


Comparative characteristics and selection of speed bearings

productivity of individual operations. Optimal metalworking equipment includes bearings that allow for
increased accuracy and productivity, reduced finishing operations, and decreased cost of manufacturing
parts. High-speed processing is advisable to use. To ensure this, changes in the design of metal-cutting
machines, spindles, and bearings are necessary to enable working at rotational and linear speeds that exceed
the traditional machining modes by many times.

Rolling bearing supports are the most common. Despite the high precision requirements for
manufacturing all parts of these bearings, their characteristics limit their range of application due to:

o limitations of the possible rotational frequencies range;

¢ tendency to forced and self-oscillations due to the actual difference in the sizes of the rolling
clements in the bearings, their uneven wear, different contact stiffness between the rings and individual balls
or rollers, and so on;

¢ increased noise of the rolling bearing assembly.

These drawbacks limit the use of rolling bearings in high-precision mechanisms with high rotational
speeds. An alternative to rolling bearings are sliding bearings: hydrostatic, hydrodynamic, hydrostatic-
dynamic, gas-static, gas-dynamic, and magnetic-based bearings.

Hydrodynamic sliding bearings are divided into two main categories based on their working principle:
those with a hydrostatic principle of load capacity creation and those with a hydrodynamic principle. The
hybrid hydrostatic-dynamic principle is also used, which uses constant pressure from a power source and the
pressure created by hydrodynamic effects in the bearing structure.

In a hydrodynamic bearing, the main load is carried by the working fluid, which creates pressure in
the thin film that arises between the bearing surfaces during rotation. Modern hydrodynamic bearings are
used in various precision mechanisms such as high-speed spindle assemblies, turbines, pumps, generators,
deacrators, engines, and compressors when ordinary roller or ball bearings do not meet their requirements [1].

Typically, the design consists of an inner and outer ring, with seals at the contact points. Due to
improved seal design and composite materials used, the hydrodynamic bearing has virtually no fluid losses
during operation (or they are minimal). Such a mechanism is characterized by a long service life.

Hydrodynamic bearings are often used in manufacturing due to their low precision requirements, low
noise level, minimal vibrations, and high damping capability, which allows them to work well in a wide
range of operational conditions. However, they are not commonly used in high-speed spindles due to
limitations such as wear during start-up and shutdown, limited stiffness, the need for constant lubrication,
unstable spindle position during changes in rotation frequency, and technological difficulties in
manufacturing and installing bearings.

Spindles with hydrostatic lubrication are widely used in metalworking machines due to their high
precision, load-bearing capacity, damping capability, and the absence of wear in such bearings, which
provides them with practically unlimited durability [2, 3].

However, the increased requirements for high-speed and high-precision machines have revealed a
significant disadvantage of fluid-lubricated sliding bearings (both hydrodynamic and hydrostatic), which is
the significant heat generation resulting from the relative sliding of the lubricant layers. The power dissipated
due to friction is proportional to the viscosity of the lubricant and the square of the rotation speed, resulting
in a complicated cooling system. For example, high-precision round grinding machines suffer from thermal
deformation caused by heat generation in hydrostatic bearings of grinding wheels. Therefore, the use of such
spindles requires thermal calculations and the provision of an appropriate thermal regime.

Since the movement of forming tools is carried out by a spindle and spindle bearings, they make a
decisive contribution to the output characteristics of machine tools [4]. Therefore, the task of increasing the
efficiency of mechanical processing is very relevant, and its solution contributes to reducing labor costs,
reducing operating costs, increasing the productivity of individual operations, and automating the processing
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of complex parts. The most acceptable way to increase accuracy and productivity, and reduce the amount of
reference work and the cost of producing parts is to use high-speed machining, which allows optimizing the
process of mechanical processing. The use of high-speed machining requires changes in the design of
spindles that will provide operation at rotation and linear speeds that are several times higher than those in
traditional processing, as well as the use of numerical control systems with higher speed calculation of
trajectory and modern tool designs [3].

