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Highlights

Abstract

* A method for measurement of the temperature and
strain fields in the bearing’s top foil making use
of its specialized version equipped with sensors
of the adequate physical quantities has been pro-
posed.

* A numerical model of a gas foil bearing has been
developed using the Finite Element Method,
which takes into account thermomechanical cou-
plings.

» The obtained results of numerical calculations
have indicated the dominant directions of strains
as well as temperature distribution in the bearing.

Gas foil bearings belong to the group of slide bearings and are used in devices in which op-
eration at high rotational speeds of the shafts are of key importance, e.g., in gas turbines. The
air film developed on the surface of the bearing’s top foil allows this structural component
to be separated from the shaft. This ensures a non-contact operation of the bearing. In the
case of the mentioned type of bearings, their resultant operational properties are influenced
by both thermal and mechanical phenomena. The current work presents a model of a gas foil
bearing developed making use of the Finite Element Method. The model takes into account
thermomechanical couplings which are necessary for the correct simulation of the operation
of physical components of the modeled system. The paper reports the results of numerical
analyzes conducted for the elaborated model as well as the relevant conclusions concerning
thermomechanical couplings present in gas foil bearings. The method for the experimental
identification of the temperature and strain fields in the bearing’s top foil proposed to vali-
date the numerical model is also presented.
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1. Introduction

Most of the machines used in the industry require bearings to sup-
port shafts. It is necessary to support them to provide the capability
of both carrying loads and allowing rotation. The lifespan of the ro-
tating machineries strongly depends on the technical condition and
operating parameters of the used shafts’ bearings. Hence, it should be
noticed that a number of works related to the analysis of maintenance
problems and ensuring the operational reliability of bearings have
been published so far, e.g., [1, 14, 21]. In the work [8], the authors
present a review of algorithms that enable the assessment of the bear-
ing’s degradation based on machine learning. The authors also con-
clude that there is still a lack of universal indicator that would allow
for an unambiguous determination of the trend regarding bearing’s
degradation. On the other hand, the work [23] deals with the issue of
type selection of the bearing ensuring correct operation of high-speed
systems.

In the present work, the authors focus their research efforts on a
specific type of the bearings, namely the gas foil bearings (GFB)s,
also known as air foil bearings. These bearings are a subgroup of the
slide bearings. However, in contrary to the typical slide bearings, in
which the lubricating medium is usually oil, GFBs make use of air
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[15]. A general view of the bearing’s installation employing a GFB is
schematically shown in Fig. 1A. The bearing’s bushing is fixed in the
housing by means of the thrust rings. The characteristic components
of a GFB are the top foil and bump foils [19]. A close-up view show-
ing the bearing’s bushing, top and bump foils as well as the rotating
shaft is shown in Fig. 1B.

In a GFB, the rotating shaft is supported by a top foil which, in
turn, is held in a desired location in the bushing by the bump foils.
The required gap between the shaft and the top foil is provided by
the hydrodynamic pressure generated while developing the air film.
Generation of this pressure is ensured by the fact that the air is drawn
in (due to viscous effects) between the shaft and the top foil. A high
rotational speed of the shaft with respect to the bearing’s bushing is
required to form a continuous air film. Once achieved, the generated
air film enables non-contact operation of the bearing, which refers to
the nominal condition of its maintenance.

As mentioned, the developing air film creates a small clearance,
several micrometers thick, between the surface of the shaft’s journal
and the top foil. Through this gap, the air is continuously exchanged
with the surroundings. Maintaining this gap is essential for the correct
operation of the bearing [22]. However, the use of air as a lubricant in
GFBs introduces certain limitations in terms of their use. The consid-
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Fig. 1. Scheme of a GFB: a general view (a) and view of the top and bump foils arrangement (b)

ered lubricating medium, i.e., the air, is charac-
terized by a lower effective stiffness compared
to the oils used in typical slide bearings. This
property limits the bearing’s ability to carry
high loads. At the same time, however, it allows
the use of GFBs in applications characterized by
high rotational speeds of the supported shafts.
Consequently, GFBs are especially dedicated
to the high-speed and preferably lightly-loaded
devices, e.g., air turbines.

