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1. Introduction

The decisive criteria of the quality of machining tools are their productivity and working
accuracy.

One innovated method for improving the technological parameters of manufacturing
machines (machine tools) is to optimise the structure of their nodal points and machine
components.

Because of the demands on machine tool productivity and accuracy, the spindle-housing
system is the heart of the machine tool, Figure 1, [1]. Radial ball bearings with angular
contact are employed in ever increasing arrays. The number of headstocks supported on ball
bearings with angular contact is increasing proportionally with the increasing demands on
the quality of the machine tool [2]. This is because these bearings can be arranged in various
combinations to create bearing arrangements which can enable the reduction of both radial
and axial loads. The possibility of varying the number of bearings, their preload value,
dimensions and the contact angle of bearings used in the bearing nodes, creates a broad
spectrum of combinations which enable us to achieve the adequate stiffness and high speed
capabilities of the Spindle-Bearings System (SBS) [2], [3]. Adequate stiffness and revolving
speed of the headstock are necessary conditions for meeting the manufacturing precision
quality and machine tool productivity required by industry.

When designing a machine tool headstock, the starting point is the design of the spindle
support, as this limits the stability, accuracy and production capacity of the machine by its
stiffness and revolving speed. However, the parameters influencing the stiffness and
frequency can act in opposition to each other. The selection of the type of bearing has to take
into consideration the optimization of its stiffness and revolving speed characteristics. The
maximum turning speed of the bearings is a function of the maximum revolving speed of
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50 Performance Evaluation of Bearings

the individual bearings, their number, pre-load magnitude, manufacturing precision, and
the types of lubrication used.

The stiffness of the SBS depends on the stiffness of the bearings and the spindle itself. There
are several methods that can be employed for determining the static stiffness of the spindle
system, e.g. [1] and [2].
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Figure 1. Factors influencing the Quality of Machine Tools, [4].

However, one problem which has not yet been solved is the calculation of the stiffness of the
bearings, (or nodes of bearings) in the individual housing. Accurate calculation of the
stiffness of the bearing nodes requires the determination of the static parameters of each
bearing. From a mathematical point of view, this can be solved by using a system of non-
linear differential equations, which requires the use of computers. To simplify the design,
we need a static analysis which provides the basis for the dynamic characteristics of the
mounting, and of the machine itself. Designers often prefer the conventional and proven
methods of mounting, without taking into account the technical and technological
parameters of the machine.

For the design engineer, it is important to be able to undertake a quick evaluation of various
SBS variants at the preliminary design stage. The success of the design will depend on the
correct choice of suitable criteria for the SBS, and if the design engineer has adequate
experience in this field.
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1.1. Headstock — The heart of the machine tool

The headstock, whether tool or workpiece carrier, has a direct influence on the static and
dynamic properties of the cutting process, Figure 2. The spindle-bearing system (SBS)
stiffness affects the surface quality, profile, and dimensional accuracy of the parts produced.
It also has a direct influence on machine tool productivity because the width of cut
influences the initiation of self-induced vibration; it is directly proportional to machine tool
stiffness and damping.

Complex analysis of the SBS is very difficult and complicated, [5]. The analysis requires an
advanced understanding of mathematics, mechanics, machine parts, elasto-hydrodynamic
theory, rolling housing techniques, and also programming skills. The results of our research
into SBS have been divided into three parts:
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Figure 2. CNC profile milling machine, Carl Hurt Maschines, Germany; Work nodal point —
3x7013ACGA/P4, Opposite nodal point — 2x7013ACGA/P4

e  Theoretical research - dealing with creating mathematical models

e  Experimental research - verifying theoretical hypotheses and results on testing devices

e Application research - dealing with the special software application, Spindle Bearings for
SBS design.

2. Theoretical research

A modular structure of the theoretical research is shown in Figure 3.

2.1. Primary static analysis
2.1.1. Speed

The productivity of a machine tool, (Figure 1) can be increased in at least two different
ways:
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52 Performance Evaluation of Bearings

1. Externally - by shortening working time - within a working cycle
2. Internally - by reducing machining times (increasing the cutting width) - technological

issues.
THEORETICAL RESEARCH
Matematical models
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MOUNTING ELEMENTS RESEARCH SH SYSTEM RESEARCH

bearing spindle clamping supporting statical dynamical

nodes noses elements elements models models
— running accuracy statical stiffness J i: dyn. stiffness
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— high - speedability spectrum
— temperature

Figure 3. Modular structure of theoretical research, [5]

The philosophy of intelligent manufacturing systems applied to production processes
minimise lost time. Further reducing lost time is expensive and has limited effectiveness at
current levels of technological development. It has been shown that increased productivity
can be achieved for example by changing the cutting speed. However this has a direct effect
on tool life and on the dynamic stability of the cutting process.

The cutting speeds in machining processes depend on the technology applied, the cutting
tool, and the workpiece material. The cutting speed also relates directly to the high-speed
capability, and average diameter, of the bearings, the so-called factor N = nmax.dmidi. Thus,
from the point of view of the required cutting speed, the most important factor is the
revolving frequency capacity of a spindle which is supported on a bearing system.

The calculation of the headstock’s maximum revolving speed is relatively simple. The
highest revolving speed of a bearing node is calculated on the basis of the highest revolving
speed of one bearing, multiplied by various coefficients reflecting the influence on the
bearings, the bearing arrangement, bearing precision, their preloaded value, and lubrication
and cooling conditions.

2.1.2. Stiffness

The total static stiffness of machine tools is, in almost all cases, limited by the stiffness of the
weakest parts. Amongst all the elements, the Spindle-Bearings System of the machine tool
plays the most important role.
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From results of structural analyses, the headstock can be considered as the heart of the
whole machine tool. The design and quality of the machine tool must respect the quality of
the drives and their features.

The headstock (as tool, or workpiece carrier), has a direct influence on the static and
dynamic properties of the cutting process. The Spindle-Bearing System’s stiffness also
influences the final surface quality, profile, and dimensional accuracy of the workpiece.

The problem here is how quickly the headstock stiffness can be calculated with sufficient
precision. The headstock stiffness must be calculated according to the deflection at the front
end of the spindle, because the deflection at this point directly affects the precision of the
finished product. The deflection at the spindle front end is the accumulation of various
other, more or less important, partial distortions. The radial headstock stiffness can be
calculated as follows:

K, =— (1)

The individual headstock parts, (spindle and bearing arrangement), create a serial spring
arrangement and it is evident that the resulting stiffness Kicis limited by the stiffness of the
weakest part. An expert can see which part should be improved, and which partial
distortions need to be minimized.

