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Abstract: Rotating machineries play an important role in istty and medicine. The main purpose of this
study is to review in a systematic mode the mapepapublished in the area of high speed shafts, th
main problematics and modeling and simulatiorhe studies about dynamics of spindle bearing
assemblies are concentrated on two parts: one p#ers to bearings and another one to shaft. Some
paper deals with optimization of good functionalifyassemblies that means deformations, temperature
and vibration are in normal limits due to differeggsign aspect as location of bearings or shafigfes
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1. INTRODUCTION bearings that transfer the contact force, heat ttue

. . . . . friction and vibration that is transfering throutite other
.M_achlnes havmg rotating sp|ndle§ like lathes, elements to the housing. The modeling of bearing

grinding machines, and milling machines are Verydynamics influences the results of dynamic analfwis

Important _arp]d useful for fmoder(r; f mapufaﬂunng shaft bearing system. The spindle bearing systesnaha
processes. The assessment of a good functionathiaa 1o 45t 1o sets of bearings mounted in differentitjprs
performance issue involves the deformation, vibreti depending of design condition and optimization

and temperature basically due to unbalance of taim m objectives.

spindle, friction _effects in bearings, cutting fes¢ Most of modern machines have as component a
chat_ter, and cooling systems. The effects can peca motorized spindle [7]. The motorized spindle has th
quality of the r_nanufacturmg product but also trmwor_ motor built-in the housing, no transmission elersent
even deﬁtruct:jog of ][_naflchm_e asl_ effect of a longetim (gears or coupling) being necessary, meanwhile the
streéss_rzle%te Dy unfit unctllaor?a ity. . . externally driven spindles have wusually a belt
pindle bearing systems belong to rotating mackiner transmission providing rotation from an electrieabine.
class z?md the operations of cutting maten.al masl\an_ The ratio of power and volume can be especially hig
analysis of dynamical model of the spindle bearlngin the case of motorized spindle and as sequeblngo
system. Many of the research articles use the appes system is necessary. The air or cooling liquid #ow

that are .proposeq for rotor d_ynamic analysis6]1 hrough a muff to stator of the motor and often fibev
however in the high speed spindle case the approac: present on the outer ring of the rolling beasingn

be":]l_% mc(;re cor_nplk()exh . ¢ spindle-beari ¢ ._accurate dynamic model of spindle bearing systennst m
€ dynamic benhavior of Spindie-bearing System 1S5q  jnto ~account the cooling parameters of this
essential to be understood in order to design f@peant subsystem

machine that uses this system. The design cansbeote The clamping system for grinding wheel can play
more complex and the model_s used in simulation caiso a role in dynamic modeling of shaft deflection
vary from case to case depending on the tradeoffdmn o, cutting forces are taken into account. Théiraut
accuracy of result and complexity (.)f model and i . conditions and the spindle speed have the influénce
There are many types of bearings used for rotors Ir‘Hynamic modelling. Usually, two speed regimes are
rotating machinery and one of the most frequeniets oy o, into account for dynami’c modelling: low spead

angqlar contact ball bearings. The_ angulqr cortbwt_ high speed. The main differences can be seen lingol
bearing offers some advantages in rotating macy"nerbearing in angular contact calculus

vv_or.th to be !’”e.”“oned: good stlﬁqess propertiesy | There are many studies that analyze theoretically a
friction, long lifetime, and a good ratio betweesstand o0 imentally the dynamic behavior of machines tha
effectwenes_s espemally_at high speed [_7' 8. Giical use spindles, housings, rolling bearings, and $pind
subsystem in the rotating machinery is made by ba”bearing systems. There are also few review papets t
deal with this subject (e.g. [7, 9]). The purpodettos
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Fig. 1. The main approach subjects in spindle bearingmjcsand optimizations.

