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NUMERICAL ANALYSIS OF THE IMPACT OF THE MANUFACTURING ERRORS ON THE STRUCTURAL STIFFNESS OF FOIL BEARINGS

The dynamic characteristics of foil bearings operating at high rotation speeds depend very much on the mechanical characteristics of the foil structure. For this reason, the stiffness and damping of the structure of foil bearings is a problem that focused many analyses. The mechanical characteristics of the foil structure (top and bump foil) are investigated by using either a simple approach obtained for an isolated bump modeled as a beam or more elaborate ones taking into account the threedimensional nature of the bumps and their mutual interactions. These two kinds of models give different foil structure stiffness, with lower values for the simplified model. However, the published experimental results of the foil bearing structure tend to validate the simplified model. The present paper explains the differences between the simplified and the elaborate models by taking into account the manufacturing errors of the foil structure.

A three-dimensional model based on the non-linear theory of elasticity was developed. The model offers a unique insight of the way the bearing structure deforms when the rotor is incrementally pushed into the foil structure. Three realistic manufacturing errors, the bump height, the bump length and the radius of the bump foil are analyzed. The bump height and the length vary following a normal distribution with a given standard deviation while the radius of the bump foil is given a waviness form with an imposed peak-to-peak amplitude. Three to five cases were calculated for each kind of error. The results show that only the manufacturing errors of the bump height affect the stiffness of the foil structure by diminishing its values. Height errors of 20 µm standard deviation (4% of the average bump height and 60% of the radial clearance) may induce a 40-50% reduction of the stiffness of the foil structure, i.e. in the range of the predictions of the simplified model.

INTRODUCTION

The stiffness and damping of the foil structure are the capital mechanical characteristics of the foil bearings. Therefore, they received an increased attention since the emergence of this technology. This is a complex structural problem because the foils, that are originally very compliant, are given a complex shape for creating a series of interacting springs, i.e. the bumps.

Traditionally, the structure of foil bearings is made of corrugated foils carrying bumps and of one or several smooth top foils. The top foil collects the pressures engendered by the rotor speed into the very thin gas film but, by itself, has an almost negligible bending stiffness. Its bottom part is in contact with the bumps that represent a succession of interacting, parallel springs. The force acting on the top foil compresses the bumps. However, given their form, the compressed bumps will deform not only vertically and but also laterally by increasing their length. The bumps are not independent; the modification of the length of one bump will influence also the rest of the bumps belonging to the same foil. Friction forces between the bump and the top foil and between the bump and the sleeve accompany the lateral displacement of the bump. These friction forces are the main source of the damping of foil bearings. However, the bumps belonging to the same foil do not engender the same friction forces; they are compressed by different forces and have different lateral displacements. Stick-slip effects are also characteristic to these complex structures. This short description gives an idea of the complex task of describing the stiffness and damping of such of a structure. The present piece of work is focused only on the stiffness of the structure and of the way it is affected by manufacturing errors.

The simplest foil structure models considered the bumps as isolated springs. Their stiffness was calculated by using traditional methods as Bresse equations or Castigliano's method for circular beams with a thin plate correction [ 1-3 ]. Subsequently friction was included in the simplified bump model [ 4 ]. In these models, friction intervenes as a force opposing the compression of the isolated bump and therefore has always the same direction. The stiffness of the bumps is considered as being uniformly distributed over the whole foil and the bearing structure is modeled as Winkler foundation. These models are intensively used due to their simplicity and for the computational comfort they bring despite the fact they discard the obvious interactions between bumps [5][6][7][8].

The static load-deflection tests of the foil bearing structure reported in the literature tend to validate the simplified model [5][6][7][8]. The tests were performed by gradually pushing the rotor against the foil structure toward positive/negative x/y direction (Figure 1). The structure stiffness is obtained by deriving the measured static forces versus the measured static displacement.

Models that are more complex take into account the interactions between the bumps. Ku and Heshmat adapted the previous simplified model for taking into account the interaction between bumps [ 9 ]. In this model, the lateral displacements of a bump are coupled with its compression and with the displacements of its neighbors. Stick-slip effects due to friction between the bumps and the top foil and between the bumps and the bearing sleeve are also taken into account. The model was validated against experimental data [ 10 ] obtained for a compressed flat bump foil.

Le Lez and Arghir introduced a model based on the approximation of the bumps by a net of springs that mimic the deformation and the mutual interactions of the bumps [ 11,12 ]. The friction with the top foil and with the sleeve is taken into account by using a regularization approach. The model was validated against non-linear elasticity calculations made with a commercial code for a flat foil structure made of 10 bumps and showed larger stiffness than the simplified approaches.

