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Abstract: This paper. Focuses on one application to constiauciser guided thermal network for
externally driven spindle of high speed. The olbjedis to develop a model the can be used forteféec
estimation of thermally distribution in a spindledring system using and generator of linear synaboli
system of equations that can be solved using a meetig solver in a simpler manner than the todiat
use the finite element model. The heat generateldehyings is calculated using a dynamic model of
angular contact bearings and cylindrical roller bé&#s in a distribution and construction that use
preload. The results of simulation were comparetth wimilar results from literature and for a modeza
level of granulation of thermal network the resultere found good for practical applications. The
proposed approach is useful especially when we ireedfast manner practical results and the number
of node must be find out by multiple iterationshwiéss ore more complex thermal network architextur
The prospective development and further researehd&@cussed.

Key words: Spindle-bearing modeling, thermal network, heatns$fer, thermal resistance, angular
contact ball bearing, system of linear equations.
1. INTRODUCTION the bearings. The other secondary heat sources are
negligible, in the most of the research papers.

The friction that occurs in the bearings is the mai
source of the heat [1]. As the speed increase htza
generated in the bearing and the cutting surfadé wi
increase. The Finite Element Method (FEM) is widely
sted to model dynamic, thermic and thermo-mechanic
behavior of the spindle-bearing system-8 The
method offer accurate prediction of thermal behatsiat

The accuracy and lifetime of a rotational machine
tool is conditioned by its static, dynamic, thermic
vibrational and thermo-elastic behavior [1]. Main
spindle-bearing system contributes to final accyrat
workpiece and the quality of it determines in gahéhne
performance of the machine. The thermal behavior o
machine and the predictability of it thermic ev@utin
dynamic regime is an important issue for a goodtion e O - X
of rotated machines. The stiffness and deformatimins It IS €xpansive in calculation time and complexié}.
spindle contribute to accuracy of the manufactyiede. | N€ main drawback of the method is that it needt @f

Simulations can reduce substantially the desigoreff time to construct the model and it cannot be afpie
for a performing machine versus an approach based odifferent dynamic regimes of work.
experimental studies [2]. The simulations can offer Thermal network [7] has proven to be a good
better understanding of interaction among companentapproximation for thermic analysis of heat transfer
among with possible optimization of location of begs ~ pPhenomena [8 and 9]. In [10], the authors proposed
and preload values for contact angle bearings. rOthemathematical model for ball friction and used it feeat
design aspect can influence the thermal behavidgh@f generation, heat transfer, and transient temperatur
systems as the house, the cooling subsystem and thlistribution and different speeds. The model was
motor placement. Two main approaches are related twalidated by experimental results.
motor placement: built-in motor and externally ériv A unified method based on FEM and thermal
spindle, usually by a belt. These two approachegesistance for a quasi-static model was proposddlh

influence the types of heat sources that are taken
account. In the built-in case, the main source eHdthis
the electric engine itself and the bearings mealewihi
the second case, the main source of the heat actiqer
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in order to predict the thermal characteristicshafh
speed spindle subject to preload.

The parameters of angular contact bearings were
considered: thermal contact resistance, geometric
dimensions, lubricant viscosity and thermal effexighe
contact angle between ball and rings and ball bgari
[11]. The nonlinear behavior of transient tempeartis
verified experimentally.
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Numerical solutions for equations the desc
Steady-state temperature distributioncluding load-
deflection analysis and calculation of thermal egdan
were proposed in [12]. Formulas févermal resistance
spindle, bearings and housiage also described in det
[12].

The Hertz's contactheory was applied to model
spindle-bearing systemalong elastohydrodynam
lubrication (EHL) theory for athermcmechanical
analysis was proposed in [13]. Ttspindle cooling
systemeffect was taking into account fsteady-state
heat balance between die generation and coolir
elements [13].

A more sophisticated approaalas presented in [14
A thermal network that includes dl¥ lubricatior and
convection effectinside the cage was used to pre
thermal behaviors of highpeed angular contact
bearings [14].Detailed formulas for heat convecti
were presented and thdluence of them iincluded in a
multi-node model thermal network for angular cont
bearing [14].

