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Abstract

This article presents the experimental research on ball bearings, which could be applied in vapour
microturbines operating in CHP systems. The bearings are of three kinds, according to their constructional
solution: 1. all-steel (all components are made of steel); 2. ceramic-steel-hybrid (ceramic balls, steel cage
and races); 3. all-ceramic (the balls, as well as external and internal races, are made from ceramic silicon
nitride — Si3N,, while the cage is made of PTFE). The test rig and the research method were discussed. In
order to have a better picture of vibrations of the rotor-bearing system, we applied the bearing system with a
flexible rotor. That option entailed some difficulties, however. In each case, both the analysis of the ball
bearings' properties and of the impact of ceramic components on the dynamic performance of the rotor was
carried out. The results of these analyses are presented in the following forms: displacement amplitudes of the
rotor, colormap graphs of the type Order Spectrum Analysis and three-dimensional vibration trajectories. The
bearings were analysed on the basis of colormap graphs, while the analysis of the rotating rotor was
conducted using graphs depicting 3D vibration trajectories and displacement amplitudes at the disk location.
As a result of all this work that we have mentioned, useful information on the possible application of tested
bearings for vapour microturbines has been gained.
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BADANIA EKSPERYMENTALNE CERAMICZNYCH LOZYSK TOCZNYCH
STOSOWANYCH W MIKROTURBINACH

Streszczenie

W artykule przedstawiono opis badan trzech rodzajow tozysk kulkowych, ktéore moglyby by¢
zastosowane w mikroturbinach parowych pracujacych w uktadach kogeneracyjnych. Rodzaje badanych
tozysk to: stalowe, hybrydowe (kulki ceramiczne, bieznie stalowe, koszyk stalowy, ceramiczne gdzie
elementy takie jak bieznie wew. i zew. oraz kulki zostaly wykonane z azotku krzemu (Si3;N,) a koszyk z
PTFE. Opisano budowe stanowiska badawczego i metodg badan. Aby drgania uktadu wirnik — tozyska byly
lepiej widoczne zastosowano wiotki wirnik, co sprawialo dodatkowe trudnosci podczas badan. W kazdym z
przypadkdéw poréwnano wiasciwosci badanych tozysk tocznych oraz wplyw elementéw ceramicznych na
dynamike¢ wirnika. Wyniki te przedstawiono w formie przebiegdw, histograméw (Order Spectrum Analysis) i
wykreséw trajektorii drgan. Na podstawie map ekspozycji przeprowadzono analiz¢ lozysk natomiast za
pomoca przebiegdw amplitudy przemieszczenia dysku i trajektorii 3D analiz¢ wirujacego wiotkiego wirnika.
W rezultacie oceniono mozliwo$¢ zastosowania badanych tozysk w mikroturbinach parowych.

Stowa kluczowe: tozyska kulkowe, tozyska ceramiczne, tozyska hybrydowe, dynamika wirnika

1. INTRODUCTION

One of the subassemblies comprising a micro
CHP power plant, which is being developed at the
Institute of Fluid-Flow Machinery PAN [1, 2], is
the vapour microturbine [3, 4]. Due to harsh
operating conditions (including high rotational
speed, difficulties in using traditional lubricants and
high temperature), there is a need to apply
unconventional bearings to the microturbine (e.g.
gas or foil bearings) [5-7]. Ball bearings—all-steel,
all-ceramic or ceramic-steel-hybrid ones—can be a
simpler, cost-effective alternative.

One important area where knowledge is lacking
is the possibility of using a rotor supported by

