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ABSTRACT

The following content refers to the thermal aspects of Gas Foil Bearing
(GFB). The GFBs are the subgroup of journal bearings, for which lubrication
is provided by air, instead of ‘traditional’ lubricants like oil, graces etc. Gas
Foil Bearings offer specific features unachievable for traditional bearings.
GFB can operate with rotating speed up to several dozens of krpm in
extreme temperature up to hundreds of Celsius degrees. However due to
their specific construction, GFBs are prone to specific thermal issues which
complicate their design process. Until now, many tools, mainly based on
numerical models were developed. Their effectiveness is evaluated based
on experimental data. Due to the high complexity of GFB’s structure, the
temperature measurement is a challenging task and so far, no reliable
simple technique was proposed. There is still a need for developing reliable
measurement techniques, allowing for precise temperature measurement.
This paper presents the novel approach to temperature measurement of
the GFBs compliant structure. The unique concept of foil with integrated
sensors was presented and described in detail.

1. INTRODUCTION

The following content refers to the thermal aspects of Gas Foil Bearing (GFB). The GFBs are
the subgroup of journal bearings, for which lubrication is provided by air, instead of
‘traditional’ lubricants like oil, graces etc. [1-2]. The GFBs principle of operation, like in other
journal bearings is as follows: the rotating journal creates drag force on the lubricant, which
moves between the journal and bushing faces in the form of a thin film. Above a certain
rotating speed, the hydrodynamic pressure in the lubricant film is sufficient to overcome the
shaft load. From this point, shaft and bearing bushing become fully separated by the lubricant
film, which significantly reduces the friction. This principle of operation is the same regardless
of the chosen lubricant type. According to the name, GFBs are lubricated by air, usually
supplied from the environment. The ‘Foil’ component in GFBs name regards to the specific
construction of this type of bearing [3]. Figure 1 shows the comparison of ‘traditional’ oil
lubricated journal bearing and GFB. The journal bearing consists of journal and bushing, while
GFB has also the system of thin foils located between the bushing and journal. The role of
foils will be explained later on along with the specific features of the air lubrication.
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Oil lubrication is one of the most common ways for providing long, durable and effective
operation of many rotor-type machinery. There are numerous types of oil, each designed for
a wide or very narrow spectrum of applications. On the other hand, there is a very interesting
alternative for lubricant, which is just air. In specific conditions (rotating speed, load), air can
provide not worse lubrication along with very interesting advantages. Air in most applications
is free and practically unlimited. Thus the maintenance of GFBs can be reduced to a minimum.
Air is (in wide range) immune to temperature which makes it applicable where using regular
graces would be impossible due to their degradation hazard. Air is also clean in both chemical
and biological meaning. It makes the GFBs a potential candidate for applications where this
feature is needed.

Air in comparison with oil or other commonly used graces has significantly lower
stiffness. It makes the GFBs suitable for low loaded applications. On the other hand, air
lubrication allows the bearing to operate at relatively high rotating speeds. Therefore, GFSs
can still handle high power systems as long as the energy is transmitted ‘by speed’ rather than
‘by load’. Low bearing operational load opens the completely new path for GFB’s
development. As it was mentioned earlier, the construction of GFBs consists of a system of
thin foils. The role of the foils is to introduce additional compliance into the system [4-5]. This
feature makes the GFBs able to better handle changing operational conditions, improves
dynamic parameters of the system and forgives slight misalignment of the shaft. The foils
structure consists of a top foil which supports air film, and a set of bump foils responsible for
compliance of the structure. The geometry (thickness, number of bumps, shape etc.) of the
compliance structure is constantly under development which results in several generations [6-
7] as well as completely new concepts of GFBs [8-11]. Also new manufacturing techniques
are under constant investigation [12-13].

Figure 2 shows temperature balance of the working GFB. It has to be noticed that only
8.8% of the heat is conducted into the bearing bushing [14]. The reason for that lies in the
specific construction of the compliant structure. Thin foils have low ability to transfer heat
thus its role in overall balance is low [15]. The majority of heat generated inside the bearing
is transferred within gas film flow. Heat conduction is an efficient phenomenon and provides
good GFB energy management [16-17].