2. DYNAMIC MODEL OF BEARING AND HEAT
GENERATION

The accuracy and lifetime of a rotational mact
tool is conditioned byits static, dynamic, and thermr
behavior.The friction between balls and racewdepend
on dynamic load on each ball depend and stiffness
that also depends on the contact angjle [

As sequel, the heat generated bearmust start with
dynamic analysis of rolling bearings and the tdiaht,
considered in a center of bearing is the sum ot
produced by each ball.

In our approach, the ball bearing is the subjec
centrifugal forceF; and gyroscopicmomentum Mg;
wherej is thejth positionj = 0, 1, ....Z - 1 for each one
of Z balls aty = (j-1) / (Z — 1) angle. Themisalignment
angle® is very small in comparisowith other variable
and it was neglected in calculus. Let denote byd, —
inner raceway diameted, — inner raceway diameted,,

— bearing pitch diametef) — ball diameter; — inner
groove radius and;, — outer groove radil.
A
final center of curvature,
Agy inner raceway growe
P I
; i Ay t
X
> ~ initial center of curvature,
; inner raceway growe
- a6 A
4 A ball center, final position A2k
¥ oo,/ 2 T
Avi | ok 5 ball center. initial position
>
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fixed center of
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Fig. 1. Position of ball center after preload applica and
displacements foangular contact ball bearir
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Fig. 2. Ball loading and main forces that act on iy; angle.

The Hertzian contact forces between balls
raceways are given by formulas5]:

Qi = Kiéna Qo = Koén' (1)

wheren = 3/2 for angular contact bearings and 10/9

cylindrical rolling bearing and i stands for inner
meanwhileo stands for outerDue to lack of space v

will present in shorter manner the calculationQ; and

Qo based on [15 and6] approache K is a stiffness
axial constant and it is calculated from tables][

However, the tal@ is not always available ai

approximated formulas using regressive models fiem

used [17 and 18]. Let udenote byA and B the two

elastic bodies in contact:

_TWE' [26R

, 2
3FVE @)
R 06360

k= 1.0339{—VJ : ®)
X

Ry
F =15277+0.602%n| — |; 4)

X

- RX .
€ =1.0003+0.5968 — |: (%)

Ry

E':2/((1_V2A)/EA+(1_VZB)/EB)' (6)

In formulas (2)3(6), E is the Young’'s modus;v -
the Poisson’s constan® — sum of curvaturesl /R =
1/Rc+ 1 /R, R — curvature radius irx plane;R, —
curvature radius iy plane in the contact point [1 For
inner ring and outer ring respective

fi

D
R,=—@1-v)), R,=D———; 7
x 2( vi) Ry 2% -1 )
yi =Dcosa; /dp,. (8)
f D
R,=D—2—, R, =—(@A+Y,); 9
=P B 2( Yo) 9)
Yo =Dcos;/dp,. (10)

The equationsthat describ the mathematical
relations from Fig. 1 are given in following equats
and the approach is similar to [1
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A = BDsina’ +8, ; (11)
Ay, =BDsina® + 3, cosy ; (12)
X,
COSO ST ] R (13)
(f-05)D +3,
X,
sinay =~ ——; (14)
(f-05)D +3,
X
cosa; :&, (15)
=X,
sina; S Mt Xy (16)
(fO_OS)D +6ij

Using trigonometric relation sik+ co$x = 1 and the
relationf =r / D, one can write:

(A= Xq)? +(Ay = Xp)? -5 =0;  (17)

X + X3~ 0 =0; (18)
A” = (fl - 05)D + 6” , (19)
Do =(f,—05)D+3,. (20)

The conditions of equilibrium from eagth ball from
all Z balls are given by:

M ..
9 g
Qj cosa; —Tsmaoj - Qj cosay +

;o (21

I\/Ig”sinor -F. =0
5 Sina —Fg =

Qyj Sina; +TcosaOj -Qj sinaj;
M (22)
—Tg’cosaij =0

In the developed model it is considered that thmein
ring is rotating with the speed [rpm], meanwhile the
outer ring is mounted on the housing. The anguaed
is given byw = 2an / 60. The centrifugal force and
gyroscopic momentum are equal with:

2
Fy :lmmz(&] : 23)
2 W )
Mg = waz(&] (ﬁ] sina; ; (24)
Wi\ 0
O _ cos(; —ay) —D/dy,cos@) ; (25)
W 1+cos@; —0y)
sing,
tang, = ————; (26)
cosa; —D/dm
wg _ _ [ COSUy +tana sina,, .
1+D/d, [Cosa,

.(27)
cosa; +tana; sina

1_ D/dm EOSC(”

J ](D/dm Jeosa

Qi
Ri»
Ris Riy
Ris
Ty

Fig. 3. Thermal point associate with a node and its adjgin
nodes.