ceramic or hybrid bearings. As a matter of fact,
there are virtually no articles in the scientific
literature addressing this subject. Usually, a
research aimed at studying issues of ceramic-metal-
hybrid bearings or all-ceramic bearings is related to
analysing a single bearing only. In publications
relating to such bearings, researchers were faced
with the issues of extreme temperatures (very low
or very high), life cycle, wear, mechanical friction,
material selection, vibration resistance, etc. For
example, article [8] discusses the research
conducted on two bearing designs, where one of
them has ceramic balls in the place of steel balls.
When tested in the single ball test rig at a high
rotational speed, the ceramic balls exhibited a
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quadruple rolling contact fatigue life improvement
versus steel balls. This research gave new impetus
to the improvement of bearing systems mounted in
high-speed machinery. Many analyses related to the
wearing of the rolling elements of ceramic bearings
were carried out [8—10] and they show that such
bearings are suitable for machines operating under
demanding conditions. Article [11] presents a
vibration analysis of a single ceramic bearing and
its comparison with steel bearings. During the
experiment, a bearing was operated at several
different speeds (and loads as well) and for each
case, vibration characteristics were registered.
Vibrations were measured using accelerometers. It
was established that the hybrid bearings had higher
vibration level than steel bearings. It was due to the
fact that there was a higher contact stiffness
between the ceramic rolling elements and the races
in comparison to steel rolling elements and steel
races. In the research concerning the use of hybrid
ceramic bearings for rocket turbopumps having a
nominal speed of 50,000 rpm [12-13] and
automobile turbochargers [14], a single bearing test
rigs had been constructed on which various bearing
types were tested. The parameters such as load
capacity and life cycle were analysed, for ceramic-
metal-hybrid bearings and all-ceramic bearings as
well. Paper [15] discusses the research on a rotor
supported by two ceramic bearings. This paper
provides no information either on vibration level of
the rotor or on its displacements. The authors
concentrate on such issues as heat generation and
temperature rises as well as oil shut-off tests. Some
of the advantages of hybrid bearings were
demonstrated but the impact of vibrations on the
dynamic performance of the rotor—bearings system
was not taken into account. The simulational
vibration analysis of ceramic ball bearings applied
to a 10 kW turbine is the subject of article [16].

The authors of this article conducted
experimental research on a rotor supported by
various types of ball bearings. The possibility of
using such bearings in a prototypical vapour
microturbine was discussed. Properties of ceramic-
metal-hybrid and all-ceramic bearings, described in
the scientific journals, allow us to put forward the
thesis that ceramic ball bearings can be a great
alternative to other types of bearings that are
usually used in energy microturbines' bearing
systems. The all-steel ball bearings were taken into
account because they make reference to the other
two bearing kinds that were tested and also because
they are frequently applied to high-speed systems.

2. TEST RIG AND RESEARCH METHOD

2.1. General description of the test rig

Figure 1 shows the scheme on which are
marked the overall dimensions of the test rig. For
the purposes of the research presented in this
article, two elements were manufactured, namely

the shaft and the rotor disk, the total mass of which
is 3.5 kg. The distance between the bearing
supports is 727 mm, while the shaft diameter is
20 mm along its whole length. This configuration
of the test rig—how later it will turn out—led to
high displacements of the rotor disk. The rotor can
be henceforth considered flexible.

An electric motor—incorporating a belt
transmission—was connected to the shaft using a
flexible jaw coupling. On the bearing supports,
uniaxial accelerometers were mounted and they
were capable of conducting measurements in two
directions—X and Y. The rotational speed of the
rotor was measured using a laser sensor and shaft
displacements were measured at the rotor disk's
location—in  two  mutually  perpendicular
directions—using eddy current sensors.

1080
1220

Fig. 1. Scheme of the test rig

The whole test apparatus was connected to the
SCADAS Mobile analyser, the role of which was to
register, process and validate signals from all
sensors. All measurement parameters were set by
means of Test.Lab Signature Testing software.

2.2. Course of the study

In the first test, the system included ball
bearings in which all components were made of
steel. All bearings operated without lubrication.
Before starting the research and also after the
substitution of each bearing the rotor was balanced
using a portable vibration analyser called
DIAMOND 401 (Fig. 2). Balancing was done by
attaching an appropriate corrective mass to the
shaft, according to the display of the vibration
analyser so as to decrease the overall vibration
level. The root-mean-square (RMS) vibration
velocity value of 1 mm/s was the threshold value
below which the rotor was considered balanced.

During the planning of a series of
measurements, a proper positioning of eddy current
sensors turned out to be a problem. The sensors
have the measuring range of 0.5 mm to 2.5 mm and
the vibration level of the flexible rotor was too high
to be within this range. However, the problem has
been overcome. The sensors were positioned in
such a way that their arrangement did not allow
damaging them, even at the resonant speed. During
conducting the measurement series the following
parameters were registered: rotational speed,
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accelerations of the bearing supports in two
directions perpendicular to the axis of rotation of
the rotor and displacement of the shaft at the point
that is close to the rotor disk's position.

Fig. 2. Test rig for testing small rotor-bearings
systems (in configuration with ball bearings).
1 — foundation, 2 — electric motor with the belt

transmission, 3 — shaft with the rotor disk,
4 — permanent coupling, 5 — bearing support,
6 — frequency converter, 7 — protective guard

Each bearing replacement required the removal
of the shaft and the coupling. After the replacement,
the shaft had to undergo the balancing process from
the beginning.