2.2. Simplified method of calculation

The calculation of spindle front end deflection, which takes into consideration all the
important parameters, can only be achieved by using powerful computers. The analysis can
be carried out by standard or custom software programs.

Calculating the many combinations of SBS arrangements is very demanding on time and
money. Undertaking stiffness analysis using standard programs depends on the engineers’
experience. The results can be open to questionable even when a suitable mathematical
method is used (finite element method, boundary element method, Castilian’s theorem,
graphic Mohr’s method, etc). This is because the headstock box, bearings or bearings nodes
are statically indefinite systems which produce a nonlinear deformation of the node when
under load.

Special software programmes are very expensive. They are developed using the most up-to-
date theoretical and practical knowledge. These programs have been developed by research
institutions and bearing producers and the possibility of using such programs significantly
influences their position on the SBS market. Taking the above into account, engineers would
benefit from the existence of a simplified method of static analysis. Such a methodology
would enable the engineer at the preliminary design stage to limit the number of possible
spindle-bearing variants and determine the direction which would lead to the optimal SBS
design, [6].
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54 Performance Evaluation of Bearings

The main methodological advantage of computer analysis is the possibility of repeating
single calculating algorithms in a matrix shape. To this end a special software package,
“Spindle Headstock” was developed at the Department of Production Engineering in the
Faculty of Mechanical Engineering at STU, Bratislava, [7].

The resulting radial deformation, yr, of the front spindle end is shown in Figure 4.

Resulting static distortion of the front-end spindle equals

yrc=YO+YI+Yt+Ya+YV+YSb+Yh (2)

Our experience has shown that whatever mathematical method and software is used, the
spindle distortion caused by bending moments yo and by bearing compliances y1 have the
greatest influence on the resulting front end spindle distortion, [6].

Resulting deformation of spindle

front end is influenced by “y,c“

Figure 4. Factors influencing the resulting deflection

Then

Yrc = YO T YI (3)

where the distortion caused by bending moments is as follows:

Fa’la L
Yo=73F l:EJFE} 4)

and the deflection caused by bearing compliance is as follows:
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Increasing moments of inertia “Ja”, “J.” were calculated as follows:
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T

Ja 64

4 44 _ T4 4
[Di-d] and J, = 64[DL d; | (6)
The definition of the quantities is shown in Figure 5. The individual headstock parts
(spindle, bearing arrangement,) create a serial spring arrangement, and it is evident that the
resulting stiffness Kris limited by the stiffness of the weakest part, [1] [2] and [9].

”_nmn

At the same time, parameters “F;”, “a”, “"L” influence the value of both deflections. The
spindle deflection caused by bending moments can be decreased by the following methods:

- increasing the material modulus of elasticity “"E”,

- increasing moments of inertia “J.“, “J.” by a change of spindle diameters "D.”, “Dr”,
//dﬂ/l, IldL //.

The resulting static distortion of the spindle front-end can be explicitly described by a multi-

parametrical equation in the form of:

ye=f[E F,a, L], (D, d,) J.(Dy, d), Ky, Kg ol 7)

- spindle material and dimensions (E, D, ds, D, dL)
- loading forces position, orientation and magnitude (Fy, N, rg, b)

- bearing arrangement configuration and stiffness (K4, Ks,)
- spindle and bearing arrangement space configuration (L, a)
- spindle box construction (kg, P)

There remains one significant problem with the calculation of the bearing nodes, and that is
that they are statically indeterminate systems.
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Figure 5. Cross section scheme of the spindle-bearing system
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2.3. Dynamic analysis

While static analysis of SBS describes spindle behaviour in a static mode, dynamic analysis
describes SBS behaviour under real conditions, in real running time, and so the real
operational state is better represented. It is very important to know the dynamic
characteristics, especially in high-speed headstocks. It is important to ensure that the
operational revolving frequencies do not fall within the resonant zone. When this happens,
the vibration amplitude of the spindle is considerably increased, and the spindle’s total
stiffness falls to unacceptable levels.

The most common determining dynamic characteristics of SBS are:

- the spectrum of natural (resonant) frequencies (usually the first three frequencies),

- the amplitudes of vibrations along the spindle independent of the revolving frequencies
of the spindle,

- the resonant amplitudes of vibrations,

- the dynamic stiffness of the spindle (at the given speed of the spindle).

The SBS dynamic properties (dynamic deflection of spindle front-end, natural frequencies
spectrum) [5], are affected by factors shown in Figure 6.

Mathematical models for determining the dynamic properties of a spindle

Currently, the only reliable method for determining dynamic properties is to use
experimental measurements. Therefore it is very useful to create reliable mathematical
models for determining these dynamic properties.

In line with spindle mass reduction, mathematical models are divided into:

1/ discrete with 12, 2° and N° degrees of freedom,
2/ continuous.

The discrete mathematical model developed for measuring the revolving vibration of spindles
with N° degrees of freedom is worked out in [1], [5]. This mathematical model for calculating
the dynamic properties of the spindle enables us to include in our calculation the effects of the
materials, the dimensions of the rotating parts, the bearing node stiffness, and the radial forces
generated by the cutting process and drive. The results calculated reflect a spectrum of natural
frequencies and the dynamic deflection of the spindle under discrete masses.

The deflection of spindle yj loaded with concentrated forces at the it point can be expressed
in the form:

yi=a, E_+a B +...+a, F +...+a, F (m) (8)

where ajk (m/N) is Maxwell’s affecting factor. Every mass point on the spindle produces
centrifugal force

E

io

= myy,0’ (N) ©

where m; (kg) is mass it discrete segment.
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Figure 6. Factors affected by SBS dynamic properties

The application of the aforementioned equations and their modification for masses of “n”
value, will create a system of homogenised algebraic equations where the results of
determinant D are angular natural frequencies of the transverse vibrations of the spindle oj

(rad.s™).

The procedure for determining the dynamic deflections yi, when the dimensions of the
spindle, rotating parts, stiffness of bearing arrangement, and the external radial forces are
taken into consideration, is very similar to the previous one. These procedures are described
in [6].

l—ai1 m1 @ —ai2m2 @®> ... —dain Mn @°
—a1 mi @ l-an m2 o — @ M @?

