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Modeling the elastic-plastic behavior of a rotor support structure under a large unbalance: numerical simulations

In this paper, we seek to model the elastic and plastic behavior of a rotor engine under extreme radial load conditions, such as when blade loss occurs. In particular, we focus on the resistance to plastic collapse of the rotor bearing support structure when a large radial force is acting in a circular orbit on the inside of the bearing housing. In our numerical model, we have used a new type of element, labeled Enhanced Assumed Strain (EAS), which presents an improved flexural behavior. This element allows us to keep the advantages of volume elements, while reproducing the good behavior of shells in bending. In a first stage, we have considered simple, hat-shaped geometries, with two different materials: mild steel, and titanium. In a second stage, a numerical model of a real front bearing support structure (FBSS) was studied. Comparison with experimental results from CERES contributed to the validation of the proposed modeling approach.

Introduction

The work presented in this paper is part of a more general effort to develop a transient analysis methodology able to simulate long duration events in structural dynamics, such as the windmilling of a whole engine after a blade loss incident. Several ingredients are necessary to the success of such a methodology: an efficient time integration algorithm for nonlinear structural mechanics, a proper contact management algorithm, and a finite element formulation adapted to the kind of problems which are in focus. In this paper, we emphasize the latter part.

Shell and beam finite elements are traditionally used for the simulation of the mechanical response of thin structures. Indeed these elements are able to properly reproduce the flexural behavior of this kind of structure. But, these elements are not well suited for a detailed description of contact situations, which are also of interest here. On the other hand, 8-node three-dimensional isoparametric elements (standard elements) are widely used in computational mechanics for the modeling of 3D structures, and allow for an easier treatment of contact. However, this type of conventional elements, formulated on a pure displacement basis, suffers from certain drawbacks : locking in bending due to parasitic shear and locking in volume in the limit of material incompressibility. Techniques to improve the performance of the standard element are hence essential. Some of them are selective reduced integration, uniform reduced integration, incompatible bubble modes, assumed strain methods. We will consider here the so-called enhanced assumed strain (EAS) technique proposed first by Simo et al. [START_REF] Simo | Geometrically non-linear enhanced strain mixed methods and the method of incompatible modes[END_REF][START_REF] Simo | Improved versions of assumed enhanced strain tri-linear element for 3D finite deformation problems[END_REF] in the context of the non-linear geometry. This formulation provides a three-dimensional solid element with low order interpolation functions (degree 1), which is free of locking effects in the presence of large elastic-plastic deformations, and also present the important feature of a good coarse-mesh accuracy. This element thus allows to keep the advantages of volume elements, while reproducing the good behavior of shells in bending.

Finite element formulation 2.1 The EAS formulation

Consider a general inelastic solid occupying a domain Ω 0 in its reference configuration. Deformations of the solid are described by deformation mappings x = ϕ(X) : Ω 0 → R 3 . The EAS formulation relies on the enrichment of the gradient of deformation

F F = ∂x ∂X (1) 
by the addition of an enhanced part F enh in each element, such that the total gradient of deformation used in the constitutive model is given by

F tot = F + F enh (2)
To ensure that the formulation is objective (invariant under frame rotations), the enhanced part of the gradient is written as

F enh = F 0 F eas (3) 
where F 0 = F | ξ=0 is the standard gradient of deformation evaluated at the element centroid (ξ being the isoparametric coordinates). The term F eas is defined in the undeformed configuration and is built from a tensor F modes defined in the isoparametric space. A possible choice, proposed by Simo et al. [START_REF] Simo | Improved versions of assumed enhanced strain tri-linear element for 3D finite deformation problems[END_REF], is given by

F eas = detJ 0 detJ J 0 F modes J -1 0 (4) 
where J = ∂X ∂ξ and J 0 = ∂X ∂ξ | ξ=0 . The isoparametric modes tensor can be expressed as a linear superposition of simple basic modes

F modes = N I=1 α I F mode I (5)
The basic modes F mode I must be linearly independent, and they must also span a space not already included in the space spanned by the standard deformation modes (i.e. the different modes must verify an orthogonality condition).

The weak form of the balance equations is then obtained by standard application of the Hu-Washizu-Fraeijs de Veubeke variational principle [START_REF] Simo | A class of mixed assumed strain methods and the method of incompatible modes[END_REF]. The amplitudes α I of the enhanced modes is determined by imposing a condition of orthogonality between the stress field and the enhanced part of the deformation:

Ω 0 P • F enh dV 0 = 0 ( 6 
)
where P is the first Piola-Kirchhoff stress tensor. If one imposes

Ω 0 F eas dV 0 = 0 (7)
the orthogonality condition will be satisfied for at least piecewise constant stress states, yielding a consistent, objective formulation, satisfying the patch-test. Note that the orthogonality conditions defining the mode amplitudes α I are solved locally (element by element), and not by a static condensation approach as proposed in references [START_REF] Simo | A class of mixed assumed strain methods and the method of incompatible modes[END_REF][START_REF] Simo | Geometrically non-linear enhanced strain mixed methods and the method of incompatible modes[END_REF].

