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Abstract: Foil bearings are a variety of slide bearings, imiclr an extra compliant foil set is applied betwgearnal
and bush, in order to improve the selected statitdynamic properties. Bearings of this type arestigated by engineers
and researchers from all over the world since mesays — both from simulation as well as experimgmént of view. Due
to the complexity of construction, the reliable slation models are still being searched for. Thipgr discusses the most
important stages of elaboration of the structurgdprting layer of the foil bearing as well as teswof verification tests.
The main goal of the conducted study was assessmhegliability of the elaborated numerical modelorder to ensure that
in future it could play a role of a reliable resgatool, which could be used for elaboration of tinenerical model of the en-

tire foil bearing.

1. INTRODUCTION

Constant development characterizes field of bearing

systems. In recent years the most dynamic developoam
be observed especially in the field of small-dimens
high-rotational bearing systems for rotors of maekisuch
as: micro-turbines, turbo-compressors or turbo-papes.
One of the relatively new approaches is the foirbey
technology (Agrawal, 1997; Rubio and San Ander€)620
Heshmat et al., 1983; Ku and Heshmat, 1992). Bgsrin
of this type, thanks to the application of the ctieng foil
set (Fig. 1), exhibit a number of advantages coegbar
to the classic bearing methods. First of all, te®mgetry
of the lubricating gap in the bearing alters wille tactual
working conditions of the system. Thanks to thehhadpili-

ty to damp vibrations, foil bearings exhibit aniibration
properties. It is especially important in case ightrotatio-
nal speeds, when high dynamic loads occur andytters
operates on the stability limit. Additionally, asyéoil be-
arings may operate under very high temperaturesn ep
to 700°C, which makes them irreplaceable in sonpdicp
tions.
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Fig. 1. Basic parts of a foil bearing

The characteristic property of foil bearings is raai
versatility of specific construction solutions. Asresult,

each foil bearing has to be designed and constiucte

for a particular machine, considering the followjpgyame-

ters: static and dynamic load, range of operaticpaleds,
temperature of operation, type of a lubricating medetc.
Due to this reason, new methods enabling the dodesi-
gn of foil bearings, which do not require the time-
consuming and costly experiments, are still undeestiga-
tion. Numerical models may become very useful iis th
range, since they enable the determination of ptigse
of new construction solutions, prior to their reation.
The basic difficulty while modelling and performirsgmu-
lation analysis is connected with the reliabilifytioe results
that are obtained. This applies particularly ineca§ com-
plex mechanical systems, such as foil bearings.falk@aw-
ing needs to be considered when such bearings ate m
elled: nonlinear deformation of a compliant foilt,sbow

of the medium in a deformed lubricating gap as veall
contact and heat phenomena. Although those aspeets
thoroughly described in literature (Rubio and Sardéys,
2006; Ku and Heshmat, 1992; Braun et al., 1996el$al
and heshmat, 2000; Lee et al., 2004; &Ski et al., 2008;
San Anders and Kim, 2008, 2009; Kim and park, 2009)
the credible and tested solutions are still missifigs pa-
per also focuses on the topic of modelling and yeisl
of foil bearings.

The research aimed at development of the simulation
model of foil bearings are conducted also in th&MF
PASci. in Gdansk since couple of years. So farestiga-
tion focused mainly on the analysis of the progsrti
of a foil set fragment, rolled on a flat surfaceiqski
et al., 2008;Zywica, 2008). Currently conducted research
works concentrate on the analysis of the propedfethe
whole foil set without any geometrical simplificatis and
are aimed to elaborate the complete model of tilebés
aring, including both the structural as well asmMlsuppor-
ting layer. In this paper the following stages eEearch
works dealing with the foil bearing model developme
such as elaboration of the FEM model of the stmattu
supporting layer of the foil bearing and validatiests, are
discussed.
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2. NUMERICAL MODEL
OF THE FOIL BEARING STRUCTURE

2.1. Model geometry

The complex geometry of the model of the structural
supporting layer of the foil bearing was elaborabgdme-
ans of the Autodesk Inventor 2011 software. Thaokihe
wide range of software capabilities in terms of elbdg,
a parametric model was developed, which enablesick q
alteration of selected geometric parameters ofbéwing.
Due to the low computational efficiency, which sacacte-
ristic for 3D models, the investigation under cdesation
was based on the simplified, 2D geometry of thé lier
aring. Such a model fully reproduced the geomefrihe
investigated bearing in the plane perpendiculah&orota-
tion axis, however the changes in shape along ttthvof
the bearing were not considered. By means of sunbdel
it was thus possible to imitate the structural swppg
layer of the foil bearing of 1st and 2nd generation

Basic dimensions of the investigated bearing were s
lected basing on the literature data (Rubio and Aafers,
2006), which approach enables the comparison afitha-
lation results with results of experiments obtaitgdother
researchers. The selected dimensions and paranéties
foil bearing are presented in Tab. 1.

