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Abstract In order to avoid the sudden failure of high-speed
spindles in the actual machining process caused by an exces-
sive temperature rise at the design stage, a three-dimensional
(3D) finite element analysis (FEA) model was proposed to
conduct transient thermal-structure interactive analysis of a
high-speed spindle. The FEA model considered thermal con-
tact resistance (TCR) at solid joints and bearing stiffness to
improve the accuracy of traditional thermal models which
ignored TCR. However, TCRs at solid joints and bearing stiff-
ness were often ignored in traditional thermal models of high-
speed spindles. This caused inaccuracies in traditional thermal
models. The heat generation of the built-in motor was calcu-
lated based on the efficiency analysis method proposed by
Bossmanns and Tu [1]. Based on the quasi-static mechanics
analysis of rolling bearing, the heat generation and stiffness of
bearings were calculated by applying the Newton-Raphson
algorithm to improve the convergence. The Weierstrass-
Mandelbrot (W-M) function, a function of fractal parameters,
was used to characterize the rough surface morphology of
bearing rings. The fractal parameters were identified by the
structure function method and the measurement data of bear-
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ing ring’s surface morphology, and a contact mechanics model
was developed to calculate the contact parameters used in the
model of TCR. Then, a new predictive model for TCR was
proposed based on M-T model. The above boundary condi-
tions were applied to the FEA model, and thermal equilibrium
experiments were conducted to validate the effectiveness of
the model. The results showed that the FEA model was much
more accurate than the traditional model which ignored TCRs
at solid joints and bearing stiffness.

Keywords Finite element analysis - Temperature field -
Thermal error - Thermal contact resistance - Fractal geometry -
Contact mechanics

1 Introduction

High-speed and high-precision machining is the development
direction of the modern manufacturing industry, and the ap-
plication of high-speed spindle, a core component of machine
tools, is critical for the implementation of high-speed and
high-precision machining. Therefore, the efficiency and pre-
cision of high-speed spindles have great influence on machin-
ing efficiency and accuracy. However, in order to improve the
transmission performance, the built-in motor and high-speed
bearing are combined in motorized spindles so that a large
amount of heat is introduced into spindle systems, and the
heat dissipation condition is poor because of its compact struc-
ture. Besides, the structure of high-speed spindles is complex,
and the material properties of components are different.
Therefore, the interactive influence of such factors as heat
source’s location and intensity, heat dissipation condition, ma-
chine tool structure, and material properties may produce
complex thermal characteristics. For example, the uneven
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distribution of temperature field leads to spindle’s thermal
errors, and the distribution is nonlinear, nonstationary and
varies with time [2], and eventually results in a poor machine
tool’s machining accuracy. Numerous studies showed that the
thermal errors account for 70 % of the total error resulting
from various error sources [1-3], and the more sophisticated
the machine tool, the greater is the proportion of thermal errors
[3]. Therefore, it is essential to investigate the thermal charac-
teristics of high-speed spindles.

In recent years, numerical simulation methods have be-
come a topic of increasing interest and are applied to analyze
thermal characteristics of machine tools. The most typical ap-
proach is the theory of finite difference method (FDM), finite
volume method (FVM), and finite element method (FEM);
Bossmanns et al. applied FDM to analyze the heat generation,
heat dissipation, and the energy distribution of a high-speed
spindle [1]. Su et al. proposed an integrated heat-fluid-solid
coupling model of the hydrostatic spindle system based on the
finite volume element method (FVEM) in consideration of the
interaction of the temperature field, thermal deformation, and
eccentricity [4]. Liang et al. studied the thermal behaviors of a
machine tool by the FVEM to consider the influence of tem-
perature rise, preload forces, contact surfaces, and gravity and
proposed a new thermal optimization method to reduce the
thermal error at the design stage [5]. Zivkovic et al. proposed
the thermo-mechanical model of a spindle which considered
the nonstationary change of temperature and thermal defor-
mation [6]. Kim et al. proposed a simulation method for
predicting thermo-elastic behavior of the spindle-bearing sys-
tem and an optimization procedure for housing design param-
eters under various spindle-bearing operating and surrounding
conditions such as assembling tolerancing, geometric dimen-
sioning, cooling condition, and thermal deformation [7]. Babu
et al. used the FEM to gain insights into the extent of the
contribution made by the elements of the headstock assembly
to the transient temperature rise and the resulting thermal de-
formation characteristics [8]. Zhang presented whole-machine
temperature field and thermal deformation modeling and a
simulation method for vertical machining centers to study its
thermal characteristics at the design stage [9]. In the models
mentioned above, the heat generation and heat transfer, as the
important boundary conditions for thermal analysis, are taken
into account. However, the influence of TCRs on the simula-
tion results was ignored in these models because the difference
between the heat transfers of continuum and joint surface is
not identified. And it is unreasonable for some researchers to
set the value of TCR as an empirical constant for various joint
surfaces because the strongly nonlinear relationship between
TCR and such factors as rough surface morphology, interface
pressure, contact area, contact deformation modes, material
physical properties, and temperature. On the other hand, bear-
ing’s axial and radial stiffness have great effect on the thermal
deformation of the spindle system. And hence, the bearing’s
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stiffness should be considered when the FEA model is devel-
oped. Liu et al. studied the thermal characteristics of a motor-
ized spindle by which considered the effect of TCRs [10]. Su
et al. studied the thermal characteristics of an ultra-precision
machine tool and proposed a finite element fractal method to
consider the influence of TCR on the thermal characteristics
by combining the advantages of FEM and fractal theory [11].
However, the combined effect of the morphology of rough
surface and contact deformation of asperities on TCR was
not considered in the model. In fact, the core of a TCR anal-
ysis is its geometry and mechanical issues, and hence, the
morphology of rough surface and contact deformation of as-
perities should not be ignored.

