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Abstract. Monitoring the condition of the spindle units of modern metal-
cutting machines by methods of non-selective diagnostics involves the
possibility of installing monitoring sensors in places with maximum
vibration information. In this regard, the assessment of the informative
value of the vibration field of the spindle unit, which can be carried out in
advance, taking into account the design features, geometric and
dimensional characteristics, is an urgent task. Based on the energy
approach, a computational model based on the median planes of the walls
is proposed using the example of a universal lathe spindle unit. On the
basis of the calculated model, the energy balance equations are drawn up
taking into account the conditions for the transmission of vibration power
between the walls of the housing. The dependences that allow us to
calculate the coefficients that take into account the absorption of vibration
energy by the walls of the housing are given. The solution of the energy
balance equations made it possible, based on the level of the vibration
power flow, to rank the walls of the spindle unit body by information
content,. The resulting model of the vibration field can be used to
determine the reference values of vibration velocities that are formed from
sources in the absence of defects. This will allow for non-selective
diagnostics to detect the occurrence of a defect at an early stage, and in the
presence of a defect to assess the level of its development.

1 Introduction

The increase in the productivity of modern metal-cutting equipment is objectively
accompanied by an increase in the rotational speeds of the shafts of spindle units (SU). The
consequence of this is an increase in the vibro-acoustic activity of the main sources of
vibration in the SU: shaft imbalance, belt and gear drives, bearings.

The spindle unit is a complex multi-component system, the technical condition of which
is determined by the combined influence of a large number of factors (the type of layout,
the geometric dimensions of the elements, their physical and mechanical parameters, etc.).
These factors are formed and depend on the quality of manufacturing parts and assembly
and change as they are used due to the influence of wear processes.

The transition to the maintenance system of metal-cutting machines according to their
actual condition [1] requires the implementation of the possibility of assessing the condition

* Corresponding author: sammortor@yandex.ru

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative
Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).



MATEC Web of Conferences 346, 03043 (2021) https://doi.org/10.1051/matecconf/202134603043
ICMTMTE 2021

of the spindle unit under operating conditions and conditions when the vibration processes
characteristic of the spindle unit are significantly intensified, which should be recorded by
vibration diagnostics methods [2].

When monitoring the vibration state of complex technical systems, which include
metal-cutting machines, usually use a general rule: measurements should be carried out at
the point closest to the critical node on rigid structural elements. In this case, the number of
conjugate surfaces in the path of propagation of the vibration signal should be minimal [2].
However, since this must be done by methods of non-selective diagnostics and often it is
not possible to carry out the control at a point close to the source of vibration disturbance,
the problem arises of estimating the level of increase in the vibration signal in the source by
analyzing the signal in the form of an elastic wave in the walls of the spindle unit housing
available for monitoring. To do this, it is necessary to evaluate the informative value of the
vibration signal in the areas of the housing that are available for monitoring. To do this, it is
necessary to develop a model that allows you to estimate the level of the vibration signal at
the control points, depending on the signal levels in the sources of its occurrence, which
determines the state of the node being checked and the development of a possible defect.

The vibration signal travels a considerable distance from the place of its origin to the
place of measurement, which leads to its distortion and attenuation. For example, R. B.
Randall in [3] points out the general problem of vibration diagnostics, which is that any
vibration signal is the sum of the effects from the vibration source and the effects from the
path of its transmission.

In the open press, there is a limited number of works devoted to the analysis of the
mechanism of transmission of the vibration signal from the place of origin to the place of
measurement. These are mainly works in the field of shipbuilding and construction [4...7].
In the field of mechanical engineering, there are separate works by A. N. Chukarin and his
employees [8...10], devoted to the formation of the acoustic level of objects that meet the
current sanitary standards of working conditions.

2 Development of the SU vibration field model

As noted in [11], for complex spatial structures, the description of the vibration field
requires the use of multidimensional vectors and matrices, which become less visual and
reliable as the systems become more complex. Therefore, a promising approach is to
estimate the vibrational power in the system based on the consideration of the vibrational
energy flows in the housing objects that are the link with the main sources of vibration
(rotating shafts, bearings, gears and belt drives). Therefore, in diffuse vibration fields
excited by sources with a wide range of frequency and amplitude characteristics, energy
fluxes are the main calculated values [4].

Consider the development of a model of the vibration field on the example of the SU
universal lathe mod. 16B16KP (Fig. 1).

The SU body is made of cast iron and has the shape of a rectangular parallelepiped with
a partition dividing the internal volume, in which the shaft supports are located. Since the
top of the spindle unit is closed with a lid that rests on the vertical walls of the model
through a rubber seal, the transmission of vibration power through such a connection is
insignificant. In this regard, the SU cap is not considered in the calculation model.

Thus, from the point of view of the propagation of vibrations, the SU machine body is a
set of plates vibrationally connected to each other in accordance with the geometry of the
body, the vibrations of which form the vibration pattern.