The bump foils are the components in the
structural part of the supporting layer in a GFB
that ensure the required bearing’s compliance
[5, 20]. This characteristics of the bump foils
enables the correct behavior of the bearing
undergoing varying operational conditions,
including the change of the load within its al-
lowed range. Moreover, a slight misalignment
between the shaft’s and bearing’s axes is also
acceptable due to the above-mentioned me-
chanical property. The geometry of the support-
ing foils, i.e., their shape and thickness as well
as their number are the subject of the ongoing
research [9, 10]. Similarly, the manufacturing
technologies dedicated for the GFB’s foils are
under constant development [6, 20].

The maintenance conditions set for GFBs
during their steady state operation usually do
not significantly affect the bearings’ wear. Con-
trarily, the GFBs’ transient states, i.e., the per-
formed run-up and run-out cycles, are the key
issue from the point of view of ensuring the
operational reliability of the bearings. In fact,
during these states the bearing’s shaft temporar-
ily remains in a direct mechanical contact with the top foil, hence,
experiencing a dry friction. In order to improve the GFB’s operational
conditions during the transient states, additional protective layers with
a low friction coefficient, e.g., made of ceramics, are sputtered on the
inner surfaces of top foils. Nevertheless, when the bearing operates
under incorrect supporting conditions or with the wrong direction of
rotation of the shaft, the foil may jam on the shaft, and the abrasion of
the top foil’s protective layer may occur, as shown in Fig. 2.

There are currently conducted studies on developing technical
solutions to improve the operational properties of GFBs and ensure
their better reliability. Martowicz et al. [12] presented an extensive
review of the applications of intelligent materials in order to improve
the properties of GFBs or their adaptation to specific applications. In
the work [17], the authors proposed a method of reducing the uneven
temperature distribution in the top foil with the use of current-control-
led thermoelectric modules. In the conducted analyzes, the modules
were distributed axially and circumferentially in the bearing’s bush-
ing and controlled independently. The obtained results of the refer-
enced research showed a positive effect of the proposed approach in
reducing the unevenness of the temperature gradient in the top foil.

Foils’ holder area

/

Bushing

Baginski et al. [3] conducted research
on the influence of GFB cooling on the
dynamics of the entire rotor bearing sys-
tem. A recirculating fan has proven to be
the most effective way to cool a bearing.
The experimentally identified tempera-
ture drops were the greatest compared to
other examined cooling methods.

In this paper, the authors present a
prototype of a top foil equipped with
thermocouples and strain gauges, which
in the course of further planned experi-

Bump foil

Top foil

Fig. 2. Abrasion of the sputtered protective layer on the inner surface of the GFB's top foil

mental tests will allow identification of the temperature and strain
fields in the mentioned type of the foil mounted in a GFB. According
to the authors’ knowledge, such research has not yet been conducted
in a comprehensive manner. Moreover, the developed measurement
system will enable monitoring of the bearing’s operating conditions,
which is very desirable. In order to better understand the nature of
thermomechanical couplings in the examined GFB, the simulation
model presented in this work has been developed. The use of the
elaborated model by means of virtual analyzes will allow to deter-
mine and, therefore, predict the values expected to be recorded by
the sensors during future laboratory tests. The prototype of the foil-
sensor described in Chapter 2 is the result of the several-year-long
research conducted by the authors. Based on the previous experi-
ences reported in [11, 13], an innovative concept of the temperature
measurement technique making use of the in-house manufactured
thermocouples was recently presented in [18]. Moreover, the pro-
posed prototype of the foil-sensor is equipped with strain gauges that
allow to measure the strain field. Their indications will be examined
in the future in terms of the presence of unfavorable operating con-
ditions of the GFB, for example not to let the top foil jam on the
shaft. The measurements will also make it possible to determine the
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directions of the dominant strains of the top foil during the bearing’s
operation. Its deformations can significantly affect the reliability of
the GFB’s operation, which is the overall subject of the conducted
research. It should be noted that the computational model discussed
in Chapter 3 takes into account thermomechanical couplings, which
enable characterization of the course of the deformation process of
the foils in a GFB using numerical simulations. Chapter 4 presents
the results of the conducted analyzes, while Chapter 5 summarizes
the study and sets out the planned directions for further work.

