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Based on the finite element method and thermal analysis, a study on the thermal characteristics and experiments of a 40,000 rpm

high-speed spindle for machine tools are carried out. In this study, finite element analysis for the spindle system is carried out to

obtain the temperature distribution, temperature rise and thermal deformation of the spindle system as affected by different rotation

speeds. And then through vibration test, the relationship between thermal deformation and vibration during rotation of the spindle

was tested and analyzed. By comparing the calculated results with experimental results, the accuracy of the model was verified. This

provides the basis for design of the high speed spindle system.
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1. Introduction

High-speed machining is an advanced 21st century high-tech process

capable of providing high efficiency, high precision and high surface

quality as basic features. In the automobile, aerospace, die manufacturing

and instrumentation industries, it has gained increasingly widespread

application while providing significant economic benefits. Now high-

speed machining is an important component of contemporary advanced

manufacturing.

Thermal control technology has become one of the key technical

issues that need to be resolved for further development of high-precision

machine tools. During normal operating conditions high-speed spindle

machine tools generate heat, from motor, bearing, etc, and that heat is

transferred to the machine parts and causes distortions of parts, which

affects the machining accuracy. Takabi and Khonsari1 showed that

higher rotational speed, oil viscosity and housing cooling rate led to a

larger temperature gradient and thermally-induced preload in the ball

bearing. Lin et al.2 proposed a novel concept of thermal error mode

analysis to develop a better understanding of the thermal deformation

on a turning center.

Machining accuracy can be affected by thermal deformation through

temperature rise. Therefore, the heat source should be analyzed and

minimized to reduce temperature in spindle system. The major heat

sources are bearings and motor in the spindle system, those are also

source of vibration. When rotating speed of the spindle is increased,

temperature and vibration are increased by thermal expansion and

structural clearance. Temperature distribution, thermal deformation and

vibration should be considered for development of a spindle system.

Many researches have been carried out on the subject of thermal

characteristics of high-speed spindle. However, there are not enough

NOMENCLATURE

Hf = heat generation of bearing

n = spindle speed

M = amount of bearing friction torques

M1 = load torque

M2 = viscous friction torque

dm = bearing diameter

P0 = static equivalent radial load

C0 = basic static load rating

Fa = axial load

Fr = radial load

v0 = kinematic viscosity of lubricant
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studies considering both of thermal characteristics and vibration

simultaneously. The location of the maximum temperature, temperature

distribution and the thermal permittivity of the spindle parts with

respect to spindle speed are analyzed to reduce temperature increase in

this study. Through vibration test, the relationship between thermal

deformation and vibration during rotation of the spindle are tested and

analyzed, and the methods to reduce the sources of vibration are

suggested, also.

In this work, the finite element analysis software ANSYS Workbench

is used to obtain the spindle system temperature distribution and thermal

deformation at different rotation speeds. And through vibration test, the

relationship between thermal deformation and vibration during rotation

of the spindle was tested and analyzed. By comparing the calculated

with the experimental result, the accuracy of the model is verified. That

provides the basis for optimization of the design of the spindle system.

2. Parameters of the Test Spindle

Today, high-speed machining is an important component of

contemporary advanced manufacturing. To achieve high-speed rotation,

motorized spindles have been developed. This type of spindle is

equipped with a built-in motor as an integrated part of the spindle shaft,

eliminating the need for conventional power transmission devices such

as gears and belts. This design reduces vibrations, achieves high rotation

balance, and enables precise control of rotation accelerations and

decelerations. However, the high-speed rotation and the built-in motor

also introduce large amounts of heat and rotating mass into the system,

requiring precisely regulated cooling, lubrication, and balancing.

The schematic of a high-speed spindle is shown in Fig. 1. This

spindle has two sets of main ball bearing systems employing an angular-

contact ball bearing to support the rotating part of the spindle. The front

bearings use NSK 7009C and the rear bearings use NSK 7008C in the

spindle system. The assembly form of the bearing is DBB to support

the shaft. The bearing system is the component with the greatest

influence on the lifetime of a spindle and the motor is arranged between

the two bearing systems.

