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Résumé

Lors de l'étude numérique ou expérimentale d’interactions rotor/stator générées par du con-
tact unilatéral ou du frottement, une grande variété de phénomenes complexes peuvent se pro-
duire. Bien que l'essentiel du contenu des réponses structurelles puissent étre analysées dans le
cadre d’'un formalisme linéaire simplifié, la nature hautement non-linéaire du contact génere
des signaux complexes qui doivent étre minutieusement analysés. Le travail présenté dans cet
article porte sur U'analyse de ce type de simulations et les investigations envisageables en ayant
pour but de fournir une méthodologie systématique d’analyse. Les simulations d’interaction
sont réalisées sur un compresseur centrifuge d'un moteur d’hélicoptere moderne pour lequel il
est supposé que le carter est ovalisé, c’est-a-dire déformé selon un mode a deux diametres. Ce
travail se focalise sur des aspects géométriques tels que la symétrie cyclique et le phénomene
d’'aliasing des régimes moteurs sur certains diametres nodaux ainsi que sur des aspects typ-
iquement non-linéaires comme les sous- et super-harmoniques observées dans la réponse de
la structure dans le but de caractériser les propriétés dynamiques de l'interaction. Les résultats
sont présentés en utilisant une transformée de Fourier en deux dimensions (temps et espace) de
la réponse prédite. Des pics principaux sont observés le long du régime moteur correspondant
a la fréquence principale du contact imposée par la forme ovalisée du carter. Il est notamment
observé que certains diametres nodaux répondent de fagon non négligeable du fait de la com-
binaison de l'aliasing et de super-harmoniques du chargement imposé.

A qualitative numerical analysis of rotor-casing interactions in
centrifugal compressors of helicopter engines

Abstract

In experimental and numerical investigations of unilateral contact and friction induced rotor-
casing interactions, a variety of complex phenomena is expected. Although most of the features
of the structural responses can be explained within a simplifying linear framework, the non-
linear nature of contact and friction forces induce complicated responses which require an
appropriate methodology to be conveniently analyzed. The presented work focuses on a thor-
ough numerical exploration of such undesired events in an attempt to provide a dedicated
systematic method of analysis.

Interaction simulations are carried out on the centrifugal compressor of a modern heli-
copter engine, for which it is assumed that the casing is rigidly distorted along a mathemati-
cal shape exhibiting distinct nodal diameters. The proposed work focuses on linear geometric
aspects, such as cyclic symmetry and spatial aliasing of engine orders on nodal diameters as
well as nonlinear attributes, such as sub- and super-harmonic participations in the response,
in order to properly characterize the dynamics of the interaction.

The results are presented as space and time two-dimensional Fourier transforms of the
numerically predicted response. Dominant responses are visible along time harmonics of the
forcing frequency imposed by the assumed shape of the casing. It is observed that the partici-
pation of some nodal diameters in the response is a consequence of both the aliasing effect and
super-harmonic forcing terms.



INTRODUCTION

Helicopter and airplane engines feature small operating clearances between rotating and sta-
tionary components in order to avoid aerodynamic leaks that may arise in the low-pressure
and high-pressure compressors. In this context, extreme operating conditions may lead to
the consumption of this clearance and corresponding unilateral contact and friction occur-
rences between the structures. Abradable liners that are commonly deposited along the cir-
cumference of the casing are known to be robust solutions that mitigate the level of vibration
of the contacting structures. However, undesired interaction phenomena in normal operat-
ing conditions were observed in axial compressors [1] and a better understanding of such
events has become a key challenge for engine manufacturers.

In this area, recent numerical developments focused on a single blade of axial compressors|2,
3]. There is now the need for a general methodology relevant to a large family of structures
featuring cyclic symmetry for which such interaction occurrences may arise. For instance,
as opposed to axial compressors, centrifugal compressors or automotive turbochargers fea-
ture an intricate blade-tip geometry which necessitates a very accurate description of the
contact configuration. The goal of this contribution is to collect the concepts of practical
interest needed for a systematic analyzis of heavy-duty time-marching simulations of cyclic
structures experiencing rigid casing contact interactions.