In accordance with [11], the total flow of vibrational energy in a certain element of the
system is equal to the algebraic sum of flows through individual sections of element
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N = ZN .» and for complex systems, some terms may have the opposite sign, which
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indicates the presence of reverse flows of vibrational energy.
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Fig. 1. Kinematic diagram of the spindle unit of the machine mod. 16B16KP

For each such element, an energy balance equation can be written, taking into account
the energy input from external sources, the energy exchange between the connected
elements, and the energy absorption in the element. The solution of a system of such
equations, the number of which is equal to the number of elements that make up the body
part, allows you to evaluate the vibration characteristics of the SU, depending on the
features of its design.

When developing the model, a number of assumptions have to be made:

- the wall thickness is assumed to be constant;

- bores in the walls are not taken into account;

- energy losses due to sound emission into the surrounding environment are not taken
into account;

- energy losses take into account losses in the material of the structure and structural
energy losses due to the presence of joints and joints in the structure;

- the vibration signal is transmitted to the housing from internal sources through the
bores under the bearings.

The energy approach to solving such problems is widely used in vibroacoustics of
engineering structures, such as buildings, aircraft, ships, etc. [4...7].

Despite a number of approximations and assumptions made in these methods, they
allow us to obtain relatively simple analytical expressions that agree well with the
experiment.

It is most convenient to use energy methods in conditions of diffuse fields characterized
by a uniform distribution of energy over the surface of the element. This assumption is very
reasonable, given the size of the body parts. With this assumption, the energy of an element
in a certain frequency band can be determined by the energy density w, and the energy in
the entire element in the form of a plate with an area of § is wS.

It is assumed that there are several modes of vibration of the element in the frequency
band under consideration. It is established [12] that for the existence of a diffuse field in a
plate, simultaneous excitation of at least 5 modes of its oscillations is sufficient.

With this in mind, the system of energy balance equations for the stationary process of
the i-th element can be written in the following form
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The left part of this equation characterizes the energy lost by the i-th element: the first
term in the left part of the equation N, describes the energy absorbed by the i-th

idiss

element; the second term-the energy N, lost by the i-th element due to its leakage into

other elements; the right part of the equation characterizes the energy entering the i-th
element: the first term in the right part of the equation describes the incoming energy N ;

from the adjacent elements connected to the i -th, the second-the energy N, entering the i -

th element from outside through the bores of the wall.
Based on equation (1), for the case when elements j,r,¢ and v are associated with

element i, we can write [8]:

8,8,q; +lot, 1 +ou b+, +a, 0 g =

i—jri-j i-r’i-r i—t"i-t i-v'i-v
ki (2)
= (aj—ilj—iqj to, g, ta, lq +o, 1, q, )+ Ny,
k=1

where 8, is the energy absorption coefficients in the i -th wall of the housing, m™!; S, is

2

the area of the i-th wall, m* o, ;o _, is the vibrational power transfer coefficients

between the adjacent walls of the housing (in the index, the sequence corresponds to the
direction of the vibrational energy flow, respectively, the first index means the plate from

which the power is transmitted, and the second-to which); /. =/ , is the length of the
contact line between the two plates, m; ¢,,¢,,4,,49,;4, is the vibrational power flows in the
i-th, j-th, r-th, -th and v-th wall of the housing, respectively, W/m; k,-the number of
bearings in the 7 -th wall; N, -vibration power introduced into the housing through the £ -

th bearing assembly in the i -th wall of the housing, W.

Thus, the calculation model based on the median planes of the walls will represent a
structure consisting of 9 flat rectangular plates, three of which (No. 3, 6 and 7) have
vibration sources (Fig. 2). The wall thicknesses are shown in Table 1.

The plates on each of their rectilinear boundaries are connected to one (angular
connection) or two plates (t-shaped connection). The latter case takes place in the
connection of plates No. 1, 2 and 7 and No. 4, 5 and 7.
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Fig. 2. Calculation model of the SU, built on the median planes of the walls
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Table 1. Wall thickness of the SU machine body 16B16KP

Plate (wall) number 1 2 3 4 5 6 7 8 9
Plate (wall) thickness 4, mm | 40 | 40 | 48 | 45 | 45 | 30 | 30 | 65 | 65

Using the generalized equation (2), we write down the energy balance equations for the
accepted calculation model:
8,S1q; + (al—zll—z +0_ghg T 0ol + 0y gl g )‘11 =
=0y il 1y + Oyl g + Oy iy 1q7 + Ol 1G53
8,5,9, + (0"2—112—1 H 0 3l 3+ 0y 5l g+ 0y gl )CI2 =
= 0ol oy + Oy 5l 2G5 + 0ol 4G + Ol 5qs;
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3 Determination of energy absorption coefficients in the
housing walls

The energy absorption coefficients in the ;-th wall of the §,, m™!, housing for the cast-iron
housing according to the data of [8] are determined by the expression

5,=15-10"n /2—0 , 4)

where 1 is the effective coefficient of vibrational energy loss (for cast iron =107 [9]);
fo: 1s the natural frequency of wall vibrations, Hz:

Jo=m""5 )
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where K, is the coefficient depending on the method of fixing the plate; g, is the length of
the i-th plate, m; p is the density, kg /m*; D, is the cylindrical stiffness of the plate, Nm:

b B ©
T -w?)

where E is the elastic modulus of the plate material, Pa; p is the Poisson's ratio for the

plate material.
The results of the calculation of the energy absorption coefficients §, in the walls of the

housing are shown in Table 2.