Problem Statement

The smoothness and high-speed rotation of shafts, especially spindles, are determined by the precision
and type of bearing supports used in them. Rolling and sliding bearings are predominantly used in modern
spindle designs. To compare bearings when selecting them for use in given conditions, it is advisable to use
the following main criteria:

1) the load capacity of the bearings;

2) the range of permissible rotational frequencies of the shaft;

3) the accuracy of maintaining the position of the axis of rotation of the shaft;

4) the stability of shaft rotation in the given type of bearings (the possibility of auto-oscillations and
unwanted transient processes);

5) energy costs and economic indicators of manufacturing and operating this type of bearings;

6) vibroacoustic characteristics (noise level, sound level).

Review of Modern Information Sources on the Subject of the Paper

Hydrodynamic lubrication is often considered to be a condition of perfectly lubricated contact, as
lubricating films are typically much thicker (usually 5-500 micrometers) than the roughness height on the
bearing surface, thus preventing hard contact. The friction coefficient in the hydrodynamic regime can be
very small (around 0.001). Friction slightly increases with sliding velocity due to resistance to motion caused
by the working fluids, whose viscosity is practically independent of temperature. The disadvantage of sliding
hydrodynamic bearings is the need to take measures to prevent physical contact between supporting parts,
which may occur during start-up and low-speed rotation. This contact is determined by the properties of the
working fluid, especially its viscosity and interaction with the friction pair materials. The occurrence of dry
contact in the sliding pair is particularly dangerous.

On these regimes, adhesive wear may occur during start-ups and stops, while corrosive (chemical)
wear of bearing surfaces may also occur as a result of interaction with the lubricating material.

Shafts (spindles) on hydrostatic supports start rotating only after pressure is applied to special pockets
and the shaft is lifted to create a gap between the friction surfaces. This prevents them from touching and
possible seizing processes.

Requirements for bearing supports are formulated based on the tasks that the entire mechanism solves.
In addition to specific requirements, there are also several mandatory requirements: ensuring reliable
operation at all operating modes; providing basic performance characteristics with a guaranteed resource in
conditions of repeated starts and the presence of aggressive environments (liquid oxygen, hydrogen,
ammonia); ensuring guaranteed delivery of lubricant material at all operating modes of bearing supports with
the necessary flow rate, pressure and acceptable efficiency; minimum weight and size dimensions; maximum
achievable speed of shaft rotation; high resistance to shock and vibration loads; absence of significant heating
in bearing supports; absence of cavitation processes in supports; minimum cost of production and operation
[3,6].

Each type of bearing support has its advantages and disadvantages, which in turn determine the
arca of their rational use. Table 1 shows the main characteristics for determining the required type of
bearings.
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The study of the motion of the working fluid in the bearing is based on two fundamental laws of
hydrodynamic lubrication theory: the law of conservation of mass and the law of conservation of momentum
[4, 11]. Mathematical models of fluid lubricated bearings are based on the Navier-Stokes equations. We
make the following assumptions:

e the clearances between the surfaces are much smaller than the dimensions of the surfaces;

o the motion of the working fluid in the clearances is stationary and relatively slow;

e the motion of the working fluid is assumed to be isothermal, i.¢., the temperature in the lubricating
film is constant. The Reynolds equation is the main equation of hydrodynamic lubrication theory. By
performing differential operations of vector analysis [12, 19], the laws (2.13)—(2.14), taking into account the
compressibility of the working fluid and the smallness of the gravitational forces, will look like this:

the continuity equation:
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When considering the working fluid in such bearings, local inertial terms in the system (4) can be
neglected. Therefore, the motion of the lubricant in these bearings is quasi-stationary. The non-stationarity
of the lubrication process is expressed through boundary conditions or time-dependent forces. When solving
problems with the inclusion of heat dissipation in the walls, it is necessary to take into account the terms

