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 Abstract:  Gas foil bearings are on the cutting edge of bearing systems that spread worldwide. Although it is a common 
practice to apply such systems to high-speed fluid-flow machinery, their modelling and analysis still 
pose a number of problems. This article describes the methodology used to assess dynamic properties of  
a rotor-bearings system supported by foil bearings. Particularly close attention has been paid to the system 
operation in a transitional state during which a gaseous lubricating film is formed. The conception for the 
description of the rotor support characteristics was implemented in a computer program that is still under 
development. The approach that has been taken makes it possible to analyse the system properties throughout 
a whole range of rotational speeds. Another approach used in the past enabled for analyses of the dynamic 
performance of rotors, but only on the condition that bearing operation is correct (i.e. only fluid friction in 
bearing is present). The new model allows for much broader analyses of bearings operation, as confirmed by 
the obtained results. The article discusses exemplary results of analyses and shows a way one can assess the 
dynamic properties of rotating machinery equipped with foil bearings even when analysed under transient 
operating conditions.

 Słowa kluczowe:  łożyska foliowe, łożyska gazowe, łożyska wysokoobrotowe, mikroturbiny.

 Streszczenie:  Gazowe łożyska foliowe są innowacyjną i coraz częściej stosowaną metodą łożyskowania wysokoobroto-
wych wirników, ale ich modelowanie i analiza wciąż sprawia wiele trudności. W niniejszym artykule przed-
stawiono koncepcję ciągłego opisu właściwości dynamicznych wirnika podpartego na łożyskach foliowych. 
Szczególną uwagę poświęcono pracy układu w obszarze stanu przejściowego, gdy gazowy film smarny za-
czyna się tworzyć. Opracowana koncepcja opisu charakterystyk podparcia wirnika została zaimplementowa-
na w rozwijanym programie komputerowym, co umożliwia analizę właściwości układu w pełnym zakresie 
prędkości obrotowych. Wcześniej stosowane podejście pozwalało na analizę właściwości dynamicznych wir-
ników tylko pod warunkiem poprawnej pracy łożyska, tzn. w obszarze tarcia płynnego. Opracowany model 
ma znacznie szersze zastosowanie, co zostało potwierdzone w przeprowadzonych badaniach. W artykule 
przedstawiono przykładowe wyniki analiz pozwalających na ocenę właściwości dynamicznych układów wi-
rujących z łożyskami foliowymi także w stanach przejściowych.
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INTRODuCTION

The constant development of high-speed fluid-flow 
machinery of micro power capacity (e.g., such as vapour 
and gas microturbines) enforces the need for new and 
nonstandard bearing systems. One new approach that is 
gaining recognition in bearing systems is the use of gas 
foil bearings. A stable operation of a high-speed rotor 
supported by such bearings is achieved by using a set of 

thin foils to ensure the adequate stiffness and damping 
needs at the rotor support points [L. 1, 2]. Success in 
implementing a bearing system with foil bearings is 
dependent on many factors, such as the use of the new 
material solutions, the conduction of time-consuming 
experimental research, and the bearing structure 
optimisation based on many criteria, taking into account 
the expected operating conditions. 
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In order to make the design process of a new foil 
bearing shorter and reduce the extent of experimental 
studies required only for the preliminary assessment 
of bearing properties and carrying out the structure 
optimisation analyses, it is necessary to make good use 
of numerical models [L. 3, 4]. By analysing static and 
dynamic characteristics of the bearing, such models 
allow engineers to predict the operation of an entire 
rotating system under certain conditions. The operation 
of a foil bearing is characterised by a number of 
concurrent physical phenomena, a theoretical description 
of which is in fact very complex. This implies that, in 
order to simulate the bearing operation efficiently, one 
must apply advanced numerical models. The above-
mentioned phenomena are the following: interactions 
between the flow layer and the structural layer, dry or 
mixed friction between the bearing journal and the top 
foil at low speeds, contact phenomena, and the nonlinear 
behaviour of the flexible set of foils. A theoretical 
approach to analyse the way a foil bearing operates 
under conditions in which the gaseous lubricating film 
starts to form itself is very challenging. Under such 
conditions, a direct contact between the journal and the 
top foil gradually disappears. Then, the space obtained 
in this way is filled with a gaseous lubricant. A further 
increase in speed causes a desirable fluid friction to 
appear. Only such conditions favour a stable operation 
of the rotor and friction losses at bearing nodes are kept 
to the minimum possible level.