Due to the high ratio of “power to volume”, active cooling is often

required, which is generally implemented as water based cooling. The

coolant flows through a cooling sleeve around the stator of the motor

and often the outer bearing rings.

Seals at the tool end of the spindle prevent the intrusion of chips and

cutting fluid. Often this is done with purge air and a labyrinth seal.

A standardized tool interface such as HSK and SK is placed at the

spindle’s front end. A clamping system is used for fast automatic tool

changes. Ideally, an unclamping unit (drawbar) which can also monitor

the clamping force is needed for reliable machining. If cutting fluid has

to be transmitted through the tool to the cutter a rotary union becomes

a required feature of the clamping system.

The parameters of the test spindle are shown in Table 1 and the

parameters of the ball bearing used in the spindle are given in Table 2.

3. Spindle Heat Sources and Boundary Conditions

3.1 Spindle heat sources

Without considering wind age loss in the spindle, which is the

viscosity shear friction of the air between the shaft and housing, heat

is mainly generated at bearing raceways and balls due to friction, and

is influenced by speed, preload and lubricant.3

Bearing temperature will rise substantially due to the heat generated

by friction losses and rolling resistance. The empirical heat generation

in the bearing is given by Ref. 4

(1)

A reasonable estimate of the total friction of a given ball bearing

under moderate preload, lubricant and speed conditions is the sum of

the load torque and viscous friction torque, so M is,

(2)

where M1 is the load torque due to all mechanical friction phenomena

except for fluid friction, and is the function of applied load. The

following equation is given to describe this torque:

(3)

in which parameter f1 is a factor depending on bearing design and

relative bearing preload, and p1 depends on the magnitude and direction

of the applied load.

For angular contact ball bearings,
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Fig. 1 The schematic of 40,000 rpm high speed spindle

Table 1 Parameters of the test spindle

Parameter Value

Bearing span (mm) 213.52

Max outer diameter of shaft (mm) 43

Max inner diameter of shaft (mm) 19

Length of shaft (mm) 488

Table 2 Parameters of the ball bearing

Bearing Front bearing Rear bearing

Material Steel Steel

Inner diameter (mm) 45 40

Outer diameter (mm) 75 68

Width (mm) 16 15

Contact angle (deg.) 15 15
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(4)

(5)

where P0=XsFr+YsFa; the values of Xs and Ys for the single-row angular

contact ball bearings with different contact angles are given in Table 3.

M2 in Eq. (2) is the viscous friction torque, and can be empirically

expressed as follows Ref. 4:

(6)

(7)

where f0 is a factor that depends on bearing type and lubrication type,

and for an angular contact ball bearing f0=2, v0 is the kinematics

viscosity of lubricant under an operation temperature. Table 4 gives the

base oil viscosity-temperature relationship, and the parameters of the

bearing are given in Table 2, respectively.

From those equations, the heat generated with different rotation

speed can be obtained, shown in Fig. 2. The heat generation increases

as the rotation speed increases and the heat generation of the front

bearing is bigger than the rear bearing.

3.2 The calculation of heat transfer coefficients

Heat transfer conditions of the main spindle components and heat

dissipation boundary conditions include:5,6

1. Convection of the air gap around the shaft including mounted

components and the housing;

2. Convection of the shaft nose and ambient air;

3. Free convection of ambient air around stationary surfaces (the

housing, etc.);

4. Conduction of the initial clearance fit between the outer bearing

ring and the housing;

5. Conduction from balls to the inner ring and outer ring;

6. The initial temperatures of bearings and room temperature as

measured and given.

The fluids of the test spindle are motor cooling air, cooling water,

ambient air and bearing lubrication air. In this work, only the convection

between shaft and air is considered.

The calculation of heat transfer coefficient is calculated by Ref. 6

(8)

where α is the calculation of heat transfer coefficient, Nu is Nusselt

number, kair is the thermal conductivity of the air, d is the diameter of

the flow cross-section of the cylinder. Air is highly turbulent, and hence

the Nusselt number is given according to Ref. 7

(9)

,

where Re is the Reynolds number and Pr is the Prandtl number.