Despite many advantages, GFBs also have specific drawbacks, which significantly reduce
their potential. The compliant structure construction is based on several thin foils. Instead of
solid bushing, thin foils are sensitive to changing operational conditions. Overall low heat
capacity makes the compliant structure very sensitive to thermal excitation. Even relatively
low changes in thermal conditions can result in fast temperature increase. As it was mentioned
earlier, GFBs are not sensitive to even high temperatures. Air provides sufficient lubrication
in a wide range of temperatures. However, it is valid only when proper airflow is provided to
the interior of the bearing [19].

Air film creates a thin gap in order of microns between a high-speed rotating shaft and a
top foil of a bearing. This clearance has to be sufficient to provide air circulation between the
interior of a bearing and the surroundings. Maintaining this clearance is crucial for a proper
thermal management of the GFB [20-21].
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Fig. 2. Total energy balance in GFB [18]

Things get complicated when GFB is exposed to rapidly changing thermal conditions [22-
23]. Excessive temperature gradient in the foils structure can result in uneven thermal
expansion. In some circumstances, foil can wrap in such a manner that reduces the clearance
necessary for sufficient fresh air supply. Without fresh air, thermal management of GFB
becomes unstable. Rising temperature increases the foil thermal expansion, clearance
becomes even more reduced. This could start the chain reaction where bearing malfunction is
a matter of minutes or even seconds [24]. The excessive temperature gradient and the chain
reaction can occur within relatively low overall temperatures. The lack of preliminary
symptoms makes this type of failure very difficult to predict thus dangerous [25].

2. PROBLEM DEFINITION

Due to the specific thermal management issues (in high demanding applications) GFBs
require more sophisticated temperature monitoring [26]. However simple one point
temperature measurement has to be extended by multipoint monitoring of the bearing's top
foil. Only this type of measurement can provide information on temperature gradient which
is crucial for effective failure prediction. The above observations prompted the authors of this
article to propose a new approach based on the concept of a set of temperature sensors
(thermocouples) applied directly on the surface of the top foil (on the side of the top foil,
which is not in mechanical contact with a rotating shaft). In addition, the proposed concept
assumes the use of multiple thermocouples (18 pieces), which according to the adopted
assumptions, will allow the identification of the temperature field within the entire top foil.
Therefore, the proposed concept requires the design of a foil that is also a sensor. Conducting
research using this innovative approach also requires an individual design of all components
of the measuring stand and track. In summary, it should be noted that the main application
purpose of the innovative measurement methodology with the use of the foil-sensor is to:



Int. Jnl. of Multiphysics Volume 15 - Number 1 - 2021 77

1. Allow to perform temperature measurements directly at the points in the top foil and not
indirectly at other bearing components (e.g. bump foil). To the best of the authors'
knowledge, it is a new approach on a global scale.

2. Allow to perform the measurement at multiple points of the top foil - this will allow the
temperature field to be measured in the entire foil area.

The achievement of these research objectives will constitute a significant research
improvement in the context of the state-of-the-art review presented in Section 2. The proposed
approach of the implementation of the foil-sensor in the construction of the GFB imposes
certain structural and technical requirements on the measuring stand and track. It is necessary
to take into account technical aspects related inter alia to the following problems:

1. Measuring the temperature at multiple points of the foil requires many signal cables to
be led outside the bearing. This requires that the bearing components are properly
designed.

2. Temperature measurements should be made under realistic operating conditions for the
GFB. It is necessary to integrate the bearing with the bearing shaft rotating at high speed
(> 24'000RPM).

3. For the purpose of testing the measuring track, it is necessary to simulate the heating up
of the bearing due to the operation of the highly rotating shaft. This will allow the system
to be tested in stationary conditions.

The implementation of these requirements is essential to achieve the set research goals.
An important research contribution of the postulated research concept of GFBs is both the
innovative top foil, which is at the same time a sensor, and the innovative design of bump foil,
bearing shields and its housing, whose shape should enable safe and reliable output of the
measurement signals to the signal processing system.

