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High-pressure compressor blade dynamics under
aerodynamic and blade-tip unilateral contact forcings
Alain Batailly1;*, Mathias Legrand1, Antoine Millecamps2, François Garcin2

Abstract
Recent studies focused on the numerical prediction of structural instabilities that may arise in rotating components of an aircraft engine. These
instabilities are commonly classified into two categories: those induced by aerodynamic phenomena (such as the pressure applied on the blade
by the incoming air flow) and those related to structural phenomena (such as potential blade/casing contacts). Based on an existing numerical
strategy for the analysis of rotor/stator interactions induced by unilateral contacts between rotating and static components, this paper aims
at combining both types of instabilities and provides a qualitative analysis of structural interactions that may arise within the high-pressure
compressor of an aircraft engine. The aerodynamic pressure on the blade is simplified as a sinusoidal external load whose frequency depends on
the number of upstream guide vanes. Results are presented both in time and frequency domains. Detailed bifurcation diagrams and Poincaré
maps underline the fundamental differences in the nature of the witnessed interactions with and without aerodynamic loading on the blade.
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Comportement dynamique d’une aube de compresseur
haute-pression sous l’effet cumulé d’un chargement
aérodynamique et de contraintes unilatérales de contact
Alain Batailly1;*, Mathias Legrand1, Antoine Millecamps2, François Garcin2

Résumé
Plusieurs études récentes ont eu pour objet la simulation numérique des instabilités structurelles pouvant survenir dans des machines tournantes
telles que des moteurs d’avion. Typiquement, ces instabilités sont séparées en deux catégories: celles relatives aux phénomènes aérodynamiques
(liés par exemple à la pression imposée sur l’aube par le flux d’air) et celles relatives à des phénomènes uniquement structurels (comme le
contact aube/carter). En se basant sur l’utilisation d’une méthode numérique dédiée à l’analyse d’interactions aube/carter initiées par des contacts
entre parties tournante et fixe, les travaux présentés dans cet article ont pour objectif d’analyser conjointement les deux types d’instabilité
précédemment citées et de fournir une analyse qualitative des types de régimes d’interactions pouvant survenir dans un moteur d’avion. La
pression aérodynamique est modélisée à l’aide d’un chargement externe d’amplitude sinusoı̈dale et dont la fréquence dépend du nombre de
redresseurs en aval. Les résultats sont donnés dans les espace temporel et fréquentiel. Les différences fondamentales de nature entre les
différentes interactions simulées avec et sans pression aérodynamique sont mises en évidence par des diagrammes de bifurcation détaillés et des
cartes de Poincaré.
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1. Introduction

Among the components of an aircraft engine, blades from both
the compressor and the turbine are the ones most subject to
failures [1]. In standard operating conditions, many physical phe-
nomena explain such weakness from high and low cycle fatigue
to corrosion and creep failures. Mechanical damage stemming
from object ingestion or structural contact used to be consid-
ered as accidental or abnormal in conventional aircraft engine
designs. However, the use of tighter operating clearances in order
to optimize the engine efficiency and reduce fuel consumption
has been constraining designers to include structural contacts —

such as blade-tip/casing or blade-tip/abradable coating contacts—
within standard operating conditions which has a significant im-
pact on the prediction of blades life expectancy. Consequently,
rotor/stator interactions within aircraft engines have become an
important field of interest for designers and manufacturers. The
numerical developments exposed in this paper are part of a global
strategy devoted to the design of blades robust to unilateral con-
tact conditions.

In the literature of rotordynamics, the term rotor/stator inter-
action [2] involves a large class of distinct mechanical systems
and their corresponding dynamical responses. In this paper the
focal point is made on the blade response to external loadings, be
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it through (1) unilateral contact with the surrounding casing [3] or
(2) the aerodynamic loading initiated by close guide vanes [4, 5]
and subsequent noise issues [6]. Possible contact with neighbour-
ing blades [7] along shroud interfaces is not accounted for. To the
author’s knowledge, all these interactions have been analysed in-
dependently of one another. Recent numerical investigations [3]
for the simulation of rotor/stator interactions initiated by uni-
lateral contacts between a blade-tip and the surrounding casing
have revealed consistency with experimental observations [8]
made inside a vacuum sealed environment. The interaction phe-
nomenon of interest in those studies consist of a single blade
clamped on its root and impacting the surrounding casing over
which is deposited an abradable coating. For such an interaction
scenario, uncoupling aerodynamic and structural effects seems
questionable: high amplitudes of vibration due to aerodynamic
loading may indeed lead to blade/casing contacts.