3. RESEARCH RESULTS

3.1. All-steel ball bearings (FAG 6204-C-2Z-C3)

This chapter discusses the measurement results
registered during the run-up of the rotor supported
by all-steel bearings. The graphs presented in Fig.
3-6 demonstrate acceleration amplitudes as the
function of rotational speed shown in the form of its
individual harmonics. The colormap graphs of the
type Order Spectrum Analysis are hereinafter
referred to as “OSA graphs”. The amplitude values
measured by accelerometers are colour coded. Thin
curved lines are the frequencies expressed in hertz
(Hz).
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Fig. 3. OSA graph showing vibration
acceleration amplitudes measured in the X
direction at the first all-steel ball bearing support
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Fig. 4. OSA graph showing vibration acceleration
amplitudes measured in the Y direction at the first all-
steel ball bearing support
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Fig. 5. OSA graph showing vibration acceleration
amplitudes measured in the X direction at the second all-
steel ball bearing support
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Fig. 6. OSA graph showing vibration acceleration
amplitudes measured in the Y direction at the second all-
steel ball bearing support

Figures 3-6 present the values measured at two
bearing supports and in two directions. It can be
noticed that for the first support (Fig. 3 and Fig. 4)
the first harmonic component was dominant and the
highest amplitude value (1.4 g) occurred at the
maximal rotational speed. When the rotor passed
the speed of 7,000 rpm, the third and fifth
harmonics began to manifest themselves—which
may be an indication of the bent shaft or, in the case
of a flexible rotor, its unstable operation. It can be
also observed that there is a high amplitude value at
the frequency order of 6.75 (see Fig. 3) and this
value originates from vibrations of the drive's belt
transmission. Curved thin lines denote the resulting
vibration amplitudes at the frequency of 360 Hz and
its harmonics as well. These harmonics made a
powerful contribution to causing unstable and
unreliable operation of the mechanical system. This
unstable operation manifested itself in the form of
high vibration level at the bearing supports'
locations [17]. At the first bearing support's location
in the Y direction (Fig. 5), the first three harmonics
(0.7 g, 0.85 g and 0.68 g, respectively) are
present—which was a clear indication of the
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operation of a bent rotor. The subsequent figures
(Fig. 5 and Fig. 6) demonstrate the vibrations of the
second bearing support. The vibration acceleration
amplitude measured in the X direction was the
highest (0.65 g) for the harmonic that is
synchronous with the rotational speed of the rotor
(Fig. 5). At higher speeds, the vibration acceleration
amplitudes of the other harmonics increased. The
vibrations of the test rig's structure, observed at the
frequency of 283 Hz, contributed to the increase in
vibration acceleration amplitudes registered at the
bearings' locations. In the Y direction, the first
harmonic is the dominant vibration component and
its amplitude value (1.2 g) increases along with
increasing the rotational speed, which can be
observed in Fig. 6. Although vibrations of the test
rig's structure could have been noticed at 544 Hz,
they had virtually no impact on the operation of the
rotor itself.
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Fig. 7. Amplitude of the rotor's displacement
measured at the disk's location (in the X and Y
direction) vs. rotational speed

Figure 7 presents the amplitude of the rotor's
displacement—measured by eddy current sensors—
as the function of rotational speed. It can be noticed
that at low rotational speeds the rotor moved
towards the Y direction in a rapid, repetitive
manner. A stable operation can be observed after
passing through the speed of 2,100 rpm and it
continues up to a resonant speed (3,924 rpm),
where the highest displacements occurred (0.92 mm
and 0.55 mm in the Y and X directions,
respectively). After crossing the resonant speed, the
amplitudes decreased but their values were higher
than the amplitude value registered at the speed of
2,100 rpm.
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Fig. 8. Trajectories of absolute vibrations at
different rotational speeds

The next figure (Fig. 8) depicts vibration
trajectories of the rotor at various rotational speeds.
The trajectories are presented using a 3D graph on
which the horizontal plane represents the position
of the shaft at a given speed. Z axis holds the values
of rotational speeds. Common colour coding has
been applied to certain rotational speeds, as shown
in the legend. Such type of graph makes it possible
to compare the shape of individual trajectories,
while their size is better visible in Fig. 7. The
amplitudes of the rotor's displacements measured at
the disk were higher than those measured at the
bearing supports, and this was the case for all
rotational speeds. The six chosen rotational speeds
that are colour coded in Fig. 8 are marked by
arrows in Fig. 7. In Fig. 7, many amplitude peak
values are present on the green curve. The vibration
trajectories at all these speeds, apart from a
resonant speed, are smaller in size but similar in
shape to the trajectory registered at the speed of
7,976 rpm (see yellow trajectory in Fig. 8). The
results described in this chapter should be
considered as reference values to the wvalues
presented in the following chapters.