3. PROBLEM SOLUTION

The following chapter presents the concept of a measuring path with proposals for specific
technical solutions for temperature field measurements using innovative sensor-foils. The
concept presented in this work is a development of an idea proposed by the authors in an
earlier publication [27]. The approach proposed in this article is that the temperature sensors
are directly integrated with the top foil already at the stage of its production. Platinum wires
are welded to the surface of the top foil (made of Inconel alloy) - thermocouples are created
and the whole top foil becomes a sensor. This allows to eliminate assembly uncertainties that
can occur when attaching (by gluing and pressing) commercial sensors. It is a very compact
solution that does not significantly affect the parameters of the top foil itself, e.g. its stiffness.
Although the solution presented earlier by the authors allowed the temperature inside the
bearing to be measured, the solution was susceptible to damage. The issue is to lead the wires
from the thermocouples to the signal processing system - cables were tearing off during the
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assembly of the bearing. The decision was made to change the design of the bearing
components in order to ensure the reliability of the results by means of a modified method for
leading the wires from the thermocouples. This concept is presented in this chapter.

As in the previously presented approach, it was decided to create the thermocouples on top
foil by welding platinum wires to the developed top foil on the outside (which is not in
mechanical contact with the shaft). The second thermo-electrode for each thermocouple is a
section of top foil, which is common for all thermocouples (the so-called lock). The
conceptual design of top foil with applied thermocouple wires is presented in Figure 3a.

a) 1 - top foil, 2 - platinum electrode (18 pieces in total), 3 - common electrode
(Inconel).

b) 4 - Bump fail.

Fig. 3. Top foil and bump foil with thermocouples.
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In total, 18 measuring points were taken on the surface of the foil. This number is dictated
by technical limitations and the desire to install as many temperature sensors as possible. For
a single third of the bearing shell, it was possible to install 2 rows of 3 electrodes each. The
bearing shell is made of three thirds, so a total of 18 electrodes were installed. As mentioned
in the previous chapter, the use of multiple thermocouples requires an appropriate way of
leading out signal cables forward to subsequent components of the measuring system. It is
therefore necessary to design the individual shape of the bearing shell, bump foil, and bearing
housing to meet this requirement. Figure 3b shows a bump foil with designed cut-outs, that
allow to lead out electrodes welded to the top foil. However, their main purpose is to ensure
the independent operation of the individual strips of the bump foil, which is beneficial in terms
of improving the dynamic properties of the GFB.

Likewise, the bearing shell must also be able to lead out these cables, so its design includes
cut-outs to lead the cables out. In addition, to enable the assembly of the bearing components,
it is proposed that the shell should be divided into three sections and additional flanges on
both sides should be used, which will provide stiffness to the shell components (by means of
screw connections), while allowing the bump foil, top foil and the shell to be assembled
together. In order to guarantee the appropriate assembly tolerances of the bearing shell, the
thirds are cut out (by means of EDM) from a single piece of material. The conceptual design
of the elements described above is presented on Figure 4.

Fig. 4. Exploded view of subassembly: 1 - tricuspid shell, 2 - thrust flange.
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The bearing housing must be able to accommodate the folded tricuspid shell together with
the foils (bump and top foils). It has been designed as a two-part foldout and two additional
screwed-on thrust rings to immobilize the shell and the foils inside the bearing housing. The
housing concept with the rings is shown in Figure 5. The presented design of the GFB

components allows to lead-out the measurement signals from the top foil-sensor to the signal
processing units.

Fig. 5. Exploded view of subassembly: 1 - thrust rings, 2 - bearing housing.

A very important stage in preparation of the sensor-foil is to create thermocouple
connections. It is planned to create these joints on the unfolded top foil by welding the
platinum wires, the second thermo-electrode will be the lead-out lock of the top foil. The
proposed scheme of preparation for the thermocouple joints includes the following stages:
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1. Application of the thermocouple position matrix on the unfolded top foil.