The main approach subjects in spindle bearing The basic models for bearings are linear and
dynamics and optimizations along with interactionsnonlinear. The linear models are composed fromngpri
marked by connection lines with arrows are preskime  or rotation spring meanwhile the other are more pem
Fig. 1. The schema is not an exhaustive. Therenargy = [10-11]. A rheological model for bearing that ukg
papers that deal with particularly subjects coneetith stiffness for spring andC; for damping in parallel
spindle-bearing subject that can be partially ideldiin ~ connection is given by equation:
blocks of Fig. 1. The stability of shaft during éipation
is essential to prevent damages in rolling bearimgd m, O[% Cuw O] x Ky O] x f,
the spindle itself. The misalignment and inherent { }{}' 0 c { }' 0 K { }: ¢ D
difference between geometric center of mass ant rea LY i i y
center of mass of spindle can generate and amibldy
vibrations that finally can conduct to improperynttion The damping coefficient is usually very small arsd a
of system. sequel, in many applications this factor can bdented.

As methodology, the most used technique is based ohhe oil film bearing is a complicated sum of physic
finite element method. Even CAD/FEM tools existe th Phenomenon but in many cases the same spring-damper
models developed in this way cannot cover expjice ~ Model can be used. .
dynamic phenomenon used by propose mathematical The nonllnegr models are- based on contact pOlﬂt, th
models, so focused developed application mainledas Most used being EHL point contact (Elasto-Hydro-
on Matlab simulation tools are propose by almo$t al dynamic Lubrication model) and Hertz contact. EHL

y

authors. theory is used in many papers that deal with rgllin
bearings.
2. DYNAMIC MODELSOF BEARINGS The static load or low speed and high speed are

different models of angular contact for ball begsin
In study of dynamic_ propertieg, thg mass of bgaang Fig. 2. In Fig. 2,6, 6, are the contact angle§, Q, —
gsually neglected but in some situations this @uited  gniact forcesF — centrifugal forceMy — gyroscopic
in the shaft mass. moment andF;, F, — forces due to gyroscopic moment
| [12-17]. The coefficient of friction is taken into acod
Preload for equilibrium calculation between gyroscopic &xia
torque force and rotation speed in very few pafisk
The stiffness contact between the balls and cage ar
complex and depend on load and the layout of bgarin
The Hertz contact theory is the most used modeilieg
contact force between the inner and outer ringswvdf
denote bydthe deflection an@ the contact force [9, 13,
19-20], it is obtained:

Juter ring

Tnmier ring

Inner ring 0

| I
(a) (51
—1, x3/2 —1, x3/2
Fig. 2. Contact angles and contact forces of beadngstatic Q =ko™, Q =k " @)
load or low speed rotatiob;— high speed rotation.
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| | Housing papers, the heat source in the bearing is dueidtiofr
Ij (friction due to lubrication viscosity and frictiodue to
Rro

Air gap load — frictional torque and speed).

Two problems are taken into account: the heat

Outer ring generation (usually given by empiric or approxindate
formulas) and heat propagation to outer ring [18, 1

I_—H T 25-28]. The main solution for heat propagation is ur o
Rig

opinion the heat transfer mesh by resistive redésng
discretization of continuous heat transfer in 2acsn
Fig. 3. The detailed values of resistances from Bigre
given in [29]. Based on work [13], the heat gereday
a bearing is given by:

)

Inner Ring W, = 1047x107*nM . (5)

Air gap |j Ryi wheren is the speed [rpm] ard — total frictional torque
: (the torque due to loadM,, the torque due to spinning —

Shaft M; and torque due to viscous frictierM, ).
Fig. 3. Heat transfer model in bearing and further to — .
’ shaft and housing. ’ M) = T, R ©)
The stiffness coefficient& andk, is a function of F3=F—-01F [Ty @)
materials used for balls and ring, geometrical disiens h
of bearing and loads. The contact angle is a fanotif fi=s(R/Co)". (8)
forces, so an iterative method is required to dateuthe
stiffness coefficients. An empirical formula is posed The valuef; depends on bearing design and logad,
in [21] and used in [22]: and h are taken from tables (e.g. for angular contact,
s= 10" h = 0.4),P, — static load, and, is defined in
Kas = CaPa N3 *(sin®)) *°Dp " (3)  1S0-76-2006.
-7 2/343
k. = O.64caPa1’3Né/3(sin©))2/3cos@)Dé’?’. @) M, = 10" fo(vm='°dy, vnz 2000; )
160x107" fd3, vn<2000
where ¢, is an empirical data, based on experimental
results k,s static axial stiffness,s — radial stiffnesspP, — d,, = (1+aAT)(D,; +D,)/2. (10)
axial preloadDy, — ball diameterN, — number of balls,
and® — contact angle. In most of the cased)s is neglected, however in [15]
The contact angle is a function of forces, andhttee a formula based on [13] is proposed:
techniques are used to solve the nonlinear eqsatidre
bearing preload mechanism affects the properties of M. = 3uQaE (11)
S .