Based on the numerical strategy previously introduced in [9],
and assuming a weak aerodynamic coupling, this paper focuses
on the combination of aerodynamic and contact induced blade
vibrations. Numerical simulations are carried out over a properly
selected rotational frequency range and a particular attention is
paid to the nature of the results once steady state is reached:
phase diagrams and Poincaré maps (which are a snapshot of the
phase space once per forcing period) are constructed in order to
reveal the nature of the blade motion. The first section of the
paper briefly recalls the theoretical foundations of the employed
numerical strategy. The modeling of the aerodynamic loading
as well as its implications in the equations of motion are then
introduced. Results from contact simulations are detailed in the
third section and a more in-depth analysis of the time responses
is carried out in the last section.

Note: For the sake of confidentiality, all numerical data have
been normalized and units are not provided.

2. Theoretical considerations

The numerical strategy used in this paper is based on the combi-
nation of 3D finite element models and an explicit time marching
procedure [9]. Contact forces are computed with a Lagrange mul-
tipliers based approach [10]. The removal of abradable coating is
modeled through the compression of plastic elements [11]. While
this is not an intrinsic limitation of the numerical strategy, the
casing is here considered perfectly rigid: it is thus represented
by means of a mathematical profile, additionally, it is slightly
deformed along a two-nodal diameter free vibration mode —an
oval shape— as a way to initiate contact. Such deformation was
identified in [3] as a necessary condition for the initiation of inter-
actions. A component mode synthesis method [12] based on the
Craig-Bampton [13] approach is used to build a reduced order
model of the blade that accounts for centrifugal stiffening. In
the end, the 3D finite element model of the blade which contains
about 42,000 degrees of freedom (DoF) comes down to a 95 DoF
reduced order model including 30 DoF for contact management
along the blade tip and 65 modal coefficients. The Campbell
diagram of this model is pictured in Fig. 1 for the first bending
and torsion modes denoted respectively 1B and 1T.

The convergence of the blade reduced order model eigenfre-
quencies with respect to the 3D finite element model has been
checked but is not detailed here for the sake of brevity. Simi-
larly, convergence of the time integration algorithm and modal
convergence have been checked prior to any simulation.

Contact simulations are highly nonlinear since contact areas
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Figure 1. Campbell diagram

are a priori unknown and the respective hybrid contact pres-
sure/displacement boundary conditions are part of the solution.
The equation to be solved may be written as follows:

M RX.t/C D PX.t/CK.�/X.t/C F.X.t// D 0 (1)

where X is the reduced displacement vector, M, D and K.�/ are
respectively the mass, damping and rotational frequency depen-
dent stiffness reduced matrices and F is the contact force applied
on the blade tip. As mentioned in the introduction, it is intended
to simulate contact interactions combined with an equivalent
aerodynamic pressure loading. The physical considerations ex-
posed in the next section justify that this loading mathematically
becomes a forcing term Fa.t/ D Fa sin.fat /. It yields that the
equation to be solved is:

M RX.t/C D PX.t/CK.�/X.t/C F.X.t// D Fa.t/ (2)

Equation (1) characterizes a nonlinear dynamic system as very
possibly multistable, meaning that several stable states may coex-
ist for identical sets of parameters (such as the structural damping
coefficient or the initial blade/casing clearance configuration for
instance) depending on the initial conditions. The addition of a
forcing term —as in Eq. (2)— for such a system is a wide field
of research in many areas such as mathematics [14], electrical
systems [15] and biology [16] to name a few. In particular, the
forcing term may be responsible for bifurcations and thus requires
particular attention.

3. Aerodynamic loading
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Figure 2. Partial view of a high-pressure compressor
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The blade of interest belongs to the high-pressure compressor
of an aircraft engine partially drawn in Fig. 2. Its profile is de-
picted in Fig. 3. By design, the pressure of the air flow inside the
compressor increases from a stage to another. This variation of
pressure between the air upstream of the blade and downstream
of the blade is properly reflected by the application of an aerody-
namic pressure field on the blade pressure side as schematically
depicted in Fig. 3. As the blade rotates, the amplitude of this
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Fa(t)

leading edge

trailing edge

clamped nodes

contact interface

Figure 3. Blade of interest

pressure field significantly variates depending on the blade en-
vironment, specifically the relative angular position of the blade
with respect to surrounding downstream guide vanes pictured in
Fig. 2.