Many research and industrial centres from all over 
the world, as well as several research centres in Poland, 
are involved in the development of a new foil bearing.  
The works cover both modelling and practical issues  
[L. 2, 5]. A lot of attention is paid to the optimisation 
of bearing construction and tribological properties, 
including the selection of appropriate functional and 
construction materials [L. 6, 7]. Depending on the 
operating conditions, sliding coatings are made of 
carefully selected materials, i.e. metals, metal-ceramic 
composites, or plastics [L. 6–9]. When it comes to 
operation at low temperatures (i.e. up to 200°C), the 
best durability with the lowest friction is achieved by 
using soft sliding coatings made of plastics. At higher 
temperatures, metal-ceramic composites are preferred 
[L. 8, 9].

In terms of its construction, a foil bearing is 
a very complex system. Consequently, a theoretical 
description of such a bearing is extremely difficult. It 
is necessary to consider several physical phenomena 
that occur simultaneously, and in addition to this, they 
interact with one another [L. 10–12]. Therefore, in that 
case, simple numerical models can have a very limited 
application; they may be applied only at a preliminary 
design stage. Computing performance of computers is 
currently not a barrier to performing numerical analyses 
of very complex systems such as foil bearings. In the 
latest publications, you can find examples of advanced 

numerical models of such bearings that allow predicting 
not only the properties of the bearings but also of the 
rotors that they support [L. 10, 13, 14]. The existing 
literature has a lack of descriptions when it comes to 
methods that could be used for analysing the properties 
of foil bearings operating at speeds at which a gaseous 
lubricating film is formed. Moreover, little attention 
is paid to the issue of using simulations in order to 
determine the range of speeds at which this phenomenon 
can be observed. This is a very important phenomenon, 
because it has a crucial impact on the rotor dynamics and 
the wear and durability of the bearing. 

The further part of the article describes the research 
aimed at the development of a numerical model of 
the rotor supported by foil bearings, which, besides 
analysing the proper operation of the bearings, would 
allow simulations of transient states during which 
lubricating wedges start forming themselves.

METHOD  FOR  TRANSIENT  STATES 
ANALYSIS

During the run-up phase, the rotor of each machine has 
to operate at a low speed for a certain period of time 
before reaching its nominal rotational speed. This is 
also the case during the run-down phase leading to 
a shutdown of the rotor. When it comes to modelling 
a rotor, it is very important to accurately imitate its 
operation not only at the nominal speed but also at the 
widest possible range of speeds. A theoretical description 
of the dynamic parameters of a rotor-bearings system is 
the most challenging at low speeds, since there is no 
fluid friction in the bearings yet. Under such conditions, 
one can expect an increased level of vibration as well 
as accelerated attrition, even leading to damage to the 
bearings and the entire machine. Therefore, a model of 
the rotor that is supported by foil bearings should also 
be able to carry out simulations for the speeds within the 
range mentioned above. 

For many years now, the Department of Turbine 
Dynamics and Diagnostics at the IMP PAN has been 
developing its own computer programs for analysing 
kinetostatic and dynamic properties of bearings and 
rotating systems. A new software package called 
MESLOF [L. 15], which is a part of the MESWIR  
[L. 16] software, has been developed. It allows analysing 
rotors supported by foil bearings. Currently, through the 
combination of the in-house computer programs and 
Abaqus (an all-purpose FEM software), it is possible 
to conduct analyses that take into account the complex 
geometry of foils and contact phenomena occurring in 
foil bearings [L. 10, 12]. The developed algorithm also 
includes the fluid-structure interactions that occur in 
the bearing as well as changes in its geometry during 
analysis. 

It is a well-known fact that the friction torque in 
a foil bearing is very large at low rotational speeds  
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[L. 5]. This is due to the physical contact between the 
journal and the top foil. The operation of such a system 
cannot be described by the Reynolds equation. The 
processes taking place under such conditions can 
be much better described by the Coulomb model of 
friction. Figure 1 illustratively presents the friction 
regimes occurring in foil bearings. As we can see in 
this figure, their presence is primarily dependent on the 
velocity. In the speed range situated between the ranges 
during which the dry friction and the fluid friction are 
present, various concurrent phenomena can interact with 
each other, depending on many factors, such as system 
structure, the rate of speed changes, material properties, 
and working medium type.

system may be determined only in a speed range in 
which all bearings operate in a correct manner. In the 
proposed approach, in the case when the program fails 
to determine the bearing characteristics, it continues 
calculations using stiffness and damping coefficients 
that have been obtained only for the structural part of 
the foil bearing, considering the coefficient of friction 
between the journal and the top foil protective coating. 
The structural part of the bearing comprises the 
following components: journal, bush, and a set of top 
and bump foils. The number of foils, their geometry, 
and affixing method can be different depending on the 
bearing type. The properties of this part of the bearing 
node can be determined either experimentally (on 
a specially prepared test stand) or from simulations 
using numerical models. In the experimental method, 
the obtained bearing dynamic coefficients must be saved 
to a data file; whereas, in the simulation method, the 
values of these coefficients can either be set in advance 
or calculated on-line (taking into account the current 
operating conditions). In this way, the characteristics of 
a rotating system equipped with foil bearings may be 
obtained in a broad range of rotational speeds.