3D EAS modes

To avoid volumic locking, we will use the following enhanced modes:

F mode 1 vol =   ξ 0 0 0 0 0 0 0 0   F mode 2 vol =   0 0 0 0 η 0 0 0 0   F mode 3 vol =   0 0 0 0 0 0 0 0 ζ   (8) 
which can be complemented, if necessary, by the following 6 modes:

F mode 4 vol =   ξη 0 0 0 0 0 0 0 0   F mode 5 vol =   0 0 0 0 ηζ 0 0 0 0   F mode 6 vol =   0 0 0 0 0 0 0 0 ζξ   (9) 
F mode 7 vol =   ξζ 0 0 0 0 0 0 0 0   F mode 8 vol =   0 0 0 0 ηξ 0 0 0 0   F mode 9 vol =   0 0 0 0 0 0 0 0 ζη   (10) 
In order to avoid shear locking, we will use the following 6 enhanced modes:

F mode 1 shear =   0 0 0 ξ 0 0 0 0 0   F mode 2 shear =   0 0 0 0 0 0 ξ 0 0   F mode 3 shear =   0 η 0 0 0 0 0 0 0   (11) 
F mode 4 shear =   0 0 0 0 0 0 0 η 0   F mode 5 shear =   0 0 ζ 0 0 0 0 0 0   F mode 6 shear =   0 0 0 0 0 ζ 0 0 0   (12) 
which can be complemented, if necessary, by the following 6 additional modes: 3 Description of the models

F mode 7 shear =   0 0 0 ξζ 0 0 0 0 0   F mode 8 shear =   0 0 0 0 0 0 ξη 0 0   F mode 9 shear =   0 ηζ 0 0 0 0 0 0 0   (13) 

Loading of the specimens

Our numerical simulations focus on the elastic-plastic behavior of steel and titanium specimens submitted to a large rotating load, such as that caused by an unbalance in a jet engine, although we will consider here much slower spin rates. In the framework of the CERES project, an experimental test rig was built at Imperial College to reproduce such loading conditions. In this experimental test rig, the load is applied through two hydraulic jacks attached to a shaft (see illustration on figure 1). This shaft in turn transfers the load to the specimen under investigation by way of a spherical roller bearing. More details on the experimental setup and related results can be found in the companion paper [START_REF] Robb | Experimental validation of elastic-plastic behaviour of a rotor support structure under a large unbalance load[END_REF].

In the numerical model, the load is directly applied through the spherical roller bearing, represented by a rigid surface. This numerical setup is illustrated in figure 2 (for the plain top-hat case). The rigid surface is controlled in displacement, and the loading force is transmitted to the test specimen by a contact algorithm preventing finite element nodes to go through the rigid surface. The forces and displacements at the level of rams can then be computed by simply applying the lever ratio, which was measured to be of 4.9. This model attempts to reproduce as much of the experimental configuration, such as the presence of an initial gap between the loading collar and the test piece. Nonetheless, it was not possible to include other features, such as the rocking motion of the rigid surface due to the precession of the shaft. 

Plain top-hat specimens

A first series of specimen was tested in the pudding stirrer, both to develop confidence in the experimental setup and to do a preliminary study of 'simple' cases. These specimen, referred to as top-hat in the following and presenting the advantage of a plain geometry, were constituted of a flat circular plate with a cylindrical loading collar at the center. The finite element discretization of such a test piece is illustrated at figure 3. Two different designs have been used in the experimental tests, a first one where the central collar is bolted to the flat plate, and a second one where the collar and the plate were welded together. Given the substantial difficulties in modeling a bolted assembly, only the welded design was retained for numerical simulations.

Mild steel and titanium specimens were studied experimentally and numerically. Material properties in the elastic and plastic regimes were identified from traction tests conducted on off-cuts from the sheets used to manufacture the specimens. Resulting stress-strain curves are shown in figure 4. The plastic behavior was 

σ y = σ 0 y + Hǭ p ( 15 
)
where ǭp is the accumulated plastic strain. Values of parameters σ 0 y and H are given for each material in table 1.

Note that no friction was taken into account in modeling the contact between the rigid surface and the deformable test piece, mostly because of the lack of relevant experimental data which could have helped to pick a realistic friction coefficient.

In addition to ram displacements and forces, several probes measured displacements at various points of the test piece, as illustrated in figure 5. Strain gauges were also placed on the flat plate. For more details, see [START_REF] Robb | Experimental validation of elastic-plastic behaviour of a rotor support structure under a large unbalance load[END_REF].

RB199 front bearing support structure (FBSS)

The geometry of the RB199 front bearing support structure (FBSS), and its discretization in finite elements, is described in figure 6. The discretized model comprises 8544 brick elements and 17352 nodes (52056 Table 2: Material properties for FBSS titanium degrees of freedom). The loading is applied through a rigid spherical surface, as explained above, and the bottom outer rim is completely fixed, thus reproducing experimental conditions. The material is modeled as elasto-plastic, without hardening, with the properties listed in table 2. Note that these properties were taken from material handbooks, since the actual properties for the RB199 titanium were not available.