The time-dependent pressure field is denoted Fa.t/, it is as-
sumed sinusoidal and its frequency fa is: fa D � �Ngv where
� is the rotational frequency of the blade and Ngv is the number
of guide vanes at the considered stage. In this study, Ngv D 60.
As shown in Fig. 3, the area of application of this pressure load-
ing is concentrated around the blade tip and the leading edge in
agreement with CFD simulations. Because CFD simulations are
only used here to define the amplitude of the pressure field, the
coupling between structural vibrations and aerodynamics is said
to be weak. In order to fully benefit from the small dimension
of the blade reduced order model, the pressure field Fa.t/ is pro-
jected on the associated basis. The subsequent reduction error1

achieved with this reduced-order model is greater than 0.01 %.
The linear forced response of the blade is depicted in Fig. 4.

4. Contact simulations
Equation (2) is solved over 50 revolutions with and without aero-
dynamic loading over a properly selected rotational frequency
range centered on the blade nominal rotational frequency. To
some extent, the contact force F.X.t// may also be seen as a forc-
ing term in the sense that X D 0 cannot be solution of Eq. (2):
contact will occur due to the casing deformation. However, due
to structural damping and abradable coating removal, X D 0 is a
possible steady state.

For each simulation, it is assumed that steady state is reached
after about 35 revolutions and a Fourier transform of the time
responses is computed over the remaining 15 revolutions. Put
side by side, these Fourier transforms form an interaction map
such as the ones plot in Figs. 5 and 6. The amplitude of vibrations

1The reduction error is the relative comparison of the strain energy associated
with the static deformation of the finite element model undergoing the pressure
loading with the strain energy associated with the static deformation of the
reduced order model undergoing the reduced pressure field.
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Figure 4. Blade forced response under aerodynamic loading
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Figure 5. Interaction map without aerodynamic loading

are depicted with a colour code —identical for both maps— from
white to black respectively for lowest to highest computed levels.

As shown in Fig. 5, there are a few critical rotational fre-
quencies (( )) for which elevated amplitude of vibrations are
detected without aerodynamic loading. In this case, the position
of the highest peaks of amplitude are typically located at the inter-
section of engine order lines —for which f D k�, k D 1; : : : ; n

and that appear as black lines radiating from the origin— and the
eigenfrequencies 1B and 1T (( )). Higher eigenfrequencies
do not feature significant peaks of vibration.

The introduction of the time-dependent external forcing term
in the equations leads to a much more complicated interaction
map. An increased number of resonances are found at the in-
tersections between engine order lines and eigenfrequencies in
Fig. 6. The significant contribution of higher frequencies in the
vibratory response of the blade is underlined by the comparison of
the two spectrograms given in Figs. 7(a) and 7(b) for � D 0:395

respectively without and with aerodynamic loading. Because the
number of guide vanes is much greater than the number of contact
areas on the casing, the excitation frequency of the aerodynamic
loading fa is much greater than the fundamental harmonics as-
sociated with contact interactions. In addition, the spectrogram
plotted in Fig. 7(b) emphasizes that the frequency content of the
spectrum at the vicinity of fa is also very dense which highlights
the nonlinear features of contact conditions and their interaction
with the aerodynamic loading.

Both interaction maps and spectrograms underline the influ-
ence of aerodynamic loading on the blade vibratory response.
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Figure 6. Interaction map with aerodynamic loading

However, the participation of higher frequency modes as well as
the increased number of critical rotational frequencies are not fun-
damentally unexpected. These quantitative results are essentially
a reminder that the phenomenon of interest is highly nonlinear.
A more detailed analysis could be carried out focusing the evolu-
tion of abradable coating removal as well as contact locations on
the casing. Though, at this point, the lack of experimental data
obstructs any numerical/experimental comparison. For this rea-
son, it is proposed to focus instead on the nature of the solution.
Previous results [3, 9] underlined that the simulation of contact
interactions typically lead to periodic steady states. So far, the

employed numerical strategy did not allow for the identification
of any other type of motion such as quasi-periodic or chaotic
motions.

0 10 20 30 40 50

fa

10

20

30

revolutions

fr
eq

ue
nc

y

(a) Without aerodynamic loading

0 10 20 30 40 50

fa

10

20

30

revolutions

fr
eq

ue
nc

y

(b) With aerodynamic loading

Figure 7. Spectrograms for � D 0:395.