2. Deburring, (preparation) of the surface of the top foil, in the areas of platinum wire
welding.

3. Degreasing and dusting the surface.

4. Welding the platinum wire of the thermocouple to the top foil - 18 positions.

The thermocouples position matrix applied on the surface of the top foil is shown in Figure
6. The use of the matrix allows for precise positioning of the thermocouples on the top foil, so
that their positions are in accordance with the planned ones. An important stage of surface
preparation is deburring, which is a process that requires special precision - the roughness of
the outer surface of the top foil must be increased to ensure the best possible welding
conditions. At the same time, care must be taken not to deform the top foil as this could result
in malfunction of the GFB and its destruction.
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Fig. 6. Top foil with thermocouple position matrix.

Manufacture of a prototype of the foil-sensor is a natural direction for the development of
the concept works. Figure 7 depicts the prototype of the foil-sensor in a rolled form on a
supporting shaft (which is under the foil, therefore is invisible). The shaft is fixed to the holder
and is equipped with supports that prevent the foil from unfolding. The components have been
manufactured using 3D printing technology. The process of producing the foil-sensor turned
out to be demanding. The difficulties involved welding the thermo-electrodes to the surface
of the foil, and to provide sufficient strength of the spot-welds.
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The authors predict the risk of destruction of some spot-welds during the assembly of the
GFB components. For this circumstance, inspection holes are designed in the tricuspid shell,
which will allow for eventual repair of any thermocouple joints.

Top foil with sensors

) X

Supports oIding the
rolled-up top foil

s

Fig. 7. Prototype of foil—seﬁsor in a holder.

From the initial stage of development of the measurement concept, the elements of the
measurement path were defined. It was decided to use a system based on National Instruments
components and to develop an application allowing for results visualization and recording
based on the LabView environment. The ideal scheme of the measurements is shown on
Figure 8.

Visualization
Analog signals: Signal conditioning: _ T
termocouples —2 NI TB-4353 modeule — LabView app on PC
NI PXle-8820 controller ¢
Saving data

Fig. 8. Scheme of the measurement path.
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Analog signals recorded by the foil-sensors are transmitted to the NI PX1e-8820 controller
with use of the NI TB-4353 module. Such selected elements allow for real-time data
acquisition on the NI PX1e-8820 controller, where they are cached and then sent in packets to
the measuring PC via the Ethernet cable. They are saved to text files on the PC and visualized
in the GUI. For the purpose of conducting measurements, an application allows to visualize
the results and save data according to requirements. The scheme of its operation is shown in
Figure 9. The developed application allows to visualize recorded signals from thermocouples
on top foil for all 18 channels simultaneously (Figure 9a). It is also possible to display or hide
the relevant channels, which may improve chart clarity or observation of only selected
channels. In Addition, the front panel contains an indicator of the highest recorded temperature
value and new data acquisition status (green LED). The data storage card (Figure 9b) allows
to define the file name and the path for storing the measurement data. Additionally, a text file
is created in which the notes entered by the user are saved to better define the measurement
conditions. The recording status is indicated by a green LED. Selected system components
and a developed application allow for data acquisition, to visualize and save measurement
data from the designed sensor-foil.
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Fig. 9. Front panel of LabView application: A - data visualization, B - data saving.

4. SUMMARY AND FINAL REMARKS

In the presented work, an innovative concept of the foil-sensor for use in GFBs was proposed.
The proposed approach allows the temperature to be measured at multiple points in the top
foil, which is important - directly on it. This is an important aspect of the innovation of the
presented approach. In addition, temperature measurement in many locations allows to
determine the distribution of the temperature field within the top foil and analyze the gradient
of temperature changes at a later post-processing stage. As part of the work, an innovative
design of the top foil was developed and the components of the GFB were designed - the shape
of which allows for uninterrupted output of measurement signals from the top foil. As part of
the conceptual phase, designs of the individual elements of the GFB were developed, the
technology of thermo-electrodes creation was proposed, the components of the measuring
system were selected and the application allowing for reading, visualizing and recording the
results was developed. As part of further work, it is planned to produce the designed GFB
components, apply thermo-electrodes on the top foil and assemble the entire stand and
perform the necessary tests under laboratory conditions.
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