3.2. Ceramic-steel-hybrid ball bearings (S6204 2-

RS)

The results relating to the ceramic-steel-hybrid
ball bearings are presented in the same manner as
the ones which have been described in the previous
chapter. On the OSA graph shown in Fig. 9, the
first harmonic is dominant (1.2 g) but also the third
and fifth harmonics, as well as the component
originating from vibrations of the drive, are visible.
The vibrations of the bearing supports (360 Hz) had
a negative impact on the operation of the rotor
itself. The vibration acceleration amplitude
registered at the second bearing support in the X
direction (Fig. 11) is at a low level, as in the
previous case.
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Fig. 9. OSA graph showing vibration acceleration
amplitudes measured in the X direction at the first hybrid
bearing support
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Fig. 10. OSA graph showing vibration
acceleration amplitudes measured in the Y
direction at the first hybrid bearing support

The vibrations measured in the Y direction
(Fig.10) at the first bearing support are of similar
nature to those from the previous case. The
vibration acceleration amplitude of the first three
spectrum components was approximately 0.7 g. The
frequency value originating from vibrations of the
test rig's structure increased to 292 Hz. At the
second bearing support (Fig. 12), the vibration
acceleration amplitude was 1.2 g, which is similar
to the case with all-steel bearings.
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Fig. 11. OSA graph showing vibration acceleration
amplitudes measured in the X direction at the second

hybrid bearing support
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Fig. 12. OSA graph showing vibration acceleration
amplitudes measured in the Y direction at the second
hybrid bearing support

The bearings' vibrations are of a similar nature
to those from the previous chapter. The highest
registered amplitude of the rotor's displacement
during the run-up was 1.22 mm and increased by
0.3 mm as compared to the reference value given in
the previous chapter (Fig. 13). A stable operation
starts above the speed of 2,100 rpm. After passing
through a resonant speed, the amplitude value
recovered to normal levels and oscillated around
0.5 mm). In the case of all-steel bearings, the
vibration trajectories which had loops in their
shapes were obtained for the rotational speeds at
which the highest amplitudes of the rotor's
displacements were registered and this was in the Y
direction. However, in the case of ceramic-steel-
hybrid bearings, we can say the same with one
major difference — we have to exchange Y with X.
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Fig. 13. Amplitude of the rotor's displacement

measured at the disk's location (in the X and Y
direction) vs. rotational speed

Vibration trajectories of the rotor are shown in
Fig. 14. In this figure, the red thick line depicts the
trajectory of the rotor operating at the rotational
speed of 2,024 rpm, registered at the beginning of
the run-up—during unstable operation (see the
previous Fig. 13).

—~ —a— 2024 [rpm]|
: +— 2849 [rpm]

—a— 3550 [rpm]
3999 [rpm]

—a— 6548 [rpm]
—a— 8024 [rpm]

Fig. 14. Trajectories of absolute vibrations at
different rotational speeds
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A loop, visible in the shape of this trajectory, might
have appeared due to too rapid increase in the
rotational speed of the rotor.

The overall conclusion is that both the vibration
trajectories are similar in shape and size as well as
the amplitudes of the rotor's displacements are
similar in values to those obtained for all-steel
bearings. As we already mentioned during the
analysis of the measurement results relating to
ceramic-steel-hybrid bearings, a significant increase
in vibration level at the resonant speed was
observed which could be the result of worse
damping  properties of  these  bearings.

3.3. All-ceramic ball bearings (N620 T-LL)

The following graphs present vibrations of
bearing supports in the case where the rotor was
supported by all-ceramic bearings. In Fig. 15 we
have presented the vibration acceleration
amplitudes measured in the X direction at the first
bearing support. The following vibration
components are present in this figure: the first
harmonic (1.3 g), the third harmonic (0.7 g), the
fifth harmonic (1.1 g) and the component
originating from vibrations of the drive. This time
vibrations of the bearing supports were also
observed (360 Hz) and have adversely affected the
operation of the rotor itself. It is evident,
particularly when looking at the values measured in
the Y direction (Fig. 16), that vibrations of the test
rig's structure (288 Hz and 576 Hz) caused the
appearance of the vibration acceleration amplitudes
corresponding to the second(0.62 g) third(0.72 g),
fourth(0.5 g) and fifth (0.25 g) harmonics of the
rotational speed of the rotor. The first harmonic
(0.78 g) dominates over the whole range of
rotational speeds.
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Fig. 15. OSA graph showing vibration
acceleration amplitudes measured in the X
direction at the first ceramic bearing support
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Fig. 16. OSA graph showing vibration
acceleration amplitudes measured in the Y
direction at the first ceramic bearing support
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Fig. 17. OSA graph showing vibration
acceleration amplitudes measured in the X
direction at the second ceramic bearing support
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Fig. 18. OSA graph showing vibration
acceleration amplitudes measured in the Y
direction at the second ceramic bearing support