A schematic representation of the simplified 
calculation algorithm used to analyse rotors with foil 
bearings is shown in Fig. 2. A new set of stiffness 
and damping coefficients of foil bearings is calculated 
for each rotational speed. If it happens that a bearing 
does not function properly, then the values of these 
coefficients are set only on the basis of the structural part 
of the numerical model. The coefficients in question may 
also vary depending on the speed or may take the same 
values in certain ranges of loads and rotational speeds.

Fig. 1. Friction regimes that accompany the operation of 
foil bearings

Rys. 1. Charakterystyka procesów tarcia występujących w ło-
żyskach foliowych

The computer programs for analysing foil bearings, 
which are being developed at the IMP PAN, allow 
carrying out simulation studies of rotating systems, 
even when favourable conditions for the formation of 
the lubricating wedge are not present. Usually, when 
there are problems with the numerical determination of 
bearing characteristics, a common solution is to interrupt 
calculations and display an error message. In this way, 
kinetostatic and dynamic characteristics of the analysed 

Fig. 2. Block diagram of the calculation algorithm used to analyse rotors supported by foil bearings
Rys. 2. Schemat blokowy algorytmu obliczeń wirnika z łożyskami foliowymi
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NuMERICAl  MODEl  OF  THE  ROTOR  wITH 
FOIL  BEARINGS

As already mentioned, a package of programs (named 
MESLOF [L. 15]) for analysing rotors supported by  
foil bearings was created on the basis of the MESWIR 
[L. 16] system. In its initial configuration, the system 
was used for analysing rotors that can have many 
supports and are supported by oil-lubricated slide 
bearings. The system capabilities have been expanded 
over the last years to cover rotors that may be supported 
both by gas bearings and foil bearings (operating with 
a liquid or gaseous lubricant). The results of using the 
developed programs are presented on the example of the 
rotor discussed below. 

The analysis of flow phenomena occurring in the 
bearing clearances and also of kinetostatic and dynamic 
properties of the rotor was conducted using programs 
included in the MESLOF series [L. 15]. The Abaqus 
software [L. 12] was used for modelling deformations 
of the structural part of the bearings (taking into 
account its nonlinear geometry), friction processes, 
and contact phenomena. As it has been shown in many 
studies already carried out, the stiffness of a set of foils 
is many times lower than the stiffness of the bush of 

Fig. 3. FEM model of the rotor supported by two foil bearings
Rys. 3. Model MES wirnika z łożyskami foliowymi

Calculations were carried out on a simple rotor 
with two supports. Their aim was to test the reliability of 
the new software. The dimensions of the modelled rotor 
are consistent with the dimensions of the rotor mounted 
on the test rig located at the IMP PAN laboratory. The 
shaft is made of steel and its diameter and length are  
34 mm and 431 mm, respectively. The torque is 
transmitted through the flexible coupling bush that is 
fitted at one end of the shaft. Despite the fact that the 
rotor disk can be placed anywhere on the shaft between 
the bearing supports, the analysis presented herein was 
conducted without it. The FEM model of the rotor with 
visible lines separating the individual finite elements is 
presented in Fig. 3.

a conventional slide bearing. The shape of such a set of 
foils is constantly changing during the bearing operation. 
For this reason, foil bearings cannot be successfully 
modelled using simple analytical models. When it 
comes to calculating the load of the top foil, pressure 
distribution in the bearing clearance has to be taken 
into account. The FEM model of the foil bearing (with 
a nominal diameter of 34 mm and a width of 40 mm) 
that was used during the analysis is presented in Fig. 4. 
It is worth mentioning that the present simulation study 

Fig. 4. FEM model of the foil bearing structure (a), its fragment zoomed in (b) and the plot showing the 
stiffness in the vertical direction (c)

Rys. 4. Model MES struktury łożyska foliowego (a), powiększony fragment modelu (b) oraz charakterystyka 
sztywności w kierunku pionowym (c)

a) b)

c)
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was preceded by a successful experimental verification 
of this model regarding static and dynamic loads [L. 12]. 
Figure 4c demonstrates the displacement (in the vertical 
direction) of a foil bearing journal under a static force 
that reaches a value of 80 N.