Tab. 1. Nominal dimensions, parameters
and material specifications of the fwglaring

No Dimension/Par ameter Value

1 | Inner diameter 38.17 mm
2 | Bearing length 38.10 mm
3 | Nominal journal diameter 38.10 mm
4 | Nominal radial clearance 0.035 mm
5 | Number of bumps 25

6 | Bump pitch 4.57 mm
7 | Bump length 4.06 mm
8 | Bump height 0.38 mm
9 | Bump and top foil thickness 0.1 mm
10 | Poisson’s ratio 0.29

11 | Young’'s modulus 2.110" Pa

Bump foil of the real bearing, based on which ttedel
was created, consisted of five foil sectors ofsame type,
distributed evenly around the circumference of biush.
The total number of bump foil convexities amounted
to 25 around the whole circumference. Additionadlyery
sector of the bump foil in the real bearing comsisbf four
narrow metal plates of the same type, distributeenky
along the bearing width. The division of the bunwl f
sectors into four smaller foils was not imitatedhe model
due to its 2D character. Due to the fact that jalrn
and bush of the foil bearing are elements charaeir
with significantly higher stiffness than top andniqu foil,
both journal and bush were treated as rigid bodiging
the investigation.
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2.2. Numerical model and boundary conditions

Numerical model was elaborated in ABAQUS CAE
software, version 6.10. Simulation was planned imaaner
enabling imitation of the conditions of the expegimh con-
ducted by the American researchers, during theysisal
(Rubio and San Anders, 2006). During the simulation
the journal of the bearing under investigation waeded
with a static force with maximum value of 224 N.
The value of the force was increasing in a lineanner
with time of analysis, and it reached its maximuifteral
second. One end of the top foil and one end ofbilmap
foil were fixed to the bush surface. Displacemesftdree
fragments of foil were limited by the surfaces otijnal
and bush, between which a contact was modelledy wit
a friction coefficient equal to 0.1. The journaltbé bearing
could be displaced only in a vertical directiong@cling
to the force direction) in the surface perpendicula
to theaxis of the journal. The described system is presken
in the Fig. 2.

Fixing

Fig. 2. FEM model with fixing and load

Fig. 2 depicts also discretisation of the model.delo
consisted of 9778 degrees of freedom by total. Ridef
elements marked as CPE4RH were used. These were
a four-nod elements with linear shape functions amd
duced integration. Elements of this type are deditdor
analysis of deformations. Deformations of journad &ush
were not considered during the investigation, sittoey
were treated as rigid elements. Properties of cactadn
materials used during calculations are given in. Tlab

Selection of particular finite elements as wellasplied
means of discretisation of the bearing were pretede
by thorough investigation. Based on that, the optim
parameters of the FEM mesh were chosen for theystud
presented in this paper, enabling the achievemieakact
results within the shortest possible time of arialys

3. VERIFICATION TESTS

As a verification of the numerical model, the reésul
of the computational analysis were compared with rig
sults of the experiments. The procedure of vetificawas



divided into two stages. In the first stage of fieaition the
stiffness characteristics of the system, obtainmdstatic
load, were compared. The team conducting experahent
study noticed, that the size of the nominal cleegan
has a strong influence on the stiffness of the lf@iring
(Rubio and San Anders, 2006). Because of thatithals-
tion study, similarly to the experiment, was cortédcfor
bearings with three different sizes of the nomuiahrance.
The variable size of the clearance was obtainedlteya-
tion of the journal diameter, which was equal te tbllow-
ing values: 38,07, 38,10, 38,13 mm. Thanks to¢hanges,
the nominal radial clearance with values equal @50
0,035, 0,02 mm was obtained. One needs to notmegth
that the value of the nominal radial clearancehe foil
bearing stems mainly from the design assumptions.
The dimensions of the real bearing, due to thecditfes in
its actual construction, differ slightly from theesign as-
sumptions. This results mainly from the limitatioothe
technology of production of top and bump foil, whidoes
not allow for preparation of these elements with #s-
sumed precision of pm. Foils used for construction of the
structural supporting layer are elastic elements] neir
assembling is most often achieved with a certaitialn
tension. Due to all this, the achievement of theedisional
accuracy over the entire circumference and lendtthe
bearing is practically unrealizable. Therefore, thigen
value of the nominal clearance for foil bearing lishwee
treated as an approximate value.