.. ;. L . . C
containing a—; . in the simplified Navier-Stokes equations (4). In cases where heat dissipation in the walls

can be neglected, taking into account the small Reynolds number and the influence of local terms, systems
of equations (5-6) can be obtained, the joint solution of which gives the Reynolds equation for pressures. If
the variation of viscosity coefficients with thickness is ignored, then taking into account the above-mentioned
considerations and adding turbulence coefficients to the equations, the system of equations (3—4) in
dimensional form is expressed as:
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Taking into account that the thickness of the lubricating layer 4 is approximately three orders of
magnitude smaller than the other two dimensions of the bearing (Rn* and L), the pressure in the lubricating
layer, up to the value of y, does not change along the y coordinate but depends only on the axial » and
circumferential ¢ coordinates. Hence, it is possible to integrate the first and second equations of the system (6):

dp y?
2 =uKv, + fi(r, @)y + L, 9);
(7
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Taking into account the assumption of no-slip conditions for the working lubricant material on the
bearing surfaces, we can express the boundary conditions for the velocities V,, V, and V), as follows:
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The values of the flow velocities of the lubricant in the radial and axial directions, taking into account
the boundary conditions (8), will be equal to:
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Substituting the obtained velocity values into the continuity equation (5) and integrating it over the
coordinate y within the radial gap from 0 to A, we get:
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ap
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The volumetric flow rate of the lubricant material in the circumferential and axial directions per unit
time, taking into account (9), will be equal to:
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If we denote the radial convergence velocity of the bearing and shaft support surfaces as ¥, and
substitute the expression (10) into equation (11), we obtain the main equation for determining the pressure
field — the Reynolds equation, generalized for the case of two-dimensional turbulent flow of a viscous
working fluid [13-19]:

op prh3 ap 9 [ph3 op ] ap

12h— 6— hV, 6— RV, 12pV. 12
ror | uK, or|  rde 1K, mo¢ at+ (prh¥;) + (p o) T 12pY,, (12)

where the velocity values at points on the surface of the shaft are determined by:
a
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The determination of the pressure field p(r, @) at a particular moment in time is a boundary problem of
solving the Reynolds equation (12) — a nonlinear partial differential equation — with the following boundary
conditions:

1) given drain pressure ps (on the ends of the bearing) and pressure in the chambers py:

p(r, @) = ps1; P2 @) =Ds2; PTn Prun) = Prns (14)

where 1y, @y, n — the coordinates and number of the groove;

2) the conditions for the coordinate ¢ are written based on Sommerfeld’s hypothesis, according to
which the rotor support surface is completely covered with a lubricant layer. The validity of this approach is
demonstrated, for example, in [15]. Then, the conditions for the junction can be written:

. ap ap .
p(r,0) = p(r, 2nsin(a/2)); % (r,0) = % (r, 2msin(a/2)). (15

After determining the value of the total gap h, one can directly proceed to consider issues related to
the flow of lubricant material in an eccentric annular gap. When modeling the flow of lubricant material, two
peculiarities need to be taken into account: the small (tens of micrometers) thickness of the lubricant layer
and the rather complex geometry of the radial gap.

The reference data on the thermophysical properties of lubricant materials [6, 10] used in sliding
bearings turn out to be inconvenient for numerical implementation. Therefore, these data are approximated
using the least squares method [12, 16], which allows finding analytical dependencies for the properties of a
single-phase material in the form of functions of pressure and temperature for water. However, unlike water
and liquid hydrogen, for which phase transitions are possible, oils can only exist in the liquid phase and begin
to burn at further increases in temperature.

The increase in rotating speeds leads to the possibility of laminar as well as turbulent flows of the
working fluid in the bearing gap. The transition from laminar to turbulent flow is characterized by the critical
value of the Reynolds number Re* [15]:

Vv, L
Re > Re*; Re=p‘;n ; Re* =~ (1,2..2)-103,

where v, — the average flow velocity of the working fluid; L — characteristic size.