DISCuSSION  OF  THE  OBTAINED  RESulTS

This chapter discusses the results of the analysis carried 
out on the rotor mounted on the laboratory test rig. Due 
to space restrictions on text, the decision was taken to 
present only selected results, namely the characteristics 
of the bearing that is located closer to the coupling. The 
vibrations of the second bearing journal are of the same 
nature as those obtained for the first bearing journal. 
The rotor vibrations were primarily caused by vibrations 
originating from the bearings and were the result of 
a high stiffness of the shaft and its small deflection. 
For the purposes of dynamic analysis, an unbalance of  
51 g·mm (Fig. 3) was applied in the middle of the 
rotor (in accordance with the recommendations of  
ISO 1940/1). The bearings are lubricated with air. The 
foil bearing model was used to determine the stiffness 
and damping coefficients of the supporting system, and 
their values were taken into account during the analysis 
of the rotor in the whole range of rotational speeds. In the 

range in which the bearings were operating correctly, the 
study also made use of characteristics of the lubrication 
film.

The calculation results in the form of a graph 
showing the peak to peak (P-P) vibration amplitude of 
the journal (of the bearing situated closer to the coupling) 
as a function of rotational speed are shown in Fig. 5. The 
letter ‘X’ indicates vibrations in the horizontal direction 
and the letter ‘Y’ in the vertical direction. Along with 
the increase in rotational speed, there was an increase in 
the vibration level, which was followed by its decrease 
after crossing the resonant speeds. The resonant speeds 
in the vertical and horizontal directions are, respectively, 
approx. 12,000 rpm and 16,000 rpm. These values 
clearly show the unusual behaviour of the system, since, 
in fluid-flow machinery, the resonant vibrations in the 
horizontal direction are usually encountered before 
the resonant vibrations in the vertical direction. The 
noticed anomaly is caused by the characteristics of the 
set of foils as well as by mutual interactions between 
the journal and the foils. While looking at the graphs, 
one can observe the speed range in which the gaseous 
lubricating film forms itself. This is at approximately 
9,000 rpm, where, due to a change in characteristics of 
the support, the rotor vibration also changes. Although 
the change in the vibration level occurs smoothly, it is 
easily noticeable in Fig. 5.

Fig. 5. vibration amplitude of the foil bearing journal obtained by a simulation analysis vs. rotational speed
Rys. 5. Amplitudy drgań czopa w łożysku foliowym uzyskane obliczeniowo

Fig. 6. vibration amplitude of the foil bearing journal obtained by an experimental analysis vs. rotational 
speed

Rys. 6. Amplitudy drgań czopa w łożysku foliowym uzyskane eksperymentalnie
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In order to assess the reliability of the obtained 
results, these results were compared with the results 
of the experimental research carried out at the IMP 
PAN laboratory. The results of vibration amplitude 
measurements registered during a slow run-up of the 
rotor are presented in Fig. 6. The curves obtained from 
the experiment are not as smooth as the ones obtained 
from the simulation, but they are of the same nature 
and shape. In two directions, the results from Fig. 5 and  
Fig. 6 are very consistent, both in terms of resonant 
regions and vibration level. Also worth noting is the 
fact that the experimental results show that, in the Y 
direction and at a speed of approx. 9,000 rpm, one can 
notice a change in the vibration level that may be seen 
as a change in the support characteristics, and this is 
consistent with what is often observed when a gaseous 
lubricating film forms itself. Considering the complexity 
of the analysed system, the conclusion can be made that 
there has been a very good consistency between the 
calculated and experimental results.

CONCluSIONS

In the article, the proposed method for analysing rotors 
supported by gas foil bearings has been discussed. 
This method makes it possible to assess the properties 
of such systems in a wide range of rotational speeds. 
The main reason why it was decided to develop a new 
algorithm were difficulties in assessing kinetostatic 
and dynamic properties of such rotors at low rotational 
speeds at which a gaseous lubricating film does not yet 

have a sufficient load capacity and the bearing journal 
remains in a direct contact with the top foil. Our research 
has shown that the analysis of the system operating 
under such conditions can be successfully conducted on 
the basis of the properties that are determined by taking 
into account only structural supporting layers of the 
bearings. The calculation results presented in this article 
demonstrate that, by using the proposed approach, we 
are able to accurately predict the dynamic performance 
of real systems at various rotational speeds.

Although the proposed method for modelling 
rotors with foil bearings contains some simplifications, 
it nonetheless serves as a reliable tool for determining 
various characteristics of rotors as well as bearings by 
which they are supported. Moreover, it can be used both 
at the design stage of new bearings and the analysis 
stage of existing constructions. The authors of the article 
are of the view that their method can be particularly 
useful for designers developing rotating systems 
installed in modern fluid-flow machinery as well as for 
scientists involved in developing bearing systems based 
on foil bearings. Technologies using foil bearings are 
recognised not only as fast-growing but also paving the 
way for future development. 
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