Table 2. Energy absorption coefficients in the walls of the SU housing of the machine 16B16KP

Wall Fixing the The formula for y K 5
number plate determining K, a
1 On three sides 22,37\/1 +0.14Y% +0.027* 1.174 | 24.819 |3.285-10*
2 On three sides 22,37\/1 +0.14Y% +0.027* 1.399 | 25.998 |3.948-10*
3 On three sides 22,37\/14.0.14)72 +0.027* 1.241 | 25.141 |3.129:10*
4 On three sides 22,37\/1 +0.14Y% +0.027* 1.399 | 25.998 [3.948:10*
5 On three sides 22,37\/1 +0.14Y% +0.027* 1.174 | 24.819 [3.286:10*
6 On three sides 22,37\/1 +0.14Y% +0.027* 1.241 | 25.141 |3.128:10*
7 On three sides 22,37\/14.0_14)/2 +0.027* 1.241 | 25.141 |[3.128:10*
8 On the four sides 22374/1+0.61Y2 +Y* 1.057 | 38.290 [3.861-10*
9 On the four sides 22374/1+0.61Y2 +Y7* 1.736 | 77.236 |5.484:10*
a — large side of the
o) plate
b — the smaller side of the
a plate
Y=a/b

4 Determination of the coefficients of transmission of vibration
power between adjacent walls of the housing

When determining the coefficients of transmission of vibration power during the passage of
bending vibrations between two adjacent walls of the housing, you can use the dependence:

a,  =—2L, (7

where 1, ; is the coefficient of passage of the incident wave from the i -th plate to the ;-th

plate.

In [7], when considering the problem of determining the coefficients of vibrational
power transmission through a set of n semi-infinite plates intersecting along a single line,
the expression was obtained using numerical methods

T =T Vo (®
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where 1, ; is the coefficient of passage of a normally incident wave from the i -th plate to
the j-th plate,
and a graph of the function y is plotted, taking into account the ratio of plate thicknesses

(Fig. 3).
The possibility of applying the results obtained in [7] in engineering practice is
confirmed by their wide use in solving specific problems [8, 9, 13].
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Fig. 3. Dependence of the coefficient y on the ratio of plate thicknesses

The coefficient 1, ; significantly depends on the type of connection of the adjacent
plates. In [14], the dependences for calculating the coefficient t,, ; of walls connected at

an angle of 90° are given
for the angular joint

5/4 547772
R

and the T-shaped joint (wall % is a continuation of the wall i : 4, =h,)
t, =25 4 NR] 1 =+ 26" 4056 (10)

where ¢ = ﬂ
h

i

5 Approbation

The solution of the system of equations (3) for the considered computational model in
symbolic form is obtained using the Mathcad package:
q, =4165.261N, +4172.042N; +4169.799N,;

q, =4154.509N, +4145.148N, +4151.947N,;
qs =3692.367N, +3657.987N, +3662.830N,;
q, =3722.529N, +3712.605N, +3717.709N,,;
¢s =3710.105N, +3714.209N, +3712.252N,; (11)
qs = 5300.970N, +5350.126 N, + 5304.585N,;
¢, =5274.299N, +5271.039N, +5305.238N,;
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gy = 2783.103N, +2783.797N, +2782.947N,;
4y = 2810.133N, +2802.730 N, +2805.311N,.

where N,, N, N, is the vibration power entering the walls No. 3, 6 and 7, respectively.
The results obtained for ¢, allow us to rank the walls of the SU housing by information
content, based on the level of the vibration power flow: walls No. 6, 7; walls No. 1, 2; walls

No. 3, 4, 5; walls No. 8§, 9.
The energy fluxes found in the elements of the SU ¢, housing are related to the

oscillation rate of ¥, of these elements by the dependence [13]

i

q,=2V2, (12)

i i

where Z, is the impedance of the corresponding spindle headstock element, kg/s.

The dependence (12) allows us to determine the expected values of the wall vibration
rates and compare them with the values obtained experimentally.

6 Conclusions

The developed model of the SU vibration field allows us to obtain the distribution of
vibration power flows along the walls, depending on the conditions of their coupling, the
geometry and size of the housing. The obtained dependences of ¢, on the level of vibration

power coming from the main sources make it possible to select the housing locations that
are available for monitoring and have the greatest information content. The resulting model
of the vibration field can be used to determine the reference values of vibration velocities
that are formed from sources in the absence of defects. This will allow for non-selective
diagnostics to detect the occurrence of a defect at an early stage, and in the presence of a
defect to assess the level of its development.
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