A = { =0 (10)
—amm @ —anmm @ ... l—am mn @®

It is relatively easy to transform this mathematical model into a computer readable format
and the calculation of the dynamic characteristics can be quickly achieved.
2.4. Theoretical research on bearing nodes

2.4.1. Arrangements of nodal points

Usually, radial ball bearings with angular contact arrangements in their nodal points contain
2, 3 or more bearings, see Figure 7.
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2.4.2. Criteria for selecting the arrangement of bearings

The number of spindle bearing systems supported on ball bearings with angular contact
increases proportionally with increasing demand on the machine tool. By varying the
bearings and their arrangement in the bearing nodes (DB, DF, DT, TBT, TTF, QBC, ..), the
value of the contact angle, magnitude of preload, and type of flanges can be optimized to
suit the required, resulting stiffness and speed-capability of the spindle-bearing system.

In order to assess the maximum permissible speed of different types of spindle rotations, a
parameter for the so-called high-speed characteristics has been introduced: N = #max.dmid,
where “nma” denotes the maximum spindle revolutions and “dmia” the medial diameter of
the bearings. Following this parameter, roller bearings of machine tool spindles can be
divided into 3 basic groups, [10]:

Figure 7. Arrangements in nodal points

GROUP 1: N=(0,1-0,5) .10%: Headstocks of heavy duty machines for turning, milling and
drilling operations. In these machines the spindles are predominantly mounted using
double-row roller bearings in combination with axial ball bearings, or tapered bearings. We
can assume that the linearization of the deformation curve in roller bearings is sufficiently
accurate, which simplifies the calculation of the radial stiffness of the nodal point, [2]. These
mountings offer high stiffness and load-bearing capacity and quiet operation.

GROUP 2: N = (0.4 — 1) .10° is characterized by bearings of medium size and are found in
smaller NC and CNC turning, milling, drilling and grinding machine tools. The maximum
possible speed in bearings with linear joints is limited by the heat produced in the head, and
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therefore they are used only for the mounting of spindles with the lowest values of
coefficient N. Developments in the field of increased speed capability is focused on bearings
with point contacts, as these have better friction characteristics.

GROUP 3: Spindles mounted in bevelled radial bearings with optimized structure (design)
and using new composite materials enabling high-speed operation, N = (0.8 — 2.5) x 10>
which is typical for high-speed machining.

Spindle mountings using only radial bevelled bearings, (table 1), [11] can be divided into 2
basic types:

- spindles mounted on bearing nodes with “directionally” arranged bearings, with equal
orientation of contact angles in each nodal point 1, 2, 3, and 7, table 1.

- spindles mounted on nodal points with bearings arranged according to shape. Bearings
are arranged in “O” or (X) shape, in combination with “T”.

A typical feature of the nodes of spindle bearings is the application of pre-stressing, which
provides the stiffness of the nodal point and reduces any skidding of the rollers at high
revolutions.

Pre-stressing can be achieved through three flange design principles:

a. Sprung flange: thermal expansion (dilatation) is eliminated by changing the length of
the elastic materials positioned between the flange and the bearings, which ensures
minimum change in the pre-stress value.

b. Stiff (Rigid) flange: provided by a fixing nut or casing. This design provides better
stiffness characteristics. The pre-stress value is changed due to the influence of thermal
dilatation.

c. Controllable flange: axially adjustable (by means of hydraulics), which ensures the
required pre-stressing for different operational conditions.

The highest values of the coefficient N can be achieved by using spindles mounted on nodes
with a “directional” arrangement of bearings, 1, 2 and 3. When used in conjunction with the
controllable flange, the correct types of lubrication and cooling, speeds which are
comparable with the maximum revolutions of the bearings themselves can be achieved.
Thus they can be applied in high-speed machining [11]. These mounting types, in
combination with the sprung support, are mostly used for grinding.

For difficult technological operations requiring considerably higher stiffness in the radial
and axial directions, nodal points with bearings arranged according to shape, together with
tixed supports are typical.

There is negligible use of hybrids of the basic types of mounting (mounting 5), as shown in
table 1. In such cases one nodal point has bearings arranged according to shape, while the
other has directionally arranged bearings, (Figure 2). The pre-stressing in the front nodal
point is ensured by a stiff flange, and in the rear nodal point by a sprung flange.

59



60 Performance Evaluation of Bearings

Seq CONFIGURATION N= 1tmax.dmia. 106
: . Characteristic Use
No. | Rear bearing Forward bearing node [mm.min?]
node
(D Q [\ - single direction of]
¢ rotation .
. . - - grinding
" Q O V e - light axial and internal holes
radial loads
ti=1, t=0 t1=0, t=1
) o B - suitable for e
ol K A extremely short flnlshlng
5 r spindles machines
2. < 7 08-1,6
Q O @ . . - drilling of deep
- medium axial
load holes
ti=1, t=0 t1=0, =2 oads
(D @ ® @ - medium radial o grinding
g 3—3 loads internal holes
3. el & 08-1,4 s
Q ® @ O - very common - milling
method of use a1
- drill
t1=2, t=0 =0, t=2 rimg
@ ® @ ® - machining light - grinding
P \ . 5
. \\’\ 7 E 7 061 metals - precision
Q,)l Q Q @ ' - medium radial drilling
loads - turning/ lathe
ti=1, t=1 ti=1, t=1
© © QO N
Vi i /‘ i 3\ ‘\ - drllhng Of deep
» A 7 - medium axial holes
5. : } 4 ] V 05-0,9
\ / ! ’ loads
Q Q Q @ - milling
ti=1, =0 ti=1, =2
@ ® @ ® ® - medium axial
- ] S - - loads - turning/ lathe
6. Y= 3 ; : : 04-09
: )\ @ Q Q Q - very common - drilling
method of use
ti=1, t=1 ti=1, =2
© o QQO
i . - high axial loads - milling
7. ( / \ (D) (7 03-06 medium radial
Q ® @ O O loads - boring
t1=2, t=0 =3, t=0
Table 1. Type of SBS using radial ball bearings with angular contact [11]
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2.4.3. Stiffness

The stiffness of the bearing arrangement (K4, Ks) is the specific parameter which influences
the consequent spindle distortion. We have developed a simplified mathematical model for
calculating radial and axial stiffness, [11], [12].

