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In the article the origin of creation, construction as well as the research of the novel
gasostatic borehole bearings are presented. In the first part of the paper the information
on the construction of the bearing is outlined whereas in the second part the methodology
of the experimental and numerical research as well as obtained results are described.
The paper is summarized with the conclusions of the research and suggestions due to
commercial application of the bearings.
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1. Introduction

Contemporarily applied bearing systems include different types of bearings. The
most popular one is roller system based on the very well developed ball and roller
bearings. However, application of roller systems shows some drawbacks. In the case
of high velocities the required accuracy of the bearing elements results in high cost of
the manufacturing, which often exceeds the acceptable level of expenses. In the case
of high load capacity the overall dimensions as well as the mass of the bearings rise
problems in their mechanical applications [12]. The abovementioned problems give
rise to increasing interest in other types of bearing i.e. oil, gas or magnetic bearings
[14]. Application of those types of bearings is also limited. In the case of gas
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bearings the load is significantly limited. In the case of oil or magnetic bearings the
special power supply systems are required. However, their common advantage is low
overall dimension and high level of rotation speed. The manufacturing technologies
which are involved in their production are not as sophisticated as the ones required
in case of roller bearings.

In the compressors installed in Polish section of the Yamal gas pipeline the
hydrodynamic bearing are applied. The additional oil supplying systems for those
bearings as well as the oil-gas separating devices are required. It results in high
cost of purchase and maintenance of the bearing systems. Having analyzed pros
and cons of the bearing being hitherto applied [1], the different solution has been
undertaken to be examined in which the compressed gas is the bearing medium.
This scientific problem is the scope of research which included design of the bearing
system prototype which could prove that application of high—pressurized gas as
the bearing medium can provide sufficient load of the bearing system [4]. The
ultimate goal of the research is to exchange the hydrodynamic bearing system into
gas bearing system applied in the gas compression stations of the pipeline system.

2. Construction of the gas bearings

In the aerostatic bearing systems the compressed air from external source is con-
nected to the chamber through the inlet orifice (damper). Subsequently, the gas
flows from the chamber to the outlet slot, which results in gradual decreasing the
pressure rate down to the atmospheric pressure. The gas medium under pressure
provides force which balances external load and prevents from direct contact of
the both surfaces of the bearing. Thus working conditions remain in the range of
fluid friction. In order to supply the medium to the bearing, the special guides
are machined in the bushing. The guides are usually applied in the form of holes,
chambers and distribution grooves. Dimensions of the guides are supposed to be
small in order to avoid the self-induced vibrations [13]. Due to small dimension of
the bearing guides and chambers, the technological problems can arise and special
tools have to be applied.

Having analyzed the available publications in that field, the new type of bearing
has been designed: gasostatic borehole bearings. The research of radial-axial serial
bearing system as well as radial bearing system with damping on load surfaces were
carried out.

The gasostatic borehole radial-axial serial bearing with internal damping [5] is
presented in Fig. 1. The bearing is equipped with the bushing 1 with small radial
holes (eight holes in two rows — 2 and 3). The bushing surrounds the pin 4. Between
the bushing and the pin there are three cylindrical slots 5, 6 and 7. The middle
one 5 is bigger than the other two slots 6 and 7. On both sides of the bushing 1
there are vertical discs 8 and 9 mounted on the pin in order to bear axial loads.
Between the discs 8 and 9 and the bushing there are two front slots on each sides
(10 and 11, 12 and 13) and the inner slots 10 and 12 are bigger than the outer ones
11 and 13. The dimensions of the slots were derived experimentally by comparing
load capacity of the bearing for different slot sizes.
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Figure 2 The radial bearing scheme [6]

Between radial and axial bearing there are two undercuts 14 and 15, which create
the pressure equalizing spaces around the pin for the radial bearing. It provides
even distribution of the gas pressure entering the axial bearing.