Two equations are used for Reynolds number and Prandtl number,

respectively:7

(10)

(11)

where uair is the mean velocity of the fluid flowing at the shaft surface

superimposed by axial and tangent speeds. cair and vair are specific heat

and kinematic viscosity, respectively.

A free convection coefficient can be assumed for ambient air around

a stationary surface like the spindle housing. The coefficient can be

obtained as ∂=9.7 W/(m2k) according to Ref. 5.

From the Eqs. (8)~(11) the convection coefficient of the shaft can

be given, in Fig. 3. It shows that the convection coefficient of the shaft

increases as the rotational speed increases and the convection coefficient

of the outer surface are bigger than the inner surface.

4. Experiment Setup

Experiments were carried out using the 40,000 rpm speed machine

tools developed by the present authors. 

In this study, a Spindle Error Analyzer (SEA) is used to measure the

deformation of the spindle. The Spindle Error Analyzer is a complete

system for spindle metrology that measures and analyses the accuracy

of machine tool spindles. The system works by installing a precision

Master-Ball target with a maximum roundness error of 50 nm in the

tool holder. The spindle motion is measured with non-contact probes

mounted in a precision fixture. These readings are analyzed by state-of-

the-art algorithms and the results presented in easy to read charts and

f1 0.0013
P
0

C
0

------⎝ ⎠
⎛ ⎞0.33=

p
1

Fa 0.1Fr–=

M
2

160 10
7–
  f

0
dm
3×= v

0
n 2000>

M
2

10
7–
f
0
v
0
n( )2/3dm

3
= v

0
n 2000≤

α Nu kair/d
W

m
2k

--------×=

Nu 0.133Re

2/3
Pr

1/3×=

Re 4.3 10
5×< 0.7 Pr 670< <

Re uaird/vair=

Pr cairuaird/kair=

Table 3 Values of Xs and Ys for angular contact ball bearing

Contact angle 15° 20° 25° 30° 35° 40°

XS 0.5 0.5 0.5 0.5 0.5 0.5

YS 0.47 0.42 0.38 0.33 0.29 0.26

Table 4 The base oil viscosity-temperature relationship

Temperature (oC) Kinematics viscosity (mm2/s)

25 35

40 18

60 10

Fig. 2 Heat generation with different rotation speed
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graphs.8

Fig. 4 shows the experimental setup of the spindle system. The

rotation speed of the spindle is detected through a revolution transmitter

by the computer. The temperature rise of the front bearings is measured

by a thermocouple attached on the outer ring of the spindle system.

According to the deformation measured at different rotation speed by

the sensors, a control signal is sent to the signal conditioner and the

data are displayed in the computer.

5. Experimental Verification

5.1 Thermal analysis of the spindle using ANSYS

Fig. 5 shows the continuous simulation temperature distribution of

the spindle after achieving steady state under a certain condition. It can

be seen that the maximum temperature 35.49oC is located at the bearing

ball because the bearing is the single heat source of this system, and the

ball’s heat capacity is relatively small. It can also be observed that the

temperature drops gradually to housing and shaft. The shaft temperatures

are shown to be higher than the housing since a high heat conduction

resistance exists between bearing outer rings and the housing. Fig. 5 also

shows that the thermal permittivity of the outer ring is greater than that

of the inner ring. That can be attributed to the rolling bearing analysis

theory by Harris;4 a concave surface will conform to contacting bodies,

thus reducing the curvature.  Conversely, convex surface increase the

curvature. Thus, the contact area of the outer ring raceway is larger

than that of the inner ring raceway under a fixed axial preload, and

subsequently, the thermal permittivity between the ball and the outer

ring raceway is larger than that of the ball and the inner ring raceway.

The thermal-structure coupling analysis software ANSYS Workbench

is used to obtain the thermal deformation of a spindle system with

different speeds. Fig. 6 shows the continuous simulation deformation of

the spindle after achieving steady state under a certain condition. The

support condition is same as the condition of the test spindle as shown

in Fig. 4. It can be seen that the maximum deformation is generated at

the end of the spindle. And in this analysis, we should consider the

deformation of the shaft nose, because it directly affects the machining

accuracy.

