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Received: October 2019 presented in the paper with a focus on the issue of selection of particular
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November 2019 carried out according to the selected material combinations were pre-
Accepted: December 2019 sented. The working cycle of foil bearings tested on the test stand was
Key words: performed in an automatic mode at the set number of sequences start-
bearing work-rundown-stop. Due to the highest use of sliding bearings during
foil bearing start and rundown of a machine, this type of tests is essential for selec-

START-STOP tests tion of relevant sets of material for bearing elements. The article also

presents the use of a thermo-visual camera for identification of addi-
tional thermal loads and manners of temperature stabilization in the test
chamber.

Introduction

Fast-rotating power machines have a complex work cycle. It is mainly an extended period
of operation in set conditions and short time of runup and rundown. Bearings with an elastic
bearing liner, such as foil bearings, operate as aerodynamic or hydrodynamic sliding bearings
using viscosity of the surrounding medium for production of the load-bearing wedge (Del-
laCorte, 1998; Howard and San Andres, 2011).

Within the range of loads that do not exceed the bearing capacity, there is no direct contact
between a shaft neck and an elastic liner of a bearing. The most important for wear and tear
of the bearing system elements is runup and rundown of a machine. At the beginning of the
runup, a sliding foil is pressed onto the shaft neck, thus an intensive friction phenomenon
occurs here which causes wear and tear of the bearing unit. A foil bearing (fig. 1), except for
typical elements from which foil bearings are built of, is equipped with an elastic liner com-
prising a sliding foils unit (top foil) and supporting foil unit (bump foil) (Daejong and
Soongook, 2009; Migskowski et al., 2017).

The use of elastic liner foil units causes that rotors of machines placed in those bearings
show a higher resource of stability since the shape of the oil gap in a bearing during its oper-
ation regularly adjusts to present conditions. On the other hand, worse suppressing properties
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of the oil film are at the same time compensated with suppression of the bump foil (Kicinski
and Zywica, 2010; Kicinski et al., 2010; Migskowski et al., 2009b; Migskowski et al., 2017).

top foil

lock

corrugated foil

bearing casing

Figure 1. View of the exemplary bearing set prepared for tests

Tests of foil bearings dedicated for work in the working medium environment used in
devices in which foil bearings were applied, require special procedures and test devices to be
applied.

The aim of the stage of work presented in this article, is determination of the START-
STOP method of testing, which will be used for foil bearing elements developed by a team
consisting of authors of this article. The procedure also includes the process of selection of
time intervals of the measurement cycle, that influence the stabilization of the temperature of
the factor in the test chamber.

A test rig in START-STOP cycle

The presented test stand enables the START-STOP test in the presence of a medium,
which may be a working medium which supplies power micro-turbines simultaneously used
for smearing bearings at the strictly defined working conditions. Tests of foil bearings in the
START-STOP cycle discussed in this article, very well determine the life span of working
elements of foil bearings, in particular of top and bump foils (Miagskowski et al., 2009a;
Michalak et al., 2014; Miagskowski et al., 2017). The described stand was developed as a part
of the project POIG.01.03.01-00-027/08-00 realized at the Faculty of Technical Sciences of
the University of Warmia and Mazury in Olsztyn as a part of the Operational Program Inno-
vative Economy 2007-2010 co-financed by the European Union.
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Figure 2. Test rig in START-STOP cycle in the presence of a medium

The main task of the test rig in the START-STOP cycle is to ensure testing conditions for
foil bearings, similar to the conditions that are present in the device, for which they were
designed. Taking into consideration a considerable scope of variability of working conditions
and physical states of the working medium, it is necessary to control the temperature and
pressure in the chamber and to ensure tightness of the chamber in the presence of the low-
boiling medium under high pressure and in the raised temperature. The next especially im-
portant task of the stand is automatic control of the process of data acquisition. This is pre-
dominant due to a great time consumption of the tests. A driving system of the test stand in
the START-STOP cycle (Fig. 2) is equipped with electro-spindle with the power of 2.2 kW
and the rotational speed of 24000 rpm. It cooperates with an inverter that serves for regulation
of the rotational speed of the electro-spindle and the automatic control system which ensures
the START-STOP cycle test and the measurement of parameters of the work of the system.
The drive is provided from the electro- spindle to the measurement chamber through a torque
measuring shaft which provides information on the value of the rotational moment and the
rotational speed.