The framework of this paper is arranged as follows. Sec-
tion 2 introduced the high-speed spindle system. Section 3
proposed the thermal characteristics analysis model and
discussed the calculation methods of boundary conditions.
In this section, the heat generation of the built-in motor was
calculated based on the efficiency analysis method. Then,
based on the rolling bearing quasi-static mechanics analysis,
Newton-Raphson algorithm was used to calculate the heat
generation and stiffness of bearings. The fluid flow state was
determined by Reynolds number, and the convective heat
transfer coefficients of the spindle’s different components
were calculated based on the Nusselt number determined by
different convective heat transfer models. The W-M function,
a function of fractal parameters, was utilized to characterize
the rough surface morphology of bearing rings. And the frac-
tal parameters were identified by the measurement data of
surface morphology and the structure function method. Elas-
tic, plastic, and elastic-plastic contact deformation modes of
two contacting surfaces were considered to develop a contact
mechanics model. Then, a TCR model was proposed based on
the geometric and mechanical analysis of joint surfaces. Even-
tually, the spindle thermal model was proposed by applying
the above boundary conditions to the FEM model. Section 4
conducted thermal equilibrium experiments to validate the
effectiveness of the model. The results of this model were
compared with experimental data and traditional thermal
model which ignored TCRs and bearing stiffness. The results
showed good agreement, demonstrating the validity of the
FEA model, and providing certain references for the further
study on the machine tool’s thermal characteristics. Section 5
presented the conclusions obtained from the previous
analysis.

2 Spindle system

The setup to be modeled is a high-speed spindle system de-
signed by our research group, as shown in Fig. 1. The maxi-
mum rotational speed of the spindle is 20,000 rpm, and its
cooling system can control the temperature variation. Two
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Shaft Sensor support Rear bearing Encoder  Stator

Fig. 1 High-speed spindle model

counterweights are installed on both ends of the spindle to
adjust its rotation error. An encoder is mounted on the shaft
to feedback the rotational speed. A pair of bearings SKF7005
ACD/P4A are mounted on the spindle with a clearance toler-
ance to avoid the preload variation due to temperature varia-
tion and arranged in a back-to-back layout and preloaded
(600 N) by two sleeves and a locknut. Four temperature sen-
sors are installed to measure the temperatures of the front and
rear bearings, cooling jacket, stator, spindle housing, and am-
bient. The material properties of the spindle components are
listed in Table 1.

3 Finite element analysis

To get accurate numerical solutions of temperature field and
thermal deformation of the spindle system, the solid structure
should be reasonably simplified and finely meshed. Moreover,
the credibility of the simulation results also relies on whether
the boundary conditions such as the heat sources, convective
heat transfer coefficients, TCRs of solid joints, and bearing
stiffness are well defined.

The control equation of transient thermal analysis can be
expressed as

or 0 oT 0 oT 0 oT

where T=T1(x,y,z,f) denotes the temperature of each element
(°C); p and ¢ are the material’s density (kg/m®) and specific
heat capacity (J/(kg °C)), respectively; ¢ denotes time (s), \,,

Rotor  Cooling jacket

Front bearing Counterbalance

A» and ). denote material’s thermal conductivity in the x, y,
and z directions, respectively (W/(M'K)); and O denotes the
internal heat source (W/m?).

Thermal deformation is calculated based on Hooke’s law

e =aAT (2)

where € is the strain vector, « is the material’s thermal expan-
sion coefficient, and AT denotes the temperature rise vector.

3.1 Finite element modeling

The solid model of spindle system is built, and some small
structures are simplified due to their little influence on the
simulation results, such as thread hole, key groove, chamfer,
and fillet. Considering the high rotational speed of the spindle,
the bearing can be simplified as a hollow cylinder. The sim-
plified model is imported to ANSYS Workbench, and the
hexahedral element with 20 nodes is adopted to mesh the solid
structure. In order to get good simulation results, the region
with larger temperature gradient is meshed more refined, such
as the region near the motor and bearings. There are a total of
298,147 solid elements and 1165,218 nodes in the FEA mod-
el, as shown in Fig. 2.

The TCRs of those joints except those formed by bearing/
bearing housing and bearing/shaft are ignored because of their
little influence on the thermal characteristics of the spindle
system. Namely, there are four joints in the spindle system,
as shown in Fig. 3. To simulate the joints, contact pairs are
created at the solid joints and TCR is applied to each joint
surface, which is to be explained below. And the predictive

Table 1  Material properties of the spindle components

Materials Density (kg/ Coefficient of thermal expansion Young’s modulus Poisson’s  Thermal conductivity Specific heat capacity
m’) (um/(°C)) (GPa) ratio (W/(m'K)) (J/(kg°C))

GCr15SiMn 7810 12.5 207 0.3 60.5 460

38CMoAl 7860 9.7 200 0.31 65.5 485

3Crl3 7750 10.2 200 0.29 28.5 502
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Fig. 2 Finite element model

model for TCR is proposed based on M-B fractal contact
model to overcome the shortages of other models.

3.2 Heat loads of the high-speed spindle system
3.2.1 Heat generation of the built-in motor

It is difficult to calculate the copper loss, iron loss, and other
additional loss of the built-in motor accurately. Therefore, the
motor’s efficiency analysis method is used to calculate the
heat generation of the built-in motor. The air resistance loss
Pyindge can be expressed as

p windage — 7r3'd§0t0r'Lrotor',u'air'f fotor / hgap

3)

where d,qor and L,y denote the rotor’s outer diameter and
length, respectively; Ay, is the thickness of the gap between
rotor and stator; f,; denotes air’s dynamic viscosity; and f;oor
denotes rotor’s rotational frequency.

The efficiency of the built-in motor is defined as [12]

n= (Pout + Pbeaﬁng + Pwindage) /Pin (4)

where Ppearing denotes bearing’s heat power and the calcula-
tion method will be discussed in detail in Section 3.2.2, P, is
the output of the mechanical energy, when the spindle is air
cutting, P, is zero, P, denotes the input power of the motor,
and 7 is the efficiency of the motor.

The motor’s heat generation O can be obtained according
to Egs. (3) and (4).

0= Pin(l_n) +Pwindge (5)

The distribution of the motor’s heat generation between the
rotor and stator is determined by the synchronous frequency
Jsyne and slip ratio fgi, [12], as shown in Eq. (6).

f slip
Qrotor =0
f sync

Qstator = Q7Qrotor

(6)

where O,otor and Ogator denote the heat generation of the rotor
and stator, respectively.

3.2.2 Heat generation of bearing

The traditional method to calculate the heat generation of
bearing is quasi-static mechanics analysis. The geometric,
physical, balls, and rings balance equations constitute of bal-
ance equation set of bearing. Figure 4 depicts the force applied
to the rolling elements. Under the combined effect of all ex-
ternal loads, the relative position between the curvature cen-
ters of the inner ring and rolling elements is shown in Fig. 5.
Centrifugal force and gyroscopic moment are also applied to
the rolling elements at high speeds, and the contact angles of
rolling elements and inner with outer rings will also change.
Therefore, the positions of the curvature centers of the inner
ring and balls change from point m to m' and point E to E’,
respectively.