3. The calculation of radial stiffness of nodal points

3.1. Assumptions of solution

According to the Hertz assumptions [13], [14], there is a dependence between load "P” and
deformation “6” at the contact point of the ball with the plane, given by the relationship

P = k;.6%? (11)

a. the bearings in the nodal points are of the same type and dimensions, with precise
geometric dimensions

b. the value of the contact angle is the same for all directionally-arranged bearings in the
nodal point, which delivers equal distribution of strain on these bearings

c. radial load is equally distributed onto all the bearings in the nodal point

3.2. Stiffness of nodal points with directionally-arranged bearings

The calculation of the stiffness of a nodal point is based on the stiffness of the bearing itself
[15], which is defined as:

K, = (12)

As radial displacement 60 is a function of contact deformation o of the ball with the highest
load [13], the equation for calculating the stiffness of bevelled radial bearings will have the
form:

K, =—11, (13)

When calculating stiffness, the distribution of load among the rollers must be determined, and
the dependence between the load on the top ball and external load must be found. The
distribution of load in the bearing can be derived from the balance under static conditions [14],

F, z .
EF, :leg(:)l’j.cos(a].).cos(].y) (14)

where y = 560 is the spacing angle of the balls.
z
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The values of contact deformations &; and angles «; differ from each other around the
circumference of the bearing and can be expressed as follows, (Figure 8).

6;=l;-1,= \/[lz.sin(az)+ 5, T + [lz.cos(az) + 5ro.cos(j.7)]2 -1, (15)

cos(aj): lz.cos(az)+5ro.cos(j.;/) 16)

\/[lz.sin(az) +0, T + [lz.cos(az) + 5r0.cos(j.7/)]2

By loading the pre-stressed bearing with a radial force, the distance, OaOip, between the
centre of the balls is constant, (Figure 8 b, c).

lp.sin(ap) = lr]..sin(arj) = konst. 17)

The dependence between the deformation of the j* ball and the top ball can be determined
by the relation

J; = 50.cos(j.y)

(18)
By derivation of equation (14) we get
dF, .3 d P] d a; d a; _
= =iy | —=.cos|a; |- P..sin|a; |.—= |.——=.cos|( . 19
i3, j_Z(:)d5j (2)-7 (])dﬁj ds, (77) (1)

The unknown derivatives in equation (19) can be calculated by changing the relations (11),
(17), (19).

aPi 3 03p13 (20)
dsi 2°

as, b,

ds.

z = cos(]'.)/) (22)

The interdependence of the contact deformation and radial displacement, Figure 8, can be
determined from the relation

-1
d &, _ d§j .db“]. )
do,, |do, d o,
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Figure 8. Detailed bearing scheme, a-—unloaded, b — pre-stressed, c — radial loaded
Where y I is calculated from equation (15)
r0
o, 1 Z(IZ cosa, +0, cos(j.y))cos(j.y) ,
L I =cosq; cos(].y) (24)
do,, 2 PV ] 2 J
(1Z cosa, +o,, cos(].y)) + (lz sina, + 5p)
by inserting equations (24) and (22) into equation (23)
d o, 1 .
= .cos|; |.cos(j.y)=cos|a; 25
d5, cos(j7) ( ;) (j7) ( ]) (25)

After inserting equations (25) and (19) into equation (13) we get the resulting relation for the
stiffness of a pre-stressed nodal point with directionally-arranged bearings.

.2
& =i,ZZ(:) g'ki/B'PJ‘IB-COSZ (aj ) + P‘.sm—(a].)
j=

(E— .cos?(j.) (26)
7j
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3.3. Stiffness of nodal point with bearings arranged according to shape

When calculating the nodal point with bearings arranged according to shape, we divide the
nodal point into part “1” and part “2” (Table 1), with the same orientation of contact angles
in nodes with directionally-arranged bearings, and the stiffness of the parts is calculated as

follows:
|3 23 p1/3 2 sin2(a1].) 2
Kﬂ=11.z E.ké P;".cos (alj)+Pj'l— .COS (].;/) (a)
9 21(] | 27)
&3 sin” | a, '
Kr2=12.z(; E.k§/3.P]1/3.C082 (azj)+Pj. l 21) | cos? (].7/) (b)
j= r2j

For example in Figure 9 the total numbers of bearings in the front node SBS is 5: i1= 3, i2= 2,
contact angles a1 = a2 = 25.

We determine the total stiffness of the nodal point by the addition of both parts of the node
with the equation:

Kr = Krl + Kr2 (28)
In order to optimize the stiffness and load-bearing capacity for specified technological
conditions, the manufacturers of machine tools have come out with a new, non-traditional
solution for nodal points. By diminishing the contact angle of the bearing in Part 2, the axial
stiffness of the nodal point is partially decreased, but at the same time, the value of the
radial stiffness and boundary axial load is increased.

3.4. Approximate calculation of stiffness

When evaluating the overall stiffness of a spindle, the designer must take into account the
approximate calculation of the stiffness of the nodal points.

If all the balls are loaded, and there are more than 2 per bearing [14], the following equation
can be applied:

icos2 (]7/) =Z (29)
=0 2

If the bearing angle is loaded only in an axial direction by the pre-stressing force, then the
load on the rollers is constant around the whole circumference and can be expressed, for the
particular parts of the nodal point [11] in the form

P, =—FL—; P =——"r (30)
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[ ——

Figure 9. Horizontal machining centre, Thyssen-Hiiller Hille GmbH , Germany; Work nodal — 3x71914
ACGB/P4 - 2x71914 ACGB/P4, Opposite side— 6011-2Z

If the magnitude of the spindle bearing contact angles is not greater than 26 degrees, then
the value of the second expression in equations (27a) and (27b) is negligible.

Taking these assumptions into consideration, we obtain the relationship for the approximate
calculation of the radial stiffness of a bearing angle with directionally placed bearings in the
form:

3 cos*(a
Kr=3.10 .22/3.k%/3.i2/3-F;/3-Tg() (31)
4 5 sin (a)

and with bearings arranged according to shape in the form:

. =3.10-3 213 205 213 g1 cos? (0‘1) i§/3,c052(a2).sin1/3(a1) (32)
L T 'Sil’ll/S(Oll)' i12/3,c052(0!1).si1’11/3(a2)

where the approximate value of the deformation constant is

405
c; =10°\1,25 . d, )

dw—is the diameter of the balls.

The pre-stressing value “Fp” can be calculated according to the standard, STN 02 46 15.
Some foreign manufacturers (for example, SKF, FAG, SNFA ...) publish this value in their

catalogues. The number of balls “z” and their diameters “dw” of some types of bearings are
quoted in the literature, e.g. [16].