As a case study, the centrifugal compressor, also named impeller, of a helicopter engine
is considered. Literature pertaining to the vibration analysis of impellers, and to a larger ex-
tent within contact mechanics, is fairly limited. The only available studies deal with modal
responses and are detailled in [4, 5, 6, 7]. Recently, the geometry of interest in the presented
case study was analyzed in [8]. Based on an existing numerical strategy [3], various numer-
ical simulations are conducted to explore two distinct contact scenarios involving the im-
peller and a surrounding rigid casing. Meticulous attention is paid to expected super and
sub-harmonic resonances as well as the aliasing effect.

The first section of the paper deals with the presentation of the systems of interest. De-
tails on the theoretical background and associated numerical considerations are then pro-
vided in the second section. The last section of the paper is related to an application on a
rotor test case.

GENERAL CONTEXT

Simulations of structural interactions through unilateral contact and friction occurrences be-
tween rotating structures featuring cyclic symmetry and their surrounding casings featuring
axial symmetry are introduced.

Investigated system

A schematic of the system of interest is displayed in Fig. 1. The cyclic symmetric structure is
assumed to be clamped on a perfectly rigid shaft. The structure is divided into N elementary
sectors numbered i — 1, i, and i + 1 in Fig. 1. On each sector, dedicated boundary nodes
forming the contact interface are defined to manage contact conditions. These nodes are
typically located along the tip of a blade, but may also lie on a blade shroud for instance. The
rotational speed is (2.

Contact is initiated through an enforced casing distortion. As usually assumed, the cas-
ing is deformed along one of its free vibration modes which exhibits nodal diameters: ac-
cordingly, as depicted in Fig. 2, a given number of areas in which the tip gap is consumed
are evenly distributed along the circumference of the casing (). In the sequel, the casing
deformation is characterized by its number of lobes N, .

This article is an extension of the methodology presented in [3], for a single sector of
an axial compressor, to any cyclic symmetric structure such as axial compressor, centrifugal
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Figure 2 — CASING DISTORTIONS.

compressor or turbocharger. The assumption of a pefectly rigid! casing is made in order to
reduce computation times. The validity of such hypothesis may be questioned depending on
the type and the scale of the involved structures?. Considering a flexible casing is possible
with the proposed strategy and work is in progress so that the proposed strategy may be
applied, for example, to the detection of modal interaction behaviours between two flexible

structures.

Quantities of interest
Vibratory levels as well as local stresses within the blades are crucial quantities when design-

ing the stage of a turbomachine. For that reason, the proposed methodology relies on precise
3D finite element models. When contact with the casing is accounted for, maximum vibra-
tion level evolves nonlinearly with the rotational speed and critical speeds — for which the
vibratory level reaches local maximum values — may thus be defined. In order to identify
these speeds, a three-step procedure in the frequency domain is proposed:

1. A contact configuration is defined with N; lobes and a specific rotational speed range
is considered Q € [Qmin ; Qmax)-
2. For each 2, time-marching contact simulations are carried out until a steady state is

reached3;

3. Fourier transforms of the radial displacement of the leading edge of the blade are com-
puted for each Q2 and organized in a waterfall diagram as pictured in Fig. 3(a); Comple-

'"While globally deformed, the casing is considered perfectly rigid, meaning it is insensitive to the contacts

with the rotating structure.
2The assumption of a perfectly rigid casing is frequently made in the case of large axial compressors.

31t is assumed that steady state within this framework does not necessarily imply a purely periodic solution,

but rather a solution of stable amplitude.



mentary information in the form of color maps as shown in Fig. 3(b) is also supplied.
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Figure 3 - FREQUENCY DOMAIN RESULTS

An engine order (EO) is defined as the number of excitation cycles per revolution of the
rotating assembly. The corresponding EO lines f = kQ with k =1,2,3,4 are displayed in the
interaction map as white lines and bring useful insight of the observed interaction phenom-
ena. In particular, highest vibrational levels are expected along these lines once steady state
is reached. In the following, the EO lines are depicted as black dashed lines for the sake of
clarity.

THEORETICAL BACKGROUND

The proper analysis of the conducted time-marching contact simulations carried out in the
remainder require a few key notions that are summarized in this section. The solution method
is not recalled and the reader may refer to [3] for details.