The flow of the working fluid in the lubricating medium under turbulent conditions is characterized
by mixing of elementary volumes, the presence of chaotic pulsations of velocities and pressures in all
directions, and the appearance of turbulent (“eddy™) viscosity. The influence of eddy viscosity on
determining the pressure ficld in the lubricating layer can be taken into account by introducing turbulence
coefficients K, and K, along the respective directions. In single-phase flows of lubricating material,
turbulence coefficients are determined using the Constantinides methodology [17, 19]:

Ky, =1+0,044-(k**-Re)*7%%; K, =1+ 0,0247 - (k** - Re)*%,

where £” — the pocket coefficient determines the mixing path and depends on the radial clearance.

The coefficient £* can take such values: £* = 0.2...0.4; small values of £* correspond to small radial
clearances from 10 to 100 microns. The pocket coefficient is often calculated using an empirical relationship:
k* ~ 0,125 - Re®%7_ The Reynolds number value for a tapered bearing is determined as:

WR;ph
e
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When calculating numerical values of pressure fields in the lubricating layer, the following main
assumptions are made:

1) the lubricating material is a continuous medium that fills the entire radial gap;

2) the lubricating material is considered to be a Newtonian fluid, meaning that the stress tensor in
the lubricating layer is lincarly dependent on the tensor of deformation velocities;

23



Inna Vishtak, Valeriy Savulyak

3) the lubricating medium is isotropic, meaning that physical properties at each point are the same
in all directions;

4) changes in thermodynamic parameters across the lubricating layer due to its small size are
neglected;

5) velocity gradients are only taken into account in the direction normal to the rubbing surfaces, and
the velocity of the lubricating material in this direction is considered to be small;

6) the curvature of the lubricating layer due to its small thickness (compared to the length and radii
of the bearing) is neglected;

7) the effects of surface tension, inertia, and the mass of the lubricating material, as well as changes
in the volume of the lubricating material associated with temperature changes, are neglected;

8) sliding of the lubricating material relative to the bearing and rotor surfaces is absent (due to the
phenomenon of adsorption), and the velocity of the boundary layers of the lubricating material is equal to
the velocity of the adjacent supporting surfaces;

9) the working surfaces of the shaft and bearing are assumed to be perfectly smooth, and the shape
of their cross-section does not change along the axis of the bearing, and manufacturing and assembly
inaccuracies of the support assembly are insignificant.

In addition to the above assumptions, the following factors are taken into account when determining
the pressure field:

e the flow of the lubricating material is not established — a non-stationary problem is considered;

e the working fluid is a compressible fluid;

e the thermal regime of the flow is non-isothermal;

o the flow regime can be either laminar or turbulent.

Conclusions

1. The flow parameters of the working fluid have an impact on the load-bearing capacity of radial
bearings, and the proposed evaluation dependencies can also be used for tapered bearings.

2. Analysis of the Navier-Stokes equation has been carried out using the method of small
perturbations for small eccentricities. The results of calculations indicate a significant influence of the flow
parameters of the working fluid on the expansion of the area of rarefactions and the range of their values, as
well as on the reduction of the area and range of elevated pressures. It has been established that at small
eccentricities, the bearing load capacity can be significantly increased due to the flow parameters of the
working fluid; at rotational speeds of 60-70 m/s and a radial clearance of 80 pm, the increase can reach 20 %.

3. An important qualitative feature has been established: as the Reynolds number Re* increases, the
bearing load capacity increases. The most intense change in load capacity due to the influence of flow
parameters of the working fluid is observed at a relative eccentricity of ¢ = 0.2-0.4.

4. The terms of the Navier-Stokes equation that take into account the flow parameters of the working
fluid can have a value that is comparable to other components, so ignoring them is not always permissible.
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