- Based on the equation for the calculation of a nodal point axial stiffness [17]

2 5
32 2 2 1 5 5 .
310° £ & 5 o 2 i3 -sinda
K, ==——23-k}-i} -F3-sin3 |1+ 2——1L (34)
2 p 2 5

i3 -sin’ a,
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and substituting the equation in brackets

2
3.2 .13
12 COS a2 sin al

2
3 2 . 1/3
i cos” a;sin”” a,

I, =1+

in equation (35)

and

2 3
i28sin3 o, | i
T,=1+ —521n equation (36)
2

i1 sin® o
the dependence between the axial and radial stiffness can be expressed by the relation

K, 1 T,

=2, == 37
T2 1g2a1 T, (37)
When ¢, =, in a nodal point with bearings arranged according to shape, or i = 0 in nodal
points with bearings arranged according to direction, the quotient of the constants T1, T2
will be equal to 1 and the relation (37) will be simplified. Thus

K, 1

a

_a b 38
"2 1Q2a (38)

Taking equations (32) and (34) into consideration, it is evident that the stiffness of the
bearing arrangement depends on the number of bearings (i and i2) in the arrangement, the
dimensions of the bearings (z1, dwt and z2, du2), the contact angle (a1 and a2) and the preload
value Fp.

3.5. Conclusions of the analysis

The conclusions of the analysis [10] are as follows:

nv_n o n noomen o F ”

e Radial stiffness increases proportionally with increasing values of “z”, "dv”, "i”,
and decreases when “a” is prolonged, (Figure 10).

e The parameters "z” and “dv” must be evaluated in mutual interaction because they
characterize the size and dimensions of the bearings. Increasing both of these
parameters, and producing the consequent increase of stiffness of the bearing
arrangement, can be achieved by increasing the inner bearing diameter. The
disadvantage here is that maximum revolving speed will be reduced. A more suitable
solution is to decrease the width of the bearing, e.g. from B72 to B70, B719 or B718. In
this case the number of rolling elements "z" will be increased and their diameter “d.”
will be smaller.

e Considering equations (31), (32) and (34), it is evident that “z” has a more important
influence on stiffness than “d.”. If the diameter of the rolling elements is smaller, their
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weight will also be decreased, and this fact will allow an increase in the maximum
revolving speed.

e  The number of bearings in bearing arrangement "i" is the significant factor which can
favourably influence stiffness. But the increased number of bearings will reduce the
maximum revolving frequency and therefore it is possible to use this solution only for
low speed spindle-bearing systems.

e The preload has a relatively small effect on the stiffness of bearing arrangements. The
preload real value also depends on the type of flange used. When fixed flanges are used
the preload value can exceed the nominal value by several times. This will cause
excessive preload values which produce heat and the bearing arrangement will break
down much sooner than expected.

e The contact angle “a” has a significant influence on the variation of the stiffness of the
bearing arrangement. When the value of the contact angle is increased, the radial
stiffness and maximum revolving speed of the bearing arrangement is also decreased.
On the other hand, the axial stiffness of the bearing arrangement will be significantly
increased.

4. Optimization of the spindle-bearing system in relation to
temperature

In addition to the bearing arrangements, the temperature properties of the bearing
supporting node have an increasingly greater significance on the high-speed capability of
the bearing. The main goal of this section is to show the SHS design under real operating
conditions, taking into consideration the temperature-related behaviour of the spindle and
bearing nodes.

The value of the changes in SHS temperature depends on the temperature gradient, the type
of bearing arrangement (DB, DF, DT, ...), the contact angle of the bearing, and the distance
between the bearings arranged in the node.

The stiffness of the given example was analysed using the application software “Spindle
Headstock” [3], developed in our department.

The analysis identified the optimal stiffness, which was then applied to the headstock of the
DB 24 ty. Ex-Cell-O GmbH., Eislinger precision boring machine, Figure 11, [18]

The headstock used for analysis had the following parameters:

Output power: P=3kW

Maximum speed: Nemax = 5500 min™1

Shape inaccuracy at boring Es<1,5 um

Surface roughness: E{=1..15 pm

Bearings: FAG B 7016 C.TPA.P4.UL in "O" arrangement

Bearing lubrication: grease



68 Performance Evaluation of Bearings

a
=ds
peojaud juswsbueue Buuesq yum Y SS3UYNS JO UOKBUEA "B

M Juswsbueue
Buueaq u sBuuesq uypm ) sssuyns Jo uoneuep p

.0, 0 ajbue joRJUOD YIM Y SSBUYRS JO UORBLEBA D

sjuawale Bulljo) Jo JBjaLUIBIP YIM ) SSBULNS JO UONBLEBA 'q

(%) 23 alorys sromid lwasalonan Buureg (%) 6 sferusisawalonay Seunsy @ Fluureg o agany
L = £ i e s " = b B 2 IR a2 L0
= =F
1] s
s @ B4 g
= g = e
— uwe 5 — moF
\-.l|llx - -
= s0: — o
e o8
1 2
propnd juswabusie Bunueg s SERUED T IO UDIIw N wewalowne Sopeeg wl sEUUERG JO IIQWNY UM SFBULET JO UoORLES
P, Z

sjuaLLa|a Buljjol J0 JaquINU UIIM S SSBULILS JO UONBLIEA B

%) s 2 0o wlve DEwOD

5 o L] e e oz 52

S5

SuR PRIUOD P SSIQTS jO NOgRUE,

(%) mp slaey? nusuas Bugo jo imsweg

W = e @ G W -
"
=t @ @
] m
—
] 6y F
\\......6\.. =
§
— "] [ T
e
2L

FURWAP FUN0NI0 RIPWER Y STIUTE JO UITRIEA

%) 7 #urys numuam B o mawny
52 0 o o B

o

SIuR WP UEEes 0 IR QUINY U SEIWINS |0 UITRIEA

=

8 L
(wrypgh ay SsBUURS

&

B

Figure 10. Variation of stiffness with bearing arrangement parameters
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Figure 11. The Headstock of the precision boring machine DB 24 fy. Ex-Cell-O GmbH., Eislinger, [18]

Figure 12. Model of the spindle

Results for spindle with arrangement DB - DB.