Cyclic symmetry

The rotating bladed-disk assembly is perfectly tuned and is thus said to be cyclic symmet-
ric. Such structures exhibit block-circulant mass M and stiffness K matrices in cylindrical

coordinates:
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where the blocks S and C are associated to a sector and to the coupling terms between two
sectors, respectively. The number of rows in Eq. (1) reflects the number of sectors N. Block
circulant matrices shall be block-diagonalized through a proper Fourier transform F [9]:
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Accordingly, the study of cyclic symmetric structures may be conducted as [%J +1 uncoupled
problems. Each block B; refers to a spatial harmonic of the structure, also named nodal



diameter and denoted ng, in the following [9]. For instance, in the case study considered
below, the impeller possesses N = 10 sectors and hence N, = 6 distinct spatial harmonics B;,
i =0,...,5. The terminology nodal diameter is here preferred to spatial harmonicin order to
avoid possible confusion with time harmonics defined below. For a detailed discussion on
cyclic symmetry and nodal diameters, see [10].

The free vibration modes of a cyclic symmetric structure are clustered in modal fami-
lies [9]. Each modal family of N modes refers to a specific type of vibration of the blades
(bending, torsion, disk modes...) across all possible nodal diameters: the first single mode
with ng4 =0 is a stationary wave while the higher modes come as orthogonal pairs involving
ng =1to ng =Nj — 2 nodal diameters that can be combined into travelling waves. For an
even number of sectors, the last mode features n4; = Nj, — 1 nodal diameters will appear as
a single stationary mode for a even number of sectors, or as a dual mode if the number of
sectors is odd.

Resonance of a system with contact

Due to unilateral contact, the system is nonlinear and nonsmooth. In addition to funda-
mental harmonic resonances that usually characterize linear systems, nonlinear systems are
known to feature sub- and super-harmonic resonances as explained in [11] for a single-DOF
system. A wide body of work is available concerning the sub-harmonic resonances oscilla-
tors with impact [12, 13, 14]. Recent references may also be found dealing with the identifi-
cation of sub-harmonic resonances in a large variety of industrial applications [15]. Yet, in
the framework of nonlinear nonsmooth cyclic symmetric contact problems, sub- and super-
harmonics are not understood very well. Sub- and super-harmonic resonances are generally
defined as follows:

1. A super-harmonic response of order # is a periodic solution having the same period as
that of the external excitation w featuring a significant Fourier component for f = nw.

2. A sub-harmonic means a periodic solution having the same period as that of the ex-
ternal excitation  featuring a significant Fourier component for f = %w with n and p
integers and p > n.

Aliasing effect

The aliasing effect is well known for forced response problems in turbomachinery aeroe-
lasticity. Due to the finite number of blades and hence possible nodal diameters, high EO
excitations respond on spatial aliases on the rotor. For a generalized linear forcing, e.g. due
to upstream flow perturbation from the flow coming off of a vane stage, the relationship
follows (3). A graphic representation is depicted in Fig.4 for the previously mentioned indus-
trial application. If for example three vanes are positioned upstream of the impeller, three
equally distributed flow disturbances are encountered by each blade during one revolution.
Assuming the flow disturbance can be modeled as a simple harmonic spatial excitation, it is
to be considered of EO=3. The response will therefore follow a nn; = 3 pattern. Generally, the
forcing contains a fundamental harmonic as well as higher harmonics, e.g. the forcing can
be modeled by a finite Fourier series. The first harmonic of the aforementioned flow distur-
bance pattern, corresponds to a EO=6 excitation (i.e. twice of the fundamental excitation).
Due to the limited number of nodal diameters, the EO=6 excitation responds in a ng = 4
pattern on the bladed disk.