The geometric equations can be obtained according to the
geometric relationship shown in Fig. 5

Ayq = BDysinag + 6, + OR;cosy),
Azg = BDy,cosa + d,c089,

(7)

where g denotes the gth rolling element; B is the inner and
outer groove curvature constant; o denotes the initial contact

Joints between bearings and bearing housing

]

)

a

[H

iﬁ—lﬁ

Joints between bearings and shaft

Fig. 3 Joints formed by bearings/bearing housing and bearings/shaft
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Fig. 4 Force diagram for rolling element

angle; v, is the position angle of the gth rolling element; 4,
and 6, denote the axial and radial deformations, respectively;
Ay, and A, are the x and z coordinates of the inner and the
outer groove curvature centers, respectively; 6 is the angular
displacement of the inner ring; and D,, is the diameter of
rolling elements.

The deformation of the rolling elements and outer rings can
be obtained according to the Pythagorean theorem and the
geometric relationship shown in Fig. 5

Oig = (V)ch + ng) 1/27(fi70-5)Dw (8)

Oeq = [(qu_qu)z + (Azq_VZtI)Z] 1/2_(fe_0'5)DW

where ¢;, and ¢,, denote the contact deformations of the balls
and rings, respectively; f; and f, are the curvature radius coef-
ficients of the inner and outer grooves, respectively; and i and
e denote the inner and outer rings, respectively.

74 A, . -

A A
m 0. Fosy,

zq

\
X

Fig. 5 Relative position between curvature centers of rolling elements
and inner groove

The balance equations of rolling elements under the com-
bined effect of loads can be expressed as
: : ng > —
Q,.qsma,-q—Qeqsmaeq—D—()\,-qcosa,»q— qC0SQey) = 0
/ 9)

M
&g . :
Qiqcosaiqueqcosagq*D—(/\l-q51na,-q*/\eq51naeq) +Fe=0
w

where Q,, and Q,, are the normal loads of the gth rolling
element and inner with outer rings, respectively; A;, and A,
denote the control parameters of the inner and outer ring
grooves, respectively; M,, and I, are the gyroscopic moment
and centrifugal force of the gth rolling element, respectively;
and o, and «,, denote the contact angles of the rolling ele-
ments and the inner and outer rings, respectively.

The balance equations of rings can be obtained according
to the balance relationships among the axial, radial, and exter-
nal bending moments [13].

z
M,
Fo,— Z [Q,qsma,q

)\,qcosa,q} =0
g=1

w
z
Mg, .
F= 0,,c080;4 + D—)\,-qsma,»q cosay = 0
1 w

o
z M,
M—Z [(Qiqsina,-q—)\,-qM qcosalq)R + Aigti D, ]coswq =0
g=1

(10)

where F, and F, are the radial and axial loads of the bear-
ing, respectively; M is the external bending moment; R; is the
radius of the inner groove curvature center; and 7; is the radius
of the groove.

For each ball, the force-deformation equation can be
expressed as [13]

0, =kjg0is, (j=1ie) (11)

where k;, denotes the contact stiffness between the rolling
elements and raceways.

Heat generation of high-speed angular contact ball bearing
can be expressed as [14]

2
0="Tum

) (12)

where O and M denote the heat generation and friction torque
of bearings, respectively, and n denotes the bearing’s rotation-
al speed.
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Bearing friction moments M consists of two parts, namely,
the load term M, and speed term M, [14]

M =M +M, (13)

Friction torque M, caused by the external load can be
expressed as

M, = f\-Fd, (14)

where f; denotes the coefficient related to the bearing struc-
ture, d,, denotes the bearing’s pitch diameter, « is the contact
angle of the bearing under load, and F'; is the equivalent load
applied to bearings and Fz=max(0.9F,/tana—0.1F,,F,), F,
and F,. denote bearing’s axial and radial loads, respectively.

The friction torque M, caused by lubricant viscous friction
can be expressed as [14]

if v,n>2000
if von < 2000

2/3
Mv = 10_7'f0'(V I’l) / ';1/713 (15)
-d

M, =160 x 107-f-d,,

where v, is the lubricant’s kinematic viscosity of operating
temperature and £, is related to bearing type and lubrication.

Then, the heat generation and stiffness of bearings can be
calculated according to the dynamic and kinematic parameters
in Egs. (7)—-(11). However, the variables in Egs. (7)—(11)
coupled to each other and hence the iterative process is com-
plex. Moreover, it is necessary to calculate the Jacobi matrix
when the Newton-Raphson algorithm is used to solve above
nonlinear equations. And the elements of the Jacobi matrix are
the partial derivatives of each equation. To prevent the
nonconvergence and oscillation problems in the calculation
process, relaxation factors should be introduced. Then, the
dynamic and kinematic parameters required for the calculation
of heat generation and stiffness can be obtained. Figure 6 de-
picts the algorithm of heat generation and stiffness of rolling
bearing. The inputs of the algorithm are the geometry and
operating parameters of bearings. And bearing geometry pa-
rameters include the basic structure and material parameters of
bearings, such as the diameters of the inner and outer rings, the
number and diameter of rolling elements, the curvature radius
coefficients of the inner and outer grooves, the initial contact
angle, and material properties (Young’s modulus and
Poisson’s ratio, etc.).

The relationships of heat generation with the preload and
speed of bearing SKF7005 ACD/P4A is shown in Fig. 7. It
can be seen that the heat generation of bearings increases with
the rotational speed and preload. The reason is that the in-
crease of preload is equivalent to the increase of the external

@ Springer
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kinematic parameters

Calculate bearing stiffness
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Fig. 6 Calculation process of quasi-statics of high-speed ball bearing

load. When the rotational speed increases, the centrifugal
force and gyroscopic moment applied to rolling elements in-
crease as well, resulting in an increase in the friction between
rolling elements and the rings and hence bearing’s heat gen-
eration increases.

3.3 Heat dissipation

The convective heat transfer coefficient can be expressed as
[15]

Nu-)\ﬂuid
o A (16)

600 = A Fa=160

500 [ == Fa=600
| =O=Fa=1000
400

300 -

200 |

Heat gemeration rate (W)

100

1 " 1 " 1 " 1 " 1
4000 8000 12000 16000 20000
Rotation speed (rpm)

Fig. 7 Relationship between heat generation and preload, speed
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where d;, denotes the hydraulic diameter, A\qy;q is the fluid’s
thermal conductivity, and Nu denotes the Nusselt number.