Radial load: Fr=1000 N
Axial load: Fa=200 N
Desired spindle speed: not = 5500 min1

No driving force

Working conditions
Lubrication: Plastic grease
Cooling: Good cooling
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Rear support Front support
Bearings
- type. 2pc. [B 7016 CTB] 2pc. [B 7016 CTB]
- dimensions [mm]: D=125 d=80 B=24 dW=13.49 D=125, d=80, B=24,

dw=13.49

- arrangement: <> <
- precision grade: P4 P4
Preload: Light Light
Flange: Fixed flange Fixed flange
Maximum speed: Znmax = 5 256 min™1 Znmax = 5 256 min™1
Pre-load: ZFp=404 N PFp=402 N
Reactions: Ra=205N Rs=1205N
Radial stiffness: Kra = 666 243 Nmm™1 Kis = 651 216 Nmm™1
Axial stiffness: Kaa =97 860 Nmm-1 Kaa =97 745 Nmm1
Durability: Trvz =394 366 hours Tre =225 577 hours
Bearings distance: L =297 mm
Total displacement at the end: yr(L+a) = 0.00372931 mm
Total stiffness: Kre =268 146 Nmm™1
Optimal calculated values
Optimal bearing length: Lopt =283.6 mm
Optimal displacement at the end Lopt: yrmin = 0.00372686 mm
Optimal stiffness: Kireopt = 268 322 Nmm1

4.1. The optimisation of SHS with regard to temperature

The temperature dilatation of the spindle can be described by the equation:

AL =4, LAt (39)

If the distance between the bearings in the "DB” arrangement is short (Figure 13a), the
dilatations in a radial direction is greater, [18]. The temperature gradient causes the
dilatation of the inner bearing rings to be greater than that of the outer rings. Consequently,
the original preload increase in temperature will be higher in the bearing node. The elevated
temperature will influence the temperature gradient, and the preload value could cause
bearing node failure.

The preload change was defined by the change in the distance between the centres of the
radii of the rolling raceways:

ly=r,+1,-d, (40)

The distance [, at given temperature gradient in accordance with Figure 13 is
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a) Distance between bearings B = 29 mm
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b) Distance between bearings B, = 500 mm

Figure 13. Temperature deformation of bearing arrangement B 7016 C TPAP4UL in “DB”
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I, =~Na® +b* (41)

where

: 4 :
a=1l,.sina +?t.[Bm.(tI —t,)+lp.sina (t +t, -2t )] (42)

A
b=1,.cosa +?t.[Dm.(tA - t1)+ l,.cosa .(tl +t, — 2.t0)] (43)
The magnitude of deformation will be

AS =1,-1, (44)

and preload change in accordance with [18] will be

AF = Ao .,zz/s.cé;zm.sing/3 o (45)

where

s =10°4/1,25 . d, (33)

In the twin bearings FAG B 7016 C.TPA.P4.UL with "DB” arrangement, at a temperature
gradient of 10 °C, and with bearing distance B,,, =29 mm, the preload will increase by 13,32 N.

Conversely, if the distance of the bearing in "O” arrangement is long (Figure 13b), the
dilatations in the axial direction prevail and cause a decrease in the value of the preload.

In the twin bearings FAG B 7016 C.TPA.P4.UL with "DB” arrangement, at a temperature
gradient of 10°C, the preload will be decreased by 5,88 N.

In "DB” arrangement, the main goal of temperature optimization is dependant on the
determination of the optimum distance between the bearings at which a change in the
preload at the given temperature gradient would be minimal.

In accordance with Figure 13 the condition
ly=1 (46)

must be satisfied.

By substituting equations (42) and (43) into (46), the optimal bearing separation distance
from the point of view of temperature can be deduced from:

B D cosa B lo.(t1+tA—2.t0) 1 (47)
mopt " sina t—t, | sina

Figure 14 shows the change of optimal bearing distance at various values of the temperature
gradient for the analysed SBS, Figure 11.
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Figure 14. The inter - dependence of bearing preload change, ideal distance between bearings and

At (stC)

change of temperature in the bearings arrangement system.

4.2. Recommendation for improvements in construction

The recommendations from the point of view of temperature optimisation for the
DB 24 SHS boring machine are based on the results of the analysis undertaken. From the
perspective of temperature, it can be seen that a change in bearing node arrangement to

individual spindle supports from "DB” to "DT"” would be advantageous, Figure 15.
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Figure 15. Model of the spindle

Results for spindle with arrangement DB - DB.

Radial load:

Axial load:

Desired spindle speed:
No driving force

Working conditions

Lubrication:

Cooling: Good cooling

F:=1000 N
Fa=200 N
not = 5500 min-!

Plastic grease

J

[N
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Rear support Front support
Bearings
- type. 2pc. [B 7016 CTB] 2pc. [B 7016 CTB]
- dimensions [mm]: D=125 d=80 B=24 dW=13.49 D=125, d=80, B=24, dw=13.49
- arrangement: < <
- precision grade: P4 P4
Preload: Light Light
Flange: Fixed flange Fixed flange
Maximum speed: Znmax = 5 256 min-! Znmax =5 256 min’!
Pre-load: ZFp=404 N PFp =402 N
Reactions: Ra=205N Rs=1205N
Radial stiffness: Kra =666 243 Nmm'! K =651 216 Nmm!
Axial stiffness: Kaa =97 860 Nmm-! Kaa =97 745 Nmm-!
Durability: Trvz =394 366 hours Trvp =225 577 hours
Bearings distance: L =297 mm
Total displacement at the end: yr(L+a) = 0.00372931 mm
Total stiffness: Krc =268 146 Nmm'!
Optimal calculated values
Optimal bearing length: Lopt =283.6 mm
Optimal displacement at the end Lopt: ymin = 0.00372686 mm
Optimal stiffness: Krcopt =268 322 Nmm-!

In comparison with the original bearing node arrangement, the radial stiffness of the
rearranged spindle-bearing system will drop slightly, but its axial stiffness will increase. The
advantage of the reconfigured SBS is that at real mean values of temperature gradient, the
SBS stiffness will be almost fixed.

4.3. Spindle headstock

The application software is used for calculating the SBS of machine tools supported on
rolling bearings. The programme enables us to determine all elements and calculate the
properties of the spindles and shafts which are supported on rolling bearings. The
application software enables very fast and user-friendly calculation of the radial spindle
stiffness in the bearing arrangement in a bearing unit.

The architecture of the programme contains a number of mathematical formulae which have
been experimentally verified. These models respect the conditions of the spindle working
accuracy in terms of the external load cutting forces, driving forces, and also spindle
rotation speed.