A test chamber (Fig. 3) of the stand serves for the START-STOP cycle tests with a work-
ing medium. A unit of working foils of a bearing is placed in the housing connected with an
electromagnetic servomotor for induction of a transverse load of the investigated bearing.
Inside the chamber, a working medium is maintained in the set physical state (liquid, moist
or dry steam). A working medium is supplied to the test chamber from the supply system
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with a connection pipe placed in the upper part of the chamber and removed in the bottom
part.
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inlet pipe
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chamber shaft with
cover a neck of the
investigated
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inspection
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Figure 3. Test chamber of the stand (Nalepa et al., 2013)

Inside the chamber, a working medium is maintained in the set physical state (liquid,
moist or dry steam). Heating elements which heat the working medium in the chamber, com-
bined with the supply module of a working medium enable obtaining the required conditions
of temperature and pressure of the working medium. A working medium is supplied to the
test chamber from the supply system with a connection pipe placed in the upper part of the
chamber and removed in the bottom part. A detailed description of the test stand was placed
in (Nalepa et al., 2013).

Test methods in the START-STOP cycle

The aim of the tests in the START-STOP cycle is to assess cooperation of working foils
which constitute an elastic part of a bearing liner through a measurement of the torque in the
start-work-rundown- stop cycle, as well as measurement of the loss of mass in case of some
foils. The START-STOP tests referred to foil bearings are crucial since the basic reason for
the use of foil bearings is friction between working elements of a bearing, mainly of a sliding
foil and a shaft neck which takes place during runup and rundown of a machine and momen-
tary overloads of a rotor. Tests in the form of a many times repeated cycle enables determi-
nation of the endurance of foil bearings. It also enables determination of the basic exploitation
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parameters such as bearing capacity and the resisting torque during start and rundown which
may decide on the usefulness of some structural solutions of foil bearings and suggested
material combinations on working elements of the built bearings. Pairing material combina-
tions for sets of working foils and a shaft neck takes place based on the previously obtained
information from the tests on the wear and tear of friction couples prepared from materials
that were selected for working elements of foil bearings. This type of tests is performed in
a combination of foil-roll on the test rig that was prepared for this purpose as a part of the
project POI1G.01.03.01-00-027/08-00. Results of works were placed as an example in (Ko-
mar, 2015). These tests constitute one of the first stages of works on selection of materials
for particular elements of foil bearings. Another stage of the works are START-STOP tests,
methods of which are described in this paper.

Preparation of the bearing to the research

Before the tests are initiated elements of the foil bearing should be precisely cleaned (de-
greased and washed in the ultrasound washer) and then mass must be measured according to
the test procedure. After cleansing and weighting of elements of a bearing they must be as-
sembled (Fig. 1) and then the prepared sample must be mounted in the test chamber (Fig. 3).
During installation of working foils (top and bump foil) in the casing of the bearing one
should pay attention to setting of corrugated foil and smooth foil towards each other and
towards the direction of the shaft neck rotations. Top foil is based on the corrugated foil and
cooperates directly with the shaft neck. The system of deformable elements is based on the
stiff sleeve of a casing of the bearing. After the bearing is placed in the test chamber (Fig.3)
a relevantly selected setting of a sample should be entered to the program. They will result
directly from real conditions of the bearing work (type of a medium, physical state, temper-
ature range etc.) as well as the process of its testing on the test stand.

Selection of time intervals of the test cycle

One of the most important set parameters are particular time settings of the cycle. Their
values will depend on both the operational parameters of the bearing, its geometry, and the
physical state of the medium and the range of temperature variability. The working cycle of
a foil bearing tested on the test stand is performed in an automatic mode at the set number of
sequences start-work-rundown-stop. Figure 4 presents the course of changes of the speed
with time intervals of the test cycle.