The most common solution is the Newton-Raphson
method that uses successive iterations and thebideco
of system of nonlinear equations (or finite diffece if
the inter-dependencies between variables and additi
variables are too complicated. The errors of systém
equations are:

(A= Xq) 2+ (A = X)) ° =05 =q¢; (28)
XE + X3 - 0% =y (29)

Mg .
Qj costt,; ——=sina, —Q; cosa; +
: ; (30)

Mg . _
Tsan(ij -Fj =03

Qyj SiNal; +Tc030(0j = Q; sina;
M (31
~9 cosy =
D i~ Uy

Equations are solved iteratively, andhat 1 step, the
values are given from precedent step:

{P"} ={P"} ~[a] {af}, n=01..n;j=1234
(32)

The iterations continue until the predetermined
convergence criteria are meet, or the no matter how
many iterations are made, the maximum error doés no
decrease. The coefficierdgare those from [16].

3. THE THERMAL NETWORK

Heat transfer model is used to compute the
distribution of temperature in a spindle bearingtsyn.
Thermal networks associated parts of the machirie avi
linear thermal resistance, each part connected itgth
neighbors governed by equation of thermic equilibri
in a manner similar with Kirchhoff's laws from eteical
circuits [7].

The structure is discretized and each block froi® th
structure is associated with a node (Fig. 3), #eter of
each element is described as a location having the
average temperature for entire element. The hefabdi

The four equations (17), (18), (21) and (22) hase a this center is transferred to adjacent center afesovia

unknown values R}={ Xy, X;, 8, 5ij}T-

contact areas.
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Fig. 4. Seven points model of bearirfig;, R, — thermal
resistance bearings, a — index for air, b — indeX&aring.
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component is neglected. The model of the bearing is
selected to be of 7-nodes type as in Fig. 4 [18E otal
heat generated by bearings as function of totajueM;,

and speed is given by [15]:

Q = 1047x10™*nM, ,
M, =M, +M, + Mg,

(39)
(36)

whereM, = moment due to load on baN}, — moment
due to viscous friction anllls — the spinning moment.

M, = fRd,,, 37)
_ {10‘7 Mun) 23 f,d3 if un= 2000 oo

107600, d3  if u,n<2000
M, = HQAE (39)

8

The equation associated with node from Fig. 3 iswheref; represents the a factor related to bearing tiype,

given by [8]:

> Tilg =

k=1 ik

oT,
me =",

(33)
whereT, is the temperature ¢fnode,k = {1, 2, 3, 4}, T,
- temperature of node;Ry — thermal resistance between

nodei andk; Q,, ¢, andm — heat rate, thermal capacity of
nodei and mass, respectively.

- static equivalent load,, — factor that depend on the
bearing and lubrication typej, — kinematic viscosity
(depending of temperature and lubricant)~ friction
coefficient (the most common value is 0.9),- normal
contact forcea — semi-major axis in ellipse that describe
the contact between ball and grotze: elliptical integral
of second order used to calculate the stiffness ofirfigear
[15].

Linear thermal resistance can be calculated by

The system of equations is made by energeticdefinition [20]:

balance: applied to each node of the system: tpatin

energy + output energy = 0, and the usually ambient

temperature is considerdd = 25 C. Finally, it will be
obtained a linear system of equations that lodées that
described by (34) for a purely hypothetic networithw
two sources of heaf); andQ, and five nodes, the last
one being connected to ambient. The equation afilus
for demonstrating the symbolic calculus construdbgd
equation generator in our proposed software tool:

Rlz Ris Ria
Q + T2 TZ_Ta =0
R12 R25 (34)
Tl_T3 _T3_T4 _T3_Ta :O
Ris Ras Res
T, T-T _T-Ta g
Ris Ra Res

In matrix form, the system of equations becomes
[R{T} =Q with solution{T}=[R]™Q, solution that
can be calculated directly (or by substitution, oy