In the previous cases, looking at the vibrations
registered at the second bearing support in the X
direction, there were no clear signs that the rotor's
operation was no longer stable. The situation is
different in the case of all-ceramic bearings (Fig.
17). The first five harmonics could have been
observed in this figure. Their maximal acceleration
amplitudes are as follows: 1X — 0.72 g and 5X —
0.93 g. The vibrations of the test rig's structure (735
Hz) have had an adverse impact on the operation of
the rotor itself. At a synchronous speed with the
rotational speed of the rotor, two critical speeds
were noticed that were less clearly displayed in
previous cases. In the second direction, namely the
Y direction, the first harmonic clearly manifested
itself (Fig. 18) and the vibrations of the test rig as
well (544 Hz). Furthermore, the subharmonic
0.46X made its appearance at the speed of 7,790
rpm, which is a symptom of an unstable operation
of hydrodynamic bearings. The unstable operation
of the rotor had its effect on the bearings and this
might have been possible due to the existing
clearance between the bearings' components. The
maximal values of the vibration acceleration
amplitudes were 0.95 g and 1.41 g at the rotational
speeds of 3,730 rpm and 9,050 rpm, respectively.

The graph that is shown in Fig. 19 presents the
amplitudes of the rotor's displacements in the X and
Y directions. It can be seen that the character of
vibrations is very different from that of the other
cases. The amplitude values became higher in both
directions. It is recalled that, for all-steel and
ceramic-steel-hybrid bearings, the amplitudes
registered in the X direction were much lower from
those registered in the Y direction. This time the
highest amplitude was 1.8 mm and it occurred in
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the X direction. This amplitude is higher by
approximately 327% as compared to all-steel
bearings where it had the value of 0.55 mm. In the
Y direction, the maximum amplitude has increased
by around 185% (from 0.92 mm to 1.71 mm) as
compared to the reference value. As was also
observed for other bearing types, a stable operation
of the system starts from the speed around 2,100
rpm. The large jumps of the values registered in the
X direction are observed in Fig. 19, which is also
the case for ceramic-steel-hybrid bearings (but not
the case for all-steel bearings).
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Fig. 19. Amplitude of the rotor's displacement

measured at the disk's location (in the X and Y
direction) vs. rotational speed
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Fig. 20. Trajectories of absolute vibrations at
different rotational speeds

On the basis of the results presented in Fig. 8,
Fig. 14 and Fig. 20, it can be stated that the
vibration trajectories obtained for the rotor
supported by all-ceramic bearings are very similar
in shape and size (for almost all speeds, not
including the resonant speed) to those obtained for
other bearing types. At the resonant speed (Fig. 20),
the vibration amplitude is visibly higher and,
additionally, the vibration trajectory has a very
rarely encountered shape—it appears as if the rotor

bounced back after striking a hard obstacle. It was
probably due to the considerable clearances of the
all-ceramic bearings. The rotor (except, of course,
for its rotating movement) was free to move within
these clearances.

4. CONCLUSIONS

Following the analysis of the information
presented above, all three kinds of bearings were
compared with each other in terms of their
construction. It was established why the symptoms
of too high clearance are present on one graph
relating to all-ceramic bearings. And the reason for
this is the fact that the bearing cage is of the type
“TxHB”, whereas in other cases it is of the type
“J”. The use of the flexible rotor and the heavy disk
positioned in the middle was a good choice because
high vibration amplitudes allowed identifying the
characteristics of the bearings but this was also a
considerable obstacle to the analysis of the dynamic
performance of the rotor. The methods for
visualising vibrations shown in this article (OSA
graphs and 3D trajectory plots) meet today's
standards, and allow for a more detailed insight into
the operation of the rotor-bearings system. On the
basis of studies carried out, it seems that ceramic-
steel-hybrid bearings are a good choice for
microturbines. The vibration amplitudes observed
for the rotor supported by such bearings are of a
similar level to those measured in the case of all-
steel bearings. Moreover, the vibration trajectories
are of a similar shape for both all-steel and ceramic-
steel-hybrid bearings. Therefore, an assumption can
be made, with a substantial degree of probability,
that if such hybrid bearings were to be applied in a
microturbine in which there is a high temperature
(approximately 200 °C), vibration amplitudes
would have lower values because the bearings'
clearances would decrease.
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