The heat transfer mode of moving components belongs to
forced convection, such as the convective modes between the
stator and cooling water, stator and rotor, shaft and air. While
the heat transfer mode of stationary components belongs to
free convection, such as the convective between the spindle
housing and air. Then, Nusselt number Nu can be calculated
based on different convection heat transfer models listed in
Table 2.

Where Pr is the Prandtl number, Re is the Reynolds num-
ber, /; is the length of water tube, w is the velocity of the water,
7 denotes the fluid’s kinematic viscosity, dj is the loop diam-
eter, d, is the diameter of the headstock, g is the earth gravity,
and ¢ denotes the friction factor and its value is £=1/[0.79
In(Re)—1.641%

3.4 Modeling thermal contact resistance

All the surfaces are rough when viewed microscopically.
Namely, the surface is composed of numerous asperities with
different scales, and hence, the contact of two surfaces hap-
pens at finite discrete points. When the heat flows through the
imperfect contact of two contacting surfaces, heat flux may
contract at these contacting points, as shown in Fig. 8. On the
other hand, the imperfect contact produced by surface rough-
ness indicates that there are many contact points and cavities
at the contact interface, as shown in Fig. 9. Generally, the
thermal conductivity of the filling material in the cavities
(such as air or oil) is much lower than that of the parts, and
hence, the TCR and temperature jumps are formed at the joint
surface. Namely, TCR plays the role of restricting the heat
flowing from the heat source to another object contacting with
the heat source, which results in a high local temperature of
the heat source.

The TCR model developed by Mikic, which assumed that
all the contacts are under elastic deformation, was unreason-
able [19]. Yovanovich also proposed a TCR model which

Table 2  Calculation of Nusselt number

assumed that all the contacts are under plastic deformation
[20]. In fact, elastic, elastic-plastic, and plastic deformations
occur on contact interface. Moreover, the most traditional re-
search methods on TCR were based on statistical theory and
experiments [21-23]. However, the method based on the sta-
tistical theory was sensitive to the sampling length and reso-
lution of the instrument [21, 22], and the method based on
experiments had its own disadvantages, such as the poor gen-
erality, worse adaptability, and some uncertainties [22, 23].
When any one among such factors as material, mean rough-
ness, and the contact pressure change, the experiment has to
be redesigned. On the other hand, it is difficult to predict TCR
because the strongly nonlinear relationship between TCR and
many other factors, such as surface morphology, interface
pressure, contact deformation modes, contact area, material
properties, and temperature, among which the surface mor-
phology is a major determinant. TCR is a complex interdisci-
plinary problem, including geometry, mechanical, and thermal
subproblems. And the core of TCR model is its geometry and
mechanical issues. Therefore, it is essential to propose a
geometrical-mechanical-thermal predictive model to over-
come the shortages of traditional TCR models.

3.4.1 Characterization of rough surfaces

The Weierstrass-Mandelbrot function (W-M) in fractal geom-
etry is the most commonly used function to characterize the
rough morphology of bearing rings with disorder, nonstation-
ary random, and self-affinity features [24].

o0

_ cos2my"
z(x) = GP I)ZV(TZ;A <D< 2y>1

(17)

n=n;

where z(x) and x denote the profile height function and mea-
suring position; D (dimensionless parameter) is the fractal
dimension of the profile of the surface, varying from 1 to 2;
G is a scaling constant and is not limited to a specific range

Convective boundary condition
size

Characteristic Convection model

Forced convection of the annular gap [16] d,

Nu = 0.133Re?/3.prl/3

Re < 4.3 x 10°,0.7 < Pr < 670

Spindle housing outer surface free dy,

0.125¢(Re—1000)Pr

convection heat transfer [17] Nu

1 +12.7,/0.125¢ (Pr?/3-1)

[1 + (dy /1,)2/3] [1 4 3.6(1~dy /dy) (dy /d,()o-*‘]

Re = wdj /1,2 x 10*<Re<1.5 x 10°, 5<d),/d; <84

Forced convection of the cooling system /
and stator [18]

Nu = 0.133Re*8pr??
Re > 10000, 0.7 < Pr < 100, L/hg,, > 60

@ Springer



476

Int J Adv Manuf Technol (2015) 79:469—489

Fig. 8 Constriction of heat flow
lines through contacting spots

Surface2

Surfacel

{

and has a length dimension, the frequency expression is w=+";
and  is related to the sampling length L (y"'=1/L, n; corre-
sponding to the low cutoff frequency of the profile).

The power spectrum of the W-M function is given by
Majumdar and Tien [25]

GZ(}]) 1
) = Sy (18)

The W-M function also follows the relationship

2(yx) = 7P)z(x) (19)

It is obvious to find that two scale-invariant parameters G
and D are scale independent and that W-M function is a self-
similar function, which is not sensitive to the sampling length
and resolution of the measuring instrument. Therefore, the W-
M function can be applied to characterize the surface mor-
phology of bearing rings. Figure 10 illustrates a 3D fractal
surface morphology and its contour plane generated from
Eq. (17) with D=1. 64, G=9.46e—6 m, L=1 um, and y=1.5.

Temperature curve

AT
Temperature drop

Load

Fig. 9 Temperature drop at the contact interface

Heat flux
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3.4.2 Fractal parameters identification

In order to identify the fractal parameters, the surface mor-
phology of bearing rings is measured by an Olympus laser
microscope. Assuming that the sampling interval is A¢ and
the total number of the samples is N, then, the profile height
can be written as

z(x;)) =z(i=0,1,2,...,N-1) (20)

Assuming that 7=nAt¢, then the structure function of bear-
ing ring’s rough surface morphology can be expressed as

+o0

s7) = ([ + 7)) = / S@)(e#1) (@21 - a)

—00

Substituting Eq. (18) into Eq. (21-a), the following rela-
tionship can be obtained

N-n—1
. _ 1
s(t) = CGHD1) 7 (472D) o IZ:; (z,»+,,le-)2 (21 —b)
where C denotes a constantand C = ['(2D-3) W Inry.