The construction of the radial bearing presented in Fig. 2 [6] is similar to the
radial-axial bearing. The radial bearing is not equipped with vertical discs on both
sides of the bushing.
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3. Principle of operation of the gas bearings

The principle of operation and pressure distribution of the radial-axial serial gas
borehole bearing [5] is illustrated in Fig. 3. The gas medium is delivered under
equal pressure to all holes in two rows 2 and 3 of the bushing 1 (Fig. 1). Flowing
through the holes of small diameter the gas is damped down to the pressure p,.
In the case of idle working (without load) it flows around pin 4 under the same
pressure p, between rows 2 and 3. Subsequently the gas flows on in both directions
firstly along the radial slot 5, then along smaller slots 6 and 7. Then the gas flows
radially along front slots 10 and 11 or 12 and 13. Pressure of the gas is gradually
decreasing. The smaller slot, the bigger pressure gradient. In the case of no load
the pressure distribution along the pin and discs is symmetrical. The pressure in
the radial bearing decreases from p, down to p,, on the edge of the radial part of
the bearing. The p,, is the equalized pressure in the undercuts 14 and 15. In the
axial bearing the pressure decreases according to the presented characteristics from
Pw down to p, in the outlet of the bearing. Two rows of the holes 2 and 3 as well
as the discs mounted on the pin 4, the bearing is not susceptible to skew along the
longitudinal axis.
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Figure 3 The pressure distribution of the unloaded bearing

After loading the pin 4 with shear lateral force it starts to move perpendicularly
to the axis. It results in changing the dimension of cylindrical slots. Decreasing size
of the slots results in pressure growth and respectively increasing size of the slots
results in pressure drop. The pressure difference creates the force counteracting the
lateral load of the bearing. After loading the pin 4 with axial force the front slots
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change their dimensions and the pressure difference on both sides of the bushing 1
counteracts the axial load of the bearing.

As shown in Fig. 2 the radial bearing works similarly. The only difference
is that pressure of the gas flowing along the axis decreases from p.down to p,.
The principle of the load counteracting force creation as well as response to any
disruption is similar to the radial part of the abovementioned radial-axial serial
bearing.

4. Experimental research of the gas bearings system

The diagram of the test stand of the gas bearings system is presented in Fig. 4. The
stand contains examined bearing system consisting of the radial-axial bearing (1, 2)
and radial bearing (3, 4). The main shaft is driven by means of three-phase asyn-
chronous motor 17 connected with the flexible coupling 18. The rotational speed of
the shaft is controlled by the inverter. The shear forces are excited pneumatically
by two nozzles 10 and 11 mounted on both sides of the bearings system. Pressure
of the excitation is indicated with two manometers 13 and 14. The displacement of
the shaft is measured with position sensor 15 by OMRON (ZX-EMO02T) in the mid-
dle between the bearings. The sensor is equipped with the indicator of the current
position 16 resolution of which is 0.001 mm.
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Figure 4 The experimental test stand of the bearings system

1 - body of the radial-axial bearing, 2 - bushing of the radial-axial bearing, 3 - body of the radial
bearing, 4 - bushing of the radial bearing, 5 - holes of gas supply, 6 - shaft, 7, 8 - discs of the
radial-axial bearing, 9 - gas supply regulator, 10, 11 - nozzles of the load system, 12 -load regulator,
13, 14 - manometers, 15 - shaft displacement sensors, 16 - indicator of shaft displacement, 17 -
motor, 18 - clutch

Experimental tests were performed at different supply pressures (0.70 MPa and
0.80 MPa), rotational speeds of the shaft (0 min—!, 1700 min—!, 2350 min—! and
2900 min~!) and load force. The measurements were repeated three times and the
results were averaged (Fig. 5 and Fig. 6).
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Figure 5 Results of experimental tests and numerical analysis of the shaft displacement versus
load force for rotation speed of the shaft of 2900 min~! and supply pressure 0.70 MPa
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Figure 6 Results of experimental tests and numerical analysis of the shaft displacement versus
load force for rotation speed of the shaft of 2900 min~! and supply pressure 0.80 MPa

The experiments of the bearing system prototype were performed in order to check
application capacities of the design idea of the gasostatic borehole bearings system
and show the basic properties of the examined system. Having analyzed results of
abovementioned research it can be considered that rigidity of the whole tested sys-
tem in the perpendicular direction is ca. 0,2 um/N. The minimal radial dimension
of the slot (interspace) of the bearing is 30 pm, therefore the maximum load force
should not exceed 150 N to avoid contact of the bushing and the pin surface. The
maximum load of 150 N is obtained experimentally for this test prototype which
size is ca. five times smaller than that of target real application e.g. gas compressors
bearing system.