During the runup and rundown, a considerably increased resisting torque of motions in
foil bearings occurs which results from forming of the load-bearing film (runup) and its fad-
ing (rundown) during a relatively low rotational velocities of a rotor and the initial grip of
the sliding foil on the shaft neck. During the first and the last phase of the cycle, the size of
the resisting torque of the motion results from the friction force which depends on the friction
coefficient between the surfaces of the foil and shaft neck set and the grip force of the work-
ing foil on the shaft. Moreover, the temperature increase is influenced by the heat release by
a ball bearing which supports the main shaft directly at the working chamber.
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Figure 4. Course of rotational speed of changes during a test cycle: Tc — duration of cycle,
Tr —runup time, Tp —working time, Tw —rundown time, Tn —stop time

As a consequence of the above described phenomena, considerable amounts of heat are
released (Fig. 5) which cause the increase of the medium temperature inside the test chamber.
Due to the limited possibilities of the medium exchange during the test, two methods of sta-
bilization of the temperature increase are suggested. The first one, is an increase of the heat
reception speed by cooling of the chamber casing. The second one, is selection of relevant
time intervals of the cycle in order to reduce the heat increase (reduction of the runup and
rundown time) or extension of the time between the periods of the increased heat release
(optimization of the working time and the stop time).
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Figure 5. Image from thermo-visual camera
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Exemplary discussions on the selection of time intervals of the test cycle through analysis
of the impact of particular time intervals on the increase of the temperature of the factor in
the test chamber was presented below. Figure 6 presents the set of exemplary characteristics
which picture the temperature increase for four selected cases:

Variant 1 - time settings: Tr=3 (s), Tp =3 (s), Tw=3(s), Tn =3 (s),
Variant 2 - time settings: Tr=3 (s), Tp =2 (s), Tw=3(s), Tn =3 (s),
Variant 3 - time settings: Tr=3 (), Tp =2 (s), Tw=3(s), Tn =10 (s).
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Figure 6. Exemplary data from time selection tests of START-STOP cycle

The cycle time should be selected each time when conditions of operation of a bearing
change, e.g. medium change, change of friction force (friction coefficient - materials, grip
force). In the presented case, analysis was carried out for the low boiling working factor
HFE7100, foils made of copper 2.0321 (top foil) and bronze CuAl17 (corrugated foil).
A gripping force of foil on the shaft neck was the same for all the presented ones.

Analysis of the course of temperature changes for particular cases shows that it is favour-
able to accept short times of runup and rundown and the working time. Extension of the break
time Tn to 10 s for the investigated case brings smaller effects than the change of the remain-
ing intervals.

Input parameters and measurement data

START-STOP tests consist in a cyclic runup, work in the set conditions and rundown of
the tested system and in observation of parameters of work of the bearing to the end of the
test consisting of the set number of cycles or to the damage of the tested bearing. Therefore,
there is a need to set and acquire determined parameters of work of the investigated bearings
(number of set cycles of the test, nominal rotational speed of the bearing work, runup time
from stop to the nominal speed, time of operation at the nominal speed, rundown time from
the nominal speed to the stop, the stop time between cycles, transverse load of the bearing,
moment of resistance of motions in the bearing, parameters at which damage to the bearing
occurred, temperature in particular stages of the cycle, etc.) The process of control and ac-
quisition of data on tests in the START-STOP cycle is automatic and the parameters of tests
are set through a computer application.

Assessment of wear and tear of the elements of bearings

Observation and analysis of consumption of particular elements of the tested foil bearings
may be carried out in a qualitative and quantitative mode. The first stage is assessment of
consumption which consists in visual inspection (Fig. 7) of particular elements of a bearing
starting with top foils and ending with a stiff liner. Extension of that assessment is possible
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thanks to microscopes and profilographs which serve for measurement of roughness, corru-
gated nature, and shape e.g. with an optical method. The use of profilographs enables assess-
ment of the depth of scratches, channels and craters which result from friction of cooperating
surfaces (Komar, 2015).

It is necessary to clean the elements subjected to the quantitative analysis before assess-
ment. These elements include units of foil which are an elastic part of the liner, which were
cleaned in isopropanol of high cleanness with the use of an ultrasound washer. Directly after
cleaning and drying, measurements of their mass with the use of precise scales e.g. electronic
weighting and drying machines Radwag MAC 50/1/NH are performed, as in case of tests
which were performed by the authors of this article.

Figure 7. Image of exemplary units of working foils before tests and after 500 START-STOP
cycles

Analysis of the mass consumption is made by means of the measurement of mass of the
cooperating elements before and after the test run, but quality determination of the product
consumption is impeded as well as the level of their diffusion between friction elements with-
out a possibility to test the surface of the investigated elements under a microscope.