Equation (21-b) is taken logarithm on both sides, then

logS(7) = logC + 2(D—1)logG + (4-2D)logr (21 —¢)

Assuming that k=4-2D, b=logC+2(D—1)logG, then
Eq. (21-c) can be written as

1gS(7) = klgr + b (21 —4d)

It can be seen from Eq. (21-d) that the structure function is
close to a linear function in the double logarithmic coordi-
nates, the fractal dimension D can be obtained from the slope
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Fig. 10 A 3D fractal surface morphology generated by W-M function: a micromorphology, b contour plane
of the line, and the scaling constant G can be obtained by the Then, the asperity top radius can be expressed as [26]
intersection with the longitudinal axis.
Namely, D / 2
‘ / dx2 772 GD 1 (24)
4=k
b= b
b—logC (22) . .
logG = 2(D-1) If the maximum area of contacts is a,, then the number of

3.4.3 Contact mechanics model of asperities

If the smaller scale terms are ignored and the first term of the
W-M function is taken, the profile of rough surfaces can be
obtained in the range of /, as shown in Fig. 11.

2(x) = GP 1P Peo ( 1/2<x<1/2) (23)
AZ
v 0 x )

Fig. 11 Geometry of a contact spot of length scale /

the asperities whose area is larger than a can be expressed as
[26]

ar

NA4>a)= <7>D/2 (25)

The number of the asperities whose area is between a and
a+da can be expressed as

o/
dN D aq;

n(a) =—

In order to determine the contact parameters of the asperi-
ties, it is essential to investigate the contact states of the asper-
ities, namely, three modes of elastic, elastic-plastic, and plastic
deformations should be considered. When the maximum of
Hertz pressure applied to the asperities reaches 0.6H, plastic
flow begins to occur on the contacting asperities. And the
critical plastic contact area a..; corresponding to the beginning
of plastic deformation can be obtained [27]

o — Gz/(M)z/(D—l) on

2E
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where H denotes the microhardness of the softer material, and
E denotes the equivalent elastic modulus, namely,

_2 2
1 I=vi  1-v;

— = 28
E E, + P (28)

where subscripts 1 and 2 refer to the two contacting surfaces;
and E4, E5, v, and v, denote Young’s elastic modulus and
Poisson’s ratio of the two contacting materials, respectively.

When the minimum of contact pressure applied to the as-
perities reaches H, fully plastic flow occurs on the surface.
Then, the critical contact area a., corresponding to the fully
plastic deformation can be expressed as

G — G /(3_H>2/ (D-1) )

4E

(1) Elastic contact.

When the normal deformation ¢ is small enough, namely, a
<a,; is satisfied, elastic deformation occurs on the contacting
asperities. And the deformation rule of asperities is in compli-
ance with the Hertz elastic contact theory. Therefore, when the
asperities are in contact with a rigid and smooth plane, the
actual contact area a.,, the average contact pressure P, and
the load F..(¢) on each contacting asperity can be obtained
according to Greenwood et al. [21]

aee = TRe (30 —a)
4F reN\1
Pce - g(ﬁ) (30 — b)
4 1
Fe(e) = §ER252 (30—c¢)

By eliminating the normal deformation &, the relationship
between F..(¢) and the contact area can be obtained

4Ed?

el =5k

(30 —d)

where the contact area is half of the geometric cross-sectional
area, namely, a'=a/2.

@ Springer

(2) Elastic-plastic contact.

When the deformation ¢ of the asperity is moderate, name-
ly, a.1<a<a., is satisfied, elastic and plastic deformations
occur on the contact interface. According to the continuous
and smooth nature in the mathematical sense, a template func-
tion is developed as

o E7¢€c1 : E7€c1 :
f(g) =2 (502_5c1> 3 (ECZ_ECI) (31 a a)
where
B 2' D/2 D1
o = (kH/(zE)) N /G (31 - b)

e = (3H7T / (4E))2-R

The actual contact area a..p,, the average contact pressure
Peep, and the load Fp(c) on each contacting asperity can be
expressed as

deep = TRE[1 + f(€)] (31 —¢)
g —tt(e o)/
+ H*kH(a / gd)l/ o) (31— d)

Fcep = aepPep

. +f(5)}{ky(5/5cl)l/2 + {H—kH(s/m)l/z]f(a)}

(31 —e)

(3) Fully plastic contact

When the deformation e of the asperity is relatively
large, namely, a>a., is satisfied, fully plastic deforma-
tion occurs on the contacting asperities. The contact
pressure Pg,, contact area a., of each asperity, and the
load F,, on each contacting asperity can be obtained
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according to Cooper et al. [22]

acp = 2mRe
Py, =H
Fe, =Ha

(32 —a)
(32—0b)
(32—¢)

The total actual area 4, can be calculated

ar D D/Z (Z*D)/Z
A4, = /0 n(a)ada =15p |« +a, a, (33)

Through above analysis, the load on each contacting asper-
ity and the actual contact area can be obtained. Then, the load
distribution on the entire contact interface can be obtained by
integrating surface loads from O to a;. When the fractal di-
mension D#1.5, the load on the joint surface can be divided
into three cases.

If a; <a,,, then

F = HA,. (34 —a)
Ifa,<a<a,, then
D/2 @ D)/z
F = HZT"L a,
a
+ [ agg e @]da (34—b)
ae
(@) = a_(2ma v
where S =39 (2“)/2
a —a
g5(a) = Ta)

+/me&@%ﬂw

—d

M/%/<3w/ 3m

(34 — c)

When the fractal dimension D=1.5, the load on the joint
surface can be expressed as

F= 3HaL3/4al2/4+/adn(a)gz (g1 (a)]da

ac2

n ﬁEGl/ ? (%)3/ 41n<“—L>

(34 —d)

Acl

The dimensionless parameters are defined as

The maximum area a; of contacts can be obtained by ap-
plying Eq. (34) under a certain external load Fi, which should
be equal to the load F on the joint surface. And the total actual
contact area can be obtained according to Eq. (33). Moreover,
the fractal parameters G and D are identified by the structure
function method, as shown in Section 3.4.2. Besides, the re-
lationship between the dimensionless load F* and actual con-
tact area 4,” can be obtained by Eq. (35).