The same assumptions hold for the excitation of the bladed disk due to casing deforma-
tion initiated contact interactions. For a 3-lobe casing deformation (N; = 3) the dominant
contact pattern is along EO=3, and hence the response is dominant on n, = 3, see (—) in
Fig. 4. Due to the nonlinearity of contact, the excitation will also feature higher EO content.
Higher spatial harmonics of E0O=6,9,12,... will respond on their spatial aliases n4y =4,1,2,...,
see (- - - ) in Fig. 4.



nodal diameter (ng)

0\\ |
01 2 3 45 6 7 8 9 10111213
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The same way the Nyquist frequency determines the maximal measurable temporal frequency
to be half of the sampling frequency, which is here a spatial sampling frequency, the number
of sectors on the bladed disk determines the highest nodal diameter that can respond. Visu-
alizing the aliasing effect, one may consider the function cos(78) for 6 € [0;2n] in Fig. 6.
The 10 blades are evenly spaced and are represented by the discrete dots (0) located at
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Figure 6 — ALIASING EFFECT.

6 =2km/10, k =1,...,10. As illustrated, cos(70) is regarded by the set of blades as the func-
tion cos(30). This physically means that a non negligible peak of resonance observed along
EO 7 corresponds to a 3 nodal-diameter free vibration mode.

Figure 5, depicts two casing deformations and expected response EO, that are subse-
quently applied on the casing surrounding the impeller in the following section. The two
casings are shown in 5(a) for a two-lobe (——) and three-lobe (——) deformation. Under
linear considerations, the response on the rotor is expected to be on ny; =2 and ng = 3
respectively, throughout the rotational speed range, see Fig. 5(b). Incorporating the non-
linearity due to contact, super- as well as sub-harmonic responses need to be considered.
Figure 5(c) shows the fundamental responses EO (——) and (—) as well as their respective
super-harmonic EO (---) and (- - - ). Analog to the super-harmonic, sub-harmonic EO are
depicted in Fig. 5(d).

CASE STUDY

Note: the term engine order (EO) refers to the harmonics as well as super- and sub-harmonics
of the structural time response spectrum while nodal diameter refers to the spatial harmon-
ics of a cyclic symmetric structure.

Helicopter impeller

The structure of interest is the helicopter engine impeller depicted in Fig. 7. The rotor con-
sists of 10 elementary sectors, each containing one main blade and one splitter blade. To
reduce the computational cost, contact is limited to the main blade tip chord. This assump-
tion is consistent with the fact that the first free vibration modes of the impeller — which
essentially involve the main blade and are also the modes featuring highest levels of strain
energy — have lower eigenfrequencies than the free vibration modes involving the splitter
blade. One contact interface is defined for each main blade through ten equally distributed
nodes along the chord, see (®) in Fig. 7.

Contact configurations

In order to better understand the notions introduced previously, the following two configu-
rations are considered as pictured in Fig. 5(a):

Configuration 1 The casing is deformed along a 2-nodal diameter free vibration mode and
features two symmetric privileged contact areas, N; = 2.

Configuration 2 The casing is deformed along a 3-nodal diameter free vibration mode and
features three symmetric privileged contact areas, N; = 3.
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Figure 7 — HELICOPTER IMPELLER: CONTACT NODES (e), CYCLIC BOUNDARY (- - -).

configuration 1  configuration 2

N, 2 3
Ny, 6 6
N 10 10
0 [2.95;5.45] [2.95;5.45]

Table 1 — SIMULATION PARAMETERS

Other parameters are summarized in Tab. 1. The casing restriction schematically follows
the blade tip curvature as shown in Fig. 8 but the amplitude of the casing deformation is
increased around the trailing edge where contact is thus initiated. In agreement with the
number of lobes on the casing in each configuration, the main responses for both cases
are expected to occur on EO 2 for configuration 1 and EO 3 for configuration 2. Because
the system is highly nonlinear, super and sub-harmonic engine orders are also expected in

agreement with what is depicted in Figs. 5(c) and 5(d).

Results

The results are shown for a wide rotational speed range 2 € [2.95;5.45] for each configuration.
Interaction maps similar to the one in Fig. 3(b) with a higher resolution both in rotational

max

min

Figure 8 — CASING RESTRICTION FOR A 2-LOBE SETUP.



speed and frequency are plotted along with several EO (black dashed lines) in Figs. 9 and 10.