Exemplary results of tests

The exemplary results of tests presented in this paper were obtained in the tests performed
according to the above method for the selected material couples. Due to various material
associations, it was assumed that the operation cycle of the foil bearing on the test was carried
out in the automatic mode for the sequence start- work- rundown-stop (Tr=3(s), Tp=3(5),
Tw =3 (s), Tn=3(s)). The number of cycles START-STOP for the presented results in figure
10 was 200. All tests were carried out in the surrounding of the low-boiling medium
(HFE7100) at the rotational speed of a spindle from 0 to 8500 rot/min for the same structure
of the working foil (Fig. 7). The course of speed and the resisting torque of motion of the
investigated foil bearings was presented in fig. 8.
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Figure 8. Course of changes of the rotational speed and the moment of resistance of bearing
during START-STOP test (197-200 cycles)
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Figure 9. Mass consumption of selected elements of foil bearing (sliding bearing and the unit
of working foils)

In the period of the runup of the bearing, the highest resisting torque of the motion can
be seen, which is caused by the friction of the shaft neck and foil on the surface before for-
mation of the load-bearing film (top foil gripped on the neck). After the set rotational speed
of a spindle was achieved, a decrease of the value of the moment is visible, which is caused
by formation of the load-bearing film and its stable course during the bearing operation in
the set conditions. During the rundown, at the beginning a decrease and then increase of the
resisting torque can be reported, which proves a reduction of the load-bearing nature of the
oil film and as a result with a mixed friction and in the final stage almost completely dry air
of the neck and top foil of the tested bearing. Based on the measurements of the mass of
working foil units (and particular top and bump foil) before and after introduction to the test
cycle, a degree of the mass consumption of particular combinations of material couples was
determined. The set of results was presented in the form of the column graph in Fig. 9.

All presented courses of speed and the moment of resistance of the bearing motion con-
firm a correct operation of the foil bearing and a low consumption of material combinations
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resulting from a small number of test cycles (200 cycles). It proves a proper operation of the
investigated bearing in the presence of the low-boiling medium and formation of the stable
smearing film.

Conclusion

Observation of the distribution of temperature in the working chamber with the use of the
thermo-visual camera may take place only after the chamber cover is removed. Thus, the
draft observation of cases of filling the working chamber with the medium in the form of
liquid, gas and/or mixed states will not be possible.

Factors that directly and indirectly influence the temperature in the test chamber enforce
a need to remove heat from the chamber, in particular at lower temperatures of the working
medium. Temperature may be stabilised in the chamber through adding the system of fans to
the outside surface of the test chamber or the use of thermo-electrical materials for tempera-
ture stabilization e.g. Peltier modules, and selection of the duration of particular time inter-
vals in the measurement cycle.

The cycle time should be selected each time when conditions of operation of a bearing
change, e.g. medium change its temperature and physical state), change of friction force (fric-
tion coefficient- materials, grip force, transverse load).

The results placed in figure 9 enable a conclusion that the lowest consumption of the top
foil took place for the couple brass 2.0321/CuAl7 and the working foil unit couple bronze
CuAl7/Inconel. One should bear in mind, when analysing the results of the START-STOP
tests that in case of soft materials mixing of material between working foils may take place.

Another stage of the works will include tests for selected various configurations of mate-
rials and structure of elements of the investigated foil bearings at the increased number of
cycles which makes the tests very time-consuming.
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METODYKA BADAN LOZ)(SK FOLIOWYCH W CYKLU
START-STOP W OBECNOSCI CZYNNIKA ROBOCZEGO

Streszczenie. W artykule przedstawiono metodyke badan tozysk §lizgowych z elastyczna panwia, sku-
piajac si¢ na zagadnieniu doboru poszczegdlnych przedziatow czasowych cyklu badan typu START-
STOP. Nastepnie zaprezentowano wyniki badan przeprowadzonych wedtug przyjetej metodyki dla wy-
branych par materiatowych. Cykl pracy testowanych tozysk foliowych na stanowisku badawczym prze-
prowadzony byl w trybie automatycznym przy zadanej liczbie sekwencji rozruch-praca-wybieg-prze-
rwa. Ze wzgledu na najwicksze zuzycie lozysk $lizgowych podczas rozruchu i wybiegu maszyn,
badania tego typu sa kluczowe w doborze odpowiednich zestawéw materiatow na elementy tozysk.
W artykule przedstawiono réwniez wykorzystanie kamery termowizyjnej do identyfikacji zrodet do-
datkowych obcigzen termicznych oraz wskazano sposoby stabilizacji temperatury w komorze badaw-
czej.

Stowa kluczowe: tozysko, tozyskowanie, tozysko foliowe, badania START-STOP
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