3.4.4 Modeling thermal contact resistance

It can be seen from the above analysis that the contact of two
contacting surfaces occurs at finite discrete points; each con-
tact forms a microthermal resistance. Besides, contraction
thermal resistance at the contact interface should also be taken
into account. Due to the self-similar characteristics of rough
surfaces, all of these microthermal resistances form a thermal
network in series and parallel. The network of fractal TCR is
shown in Fig. 12. The total TCR R, can be expressed as [25]

Surfacel

-1 c ch 1 c

SurfaceZ

Fig. 12 Total fractal thermal resistance network
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11
EiR—i_RC‘IL
+ L (36)
p+ i
R+chL+1+ 1
p+

1
R+ R, +—
q1+2 P+

where R denotes the equivalent thermal resistance of all series
and parallel bulk resistances of the gth contacting point and it

can be expressed as [25]
) )] )

=g ) ae] [/ (1

where L is the nominal size of the contact interface, 4, is the
dimensionless actual contact area (contact ratio), and R, de-
notes the equivalent contraction thermal resistance of the ¢
contact points, and p denotes the equivalent thermal resistance
of all parallel thermal resistance and it can be expressed as
[25]

SAGF

k, s the equivalent thermal conductivity determined by

1-4,"
A4,

2 1 1
-4 39
ks k * ko (39)

where k; and k, denote the thermal conductivity of the two
contacting materials, respectively.

A single microcontact between two rough surfaces is sche-
matically illustrated in Fig. 13. Heat flux contracts at the con-
tact interface because the imperfect contact of two contacting
surfaces. According to Cooper et al. [22], thermal contraction
resistance of a contact can be expressed as

= olef) o

where ¢ is the interface contraction ratio and can be approx-
imately expressed by

¢(c/b) - (1fc/b)l'5 (41)

@ Springer

where b and ¢, which can be calculated by applying Eq. (42),
are the radii of the contact area and the heat flow channel,
respectively.

¢/b= (A*)l/2 (42)

Since the relationship of the thermal contraction resistances
among the ¢ contact points is parallel, the equivalent thermal
contraction resistance of the ¢ contact points can be expressed
as

Ro—_L | D
“ 2 LP | (2-D)A;

where aq=Aa/b2‘1, b is a real number greater than 1, the vari-
ation range of g is ¢; <g<o, g; corresponds to the maximum
point of contact, and ¢, satisfies the following relationship
[25]

[

where R, (i = 0~o0) denotes the thermal contraction resis-
tance of a group contacts with the same area.

ki

|
[ B ——

b

kZ

N AN\

Fig. 13 Schematic diagram of a microcontact spot
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Substituting Egs. (37), (38), (39), and (43) into Eq. (36), the
total thermal contact resistance R, can be obtained. The sim-
plified expression of thermal contact conductance % can be
expressed as

(45)

2-D *]D/z

h = k,LP {TA, f(G,D,L,4;)

Then, the thermal contact resistance R can be obtained

(46)

3.5 Bearing stiffness

Bearing’s axial and radial stiffness have great effect on the
thermal deformation of the high-speed spindle system. There-
fore, it is essential to know the axial and radial stiffness of the
bearing when calculating the deformation of the high-speed
spindle. The bearing stiffness can be obtained according to the
rolling bearing quasi-static mechanics analysis. The relation-

ship between bearing stiffness and preload is shown in Fig. 14.

4 Model validation
4.1 Experimental setup

The experimental setup is a high-speed spindle system, as
shown in Fig. 15. The measuring equipment and functions
are as follows: a synchronous acquisition system developed
by our group with American NI-SCXI 1600 as its structural
base was used to determine the temperature and thermal de-
formation. This system used PT100 precision magnetic

2.0x10° . . . ; . ; . . . ,
1.8x10° - --'®-Radial stifftess - i
r =—O== Axial stiffness - -
g Lextotf . 4
= e - .
é 1.4x10% |- el i
% I cuc"."'
E 1.2x10° - , i
ja=} bt
o 1.0x10° - i
on L
ﬁ 7
B 80x10 o
5] r o e O O
m 7 O i
6.0x10 "
| 0
4.0x10" ) ) ) ) ) . ) . ) ) .
0 200 400 600 800 1000
Preload (N)

Fig. 14 Relationship between bearing stiffhess and preload

Temperature sensors Spindle system

Fig. 15 Experimental setup

temperature sensors to measure the temperatures of the bear-
ings, motor, water jacket, spindle housing, and ambient. High-
precision eddy-current sensors were applied to collect the
spindle thermal drifts. And the temperatures and thermal drifts
are monitored in the experiments every 1 s [28]. The rough
morphology of bearing surface was measured by an Olympus
laser microscope LEXT OLS4000, as shown in Fig. 16.

4.2 Measuring principles

The system carries out real-time synchronous acquisition of
temperatures and thermal drifts. The mounting positions of the
magnetic temperature sensors (PT100) are as follows: front
bearing (7,), rear bearing (73), stator (73), cooling jacket
(T4), ambient (7s), and spindle housing (7). The mounting
positions of the eddy-current displacement sensors are as fol-
lows: radial distal Z-axis (S;), radial distal X-axis (S,), radial
near Z-axis (S3), radial near X-axis (S4), and Y axial-direction
(Ss), as shown in Figs. 15 and 17. The spindle thermal drifts
are measured by using the five-point method [28].

The rotational speed distribution of the spindle is 15,
000 rpm, as shown in Fig. 18, and the spindle runs 4 h till it
reaches a thermal equilibrium state and then stops for 2 h [28].

The spindle is parallel to the Y-axis, and the axial thermal
expansion can be obtained by the displacement sensor S5. The
radial thermal yaw 6, partial X-direction is measured by the S;

Fig. 16 Olympus LEXT OLS4000 laser microscope
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S, S2

Fig. 17 Spindle five-spot installation diagram

and §3, and the radial thermal pitch 6, partial Z-direction is
measured by the S, and Sy, as shown in Fig. 19.

Then, the thermal yaw and thermal pitch angles can be
calculated [28]. It can be seen from Fig. 19 that the thermal
yaw angle can be expressed as Eq. (47)

o ) “

where L° and L,° are the radial displacements between the
sensor probes and the spindle measured by S; and S}, respec-
tively, in the initial state, and L3i and L, are the transient
displacements during the running operation. D is the distance
between S; and S5, and D=120 mm.

