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Abstract

A rod-fastened rotor is generally comprised of a series of discs clamped
together by several tie rods uniformly distributed on the pitch circle diameter.
The contact states of the contact interfaces clearly depend on the pre-tightening
forces during the assembly process and additional operational loads. It turns
out that jointed structures are inherently afflicted with uncertainties. For
reasons of simplification, contacts are often replaced by multi-point constraints
in the beginning of a finite element study. However, this approach
overestimates the size of the corresponding glued areas and yields a
comparatively stiff system behavior.

In this study, a two-step approach is established to cope with these
uncertainties. The first step is a contact analysis which considers the different
loads of the mounting situation and final operating conditions. Based on the
results from the previous contact analysis, only active contacts are replaced by
linear multipoint constraints. Moreover, a different treatment of normal and
tangential directions of frictional contacts is available in order to mimic a
realistic behaviour.

The second step comprises of three different analysis procedures. A static
procedure is used to establish additional matrices due to rotation. Herein, the
influence of the pre-stressed rods on the geometric stiffness matrix is
neglected. The cyclic symmetric structure of the underlying rod-fastened rotor
requires a treatment in the co-rotating reference system, where the geometric
and centrifugal stiffness matrices are considered to compute the real mode
shapes. Afterwards, the system is projected onto its modal subspace in order to
compute the complex eigenfrequencies of the reduced-order model for a wide
variety of rotational speeds.

An example similar to the literature is used to demonstrate the procedure using
the commercial finite element package PERMAS. A comparison between the
eigenfrequencies of a classically tied assembly and the new approach illustrates
the paramount importance of an appropriate modeling of interfaces in jointed
structures.
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1. Introduction

An area of increasing importance over recent years has been the consideration
of pre-stress effects on the dynamic behaviour of structures such as laminated
rotors [6] and tie-rod/tie-bolt rotors [5,10,23]. Three different finite element
beam models for laminated rotor cores in electrical machines are analysed and
validated by comparing the first non-rotating natural frequencies under free-
free support conditions with experimental results of a modal analysis for nine
different rotors in [Santos2013]. Spindles are the most important components
of machine tools. The influence of the press fit on the dynamic behaviour of a
rotor shaft assembly is discussed in [1, 2]. Interference fits can be calculated in
two different ways in PERMAS; by a contact analysis and a newly developed
method, where a permanent coupling is used. Dynamic characteristics of joints
in aero-engine rotor systems are analysed in [13]. The steady-state thermo-
mechanical analysis of a four-disc rod fastened turbine rotor is examined in
[25].A rod-fastening rotor supported by ball bearings is discussed in [18]. The
identification of constitutive properties of a laminated rotor at rest are
investigated in [7, 8]. Centrifugal effects on a prestressed laminated rotor are
analyzed in [9]. Uncertainties in rotor dynamic analyses are mentioned in [17].
The effect of core stiffness on critical speeds is studied in [14]. Beam finite
element models [7, 8, 12, 17, 24] are used in almost all of the early
publications, whereas nowadays solid elements are used in [3, 11, 20, 21, 22]
and the current study. Bolted rotors with curvic couplings are analysed under
various viewpoints, such as stress distribution, contact status, and tightening
method to achieve a uniform clamp force in a series of papers [20, 21, 22].

2. Example

The finite element model (Fig. 1) of the rod-fastened rotor is based on a recent
example used in [3]. It consists of six discs, an after shaft, a forward shaft and
twelve 12 tie rods which are uniformly distributed on the pitch circle diameter.
The rotor is elastically supported by two isotropic bearings at both ends of the
shaft. However, the elastic bearings are replaced by fixed supports in the
numerical studies, for simplicity. The finite element model consists of 206940
hexahedral, 25224 pentahedral elements and 297179 nodes. 23 contacts and 12
pretension definitions are contained in the model. A constant friction
coefficient u=0.1 is used.
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Figure 1:  Finite element model of the rod-fastened rotor.

Several surface to surfnode contacts are defined between consecutive discs and
support discs. A uniform pre-tightening force is applied to all tie rods. The first
step is a static analysis. Contact and pretension definitions are supported by
own wizards in VisPER (Visual PERMAS) [27]. Possible rigid body modes of
the rod-fastened rotor assembly are detected by the so-called RBM assistant.
As soon as the definition of contacts is complete, the RBM assistant may be
used to define an elastic support of the contact bodies. In order to perform a
subsequent modal analysis of the rotor, the contacts have to be linearized by
using general multipoint constraints. Based on the results from the previous
contact analysis, only active contacts are automatically replaced by linear
multipoint constraints. Moreover, a different treatment of normal and
tangential directions of frictional contacts is available in order to mimic a
realistic behaviour. A further kind of fuzziness can be introduced here by using
the current contact pressure value. Once the actual contact pressure exceeds a
certain threshold a multipoint constraint is introduced. On that basis, a modal
analysis is performed to compute the eigenfrequencies of the rotor at standstill.
The influence of varying pretightening forces (10, 40 and 80 kN) on the real
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eigenfrequencies of the rod-fastened rotor at standstill is illustrated in Fig. 2.
The 24 local (bending) modes (2-25) are mainly dominated by the 12 tie-rods,
whereas modes 1, 26, 27 and 28 are global modes of the rod-fastened rotor.
Overall it turns out that the local modes are more sensitive to a variation of the
pretension loads if the vertical distance between varicoloured points in the
scatter plot is considered. So called caso files, which contain information of the
contact status can be used in PERMAS to accelerate the contact iteration of
subsequent runs [26, 28].
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Figure 2:  Eigenfrequencies for varying pretension forces.

Unbalanced pretightening forces induced by bolt loosening [11] of a single bolt
or a group of bolts will certainly influence the static and dynamic behavior of
the rotor. In this study, bolt failure is simulated by a low pretension force. Only
a few modes are affected by the simulated bold failure as illustrated in Fig. 3.
A maximum deviation of 12 % is observed. It would be interesting to find out,
if this observation could be confirmed by experimental modal analysis.
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Figure 3:  Eigenfrequency deviation between a rod-fastened rotor with uniform
pretightening force (10 [kN]) versus a system with a local loss of pretension load in one
rod

Secondly, the real eigenfrequencies are computed for a reference rotational
speed taken into account additional matrices due to rotation, i.e. geometric and
centrifugal stiffness. Since the rod-fastened rotor is a cyclic symmetric
structure, we have to use a co-rotating reference system. The contribution of
pretightening forces to the geometric stiffness matrix is neglected in this case.
As a consequence, this means that only inertia loads are applied to the rod-
fastened rotor to compute the geometrical stiffness matrix. Afterwards the real
eigenvectors are used to transform and project the equations of motion into
modal space. The complex eigenvalue problem is repeatedly solved for the
reduced order model for different rotational speeds in consideration of the
Coriolis matrix to obtain the Campbell diagram (Fig. 4) of the underlying
system.
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Figure 4:  Campbell diagram of the rod-fastened rotor
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4. Conclusions

A two-step procedure for the computation of the dynamic behaviour of a rod-
fastened rotor is presented. At the beginning a contact analysis is conducted
under the consideration of pre-tightening loads. The usage of a detailed three-
dimensional solid finite element model ensures a more realistic description of
the contact zones of laminated rotors compared to simplified beam models. The
proposed approach for treating rod-fastened rotors is able to predict the
pretightening effect on the static and dynamic behaviour in the early
development stage. In addition it is worthwile considering how the findings
could be used to optimize prestressed structures.
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