2. Foil-sensor prototype

The phenomena related to the deformations and temperature field
in the top foil of a GFB have not been thoroughly investigated so
far. The present works carried out by the authors meet the above-
mentioned challenge. They proposed to develop and manufacture a
dedicated top foil, which also becomes a sensor system. The foil is
equipped with 18 thermocouples and 28 strain gauges. The sensors
are arranged circumferentially in three parallel rows. The purpose of
using so many sensors is to enable determination of the temperature
and strain distributions over the entire surface of the top foil. It should
be emphasized that the application of the foil-sensor required the con-
struction of an innovative prototype of the GFB. Both the bump foils
and the bearing’s bushing were accordingly modified. The modifica-
tion of the bump foils addressed an introduction of adequate material
removal in the areas of the installed thermocouples and strain gauges
in order to lead the signal wires out of the top foil. The bearing’s bush-
ing has been separated into three parts, in turn. This approach was
considered to enable the folding of the top foil equipped
with numerous sensors and to lead the signal wires out
of the bearing’s housing. To ensure the required stiff-
ness of the bushing, it was installed making use of
thrust rings, flanges and screws. The diagram showing
the modifications introduced to the construction of a
GFB is presented in Fig. 3.

The process of applying the sensors to the top foil of
the GFB was carried out in the following steps. First,
a mask for the distribution of thermocouples and strain
gauges was applied to the foil in its unfolded state, i.e.,
for the top foil being flattened. These areas were sub-
jected to the surface treatment process by matting and
degreasing. Then, the foil was rolled and its shape fixed
using dedicated holders created by the additive manu-
facturing method (3D printing). Strain gauges (glued
with a cyanoacrylate adhesive) and thermocouples (in
the form of platinum wires welded to the surface of the
top foil) were installed in the test stand. The view of
the prototype of the top foil with the installed sensors is
shown in Fig. 4A, while Fig. 4B presents the prototype
of the assembled bearing including its housing.

Bolted tricuspid
bushing

Flange
(2 pieces)

3. Numerical model of GFB

The authors have developed a numerical model of the structural
parts of the GFB in order to characterize the selected mechanical and
thermal properties of the top and bump foils in the bearing during its
operation. From the point of view of the conducted studies, identifica-
tion of the deformation of the top foil caused by simultaneously oc-
curring and interacting sources of both mechanical and thermal loads
was assumed as crucial. As part of the research, the use of the devel-
oped numerical model was considered to determine the expected con-
tact areas between the top and bump foils and, accordingly, between
the bump foil and the bearing’s bushing. Moreover, the subject of the
analyzes was to confirm occurrence of the increased deformations of
the top and bump foil in the identified contact areas. Similarly, the
areas of dominant heat propagation from the top foil to the remaining
components of the GFB was also verified.

The finite element (FE) mesh of the GFB model was prepared using
Altair HyperMesh software. The model takes into account the follow-
ing components of the bearing: a top foil, three bump foils, a tricuspid
bushing and two flanges. As an acceptable simplification of the model,
the authors considered the omission of the rotating shaft and the bear-
ing’s housing in order to speed up the calculations. Due to the scope of
the research closely related to the behavior of the structural part of the
bearing’s supporting layer, the authors assumed that the above stated
approach will not significantly affect the results of the analyzes on the
physical behavior of the GFB described in this paper. It should also be
noted that the GFB’s housing, as a part of relatively large volume and
mass, is primarily a component responsible for heat accumulation. On
the other hand, the presence of the rotating shaft was modeled with

Signal wires for the top foil

Fig. 3. Construction diagram for the GFB's components allowing to conveniently lead the signal

wires out of the bearing s housing

a)

. e,
Strain gauges 7

b)

Fig. 4. View of the prototype of the top foil equipped with thermocouples and strain gauges (a) and the assembled GFB installation (b)
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Fig. 5. View of the FE mesh of the GFB model

equately consider both the mechanical and ther-
mal properties. Table 1 reports the values of
material parameters considered in the FE model
of'a GFB.