Similarly, the thermal pitch angle in the Z-direction can be
obtained

(La'=Ly")=(L4"-L2°)

0, = D (48)
30000 T T T T T T T T T T T T
25000 - g
-
=
£ 20000 | .
]
Q
L
(=
w2
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=
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=
g
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Fig. 18 Rotational speed distribution
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Fig. 19 The spindle thermal inclination sketch
4.3 Identification of fractal parameters

The fractal parameters G and D can then be obtained from the
experimental data and Eq. (22) by means of curve-fitting. The
3D rough morphology of bearing rings was measured by the
Olympus laser microscope LEXT OLS4000, as shown in
Fig. 20. And the profile height along the X-direction is shown
in Fig. 21, and its value is the data source to identify fractal
parameters G and D.

The structure function method shown in Section 3.4.2 is
utilized to identify the fractal parameters. The structure func-
tion of fractal surface is calculated by combining the data
shown in Fig. 21 and Eq. (21-b), as shown in Fig. 22. It can
be seen that the structure function is close to a linear function
in its full range. Moreover, the least square fitting is used to
obtain a straight line. Then, the fractal parameters G and D can
be calculated according to the slope and the intersection with

9.250
8.325
7.400

6.475

Height (um)

0.000

Fig. 20 3D rough morphology of bearing rings
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Fig. 21 Profile height of X-direction

the longitudinal axis of the line, which can be used as the input
parameters for the modeling of TCR.

4.4 Experimental results analysis

Thermal loads, convective heat transfer coefficients, TCRs,
and bearing stiffness can be obtained according to the discus-
sion in Sections 3.2 to 3.5. When the rotational speed of the
spindle is 15,000 rpm and air cutting is assumed, the heat
powers of the front and rear bearings are 385 and 346 W,
respectively. The heat generation for the stator and rotor are
1058 and 529 W, respectively. The convective heat transfer
coefficients are as follows: stator and cooling jacket
(1064.2 W/(m>K)), stator and rotor (146.3 W/(m*K)), shaft
and air (86.3 W/(m*>K)), and spindle outer housing and air
(9.7 W/(m*K)). TCRs are as follows: bearing/bearing housing
(6238 m*K/W) and bearing/shaft (5625 m*K/W). The tem-
perature field and thermal deformation of the high-speed spin-
dle system can be simulated by applying the above boundary
conditions to the spindle thermal analysis model.

The graphs of temperature and distortion versus time dur-
ing the whole spindle running period (4 h) are shown in
Fig. 23. It can be seen that in 1 h, the whole spindle system
reached a thermal equilibrium state. Therefore, the tempera-
ture field distribution and thermal drifts in the first 1 h are
discussed.

The tilt angles, including the radial thermal yaw angle 6,
and thermal pitch angle 6,, can be obtained according to
Egs. (47) and (48), respectively, as shown in Fig. 24.

Then, the typical presentation of results can be presented
according to ISO 230-3-2007, as shown in Table 3.

where X1, Y, and Z1 denote the maximum thermal defor-
mations of X, ¥, and Z directions during the first 60 min and
spindle running period (240 min), respectively, and A and B
denote the maximum thermal tilt angles of X and Z directions
during the first 60 min and spindle running period (240 min),
respectively.

It can be seen that the data of the first 60 min and during the
spindle running period (240 min) in Table 3 are almost the
same. The reason is that the whole spindle system reached a
thermal equilibrium state in 1 h. Therefore, the data of the
following 3 h are almost the same.

4.4.1 Temperature field analysis

The distribution of the temperature field when the thermal
equilibrium state is reached is shown in Fig. 25. It can be seen
that spindle system’s temperature field distribution is not uni-
form and the temperature gradient is obvious.

The heat generated by the front and rear bearings flows into
the shaft and bearing housing. The temperature gradients of
the bearing and shaft joints, bearing and bearing housing
joints are obvious because the effects of TCRs make the bear-
ings’ heat dissipation condition deteriorate. Namely, the heat
generated by the bearing is accumulated because the effects of
TCRs, and hence the local temperature of the bearing is higher
than that of the shaft and bearing housing. And the greater the

5 T

O Structure function
Least squares fitting

log(S(r) (nm)

) 1.5 A 0.5

Fig. 22 Structure function in double logarithmic coordinates

log(’) (nm)
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Fig. 23 Thermal characteristics of the high-speed system during total spindle running period: a temperature distribution, b thermal errors

TCRs of bearing/shaft and bearing/bearing housing are, the
greater the temperature difference between the two sides of
the joint surface will be.

The temperature contours of the bearings, stator, and water
jacket are shown in Fig. 26. It can be seen from Fig. 26a that
the temperature of the region contacting with shaft and bear-
ing housing is lower than that of other regions because the heat
of the region contacting with shaft and bearing housing flows
into shaft and bearing housing. And the smaller the TCRs of
bearing/shaft and bearing/bearing housing are, the lower is the
temperature of the region contacting with shaft and bearing
housing.

Because the front bearing is closer to the rotor than the rear
bearing, the amount of the heat flowing into front bearing is
more than that into the rear bearing, and hence, the tempera-
ture field distribution of front bearing is different from that of
the rear bearing. Moreover, it can be seen from Fig. 26b that
the temperature of the inner ring is higher than that of the outer
ring because the heat generated by the rotor flows into the

inner ring and the heat of the outer ring flows into the bearing

housing.

It can be seen from Fig. 26¢ that the temperature of the
region contacting with the cooling jacket is lower than that
of other regions because the cooling system removes most of
the heat generated by the stator. And the farther away from the
contacting region of stator and water jacket, the higher the
temperature will be. Correspondingly, the temperature field
distribution of the water jacket is contrary to that of the stator,

as shown in Fig. 26d.

The maximum internal temperature of the spindle system
reaches 74.5 °C (rotor). The heat generation of the stator is the
max among all heat sources. However, the temperature of the
stator is lower than that of the rotor because the cooling system
removes most of the heat generated by the stator and the heat
generated by the rotor is accumulated. And a considerable of
heat generated by the stator flows into the water jacket,
resulting in a rise of the temperature of the water jacket. More-
over, the temperature of the spindle housing rises up because

some of the water jacket’s heat flows into the spindle housing.
In fact, the working mechanism of the cooling system is by
sensing the temperature of cooling water outlet to control the
temperature of the whole spindle system. When the cooling
water’s temperature is higher than the critical value, the
4 cooling system starts to work.