Other authors proposed models for the foil structure similar to [ 11 ] by simplifying the spring structure and by using a different approach for the Coulomb friction force [ 13,14 ]. They made the same comparisons as in references [ 11 ] and [ 12 ] and confirmed that the stiffness is larger than predicted by simplified models.

Models based on the full finite element model of the foil structure were also published. Carpino and Talmage [START_REF] Carpino | A Fully Coupled Finite Element Formulation for Elastically Supported Foil Bearing Journal Bearings[END_REF][START_REF] Carpino | Prediction of Rotor Dynamic Coefficients in Gas Lubricated Foil Journal Bearings with Corrugated Sub-Foil[END_REF] introduced a coupled finite element model for the thin film flow and for the foil structure which included the shell bending of the top foil. However, the model was never benchmarked with experimental data.

Lars and Santos introduced a finite element model of the structure that enabled the investigation of geometrical and friction force non-linearity. The model and its confrontation with experimental results is presented in [START_REF] Larsen | Numerical and experimental investigation of bump foil mechanical behavior[END_REF] and detailed in [START_REF] Larsen | Nonlinear Analysis of Rotors Supported by Air Foil Journal Bearings -Theory & Experiments[END_REF]. This model also predicted stiffness values larger than simplified models.

Figure 1 Cut view of a generation 1 foil bearing

These differences between the stiffness predicted by complex and simplified models were repeatedly pointed out [START_REF] Arghir | About the Stiffness of Bumps in Aerodynamic Foil Bearings[END_REF][START_REF] Dellacorte | Design, Fabrication and Performance of Open Source Generation I and II Compliant Hydrodynamic Gas Foil Bearings[END_REF] but no explanation was yet advanced. The goal of the present paper is to advance an explanation of the differences between the results obtained for the foil bearing stiffness with simplified approaches and the predictions of elaborate models.

The key point is taking into account the manufacturing errors of the foil structure. Due to their specific fabrication technology and to the highly elastic material they use [START_REF] Dellacorte | Design, Fabrication and Performance of Open Source Generation I and II Compliant Hydrodynamic Gas Foil Bearings[END_REF], the two components of the foil structure (the top and the bump foil) are much prone to manufacturing errors than other mechanical components. However, up to now this problem has not been considered. The present work takes into account three of the possible manufacturing errors: the height of the bumps, their length and the contact radius between the bumps and the sleeve and between the bumps and the top foil. It is considered that the height and the length of the bumps are affected by normal distributed errors of given standard deviation while the contact radius is affected by a waviness error of decreasing amplitude.

The analyzed bearing is depicted in Figure 1 and belongs to generation 1 of foil bearings. Its geometric and mechanical characteristics are given Table 1 and detailed in Figure 2a.

Table 1. Geometric and mechanical characteristics of

the foil bearing a.

b. Figure 2 Geometric characteristics of the bump (aschematic representation; b-scaled representation)

The analysis is carried out by modeling the foil structure and the sleeve under ABAQUS [ 22 ]. The foils are modeled as shell elements while both the bearing sleeve and the rotor were considered as rigid solids. Figure 2b shows a detail of the finite element model of the foils. The non-linear nature of contacts between the bumps and the sleeve and between the bumps and the top foil is fully taken into account. A very similar model was also used in [START_REF] Zywica | The static performance analysis of the foil bearing structure[END_REF].

In the present work the stiffness of the foil bearing structure is estimated from force-displacements curves obtained by virtually pushing the rotor against the foil structure, exactly as in static load-deflection tests. Only displacements toward negative x direction (Figure 1) are analyzed because the paper is focused on the impact of manufacturing errors. The results show that the stiffness of the foil bearing structure decreases with manufacturing errors and approaches the experimental results reported in the literature. It is also shown that not all of the manufacturing errors have the same impact. or Bresse's relations. However, Figure 3b shows that the free ends boundary conditions allow a rotation of the foil segments that link successive bumps. This is not a realistic situation because it contradicts the periodicity of the bumps. Correct boundary conditions that enforce periodicity should impose a zero rotation of the foil segment joining successive bumps. Such of a model is depicted in Figure 4 and is more realistic than the one depicted in Figure 3b. This remark was previously made in [START_REF] Arghir | About the Stiffness of Bumps in Aerodynamic Foil Bearings[END_REF] where it was shown that the free-free simplified model predicts lower values of the stiffness. Indeed, any limit imposed to the rotation of the two ends would naturally stiffen the bump. The simplified bump model can be used for predicting the stiffness of the foil bearing structure. The foil structure is considered as a compliant bed and its compliance is obtained from the stiffness of a bump divided by the foil area between two successive bumps. Mirroring experimental tests, the rotor is given incremental displacements. Its interference with the foil structure is:

𝛿 𝑖 = 𝑚𝑎𝑥{𝐶 𝑟 [𝜀 𝑥 𝑐𝑜𝑠(𝜃 𝑖 ) + 𝜀 𝑦 𝑠𝑖𝑛(𝜃 𝑖 ) -1], 0} (1) 
This yields the reaction force of the foil structure

𝐹 𝑥 = ∑ 𝐾 𝑠 𝑝𝐿 𝛿 𝑖 𝑐𝑜𝑠(𝜃 𝑖 )𝑆 𝑖 𝑖 , 𝐹 𝑦 = ∑ 𝐾 𝑠 𝑝𝐿 𝛿 𝑖 𝑠𝑖𝑛(𝜃 𝑖 )𝑆 𝑖 𝑖 ( 2 
)
were Ks is the individual bump stiffness stemming from the model depicted in Figure 3 or Figure 4 and its values can be found in [ 4 ] and [START_REF] Arghir | About the Stiffness of Bumps in Aerodynamic Foil Bearings[END_REF].

References [5][6][7][8] presents comparisons between measurements of the foil bearing structural stiffness and predictions stemming from the above presented model. The comparisons are satisfactory to good. However, the authors underline the possible impact of manufacturing errors [ 7 ].

THE FINITE ELEMENTS MODEL

The foil bearing structure is analyzed in its whole by using the nonlinear elasticity code ABAQUS [ 22 ]. The bearing sleeve and the rotor were considered as rigid bodies. The foils are modeled as conventional quadratic shell elements with 3 displacements and 3 rotational degrees of freedom. The material behavior is linear but large-displacement effects are taken into account. The friction between the top foil and the bump foil and between the bump foil and the bearing sleeve is considered. The friction coefficient is constant and equal to 0.1. A frictionless formulation is chosen for the rotor/top foil contact. The top and bump foils are welded on the sleeve at one end, i.e. fixed. In order to simulate static load-deflection tests, a positive/negative 80 µm displacement is incrementally applied to the rotor and the reaction force is calculated. The 80 µm maximum rotor displacement was selected to obtain von Mises stresses in the foils less than 1000 MPa and thus to avoid material plasticization.

Figure 5 shows the variation of the reaction force (i.e. the static load) versus the rotor displacement applied in 4 directions. The results depict the link between the reaction force and the direction of the rotor displacement and the energy dissipation due to friction.

For brevity, only the case of a rotor pushing against the foils at 180° from the welded end will be discussed in the following.

The results obtained when discarding manufacturing errors will be indicated as the reference case. 7 depict the radial and the angular (circumferential) displacements of the bump foil, respectively, for a rotor displacement of 80 µm. The results depicted in Figure 7 (only the regions between bumps are displayed) clearly show that bumps slip in opposite directions relative to the displacement of the rotor and that the slip distance is different from bump to bump.

Figure 8 depicts the displacements of both the top foil and the bump foil at different angular locations. This is a remarkable result because it shows that only a limited number of bumps (10 in this case) support the load. At approximatively 90° before and after the load direction a loose of contact is observed between the top foil and the bump foil. Moreover, not only the number of bumps that support the load is limited, but the number of contacts that generate sliding friction (either bump/top foil or bump/sleeve) is also less than the total number of bumps.

It also interesting to observe in Figure 8 that, near the load direction, the foil segments between successive bumps are bend very much as depicted in Figure 4a. The bending of the foil segments between successive bumps lead to a loose contact in the middle region. However, the successive bump ends remain in contact with the sleeve.

Finite Element versus Simplified Analysis of the Bump Foil Stiffness

A comparison between the FE and the simplified analysis is made in the following. The results are presented for the reference case (a rotor displacement at 180° from the foil fixed end). Rotor displacements are reported from the first point where the resulting force shows a non-zero value. Only the loading cycle is presented.

Figure 9 shows the variation of the load versus rotor displacement for calculations performed with the linear and nonlinear FE model and with the simplified analysis. The FE nonlinear model is the one presented in the previous paragraph. The FE linear model uses the small-displacement theory when computing the deformations of the foils. The differences between the linear and non-linear FE model are not significant1 ; they become noticeable only for rotor displacements larger than 0.2 mm However, the simplified model predicts a significantly lower reaction forces.