spindle bearing systems and if a rigid preloadpigliad
to bearing, a thermally preload occurs in most haf t
cases. If the preload is non-rigid, with springbist \here y is the friction coefficientQ — normal contact
thermally effect can be neglected. force,a— semi-axis of ellipse (the major one) ahd the
At high speed, the radial stiffness decreases folg|jiptical integral. A complete development of farka is
angular ball bearing following a nonlinear curv8Jl1An  given in [25, 30]. The formula is difficult to agpand in
empirical formula isk, = k[l - 6.5%10"'0%, wheren  majority of cases being enough to consider onlyrés
is the number of revolutions per minute (rpm). At of two moments.
30000 rpm, the stiffness ks = k[0.94, which leads to a
decrease with almost 6% of stiffness.
The theory from [12] includes the centrifugal and 4. SPINDLE SHAFT MODELS
gyroscopic loading for the balls and the inner rimas Considerable work has been done in the area of
five degree of freedom: three translation deflewtiand  bearing and spindle modeling but not much work has
two rotations. There are also other approaches thateen done in coupling the spindle with bearingse Th
improve this approach, e.g. a matrix form proposed dynamic behavior of spindle is developed from édétgt
[23], even this model neglects the gyroscopic mdsien  theory for beams extended to rotors.
The beam theory has early started, before 192%&€Thr
3. HEAT GENERATION IN BALL BEARINGS main theories de\{eloped for beams have been exdende
to rotor dynamics: Euler-Bernoulli beam theory,
In thermal model of spindle bearing system, thenmai Rayleigh beam theory and Timoshenko beam theory.
sources of heat are the bearings and for motorized Euler-Bernoulli is a simplification of elasticithé¢ory
spindle the motor and possible viscous shear afra@il  that calculates the deflection of beam taking Etoount
in gaps between rotor and stator [24]. In mosth& t the bending phenomenon and translational inertia.



218
Spindle
5 6 T 4
b
| 2 3 4 o 11
|
Rearing l
‘“-h-‘ Kij {‘ij

Fig. 4. Elements of spindle shatft.

The Bernoulli model is suitable for long thin beams
The Rayleigh beam theory extend the Bernoulli theor
taking into account also the rotational inertia,amhile
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calculations. The solution is computational expemnsf
we want a high precision (e.g. 100 stepped cylinder

Other solutions have been proposed valid for
arbitrary shapes but the calculus algorithm is demp
and the matrix form should be improved [37, 38].

A turning point in modeling usig FEM of spindle &pl
in many basic elements (usually cylinders of défdr
radius) is multi-element connection of stiffnesstnicas
in a sigle matrix of reasonable dimensions [39)eikEthe
classic methods exist, the most known being the
superpozition method (direct stifness method) [#%3re
are methods that can ofer higher precision, integra
calculation function being achieved with difficultpr
exact solution [37, 38].

The integration of spindle and bearing dynamics
leads to spindle-bearing dynamic system. If we teeby

the Timoshenko model, the most complete ones, take§ the deflection, the integrated equation becom@p [2

into account the shear deformation. Centrifugakder
and gyroscopic moments are also included
Timoshenko rotor dynamic theory [31].

Most of the papers published in literature areteela

to Timoshenko beam. Two examples of papers usiag th

Rayleigh beam theory are [32, 33]. Most of the pspe

use FEM (Finite Element Model) to calculate the

deflection of spindle, as in [34]. The specific gba can
be cylinder, disk or tampered (or truncated cofidije
shaft is in most of the cases a hollow one thahdise
resilient to shear forces that a solid one.

The pulley, when it exists, is usually modeled as a

rigid disk. The main sources of chatter vibratiohigh

speed machines are the spindle and tool holdergalon

with tool (e.g. grinding wheel).