—— Thermal Yaw
— Thermal Pitch

E Table3  Typical presentation of results from tests of thermal distortion
caused by rotating spindle
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pm

Y
pum

24.81
24.81

—5.04
—5.26

—27.62
—27.62

—13.64 6.26
—13.64 6.26

During first 60 min
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Fig. 24 Spindle thermal tilt
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Fig. 25 Nephogram of
temperature field distribution
when thermal equilibrium

The mounting positions of the temperature sensors are as
follows: front bearing (T1), rear bearing (T2), stator (T3), and
cooling jacket (T4), as shown in Fig. 25. And the temperature
data are compared with the simulated temperature histories of

the corresponding positions, respectively, as shown in Fig. 27.

It can be seen that the temperature predictions of the front
and rear bearings, stator, and water jacket agree with the mea-
sured values very well and that the temperature characteristics
of these components exhibit the same tendency, namely, the
temperatures of these components increase slowly from the
very start and rise sharply at the early stage, and then gradually
reach to the final temperature when the heat generation is in
balance with the heat dissipation into the atmosphere. And it
takes about 1 h for the front and rear bearings and stator and
water jacket to reach a thermal equilibrium state, and the
equilibration time (1 h) is relatively short compared with the
total test process. In fact, the rotational speed of the spindle
has great influence on the equilibrium time because the heat
generation of the bearings and motor depends on the rotational
speed. And the higher the rotational speed of the spindle is, the
shorter the equilibrium time will be. Moreover, the

74.486 Max
498

49.5

492

49

485

48

15.9 Min

74.486 Max

15.9 Min

(©)

74.486 Max

Temperature sensors

temperatures measured by the experiment showed fluctua-
tions due to the effect of the cooling system. Besides, the
slopes of the stator and water jacket’s temperature curves are
larger than that of the rear and front bearings because the heat
generated by the stator is larger than that of the bearings.
Namely, the thermal equilibrium time of the stator and water
jacket is shorter than that of the bearings.

Figure 28 illustrates a comparison of temperature histories
measured, the calculated results considering TCR and without
considering TCR. The bearing temperatures without consid-
ering TCR are about 12 and 11 °C lower than the measured
values for the front and rear bearings, respectively. The heat
generated by the bearings flows into the shaft and bear-
ing housing. However, the TCRs of bearing/shaft and
bearing/bearing housing play the role of restricting the
heat flowing from the bearings to the shaft and bearing
housing, which results in a higher local temperature of
the heat source. Therefore, for the bearing (heat source),
the heat generated by itself is difficult to flow into the
shaft and bearing housing, and hence, the heat generated
by the bearing is accumulated. And the greater the
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Fig. 26 Temperature contours of spindle components when thermal equilibrium: a rear bearing; b front bearing; ¢ stator; d water jacket
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Fig. 27 Comparison of the temperature histories, simulated, experimental: a rear bearing; b front bearing; ¢ stator; d water jacket

TCR, the greater the temperature difference between the
two sides of the joint surface will be.

4.4.2 Thermal deformation analysis
Figure 29 shows the thermal deformation of the spindle sys-

tem, magnified 250 times. The maximum deformation in the
spindle system reaches 61.6 um and occurs at Y+ end. The
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maximum deformations reach 57.8, 21.8, and 11.5 um for the
X, ¥, and Z directions, respectively. The deformation at the left
of the spindle is larger than that at the right. The fact that the
temperature of the front bearing (the left) is higher than that of
the rear bearing (the right) is the cause for the thermal defor-
mation distribution.

To investigate the effect of thermal deformation on the
machining accuracy, the comparison of thermal errors
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Fig. 28 Comparison of temperature experimental data with the simulation results: a rear bearing, b front bearing
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Fig. 29 Nephogram of thermal deformation when thermal equilibrium: a nephogram of total thermal deformation; b nephogram of total thermal
deformation in X-direction; ¢ nephogram of total thermal deformation in Y-direction; d nephogram of total thermal deformation in Z-direction

between experimental data and the simulation results is shown
in Fig. 30. It can be seen that the deformation of X-direction is
significant. This deformation may affect the machining accu-
racy seriously. At the same time, the deformation of Y-direc-
tion is also large, so the shaft will expand along the axial
direction, which has a great effect on the machining precision.

The results of both models, one considering the TCRs and
bearing stiffness and the other neglecting them, are illustrated
in Fig. 31. As the TCRs of the bearing joints and bearing
stiffness are considered, the values of deformations in the
proposed model are much less than those in the model which
ignores TCRs and bearing stiffness. The reason is as follows:
the heat generated by the bearings flows into the shaft, and the
flow of the heat from the bearings into the shaft is restricted by
the resistance of TCR. Therefore, the amount of heat flowing
into the shaft when TCR is considered is smaller than that into

the shaft when TCR is ignored. Corresponding, the thermal
deformations of X, Y, and Z directions are also smaller when
TCR is considered.

It can be seen from the above discussion that the proposed
model can predict the distribution of temperature field and the
change of thermal deformation accurately from the cold to
thermal equilibrium state, and it is much more accurate than
the model which ignores TCRs and bearing stiffness.

5 Conclusions

A 3D FEA model, which considered TCRs and bearing stiff-
ness, was proposed to conduct high-speed spindle transient
thermal-structure analysis. Boundary conditions are deter-
mined by the following methods: the heat power of the

Fig. 30 Comparison between
thermal errors of measurement
data with simulation results
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Fig. 31 Comparison of thermal errors of the measurement data with the simulation results with and without TCR. a Thermal elongation, b radial near X-

axis, ¢ radial distal X-axis, d radial distal Z-axis, e radial near Y-axis

built-in motor was calculated based on the efficiency analysis
method; the Newton-Raphson algorithm was applied to com-
pute heat generation and stiffness of bearings based on the
quasi-static mechanics analysis of rolling bearing; the fluid
flow state was determined by Reynolds number, and the con-
vective heat transfer coefficients were calculated based on
Nusselt number; a geometrical-mechanical-thermal model of
TCR was proposed based on M-T fractal model, and the W-M

@ Springer

function was utilized to characterize rough surface morpholo-
gy; and the contact mechanics model was developed to calcu-
late the contact parameters. The above boundary conditions
were applied to the FEA model, and thermal equilibrium ex-
periments were conducted to validate the effectiveness of the
model. The results showed that the FEA model was much
more accurate than traditional thermal analysis models with-
out taking TCRs and bearing stiffness into account. Although
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the model was developed for the analysis of a high-speed
spindle system, it can also be used for thermal analysis of
various machining systems, and the model of the TCR was
suitable for fixed joints.
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