5.2 Comparison of experimental results and simulation

To verify the validity of the proposed method in this study,

Fig. 3 Convection coefficient of the shaft in spindle

Fig. 4 The experiment setup of the spindle system

Fig. 5 Temperature distribution of the spindle (speed: 10,000 rpm;

preload: 400 N)

Fig. 6 Thermal deformation of spindle (speed: 10,000 rpm; preload:

400 N)
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experiments were carried out to detect the temperature using

thermocouples. Considered without convection, the temperature rises

are measured according to different rotation speeds, as shown in Fig. 7.

Comparing the temperature distributions obtained in the experiment

and analysis, it is shown that there is quite a big difference between

them. The thermal deformations according to different rotation speeds

were measured as shown in Fig. 8. The deformation of the spindle nose

is detected by eddy current sensor. Comparing the thermal deformation

between the experiment and analysis, it is shown that as rotation speed

increases, the error between simulation results and experimental

measurement also increases.

Considered with convection, the temperature rises according to

different rotation speeds are measured as shown in Fig. 9. Comparing

the temperature distributions by the experiment and analysis, it is shown

that there is good agreement between them, i.e., the error is below 10%.

In particular, the temperature rise increases as the rotation speed

increases. So it can be concluded that the simulation modeling is

reliable, and can be used to provide basic data for optimizing the design

of the spindle system.

Considered with convection, the thermal deformations according to

different rotation speeds are measured as shown in Fig. 10. Comparing

the thermal deformation between the experiment and analysis, it is

shown that at the low speed range, the simulation results and

experimental measurement almost agreed, but at a high speed range,

the error is obvious. The error between simulation results and

experimental measurements could have resulted from the following.9

1. In the experiment, the experimental process is complex. The

sensitivity of the sensor is high, so a slight vibration generates errors

easily, and since the draw bar in the shaft shakes up and down as the

vibration increases, it might increase the errors of measurement results. 

2. In the FEM analysis, the actual situation was idealized and

simplified, so from the model to the parameter setting, some errors may

have resulted.

To verify the effect of vibration on the deformation of the spindle

nose, a vibration test was used.

6. Vibration Test

6.1 Natural frequency

When the maximum speed of high-speed machine tools is over a

critical speed, a resonance could be observed. This will reduce the life

of the spindle. The critical speed can be expressed as follows:10

(12)

where the n is speed, f is frequency. Because the speed of the spindle

is 40,000 rpm, it can be determined that the resonance frequency is

about 667 Hz.

FEA software ARMD is used to obtain the natural frequency of the

spindle, as shown in Fig. 11. Usually to be safe, the natural frequency

is at least 1.3 times as large as the resonance frequency, so the natural

frequency must be more than 867 Hz. Table 5 shows that the 1st~6th

n 60 f×=

Fig. 7 Temperature distribution with different rotation speed (without

convection)

Fig. 8 Thermal deformation of shaft nose with different rotation speed

(without convection)

Fig. 9 Temperature distribution with different rotation speed (with

convection)

Fig. 10 Thermal deformation of shaft nose with different rotation

speed (with convection)
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natural frequencies are all more than 867 Hz, so the resonance will not

be generated.

6.2 Vibration test

In this test, Field Balancing Instrument was used to measure the

vibration velocity of the spindle as shown in Fig. 12. The system works

by three sensors with a detection limit of 0.1 mm/s and the measurement

range is 0.1~200 mm. It can work at a speed of 60~180,000 rpm and

the display range is 0.001~100,000. The rotation speed of the spindle

is measured through a revolution transmitter by point 3. The vibration

velocities of the X-axis and the Y-axis are measured by point 1 and point

2. In this work, to detect the vibration at different spindle rotation speeds

with sensors, a signal was sent to oscilloscopes and the data displayed.

Table 6 shows that the vibration increases drastically above 12,000

rpm and the draw bar in the shaft shakes up and down as the vibration

increase.