Figure 10 depicts the stiffness obtained by fitting the forcedisplacement curves with order four, least square spline functions. 2 The results are in accordance with the previously published analyses that show a lower stiffness stemming from the simplified model compared to elaborate models, including the FE analyses.

However, experimental results given in the literature tend to validate the simplified model results. Moreover, experimental results always show a steadily increasing stiffness with rotor displacement (i.e. a curve with a positive 2 nd order derivative) while Figure 10 depict a stiffness tending to an asymptotic value with a negative 2 nd order derivative. These discrepancies will be explained in the following part by considering the manufacturing errors of the foil structure.

THE INFLUENCE OF MANUFACTURING ERRORS

The top and the bump foils are made of a highly alloyed steel submitted to repeated heat treatments and deformations [START_REF] Dellacorte | Design, Fabrication and Performance of Open Source Generation I and II Compliant Hydrodynamic Gas Foil Bearings[END_REF]. It is then realistic to expect that the manufacturing errors should be larger than for a bearing of the same diameter manufactured in a single part. A foil bearing may have many kinds of manufacturing errors. It is obviously very unlikely that the top foil would have a perfect cylindrical form. The top foil carries then a first class of manufacturing errors. However, the top foil has a very low stiffness compared to the bump foil so its roundness errors should have little impact and should be rapidly eliminated when the rotor is pushed into the foil structure.

The bump foil carries another class of manufacturing errors associated with the shape of the bumps, with the thickness of the foil and with its cylindrical shape. The bumps may have different heights, radius and pitch lengths. The thickness of the foil may also vary after being shaped in the die press. The zones prone to foil thickness variations are those where the deformation are largest, i.e. the junction between the bump and the foil segment.

Figure 11 Description of the bump height errors

In addition, for the same reasons as for the top foil, it is very probable that the bump foil will not be perfectly circular and the inter-bump foil segments will not all be in contact with the sleeve.

The FE model enables the introduction of different manufacturing errors into the foil structure. Only three manufacturing errors will be analyzed in the present work, all related to the bump foil: the height of the bumps, the length of the bumps and the variation of the outer radius of the bump foil.

Bump Height Error

Figure 11 shows a schematic representation of bump height manufacturing errors. It is considered that the height of the bumps is not constant and is affected by a normal distributed error of given standard deviation. The average value of the bump height is its design value. The top foil is modeled to be tangent to the highest bump. Therefore, the radial clearance will be directly affected and the contact between the top foil and the bumps is loosed almost everywhere.

A first set of five cases was computed for a standard deviation error of 10 µm. This represents 2% of the bump height given in Table 1 but 30% of the radial clearance. A random number generator was used for obtaining the heights of the 26 bumps of the structure. Theoretical results

FEM: non-lin FEM: lin Simplified model

Experimental results

Bearing b.

Figure 13 Static load (a) and structural stiffness (b) versus rotor displacement for 20 µm standard deviation of the bump height

The results in terms of static load variation are shown in Figure 12a for rotor displacements measured from the bearing center. Both loading and unloading parts of the curves are depicted. The reference case is the foil structure without manufacturing errors presented in the previous part. The resulting radial clearance of each case is indicated on the figure.

Due to the variations in the radial clearance, the first point with positive reaction force in Figure 12a is different from case to case. Figure 12b depict the structural stiffness of the five cases presented on the previous figure. In order to compare the structural stiffness, the zero of displacement in Figure 12 is rescaled to the first point with a positive reaction force.

Figure 12b shows that a variable height of the bumps can induce a significant reduction of the structural stiffness especially for low values of the rotor displacement.

However, when the rotor displacement is high, the stiffness increases and tends to approach the values of the FE reference case. In addition, for low value of the displacements, the stiffness curves show a convex shape, similar to the experimental results presented in the literature [5][6][7][8].

A second set of five cases were computed with a standard deviation error of 20 µm and the results are depicted in Figure 13a,b. Compared to the previously presented cases, Figure 13b shows a more drastic reduction of the structural stiffness; for example, in cases h1 and h4 the stiffness remains low even for the maximum given rotor displacement. It is to be underlined that for the cases depicted in Figure 13, the radial clearance is drastically reduced and may become even negative (i.e. the centered rotor interferes with the foil structure). Therefore, a small pre-load can be observed close to zero rotor displacement.