The basic interactive programme offers:
1. The ability to input user-determined conditions for the calculation and optimisation of
the spindle fitting system (Figure 16);
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2. The ability to select the most appropriate bearing or bearing node arrangements (Figure

17, Figure 18, Figure 19). Data about selected bearings can be ganed from extensive

databases according to the users requirements within the bearing inner diameter range:
e angular contact ball bearings, type 7
e single row cylindrical roller bearings, type N
e full cylindrical roller bearings, type NN
e axial angular contact bar, type 2344

e thrust ball bearings, single direction, type 51

e thrust ball bearings, double direction, type 52
e deep groove ball bearings, type 6
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Figure 17. Selection of the bearing arrangement and type of bearings
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Figure 19. Changing data of the bearings mounting

3. The identification and selection of the standardized spindle nose for turning, milling,
grinding and boring;

4.  The choice of the design parameters and spindle suitability for different working conditions
(working accuracy, preloading, flange type, lubrication system, cooling), Figure 20;
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Figure 20. Entering preliminary data for the bearings conditions

5. The calculation and optimization of the cutting parameters for the required material to
be machined (cutting force, torque, feed , power), Figure 21;

6. Calculation and optimization of the design and fitment with regard to the applied
conditions (revolving speed, radial stiffness, axial stiffness, rating life) for the bearing
units and the fitting as a whole, for all of the identified bearing types.

Graphical output of partial deflections caused by bearing nodes distance are shown in
Figure 21.

0,007

0,006

0,005 \\
0,004 ye

T —vyL

E \ —vyO
> 0,003

N yF
0,002
0,001

0 : : : : : : )
0 50 100 150 200 250 300 350

L (mm)

Figure 21. Graphical output of the dependence of partial deflection on bearing node distance

The results include:

e applied entries

e  chosen bearing (unit) fit types
e rotational speed limit

e radial unit stiffness
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e axial unit stiffness

e resultant stiffness for the chosen spindle fit system

e load parameter and durability

e graphical illustration of the chosen design (Table 1.).

The "Spindle Headstock" software application product is a basic programme which can be
modified according to the user's wishes.

The programme has been written in the source code programming language, T-PASCAL
v.7, with special additional modules for graphics. A number of interactive modules prepare
user-specified data for use in AutoCAD utilising the DXF format. The programme can be
used on any IBM/PC compatible computer using a HERCULES, EGA or VGA graphics
adapter.

The applied software technology has been used in the industry to improve the working
accuracy of the machine tools made by TOS Trencin-Slovakia, for SN and SPSI type lathes,
(2), and to design the boring headstocks for the modular single-purpose machine tools made
by TOS Kufim-Czechoslovakia, (5) TOS Lipnik, SKF, GMN and INA Skalica. The
programme is very effective and reliable and comparison of the results between experiments
and calculations show good correlation, never exceeding 10 %.

5. Experimental research

Theoretical results and hypotheses must be verified by experimental tests.

5.1. Research of bearing nodes characteristics

In some cases it is very difficult, or even impossible, to gain experimental results from actual
machine tools. This led us to develop an experimental device for research into spindle
bearing node arrangement characteristics. Our department has developed such a device that
can measure:

1. changes in the bearing contact angle at its mounting point, changes in loading, and
changes in revolving frequency,

2. deformation from axial and radial loading for various preload arrangements, contact
angles and bearing node revolving speed settings

3. increases in the temperature in the bearing nodes at various settings

4.  dimension of cutting forces in bearing nodes

The variation in the stiffness of the bearing arrangement B7216 is shown in Figure 22, [19].
We can use the experimental measuring head for measuring the deflection and temperature
of a varying number of bearings and bearing nodes (from 2 to 5), their preload value,
dimensions, and the contact angle of the bearings with different radial and axial forces used,
[19], [20].



Radial Ball Bearings with Angular Contact in Machine Tools 79

We use this device to measure the deformation characteristics of the bearing node with
different combinations of bearing arrangement, pre-stressed values, contact angles, loads
and revolution frequencies. We use this experimental measuring head for verifying the
theoretical calculation and real performances of the bearing node (stiffness, precision
running and temperature).

a) cross section of the experimental measuring head with driver, 1- head, 5-bearing node, 4-
band wheel

b) arrangement of experimental measuring head for measuring radial stiffness by spindle
speed 16 - holder, 19 - tightening screw, 20 - dynamometer, 18 - force bearing

c) arrangement of experimental measuring head for measuring precision running and
temperature by spindle speed, 43 - force bearing
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d) arrangement of experimental measuring head for measuring radial stiffness by spindle speed
with, 22 - holder, 27 - tightening screw, 29 - dynamometer, 24 - force bearing, 32 - flange

| [~ o=

al DN

e) arrangement of experimental measuring head for measuring static axial deflection and
temperature, 34 - holder, 27 - tightening screw, 29 - dynamometer

Figure 22. Different variants of the experimental measuring head

In Figure 23 we have compared the experimental stiffness measurement, with the
accurate theoretical and simplified average calculated radial stiffness of the B7216
AATBP4OUL bearing arrangement. The stiffness variation was examined with a 25%
contact angle with nominal value of bearing arrangements: zi, z>= 14, dwi, dw2 = 19,05 mm,
a1, a2=12° Fp=340 N.

When static, the experimental values of radial stiffness are higher than the theoretical
values. The dependence of stiffness on loading exhibits a decreasing pattern. The decrease is
nearly linear, until a certain critical force “Fi is reached, at which point the roller with the
lightest load becomes unloaded. The deformation characteristic of the nodal point is
influenced by the type of flange. The degree and gradation of the stiffness change under the
given operational conditions depend on their construction.

In this field the results of the precise and the approximate mathematical model are
practically the same. Consequently it follows that in a preliminary mounting design, a
simplified mathematical model for calculating the stiffness of the nodal points can be used,
as suggested in this article. The convergence of the measured and calculated values provides
good evidence for a wider application of the programme in practice.
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Figure 23. Radial stiffness of the bearing arrangement B7216 AATB P4 O UL, a - experimental, b -
accurate theoretical c- simplified average

5.2. New design of headstock

In the new design of a headstock which connects to a CNC system, the maximum width of
cut is limited by the point at which self-exciting vibration starts.

From a constructional point of view, the headstock design can be classified as
follows:

e classical headstock
e headstock with an integrated drive unit

The classical headstock is a mechanical unit, where a spindle is driven by a motor through a
gearbox without any control system.

The disadvantages of the classical construction are as follows:

e  problems with the gears at higher revolving frequencies,

e actual cutting speeds are not continual because of the discontinuous nature of the
gearboxes,

e large dimensions of complete units

New design "Duplo-Headstock”

The "Duplo-headstock” has been designed in order to achieve technological parameters
comparable to the performance of standard electro-spindles, but at a lower production costs
and with higher controllability. This particular headstock is assembled from readily
available elements (bearings, single drives,). The demands on the other peripheral devices
are reduced, as are the costs.