Cramer) if the matrixR is non-singular or by iterative
approach, e.g. Gauss-Seidel method. If there anades,

R=L/KA, (40)
wherelL is the length of elemenf the cross-sectional
area aniK thermal conductivity that depend on material.
The spindle-bearing system is considered by
approximation to be a symmetrical one, and the basic
solid elements that can be parts of this system fomticer
analysis are: hollow cylinder, cylinder and tapecede
(hollow). The detailed formulas and notations forthal
source location of bearing are presented in [20]:

Rt = '”Snkf[’, R =pxi (41
R (42)
Ru=k| (ZHr\r:/ mbj; (43)
Rio = b (44)

o]

The contact between inner ring and shaft

a number of equations need to be developed in order topractically a joint made under pressure, creatmgame

calculate the final temperatures of each node.

the contact resistance coefficient from which ih dze

The thermal phenomena in bearing are of three typegeduced the thermal contact resistange, 1 /h, [21 and

[15]: conduction, convection and radiation. Theia#idn
is very small, and in almost all refered articldsst

22]. Detailed calculus for situations, plastic defation
and elastic deformation can be found in [22].
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Fig. 7. Circular zoom obearing area from Fig.

3. SOFTWARE TOOL FOR SEMI-AUTOMATIC
CONSTRUCTION OF THERMAL NETWORK
ASSOCIATED WITH A SPINDLE-BEARING

The experiments were made using a sp-bearing
high speed grinding machine available in mechatr
laboratory. The spirld has four contact angle bearings
tandem and one cylindrical rolling bearing. Thenfat
sketch is given in Fig. 5.

The core model of our software tool is the equa
generator. The section in the spinbkaring (Fig. 5), i
split manually inm regulr elements (rectangle, circ
and trapezoidal), in a symmetrical Fsection. The
operation is made on an image file (in our casefthg,
.bmp and .jpg are the acceptable formats) .A cais
help the user to allocate a number to each eleimgiat
double click on approximate center of element. A cor
module keep track on the counter of element num
the delete, modify or append a new number.
geometrical sulmrodule asks for é&-bearing or Tam
interconnection for selected modul&he generator of
schema module save this graphic processed image
Excel type file that have all the information about ¢
element: number, material, the neighbors, generati
heat, form of element and dimensions.

[
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Fig. 9. Heat total vs. preload force, angular contact Ing.

A parser that work with symbolic toolbox fro
MATLAB take into account each node, and four «
equation written by thermiequilibriurr in the node is
translate a§ = {T, T, T; T} " in example (34)R matrix
and theQ vector. AllR, matrices are concatenated= 1,
2, ...,min a finalR matrixin order to solve the equatit
{1} =[RI"{Q}

The entireprogram is written inMATLAB 2017b,
and the graphical interface is madeusing Guide. The
user must write in Excefile the dimensions of eac
element along with characteristic of material ife
material is not predefined steel. Based on geom
characteristics, the thermal resistance for ealiti sody
(element) necessary to solve tthermal network is
calculated using (4%f44) and[22]. The user can extract
the temperature value for a single node or forcaugrof
nodes, e.g. a line along the spin

4. EXPERIMENTAL RESULTSOF
SIMULATIONS

Our model does noconsider the thermeéexpansion
of bearingsas part of their deflectio. The analysis of
thermal properties occurs in this assump
independently of loadeflection study

For a 219 bearing thaquip the spindle [15], tF
angle of deflection andheat generation is preser in
Figs. 89.
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Fig. 11. Temperature curve, profile A, stable thermal s..

Fig. 12. Profile B ®lected to display temperatu.
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Fig. 13. Temperature curve, profile, Btable thermal stat.

Simulation resultswith temperatures ir’C along a
line selected by user are presenteHigs. 10-13.

5. CONCLUSIONS

The software tool givesatisfactory resul in this
preliminary stage but somamprovements should
done An automatic geometric selection of dimensi
must be done. Also the autoticasplit in element of th
2D sketchof spindle bearing will be made in tifuture
development. Arinterface with for calculus in of therm
resistance is in progress.

The difficulties that are encountered in the gragl
user interface in MATLAB toolrequire more time to
develop arautomatic tool in the CADComputer Aided
Design) tool style of a multiphysics too
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