The contact conditions configured in the
model affect both the deformation of the GFB’s
components, but are also taken into account in
the process of heat propagation in the bearing.
Therefore, the FE model includes the mechani-
cal and thermal parameters of the contact, re-
spectively the friction coefficient of 0.03 [7]
and the heat transfer coefficient for the contact
area of 15000W/m?-°C [4].

the adopted pressure profile in the air film acting Table 1. Material properties used in the FE model of GFB

on the inner surface of the top foil. Therefore, the

authors of the paper considered the adopted sim- Material INCONEL 625 | BRONZE B101 Unit
plifications to be justified taking into account the | pensity 8.44 8.6 kg/dm?
scope of the conducteq research. All FE compo- Young’s modulus 2075 1187 GPa

nents were modeled using three-dimensional ele-

ments. From the point of view of the desired reli- | Poisson’s ratio 0.278 0.34 -

ability of the calculations, the top and bump foils | Thermal expansion coefficient 12.8 19 10e-6 m/m-°C
were considered to become the key components. Thermal conductivity coefficient 9.8 62.8 W/m-°C

Both types of the foils were modeled taking into
account four layers of FEs along their thickness.
Due to their most complex shapes, the bump foils
were modeled with the smallest FEs used in the GFB model. Their
average size was set to 3mm. Slightly larger elements, i.e., with an
average dimension of Smm, were used for the top foil and in the most
inner layer of the bushing elements, which are directly involved in
contact with the mentioned foil. The contact model was defined ap-
propriately between the following pairs of the GFB’s components: (1)
top foil and bump foils, and (2) bump foils and bearing’s bushing. A
general view of the constructed FE mesh and the respective close-ups
are shown in Fig. 5. In total, 305,876 FEs were used in the elaborated
numerical model.

The top and bump foils were modeled taking into account the prop-
erties of the INCONEL 625 material, while the properties of bronze
B101 were used for the construction of the remaining components,
i.e., bushings and flanges. The materials used in the model are sche-
matically marked in the cross-section view of the FE model shown
in Fig. 6.

Due to the structural mechanical and thermal phenomena included
in the numerical analysis, the parameters of the materials used ad-

BRONZE B101

INCONEL 625

Fig. 6. A cross-section view of a FE model with marked materials

The formulated calculation case considers two consecutive stages.
The first stage consists of 10 calculation steps (with the time step 0.1s)
and addresses a linear increase of the pressure applied on the inner
surface of the top foil that represents the presence of the shaft. Moreo-
ver, fixed displacement areas are also declared in the FE model for the
bushing, flanges and parts of the foils. These areas are schematically
marked with pink triangles shown in Fig. 7.

The declared distribution of the pressure acting on the inner surface
of the top foil is visualized in Fig. 8. This distribution was determined
with the use of the computational methods of fluid mechanics devel-
oped by the research team from the Department of Turbine Dynamics
and Diagnostics affiliated at the Institute of Fluid Flow Machinery,
Polish Academy of Sciences in Gdansk, Poland [2], cooperating with
the authors of present publication. The highest values of the pressure
occur in the central part of the top foil (along its longitudinal direc-
tion), in the region localized about half of the circumference with re-
spect to the foils” holder area — following the direction opposite to the
shaft’s rotation direction.

The second stage of the conducted calculations deals with keep-
ing the previously presented boundary conditions and additionally
taking into account: (1) thermal load [2] for the top foil and (2)
convection condition for the outer surfaces of the flanges. The as-
sumed coefficient of natural convection for the air-bronze pair is
24.6W/m?-°C, referring to the data presented in [16]. In this stage
of calculations, the solution is found via a single computational
step representing the steady state of bearing’s operation. The for-
mulated nonlinear thermomechanical problem with contacts was
solved using the MSC.Marc solver. The calculation time for the
referenced stage was 4.5 hours. The calculations were performed
using a workstation with the following components: Intel® Core
™ {5-8600K 3.6GHz, 32GB RAM, 500GB SSD.