The below figures (Fig. 3-5) exhibit the comparison
of the results of computer-aided simulations widsults
of the experiments presented in paper (Rubio amd/a
ders, 2006). The characteristic feature of theesgstinder
investigation was a small initial stiffness, whialas a re-
sult of the incidence of clearance. When clearanes
eliminated, the system under investigation waseasing
its stiffness, and its characteristic in the inigeged range
of loads was close to the linear one. The abovenuemnts
are related to the three bearings with journalslitierent
diameter. In case of the bearing with journal & Higgest
diameter, no clear area with incidence of clearawes
noticed in the results of the experiment, whatifiest the
formerly described difficulties with achievement die
dimensional accuracy of top and bump foils.

The compatibility of results from simulations ang- e
periments was compared for each of the investighésa-
ings separately. The highest compatibility of reswas
obtained for the system with the lowest cleararoethe
range of load above 50 N one could observe overlap
of simulation and experimental characteristics. taer
incompatibilities occurring for lower loads candsglained
by some inaccuracy in realization of the foil setjch was
the cause of the loss of clearance in a real bgahincase
of two other bearings, with journal diameter of B8,
and 38,10 mm, the compatibility of the characterist
was lower. In these two cases, model representerefults
of the measurements with low load in a satisfactogn-
ner, with respect to the elimination of the radildarance,
which this time revealed itself also at the testirg.
At higher values of load, the differences betweesults
of displacements determined by calculations andemxp
ments reached ca. 20%. It should be however notited
in each of the cases under consideration, the suteter-
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mined by simulations and experiments, after elitidma
of the clearance in the bearing, exhibited a cloakie
of the inclination angle.
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Fig. 3. Foil bearing structure deflection versus statialloa
(nominal clearance 0,05 mm)
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Fig. 4. Foil bearing structure deflection versus staticlloa
(nominal clearance 0,035 mm)
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Fig. 5. Foil bearing structure deflection versus static
load (nominal clearance 0,02 mm)

In the second stage of verification, in order tdtdre
identify the model of structural supporting layértioe foil
bearing, investigation enabling the assessmerteofitodel
in terms of energy dissipation during the loading
and unloading processes was conducted. In the modelr
investigation the dissipation of energy occurrecaagsult
of the sliding friction between cooperating elenseot the
bearing. For the purpose of the comparison of tleleh
characteristics with results of the research phbtis
in already mentioned article (Rubio and San And2066),
only procedure of the loading of the system was ifremt
in a previously developed model. During the firstend
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of the analysis the system was loaded linearly witlorce
of maximal value of 224N, and in the second of gsial
this force was decreasing linearly to 0. Comparigbtthe
obtained characteristics is shown in figure 6. Fivestiga-
tion under consideration was realized only for liearing
of journal diameter equal to 38,10 mm.
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Fig. 6. Foil bearing structure deflection versus statialing
and unloading

The characteristics shown in Fig. 6 confirms thghhi
compatibility of the developed model. A very highnsis-
tency of characteristics during the process of shstem
loading was obtained. Slightly worse matching oérae-
teristics was obtained during the unloading of slystem.
The results of simulations showed, that duringdbereas-
ing load, the values of journal displacement cqroesling
to the same values of the force were higher thanase
of the loading process. It was consistent with tesults
of the experiments and was connected with theidrict
phenomenon occurring during the journal displacemen
inside the bearing. As a result of the dissipatidnpart
o the energy supplied to the system so-called resite
loop was created. The surface area of the hystelesp
obtained as a result of experiments was slightihéi than
the one obtained as a result of calculations, wiih be
explained by the fact that some simplificationgtef model
were assumed, such as: omission of the interneticni
or two-dimensional character. Due to the fact, that me-
chanical system under investigation was very cory@ed
apart from deformation of elements with complex gee
try, the contact phenomena occurred as well - it ba
stated that the obtained results are satisfactory.

4. SUMMARY AND CONCLUSIONS

This paper discusses the results of verificatiostste
of the numerical model of the structural supportlager
of the foil bearing. The developed model was vedfi
in two stages in terms of the static loads. Thelte®f the
investigation confirmed the validity of assumptiomade
while developing the model. Because the developedein
can be treated as reliable, it can be used asyaugaful
research tool and will be applied for investigatiohthe
influences of selected parameters on the staticactexis-
tics of the foil bearing structure. Soon the modatbler
consideration will be also tested in terms of dyitalmads,
which will be the topic of the following publicatis.
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Finally, the comprehensively tested FEM model @& th
foil bearing structure, after connection with awflanodel
developed in parallel, will be applied for develogrh
of the simulation model of the whole foil bearing.
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