The “Duplo-headstock” can be described as a spindle with double supports, driven by two
separate motors which can operate independently or together. Figure 24 - 28 show a
,Duplo-headstock” design [20].
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Figure 24. High-speed headstock "Duplo”
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Figure 25. The stator engaged on spindle, Speed: nimax=6000 (min-1); n2=0, nc_spi=n1 Torque moment:
Mkc_sp=Mk1=1,75 (Nm) by Nimax, Power: Pc_sp=P1=1,1 (kW)
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Figure 26. The stator engaged on body, Speed: nimax=0; n2=6000 (min-1), nc_sp=n2, Torque moment:
Mkc_sp_Mk2—3,5 (Nm) by N2max, Power: Pc_sp—P2—3,5 (kW)
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Figure 27. Disengaged, Speed: nimax=6000 (min-1); n2=6000 (min-1), nc_sp= n1+ n2 by one direction of
rotation, nc_sp=n1 - n2 by opposite direction of rotation, Torque moment: Mk sp=Mk1=1,75 (Nm) by nimax,
Power: Pc sp=P1=1,1 (kW)

Figure 28. Stand of "Duplo" Headstock

The spindle (1), with built-in armature (2), is supported by bearings (3), (4). The stator of the
internal motor (5) is supported on bearings (7), (8). The clutch (9) connects a hollow shaft
with an external electro-motor (10). The stator feeding rings (11) are located in the rear part
of the shaft. The clutch (12) enabling switching between working modes is located in the
front part of the shaft. The advantage of this innovative design, which is already in use, is
that the headstock can work in three different modes:

- stator is engaged on the spindle
- stator is engaged on the body
- nho engagement
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Connecting such a headstock with a suitable control system can provide optimal cutting
conditions for various technological operations. The intelligent control system, Figure 29,
can operate in any one of the working modes and ensure nominal or optimal technological
parameters best suited to the machining process, [21]. Figure 30 shows the design for the
construction of the "Duplo” Headstock.

In the third mode, the clutch (12) is switched off. The spindle (1) is driven by both
motors, (Figure. 27), providing the maximum speed, which is required, for example, in
grinding.
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Figure 30. Design for the construction of "Duplo" Headstock

6. Application research
6.1. The new headstock construction for turning machine tools

TRENS a. s. Trencin, is a Slovak manufacturer of machine tools (mainly lathes) and offers a
new generation of lathes implementing various technological advances in design,
production, and control systems, [22]. The Department of Production Engineering has been
asked to design an accurate running spindle for the SBL 500 CNC lathe (Figures 31 -33), [23].
All construction data and results of measurements were obtained from the producer. Table
2. shows the calculated (Spindle Headstock Version 2.8) values [23] of the optimized design.
Figure 34 shows the comparison between the original and optimized designs.
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Figure 31. CNC Lathe SBL 500
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Figure 33. Optimized design of SBL 500
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Unit Value Notice [%]
Total axial stiffness Ca [N/um] 372
Total radial stiffness Cr [N/pm] 351
Total spindle displacement y: [um] 18,45
displacement forces resulting from [um]
- the bending moments  ymo [um] 9,79 53,0
- the bearing compliance y [um] 6,16 33,5
- the skidding vt 2,49 13,5
Limited frequency of rotation nc [min!] 2695 unfit
Life-time Th [hour | 5175 unfit
Distance between supports L [mm] 327

Table 2. Calculated values of optimized design
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Figure 34. Headstock of SBL 500, D Original design,m Optimized design

6.2. Dynamic analysis

The most valuable advantage of this system is the possibility of calculating dynamic
stiffness at different revolving frequencies of the spindle. The given mathematical model
was verified on a number of spindles with programs which enabled the calculation of
natural frequencies (COSMOS).The results were in good compliance [24].

The verified spindle, which complied with research findings, was reduced to a three discrete
parts. The dynamic mathematical model described above was used to calculate the
natural frequencies and dynamic deflections. Table 3 compares calculated and experimental
values.
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Frequency Calculated Experimental Difference
f1 (Hz) 1201 940 +27,8 %
fr (Hz) 1727 1610 +7,3 %
f3 (Hz) 10 605 - -

Table 3. Experimental and calculated values of frequencies

The results can be considered as correct, in spite of the relatively large difference in values
(28 %) in the first frequency. This is as a result of the fact that the dimensions of the
additional rotating parts are not included. If these parts were included in the calculation, the

values of the calculated natural frequencies would be smaller.

An example of the graphic output of calculated values is shown in Figure 35, [23]. The chart
shows the dynamic deflection of the spindle reduced to three masses. The first two resonant

frequencies of the optimized spindle are marked on the chart.

DEFLECTIONS UNDER MASSES Y1=f(f), Y2=f(f), Y3=f(f)
deflections y1, y2, y3 (um)

radial part of cutting force Fr=1000N
|

100
I.nf - I.natural (resonant) frequency I1.nf
75 | Il.nf-ll.natural (resonant) frequency
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Figure 35. Dynamic deflections of the spindle according to research findings [7]
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6.3. Conclusion

One of the main requirements in designing new spindle housing systems is the ability of the
design to be quickly applied to real world practice. The methodologies of calculation that
were created must be verified, and models must be adapted into a suitable user friendly,
computerized format. The models must illustrate the real characteristics of a spindle
housing system.

In this design process, only one variable or parameter was changed and the optimal
configuration was identified. The results calculated for a static analysis of the SBL
Headstock are presented in Table 2 and Figure 33. The dynamic analysis results are
presented in Table 3 and Figure 35. The calculated results were verified with experimental
measurements. The difference between measured and calculated values is relatively small.

There is no doubt that the re-design has been a success story, and has proven to be highly
effective in the identification of optimal SBS design. More detailed information can be read
in [22], [23] and its application can be seen in the machine tools made by TRENS Inc., The
SBL Lathe was presented in the Mechanical Engineering Exhibition in Nitra in 2010 and in
the EMO Exhibition in Diiseldorf in 2011.

7. Nomenclature

N - high-speed ability

O — elastic compression

F — external load

P - roller loading

E - modulus of elasticity of the material
J — quadratic moments of inertia
i — number of bearings

a — contact angle

D, d — diameter

n — high spindle revolutions

1 — distance of curvature centre
K - stiffness

v — pitch angle

O - centre

INDEXES

a — axial direction

r radial direction

z — built-in state

1 - referring to its bearing

0 - roller loaded to the maximum
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j — circumference roller
A — external ring

I - internal ring

m — medium value

w - roller bearing
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