Moreover, obtained results show very slight effect of supply pressure on the shaft
displacement for selected values of supply pressures. The effect of rotational speed
on the shaft displacement is also very low.
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5. Numerical analyses

The next stage of the research was creating bearing simulation program in Mat-
lab — Simulink environment. The mathematical equations of Newton’s second law
and mass conservation law were used [11]. Bearing space was divided into parts
(chambers) and gas flow equations were written for it.

The dynamics of motion of the cylindrical bearing shaft (journal) is described
with the following equations [11]:

d2 k d2
mEQy =— ; {Fpi cosa; + T;sinay + T ;41 sin (ai + %)} + Py(t)mfj
" [Frusina + Trcosa + Tuapscos s+ 1] + Py
i=1 ' k dt2
k
== Fipi+ Polt)
i=1

where: m — mass of the shaft reduced to a central point; x, y, z — moving the
shat relative to the x, y, z axis; P, P,, P, — loading force components, i — the
number of chambers, k — number of chambers in one row in the bearing, F — the
chamber surface, p; — pressure in the i** chamber, a; — chamber position angle,
T; — tangential friction force in the area of the angle «;, T; ;41 — tangential friction
force in the area of the angle a; ;41

The mass flow rate for the different parts of the bearing can be derived from the
general form of the following equation [2, 3]:

ZQi ZFU'H& + Eﬁi
PN DN

where: ¥Q; — flow rate of the gas supplied to and discharged from the i*" chamber,
w; — journal movement perpendicular to the i*” chamber resulting from the external
load, V; — volume of the i** chamber, py — normal pressure

On the basis of the equations of dynamics and flow rates of the axial and radial—
axial bearing system the functional model of that system was created in Matlab—
Simulink software.

The input geometrical and mass parameters as well as results of the analyses
based on the mathematical formulae [2, 3] are summarized as follows:

e Mass of the shaft 7 kg
e Length of the shaft 0.604 m
e Bearing spacing 0.396 m

The analysis of the shaft displacement versus load force was performed in order
to check the model behavior and to compare the model response and experimental
tests results. Shaft displacement analysis was performed for the same physical
parameters like at the workstation and the results are shown in the graphs (Fig. 5
and Fig. 6).
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The results obtained in numerical simulation (Fig. 5 and Fig. 6) are highly
convergent to the results of the experimental tests of the shaft displacement versus
load force.

Having successfully checked the results convergence of experimental and the-
oretical rigidity tests, the basic dynamic properties of the analyzed system were
derived analytically by means of that Matlab—Simulink model. The results of the
dynamic analyses (run—up/run—out tests) based on the mathematical formulae are
summarized as follows:

e Maximal amplitude of the shaft vibration 1.5 ym
e Frequency of the shaft for cylindrical form of movement 150.46 Hz
e Frequency of the shaft for conical form of movement 241.36 Hz

e Maximal frequency of the shaft rotation 50 Hz.

The analytical results presented above indicate clearly that the working point of
the system is far beneath the first resonance frequency and the whole system works
in subcritical conditions.

6. Conclusions

The numerical and experimental tests of the gasostatic bearing system can be sum-
marized as follows:

1. The load capacity of the new bearing system is sufficient to sustain rotational
movement of the shaft loaded with certain range of forces.

2. Analytically derived value of first mode frequency (150.46 Hz) is much higher
than that of operational rotational speed of the shaft (50 Hz).

3. The maximal amplitude obtained during numerical analyses (1.5 pm) is far
lower than the bearing interspace (30 pm), which indicates that the bearing
can work safely.

Application of the gasostatic borehole bearings with internal damping can be com-
petitive alternative for hitherto used gas or hydraulic bearings. Ease of construction
and technology as well as small overall dimensions of the bearings are undisputed
advantages especially for application in high-speed rotational mechanisms e.g. gas
compressors of the pipelines. Low cost of the bearings production is the other aspect
which can bring about significant economic effect.

The gasostatic bearings of different construction variants are the subjects of
patent applications [5-10].
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