4. Results of numerical simulations

The performed numerical analyzes allowed for characterization
of the selected mechanical and thermal properties of the bump and
top foils for the simulated operational conditions of the GFB, i.e.,
for the assumed thermal and pressure excitations. One of the most
interesting results obtained in the conducted simulations is iden-
tification of the regions where interactions occur in the declared
contact pairs. The outcomes presented in Fig. 9 define the areas
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Fig. 7. Boundary conditions — fixed displacements XYZ for all nodes of the bushing and flanges (a), and within the selected areas in the foils (b) -
marked with pink triangles

of registered contacts in the GFB model for the
considered case study.

The greatest number of the identified contact
regions relates to the bump foil lying opposite
the foils” holder area. This is the region where
the pressure values in the air film are the high-
est (for the assumed arrangement of the top foil
and the direction of shaft’s rotation). Contacts
were identified on both the inner and outer sides
of the bump foil, which corresponds to the ad-
equate contacts with the top foil and bearing’s
bushing. Therefore, these locations refer to the
transfer of mechanical loads identified from the
shaft’s journal to the bushing. On the remain-
ing two bump foils, the number of contact areas
with the top foil is much smaller. On the other
hand, a tendency was observed to maintain point
contacts with the bushing on the entire surfaces
of the bump foils. The presented observations
allow to state the conclusion that the bump foil
lying opposite the foils’ holder area is the com-
ponent through which the heat from the top foil
will propagate to the bushing at most.

The temperature distribution in the GFB mod-
el recorded in the simulations (shown in Fig. 10)
confirms the above expectation. The highest
temperatures were identified on the top foil of
- the n.lodele.d bearing. In the case of the bearing.’s
Temperature(Scalar value) bushing, higher temperatures were recorfie(ll in

! the lower part of the bearing, due to the limited

Direction
of rotation

Fig. 9. Dominant areas of contacts in the GFB model identified for the assumed loads

75.0

726 heat diffusion occurring in the contact areas. In

;g-; fact, according to the observations, this is the

65.3 area with the greatest number of the regions of

_gg-i initialized contacts between the top and bump

158.0 foils and, eventually, the bearing’s bushing. It

[52.8 should be also emphasized that the differences

476 .

424 recorded on the outer circumference of the bush-

37.2 ing are small and amount to approx. 2°C.

320 .

315 Fig. 11 shows the calculated values of tem-

gé-g peratures identified at the installation localiza-

200 tions of thermocouples in the prototype of the

7200 foil-sensor. To improve the clarity of the results

Max=77.5 visualization, the bushing and flanges are not

visualized. It should be noted that the highest

Fig. 10. Temperature field for the GFB's model values of temperature occur for the thermocou-
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Fig. 11. Temperature field for the top and bump foils: view from the foils’
holder area (a), view of the central part of the top foil (b) and view of
the free end of the top foil (c)

ples located approximately one-third of the distance along the circum-
ference from the foil’s holder area — following the direction opposite
to the shaft’s rotation direction (Fig. 11a). However, the smallest val-
ues of the recorded temperatures are identified in the area of the free
end of the top foil (Fig. 11C). The identified difference between the
highest and the lowest temperature at the points of thermocouples in-
stallation is 24.2°C.

The strain distribution in the model components was also obtained
with numerical calculations. Fig. 12 shows the area of Huber-von
Mises reduced strains in the top and bump foils, identified for the
analyzed case study. Again, to improve the clarity of the results visu-
alization, the remaining model components (bushing and flanges) are
not displayed. High strains can be observed in the regions where the
bump foils are fixed to the GFB’s bushing. Moreover, as expected by
the authors, the greatest strains in the remaining areas of the bump
foils were recorded in the component opposite the foils’ holder area

a)

Contour Plot
Components of Total Strains Tensor(vonMises) — —
Analysis system ~————— ey
Sgn e |

©)

Conlour Piot
Compoenents of Total Str
Analysis system
TORRBruETee®
0.000350
0.000100

Fig. 12. Huber-von Mises reduced strain field for the top and bump foils: view
from the foils’ holder area (a), view of the central part of the top foil
(b) and view of the free end of the top foil (c)

(Fig. 12b). The mentioned component states for the region with the
greatest number of activated contact points with the top foils and the
bushing.