Bump Length Error

Figure 14 shows a schematic representation of the bump length errors. It is considered that the bump length is affected by a normal distributed error with and average value given in Table 1. The standard deviation of the bump length error was 40 µm, i.e. 2.25 % of its average value. Three bump foils affected by manufacturing errors were obtained with a random number generator function. The results are depicted in Figure 15a, b and are all very close to the reference case. This manufacturing error does not have a significant impact on the structural stiffness of the bearing structure. Higher values of the standard deviation (up to 100 µm) were tested and the results always showed that the bump length errors do not significantly modify the stiffness values neither the stiffness variation shape.

Bump Foil Outer Radius Error

The cylindrical form of the bump foil may also be affected by manufacturing errors (Figure 16a). These roundness error leads to a variable inner and outer radius of the bump foil and to loose contacts between the bumps and the sleeve and between the bumps and the top foil. This situation is depicted in Figure 16b and can be modeled as a waviness error of decreasing amplitude. Hence, it is considered that the outer radius of the foil bumps follows a variation generated by the equation:

𝐸𝑟𝑟(𝜃) = ∑ 𝑎 𝑖 𝛾 𝑖-1 cos(𝑖𝜃 + 𝜑 𝑖 ) 𝑁 𝑖=1
(3) where 𝑎 𝑖 ∈ [0, 1] et 𝜑 𝑖 ∈ [0, 2𝜋] are two random variables following a uniform distribution and 𝛾 = 0.8 is a coefficient diminishing the high frequency amplitudes; N is arbitrary chosen equal to 3. Therefore, the foil bump outer radius depends on the circumferential direction θ and is generated by:

𝑅 𝑏𝑜_𝑖 (𝜃) = 𝑅 𝑏𝑜 -∆𝑅 𝐸𝑟𝑟(𝜃)-𝑀𝑖𝑛(𝐸𝑟𝑟(𝜃)) 𝑀𝑎𝑥(𝐸𝑟𝑟(𝜃))-𝑀𝑖𝑛(𝐸𝑟𝑟(𝜃)) (4)
where ∆𝑅 is the maximum radius error.

The results depicted on Figure 17a, b were obtained for ∆𝑅 = 25.4 µm (i.e. 5% of the average bump height, h) and are very close to the reference case. This error does not have a significant impact on the structural stiffness of the bearing structure because the foil carrying the bumps has a very low stiffness itself compared to the stiffness of a bump. As for the top foil, the roundness errors of the bump foil are rapidly wiped away when the rotor is pushed into the foil structure.

Combined Bump Height and Bump Foil Radius Errors

Figure 18 depicts the results obtained with the combined effect of bump height and bump foil radius errors. The bump height errors had a standard deviation of 10 µm and the error of the bump foil radius has a peak-to-peak amplitude of 25.4 µm. To be more specific, the first three height errors depicted in Figure 12 were added with the three radius errors described in Figure 17. The results show that the bump height errors are dominant when combined with other benign errors (the stiffness curves depicted in Figure 18b are qualitatively close to the first three curves shown in Figure 12b). An interesting feature for these three cases is the important negative radial clearance, i.e. the interference of the centered rotor with the top foil.

CONCLUSIONS

The present work presented the results of the structural stiffness of a generation 1 foil bearing with manufacturing errors. The results were obtained by using a complex model based on a non-linear elasticity commercial code. The paper is focused on the effect of the manufacturing errors on the stiffness of the foil It was shown that these errors lead to a decrease of the stiffness of the foil structure. This decrease may explain the differences between complex models of the foil structure and simplified approaches validated by experimental approaches.

The results also showed that not all of the manufacturing errors have the same impact. Three manufacturing errors were analyzed (the bump height, its length and the bump foil radius) but only the bump height had a noticeable impact. Other errors might be also important. For example, the errors of the bump foil thickness, ef, were discarded but if taken into account then they may have a tremendous impact because the stiffness is proportional to ef 3 . This means that a 10% error on the foil thickness might induce a 33% error on the stiffness.

The present analysis can be given also another lecture because it links the manufacturing accuracy with the mechanical characteristics of the foil structure. For example, Figure 13 shows that for the analyzed bearing, a 20 µm error of the bump height may lead to a decrease of roughly 40% of the structure stiffness. This is an important piece of information. All the design parameters of a foil bearing carry tolerances (the foil structure, the material properties, the clearance, the preload, etc). The designer will impose the tolerances depending on their impact on the static and dynamic characteristics of the rotorbearing system. The present paper shows only the link between the bump height and the structural stiffness. It is a first step that should be continued by analyzing the impact on other foil bearing characteristics (e.g. the structural loss coefficient). 
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 18 Influence of the combined bump height and bump foil outer radius errors; static load (a) and structural stiffness (b) versus rotor displacement structure.
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