Hz, 174.5Hz, 183.5Hz, 233Hz).

Additionally several frequencies are exclusively excited compared to the reversed angular mo-
mentum (e.g. the peaks at 2Hz, 44.5 Hz, 72 Hz and 190 Hz). Preloading the wing with a force
representing thrust , pre-stresses the wing however no general statement of the eigenfrequen-
cies to in- or decrease can be made, since the wing is strongly asymmetrical. Prestressing the
wing, on the one hand, causes throughout the whole spectrum smaller excitations to vanish,
whereas the same trend of exclusive excitation being valid in these two cases, as in the cases
just presented. On the other hand the basis amplitude level is higher up to 100Hz compared to
no thrust. Further reversing the angular momentum causes a significant increase in the basis
level of the amplitude compared to the reference.

5 CONLCUSION

This paper presented a multibody approach for the structural and dynamical coupling between
a Coanda wing and an UHBR gas turbine. The results of the eigenvalue analysis could show
the need to model the intrinsic eigenbehavior of the engine, due to a strong dependency and
thus sensitivity to the rotational velocity of the rotating engine parts. Furthermore the gear ratio
and thus the angular momentum is a sensitive parameter with regard to the system character-
istics. Regarding the eigenbehavior, the fan unit dominates the lower frequencies (≤25Hz),
whereas the low-pressure unit influences frequencies ≥25Hz. Reversing the resulting angular
momentum in opposing direction changes the structural loads at the wing root beneficially. Fur-
thermore a key influence is the thrust which pre-stresses the wing structure. The results showed
a suppression of several frequencies with lower amplitude to nearly vanish, whereas the dom-
inant frequencies maintained in the frequency spectrum. As mentioned in the beginning the
main question is the guarantee of safety during flight. Therefore an aerodynamic model needs
to be implemented to investigate not only the structural coupling but the aeroelastic coupling
behavior thus enabling a flutter simulation under consideration of the investigated influencial
factors.
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