5. Nonlinear qualitative analysis
An extensive post-processing of the simulations with aerody-
namic loading allowed for the identification of a few rotational
frequencies for which phase diagrams and Poincaré maps features
are unexpected. Four rotational frequencies are considered in
the following, denoted �1, �2, �3 and �4. Associated contact
simulations are carried out over 500 revolutions in order to plot
precise phase diagrams and Poincaré maps. For each of these
rotational frequencies, four quantities are depicted in Fig. 8: (1)
the axial displacement uLE.t/ of the leading edge, (2) the axial
displacement of the leading edge uLE.t/ over the last computed
period (which is half a revolution due to the two symmetric con-
tact areas along the casing circumference), (3) the phase diagram
in the plane .uLE.t/; PuLE.t// over the last 50 periods and (4)
the associated Poincaré map. In Fig. 8, the amplitude of the
blade forced response due to the aerodynamic loading without
structural contacts is pictured in (( )).
- Separation: at �1, the steady state is perfectly periodic and

it is visible that the amplitude of the blade leading edge
axial displacement matches the amplitude of the blade
forced response due to sole aerodynamic loading which
is an indication that blade/abradable coating contact is
lost. Consequently, the phase diagram is an ellipse and the
Poincaré map features a single dot.

- Quasi-periodic motion: at �2, the blade response in Fig. 9(b)
exhibits a quasi-periodic motion. The final amplitude of
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Figure 8. SUPERIMPOSITION OF TIME RESPONSE, A ZOOM OVER ITS LAST PERIOD, PHASE DIAGRAM AND POINCARE MAP WITH
AERODYNAMIC LOADING
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vibration is lower than the one under aerodynamic loading:
the abradable coating constrains the blade displacement
and intermittent contact occurs repeatedly over time. Once
steady state has been reached, the contact configuration
does not evolve thus the abradable elements undergo elastic
deformations only. The related phase diagram underlines
the steady state which appears as a closed orbit in the
Poincaré map.

- Periodic motion: as visible in Fig. 8(c), at �3, the final level
of vibration is much higher than the one computed solely
with aerodynamic loading. In this configuration, the blade
dynamics seems mostly guided by contact constraints. The
phase diagram features a more complex trajectory but the
motion is still perfectly periodic since a single dot appears
in the Poincaré map.

- Chaotic motion: finally, at �4, the blade displacement is con-
strained by the abradable coating since the final amplitude
is lower than the one obtained with the blade forced re-
sponse. A close inspection of the last period of this time
response exhibits a very fluctuating amplitude of the signal
which leads to a cloud-like phase diagram. The Poincaré
map underlines the chaotic nature of the motion since no
clear orbit appears.

Contact simulations for �2 and �4 were also carried out with-
out aerodynamic loading for the sake of comparison. For each
rotational frequency, four quantities are depicted in Fig. 9: (1) the
axial displacement uLE.t/ of the leading edge over time, (2) the
axial displacement of the leading edge uLE.t/ over the last com-
puted period, (3) the phase diagram in the plane .uLE.t/; PuLE.t//

over the last 50 periods and (4) the associated Poincaré map.
While the time scale does not easily allow for the rendering of
the amplitude variation observed during transient, it clearly ap-
pears that for both rotational frequencies, the steady states are
perfectly periodic since the Poincaré maps feature a single dot.
Results obtained for any other rotational frequencies without
aerodynamic loading lead to similar observations: if contact is
not lost after a few revolutions, then a perfectly periodic steady
state is established.

6. Conclusion

An existing time domain numerical strategy for the simulation of
blade/casing structural interactions is extended to aerodynamic
loading applied over a portion of the blade pressure side. By do-
ing so, a periodic forcing term appears in the equations of motion
and the point of the paper is to assess the possible qualitative
changes this term implies on the nonlinear dynamical system
of interest. This system is composed of a single high-pressure
compressor blade rotating within a statically deformed rigid cas-
ing over which circumference a thin layer of abradable coating
is deposited. Contact simulations carried out with and without
aerodynamic loading are first quantitatively compared using in-
teraction maps. The coupling between aerodynamic excitation
frequency and structural contact excitation frequencies is under-
lined. A more qualitative comparison is then accomplished which
highlights the fundamental differences in the nature of the stable
solution obtained with aerodynamic loading. In particular, quasi-
periodic and chaotic motions are now observed while contact
simulations only predict periodic motions.

As part of a global strategy for the development of blade de-
signs robust to contact interactions, the presented results suggest
that accounting for aerodynamic loading is crucial.
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