The vibration behavior of a machine tool can be improved by a

reduction of the intensity of the sources of vibration, by enhancement of

the effective static stiffness and damping for the modes of vibration which

result in relative deformations between tool and workpiece, and by

appropriate choice of cutting processes, tool design, and workpiece

design. Abatement of the sources is important mainly for forced

vibrations. Stiffness and damping are important for both forced and self-

excited (chatter) vibrations. Both parameters, especially stiffness, are

critical for the accuracy of machine tools, stiffness by reducing structural

deformations from the cutting forces, and damping by accelerating the

decay of transient vibrations. In addition, the application of vibration

dampers and absorbers is an effective technique for solving machine-

vibration problems. Such devices should be considered as a functional

part of a machine, not as an add-on to solve specific problems.

6.3 Improvement methods of spindle thermal characteristics

It has been shown that heat generation strongly affects the

characteristics of the spindle system. By improving the lubrication of

the spindle system, the temperature rise can be reduced and then, the

thermal characteristic of the spindle can be improved. To reduce the

thermal deformation of the spindle, one should reduce the power of the

heat source in the spindle system, reduce the temperature rise, and

reduce the thermal deformation of the spindle system.11,12

There are two methods to reduce the heat generation of the overall

spindle system. The major heat sources are the bearing and driving

motor in the spindle system. First, a low power loss motor should be

used for the driving motor, such as a permanent magnet spindle motor.

Also, the driving motor should be located in the proper position in

order to reduce its influence on heat generation in the spindle system.

Secondly, ceramic ball bearings should be used to replace steel bearings.

Also, proper preload of the bearing should be used. In addition, using

an advanced means of lubrication can reduce the friction and heat

generation of the bearing.

7. Conclusions

In this work, the finite element analysis software ANSYS Workbench

was used to obtain the spindle system temperature distribution and

thermal deformation for different rotation speeds. By comparing the

Fig. 11 Rotor-bearing-shaft FE Model using ARMD

Table 5 Natural frequency of spindle

Mode Natural frequency (Hz)

1st 1543.8

2nd 2403.3

3rd 2403.3

4th 4106.6

5th 4106.6

6th 5589.9

Fig. 12 The experiment setup of the spindle system for vibration test

Table 6 Vibration velocity at different rotation speed

Rotation speed (rpm) Point 1 (mm/s) Point 2 (mm/s)

2000 0.057 0.016

4000 0.031 0.026

6000 0.055 0.085

8000 0.298 0.096

10000 0.721 0.178

12000 1.574 0.294

14000 1.597 0.369

16000 1.183 0.367

18000 0.972 0.232

20000 0.941 0.480

22000 0.950 0.838

24000 1.006 1.928
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calculated results with experiment results, the influential factors and the

accuracy of the analysis method were analyzed. It was thus shown the

proposed method can be applied to deeply understand the characteristics

of spindle design and to obtain basic data for optimizing the design of

the spindle system. The research results can be summarized as follows.

1. This work gives the theoretic and mathematical models of

temperature field and thermal-structural coupling analysis needed to

study the thermal characteristics of the spindle system.

2. It was seen that the maximum temperature is located at the bearing

ball and the temperature drops gradually to housing and shaft. The shaft

temperatures were shown to be higher than the housing since a high

heat conduction resistance exists between bearing outer rings and the

housing. It was also shown that the thermal permittivity of the outer

ring is greater than that of the inner ring. It also could be seen that the

thermal deformation of the spindle nose increases with the increase of

rotation speed.

3. Comparing the temperature distributions and the thermal

deformation obtained by experiment and analysis for the case without

convection, it was shown that there is quite a big difference between

them. By considering convection, the results show good agreement, i.e.

the error is below 10%. In particular, the temperature rise increases as

the rotation speed increases. So it can be concluded that the simulation

modeling is reliable.

4. Vibration increased drastically above 12,000 rpm and the draw

bar in the shaft shook up and down as the vibration increased, so errors

in the compared measurement of the thermal deformation between the

experiment and analysis at speeds above 12,000 rpm rotation also

increased.

The design of the spindle system plays an important part in the

machine tools development. Thermal control technology is one of the

key technical issues to be solved urgently. Based on this study, basic

data for the thermally controlled design of spindle systems are

provided, and methods for improving the thermal characteristics of the

spindle system are proposed.
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