To efficiently post-process the data acquired from the time domain simulations, a two-
dimensional Fourier transform is performed. The first dimension of the Fourier transform
deals with the temporal frequency content of the response of the system, whereas the second
dimension captures the spatial harmonic content of the response. Using this methodology
allows for a clear and efficient analysis of the responding nodal diameters for a given contact
setup, rotational speed and forcing harmonic.

Configuration 1
The interaction map given in Fig. 9(a) stands for the trailing edge of one sector of the im-
peller.

In agreement with the fact that N; =2, the first main response is visible on EO 2 marked
as main EO line in Fig. 9(a). Further even EO lines show large amplitude responses, namely
4th, 6th, 8th, etc. These are super-harmonics of the fundamental excitation frequency. Con-
sistently with the even number of lobes featured by the casing, the bladed disk can only be
solicited an even number of times per revolution which explains that there is no significant
response along odd EO lines. Critical speeds correspond to peaks of amplitude in the fre-
quency maps, as for instance around 2 ~ 5.1 — 5.2. The 2nd, 4th, and 6th EO respond with
large amplitudes pictured as blue circles A-C in Fig. 9(a). Figs. 9(b)-(g) depict the nodal di-
ameter contributions over the considered rotational speed range. These frequency maps dis-
play the global vibratory behaviour of the impeller when the latter is kinematically restricted
to only one of its possible six nodal diameters. In Fig. 9(b)-(g), the aliasing effect is clearly
distinguishable. First, the fundamental EO 2 is only visible in Figs. 9(a) and 9(d), which con-
firms that the impeller response is limited to the 2nd nodal diameter along this specific EO.
Similarly, the second super-harmonic EO 4 responds on the 4th nodal diameter, see Fig. 9(f).
Higher harmonics need to be expressed in space using the aliasing effect. The next harmon-
ics EO 6, EO 8, and EO 10 are respectively found along the 4th (Fig. 9(f)), 2nd (Fig. 9(d)), and
0th (Fig. 9(b)) nodal diameters in agreement with Fig. 4.

Configuration 2

Similarly to the above case the fundamental EO responds dominantly on the 3rd nodal diam-
eter as shown in Fig. 10(a) and 10(e). Next to the fundemental EO, super harmonics of the
excitation are clearly visible along the 6th, 9th, 12th, etc. EO. These EO harmonic respond on
their corresponding aliased nodal diameters as expected.

Noticeably, non-integer EO responses are also visible in the explored rotational speed
range. For example, for Q & 4.8 a major response is present between the 4th and 5th EO (see
blue circles D and E in Fig. 10 (b) and (d)): regarded in terms of nodal diameter contributions,
it cannot be clearly associated to a single nodal diameter, but rather to a combination of n4 =
0, 1 and 2. This suggests a complex non-integer sub- or super-harmonic contact excitation.

CONCLUSION

The existing numerical developments devoted to the numerical prediction of undesired uni-
lateral contact induced blade/casing interactions have been extended to full bladed-disk as-
semblies featuring cyclic symmetry. A wide range of applications may then be foreseen: from
the detection of critical speeds of automotive turbochargers under aerodynamic loads to the
vibratory response of helicopter engine impellers undergoing contact occurrences. Work is
in progress for the detection of critical speeds with both aerodynamical (external forcing)
and structural (contact) considerations.

A detailed methodology for the analysis of nodal diameter contributions, subject to a
forcing frequency with possible sub and super-harmonics is proposed. By systematically
performing two-dimensional Fourier transforms in space and time, the aliasing effect allows
for the expression of the fundamental and super-harmonics of contact excitation as nodal
diameters. Although minor, sub-harmonic responses are predicted for certain rotational
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speeds, that do not comply with the aliasing effect in a straight-forward manner, but are
rather originated by a combination of nodal diameter responses.

Further investigations are required to fully determine the contributions of specific modes
at any given rotational speed. Effects such as frequency clustering may play a dominant role
in the aliasing type response, especially around modal coincidence operating conditions.
The response of the cyclic systems as compared to a single blade type setup is not analo-
gous. While a single blade contact geometry introduces super-harmonic content of a specific
mode shape, the full cyclic system responds on a super-harmonic of the external forcing on
a different nodal diameter, rather than a super-harmonic of the same nodal diameter mode
shape.
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