4.1. Dynamic analysis

To construct a FEM for spindle shaft, the beam is

first discretized, and each node has assigned &euaf
degree of freedom, Fig. 4. There are two methoalsate
used for writing the equations of motion of thensibé:

(1) based on elasticity theory;

(2) calculation of kinetic and potential energ
followed by determination of the Lagrangian in arde

deduce the equations of motion. In matrix form, the

equations of motion are given by [20]:

[MPK & -G @} + (K" +[K*] - o’ [M O]} q} = w2
={(F"},

where M "] is the mass matrix for spindleM[] — mass
matrix for centrifugal forces,d "] — gyroscopic matrix,
[K"] — stiffness matrix, K% — stiffness matrix for axial

forces, F°} — forces (distributed and concentrated

forces), andy — variables (including deflections).

The matrix stiffness calculation generated a numbe

of important researches. The stiffness matrix
calculated easily for cylinders (hollow or not) bihe
problem is more complicated in case of tapered ehtsn
[35, 36].

in

MK3 HCK3 H K H R} K.

The matricesM, and C can have different forms,
depending on the complexity level and simplificato
proposed by different authors (structural dampiragrix
included or not, gyroscopic matrix included or aat so
one). The form itself can be slightly different éegding
on application, so a supplementary coefficient or a
different sign can be included [9, 22].

An analytical solution for eq. (12) is hard to loaifid
and in fact it is possible practical only for sinfield and

(13)

simple cases. Numerical solution is the common oekth
use to solve equation (12), usually based on finite
different method, and FEM approach. The most used
method is Newton-Raphson method [20]:

IMI{3, " HCHK HKHAX, =

={F(} " «{ R} 1.

(14)

The method is quadratic convergent but other
iterative methods can be used to solve numeridhidy
equation of motion on the condition to verify the
convergence of solution.

The calculation of stiffness matrix for multi-eleme
spindle using the classic direct method can leadety
big matrices that are difficult to manipulate. Wil[ 42]
the authors proposed a method that can be used for
asymmetric multi-segment bearings rotors by using
receptance coupling method. The receptance tecarigju
proposed to be used in an earlier work as an akgori
that can interconnect the matrices used in bearardigs
to predict the frequency response and deflectispolse
to beam [43]. The receptance technique is based on
combining two matrices in one by considering thn{s

rof receptance and function receptance at end ol eac
is Segment.

4.2. Heat Transfer in Spindle-Bearing Systems
In the spindle bearing systems, the major source of

The truncated cone is approximated with a number ofeat are the bearings. The heat transfer modelahas

cylinders equally spaced and the matrix is concdézh
[36]. The precision depends on the number of cgiad

scope the calculation of temperature distributionthie
spindle-bearing system based on rolling bearingt hea

(usually between 10 and 20). This implies manysource [40].
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Fig. 5. Discretization of spindle bearing system (pull@jt transmission).

Few assumptions are made to calculate thethermal capacity of nodae, respectively. The Runge-
distribution of temperature and thermal expansimmf  Kutta method can be applied to solve the system.

bearings through spindle to cage: Even if it seems to be simple, in eq. (16) the heat

« the heat transfer is symmetric in rapport of transfer coefficients need to be determined [15je T
longitudinal axis; operation involves the calculation of heat conwetti

 shaft and the housing are approximated by circularcoefficients using Nusselt number for laminar and
cylinders; turbulent flow and results from [47] for free contien.

« lubrication temperature is constant at one step;tim There are other approaches about heat dissipation

- the only sources of heat in spindle are the bearing ~ [48] takes into account empirical formulas for dow
Related to the last assumption, there are a nuotber (and pressure of the air from o ventilation systemn)
papers that consider the cutting process as sofifeeat, ~ article [27], the authors propose the use of moezipe

but this approached has not be found in literaiore Mathematical —equation incorporating no ~formulas
conjunction with heat source of bearing. excepting the consideration for thin oil lubricatifiim in

In motorized spindle, the heat transfer is morePearings. The reults seem to be obtained only from

complicated [22, 24, 45] that in simple spindle rirez experiments. An extensive approach is done in [49].

system as it is developed in [44]. The main heaidfer The axial thermal expansion is caused in most ef th
is made by convection, diffusion and radiation. cases by the shaft and the spacer [22], this approa