Simulation results

Mild steel top-hat specimen

A first numerical simulation was performed with a mild steel specimen. The resulting simulated ram displacements and forces are shown in figure 7, together with corresponding experimental results. Since the experimental data was only recorded after 3-4 cycles, no information is available for the very first cycles. As shown by experimental data, ram forces quickly come to saturation. This marks the presence of an important level of plasticity, which is confirmed by numerical simulation: the maximal equivalent plastic strain reaches a value of 30% at the end of the test. This important plastic deformation can also be observed on the pictures of the specimen after removal of the loading apparatus, shown in the companion paper [START_REF] Robb | Experimental validation of elastic-plastic behaviour of a rotor support structure under a large unbalance load[END_REF]. It also appears in this picture that the loading collar on the plate has been forced axially downwards. This significant downward movement makes it difficult to conduct a detailed comparison between experimental results and numerical simulation in this case.

Titanium top-hat specimen

Titanium having a much higher yield limit than steel, deformations are more limited, and the difficulties alluded above are less marked in this case. The resulting simulated ram displacements and forces are shown in figure 8, together with corresponding experimental results. In the ram forces plot, one can easily see that an offset is progressively building up. This offset at higher loads was traced to the loosening of the adaptor plate bolts. In the subsequent FBSS experimental tests, the adaptor plate was welded to the bed plate to avoid this effect. Since the deformations of the titanium plate were more limited than those of the steel plate, it was also possible in this case to compare some displacements, measured by the probes located as illustrated in figure 5. For example, vertical displacements measured at locations 3 and 4 are illustrated on figure 9. This figure shows a reasonable agreement between experimental and numerical results, until the point where the probes ceased to function because they reached their maximal range.

Looking at the final map of equivalent plastic strain, shown in figure 10, one clearly see a localized zone of intense plastic deformation (of the order of 5%). This plastic zone is located right at the bottom of the central collar, but is entirely inside the weld ring. This corresponds to the observed failure mode of the welded titanium plate, i.e. a crack just along the hub outer radius.

If one looks in more detail at the evolution of strains at a particular location, such as in the plastic localization zone (figure 11), a reasonable agreement is found. A discrepancy builds up at larger strains/loads, maybe because of the vertical downwards motion of the central collar becomes more significant.

Front bearing support structure

In a preliminary simulation, the FBSS was loaded radially up to 400kN (roughly 80kN at the rams). This load case results in several regions of concentrated plastic strains over the central plate, as illustrated in figure 12. When the load rotates, these plastic zones will spread and form rings, as shown in figure 13 (note that this last result is for a load applied on the other side of the FBSS). The experimental tests confirmed that most of the deformation occurred in the central plates. The test was stopped when small cracks formed around small holes in the bearing support. This kind of fine geometrical detail was not included in the numerical model, and thus, this failure was logically not predicted by the simulation. Nonetheless, permanent plastic deformations were measured in the plate (see [START_REF] Robb | Experimental validation of elastic-plastic behaviour of a rotor support structure under a large unbalance load[END_REF]), and experimental records suggest some buckling occurred there. The location of this plastic zone is in good agreement with one of the plastic zones appearing in figure 12.

Conclusions

This paper summarizes our recent efforts towards a better numerical modeling of the elastic and plastic behavior of a rotor engine under extreme radial load conditions, work realized in the framework of the CERES project. For this purpose we have implemented a new type of element, labeled Enhanced Assumed Strain (EAS), presenting an improved flexural behavior, and thus allowing to preserve the advantages of volume elements, while reproducing the good behavior of shells in bending. This EAS formulation was used in numerical simulations of several experimental tests, involving stator or stator-like components under rotating loads. Although not all experimental conditions could be reproduced (most notably the downwards motion of the central load bearing part of the test specimens), a fair agreement between numerical and experimental results could be observed in many cases. Comparisons were made not only on global measurements, such as ram displacements and forces, but also on local measurements, including displacements and strains. Still, it is clear that in order to fully capture the behavior of the Front Bearing Support Structure by numerical simulation, a better characterization of both the material properties of the specimen and of the friction coefficient between the spherical bearing and the test piece would be needed.
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 4 Figure 4: Stress-strain curves from tensile tests mild steel titanium σ 0 y [MPa] 240 890 H [MPa] 1009.2 1511.2
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 5 Figure 5: Location of displacement probes on top-hat specimen
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 6 Figure 6: Finite Element model of the FBSS Young's modulus E Poisson's ratio ν yield stress σ y 115 GPa 0.32 1250 MPa
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 7410 Figure 7: Ram displacements and forces for mild steel specimen
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 11 Figure 11: Radial strain evolution in the plastic localization band

  

  

Table 1 :

 1 Plastic properties identified from tensile tests approximated by linear hardening, resulting in a yield stress given by
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