Numerical calculations carried out in the two stages allow to deter-
mine the influence of thermal interactions on the recorded strains of
the top foil. The results presented in Fig. 13 show the components of
the strain tensor in the strain gauges’ installation areas in the model of
prototype foil-sensor projected onto a plane tangent to the top foil’s
surface.

In the case when the pressure profile excitation is considered only,
as assumed during the first stage of calculations, circumferential de-
formations dominate in the top foil. As far as the significant deforma-
tions along the bearing’s longitudinal axis are of concern, in turn, only
the area experiencing a greater number of contacts with the bump foils
can be respectively indicated. Additional presence of the thermal load,
as expected, tends to equalize the strain values in mutually perpendic-
ular directions. In this case, the dominance of any of the deformation
directions is not observed.
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Fig. 13. Tangent components of the strain tensor found for the top foil at the localizations of the strain
gauge installations: view from the foils’ holder area (a), view of the central part of the top foil (b)
and view of the free end of the top foil (c)the central part of the top foil (b) and view of the free end

bearings, which usually operate in demanding
conditions, i.e., at very high rotational speeds
of the shaft. Monitoring of the operational con-
ditions of GFBs may become an indispensable
element of the system for testing the reliability
of bearing installations. Considering the above
statement, the authors of the present work cre-
ated a prototype of a top foil equipped with 18
thermocouples and 28 strain gauges. Moreover,
they expect that the specialized foil-sensor will
allow for an effective identification of the tem-
perature and strain fields during operation of
the inspected bearings. The investigation on the
properties of the constructed top foil prototype
is, however, considered the next stage of the
works carried out by the authors. In order to ob-
tain preliminary results, i.e., the ones expected
to advantageously represent the outcomes of
the future planned experiments, an adequate nu-
merical model of the GFB was created, which is
presented in this paper.

The developed FE model allows, by means of
computer simulations, for identification of the
temperature and strain values recorded in the
locations of the physical sensors mounted on
a prototype top foil. The performed numerical
analyzes indicated the areas of the bump foils
in which there is the greatest number of con-
tacts with the top foil and the bearing’s bush-
ing. These are also the areas through which the
heat from the top foil is most intensively trans-
ferred to the bearing’s bushing and other GFB’s
components. The temperatures determined in
the conducted simulations allowed to assess
the expected differences between the mini-
mum and maximum values of the mentioned
quantity readings for the thermocouples which
becomes approx. 24°C. Moreover, the calcula-

of the top foil (c)

Moreover, the values of the identified strains when both thermal
and mechanical interactions are introduced, with the maximum strain
0f 0.000775, are an order of magnitude greater than in the case when
only the pressure profile is considered - then the maximum strain
amounts to 0.000016 respectively.

5. Summary and conclusions

Development of the systems allowing for a more comprehensive
and reliable understanding of the operational conditions of GFBs is a
current research issue. Ultimately, the developed methods and techni-
cal solutions can be used to control the behavior of the mentioned

tions showed that the temperature increase ex-

pected during the bearing’s operation leads to

equalization of the values of recorded strains
of the top foil in the perpendicular directions, i.e., along its longi-
tudinal and tangential (circumferential) directions. It should be also
noted that the deformations originated from thermal expansion are an
order of magnitude greater than the ones due to the introduction of
the pressure profile simulating the presence of an air film. The com-
putational model developed by the authors allows for the preliminary
determination of the expected results planned to be gathered during
the experimental research, which is necessary from the point of view
of the correct configuration of the measurement path parameters. Fi-
nally, the experimental data will allow for validation of the currently
presented numerical model.
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