Some simplifications are usually made in considgrin P€ing present in few papers, probably due to thetfat
the heat distribution, in order to propose a fdasip th€ most important faults appear in bearings. The
model, e.g. the temperature in spindle is modeateas ~ difference in expansion is linearly dependent on
consequence the radiation is neglected, small hales temperature [22].
neglected, etc. [15]. _

The models that are based on thermal networks of-3- Thermal deformations

resistances assume that the thermal resistandeesr | Thermal deformations are mechanic deformations
[46]: due to heat generation and propagation th_rough the
system. There are very few papers that deal wahnithl
L deformation in a comprehensive approach [50, 51].
R:m, (15) Transient thermal analysis is taken into accounbbth
papers and thermic equilibrium is used taking into
wherelL is the lengthA — cross sectional area aid— account the heat loads, convective heat trandferpial
thermal conductivity. contact resistance (TCR) and bearing stiffness.hEac

A discretization in rectangular area of resistarfees ~ Paper presents a different method the accuracy of
a density high enough in order to approximate @diye modeling being comparable with real measurement
the heat diagram of temperature in all assemblys Th values. _
approach involves a number of elements that caiptie ‘The main difference between papers is the type of
70 resistances for only one bearing [15]. _splndle bearing system: motorized in [50] and Uqugn

The discretization method by finite difference (FD) in [51]. In [50] the authors proposed a sophistdat
can be applied to the whole structure and the balan Method to calculate the total deformation of sheing
energy method applied to each node gives the egquati asperity quantification in contact mechanllcal mod_el
(conservation energy for node in a finite surrochde  The he rough surface morphology is described by

volume) [44]: fractal approach [52], _and TCR is c_a}lculated tak'iqtg
account the deformation of asperities of type @&last
4T T oT plastic and fully plastic, based on approachesgseg in
é%"' O = MGy atn ) (16) [53].

The approach in [51] is different, the authors

whereT, and T, are the temperatures of nodeand the proposing the use of a network to model the trantsie

related nodei, R, — thermal resistance between nade response of spindle. The thermal network, as génera
and i, g, m, and C, — heat transfer rate, mass, and method supposed to split the assembly (in ose tze
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Fig. 6. The seven node model [based on 51].

spindle, bearings, balls, rings, and housing oefag a
FEM manner in blocks that are modeled by thermal
resistance, Fig. 5. The main purpose of the papdo i
calculate the radial deformation of spindle under
combined effect of stress and thermal deformationga
with centrifugal stress. Alos, the authors investgl the
assembly tolerance effects an extended the apprwmach
axial deformation [51].
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eq. (12). The free vibrations are obtained by §&} £ 0
and applying the method of separation of variables
(W(x, t) = W)I(1)) in terms ofQ = 2rd, whereQ is the
frequency of rotation to be determined. In the cake
rotating Bernoulli beam, the solutions are simjlet in
the case of rotating Timoshenko beam they are more
difficult to be obtained. Some papers (e.g. [LIDppse
methods to calculate the eigensolutions and ases¢og
natural vibrations using an earlier work done b§j[5

The forced vibrations are usually made by an axial
force applied axially to a spindle or transvers@ v
bearings or rolling bearings (most frequently). The
approaches are different mainly due to authors’
concentration on different causes and estimate the
influences leading to the apparition of vibrationda
sometimes of resonance in spindle shaft. In [5B§ t
imbalance of rotating shaft is split in two pardsstatic
one (detected without rotation) and dynamic oney tw
equations being developed:

Q(,f.e,M,C,C,, Ky, K,) =Ug [6F Bin(ld) ; (18)

The authors proved that the seven node model

(Fig. 6) gives the curve closest to points colldcti®m
experimental data. The transient
different from steady state, that the net thernal fin
one node is equal to the internal energy statufingeo
evolution [51], somewhat
discretization,

like equation (16).

k+1 k+1 k+1 k+1 k+1 k+1
T =T Tt - Tt -
0 1 +_0 2 4.0 3 +

Rox Roo Ros a7
Tk+1_ k+1 Tk+1_Tk
+-0 4—=Qp=CoPg————2,
Ros Aty

whereQy, is frictional heat in node 0, arkt step in time
series discretization.

From graphic analysis it results that for giventsys
running at 8000 rpm the calculated temperature waro
ring is around 38.5C, meanwhile the real measured
value is around 34.%5C, with a difference of 15% [51].

The radial deformation in system for 8000 rpm is
found to be [51]: 9.5um for transient method (proposed
by authors), 14.pm for steady state method, meanwhile
the experimental value is 11Bn, that is an error of 5
um for steady state and an error ofuéh for transient
method.

3.4. Vibration Analysis

Shaft vibration can have as cause few factors:

residual unbalance, axial asymmetry, fluid beariragsl
nonlinear properties of machinery components.

mode considers,

P gMBlg.l,.3:,3,5,C1,Ch Ky Ky) =

19
=U, [’ Bin(w). (19)

éfvhereM is the spinning mas$;- the spindle speed [HZ],

— eccentricity, C,, — the radial spinning damping,
(eccentricity is taking into account; ,— radial stiffness
of bearings,lg — traverse moment of inertidls — static
imbalance, Uy — dynamic imbalancew - angular
velocity of shaft, and); , —distance between center of
gravity and bearing.

In bearings, the dynamic loads have an harmonic
character and for robust spindle dynamics the bgari
must be isotropid{; (f, €) = K, (f, €) andJ; = J, (if there
are only two bearings). The graphic of resonance
frequency frr) depending on spindle system with speed
is practically linear and there is a differencaegonance
frequency for cylindrical and conical shaft, e.@r f
frequency of rotating shaft of 1000 Higr = 2100 Hz,
and for conical shaffge= 1980 Hz [55].

A different approach is used in [19], where FRF is
considered based on nonlinear model of bearings and
simulating cutting force. The pulley is modeledaasgid
disk and the tool is connected rigidly to tool hmid
which is mathematically modeled by translationad an
rotational springs. The translational and rotationa
springs are used for modeling connection with ttieeio
parts of assembly, e.g. between spindle head and
housing. The FRF method was used to find the niatura
frequencies inx direction (longitudinal) for tool holder
that is of prismatic type [19]. In [42], the authonsed
multi-segment Timoshenko beams and in calculatibn o

Two main subjects are related to approaches inERg complex stiffness of bearings was used.

vibration analysis for spindle-bearing systems:efre
vibrations [54] and frequency response function KFR
under dynamic conditions, practical a modal analydi
assembly [11, 19, 42, 557].

The first step in [54] is the calculation of sum of
kinetic and potential energy of all elements innsie

4. OPTIMIZATION METHODS

Most of optimizations in spindle-bearing systentferso
the design of spindle, choice of bearings and t¢elg.
grinding wheel) and solution for components. Thare

shaft model. The Lagrange equation is used and theelatively few optimizations that refer to two asfse

equation of motion is obtained of a form similar to

location of bearings [59] and preload optimizatif6].
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Define parameters to be
optimized P={p1, p2,...pn}

v
‘ Population generation
y
‘ Selection ‘
‘ Crossover ‘
\ New
‘ Fitting function ‘ generation

A

’ Bcst‘ .
Individual
is solution?

'Yes

[ stop )

Fig. 7. Summary of GA suitable to be used in optimization
problems for spindle-bearing systems.

The evolutionary methods (e.g. Genetic Algorithms —
GA) are some of the most efficient methods of
optimization. The position of bearing is coded in
chromosomes and the schema from Fig. 7 is applie
Objective function is the minimization of the natlr
frequencies of spindle-bearing systems in oredebeo
the smallest with regard to the working ones. 19][6he
optimum preload is obtained from graphics selecting
lowest temperature of bearing function.

5. CONCLUSIONS

In this paper we reviewed succinctly the most &ddi
aspects in spindle bearing system in order to hhee
possibility for choosing appropriate future reséarc
directions that would follow the trends in the Fitavith
the possibillity of achieving new multy parameter
integrating models capable to estimate the highedpe
spindle behaviour.

The optimization problems seem to be more
promising ones due to various possibilities to fiaad
optimal solution for a function that has many vhalis,
in search space. The global minimum or maximum for
fithess function can be obtained in an elegant reaim
most of the cases when analytical solution is Vemd to
be found. These approaches will be investigatethén
further research.
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