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Abstract 

In this paper, the mechanical spindle of THM6350 precision horizontal machining center is 
taken as the research object, and the parameters of bearing heat generation and air 
convection heat transfer coefficient of the spindle system are calculated. The 
three-dimensional solid model of the spindle is built by SoildWorks, and then simplified 
and imported into the finite element analysis software. The thermal characteristics of the 
spindle are analyzed by the finite element method. The temperature distribution of the 
spindle system is obtained. Thermal-structural coupling analysis is carried out to obtain the 
deformation of the spindle. Finally, the test is carried out under the same working 
conditions. The validity of the finite element model is verified by experiments. It provides a 
good reference for predicting the thermal deformation state of mechanical spindle. 
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1. Introduction

With the development of science and technology, the level of industrialization in China has also been 

rapidly improved. Users are demanding higher and higher manufacturing accuracy of workpieces, 

which means higher requirements for the accuracy of CNC machine tools. The accuracy of CNC 

machine tools is affected by many factors, including geometric error and thermal error, which account 

for 40%~70%[1] of the total error of machine tools. Therefore, to improve the accuracy of machine 

tools and reduce thermal error becomes a vital way, so it is particularly important to analyze the 

thermal characteristics of machine tool spindles. 

For the thermal analysis of spindle, scholars at home and abroad have also carried out a lot of related 

research. Huang Zhi [2] of University of Electronic Science and Technology, combined with the 

structural characteristics of hydrostatic bearing of spindle system, analyzed the influence of rotational 

speed, hydraulic oil viscosity, oil film clearance and oil supply pressure on the deformation field of 

spindle system. Lu Yanfei [3] finite element method of Dalian University of Technology has carried 

out thermal analysis of the whole machine of horizontal machining center. Ohishi [4] et al. of Japan 

measured the interface temperature distribution between components of aerostatic bearing by 

experiment, and obtained the relationship between spindle temperature and spindle speed. Mivey [5] et 

al. designed a transient thermal analysis model which does not depend on the finite element method 

and can consider the thermal-deformation coupling at the same time. In summary, the thermal 

analysis of machine tools by scholars at home and abroad is based on temperature field analysis or 

sequential coupling analysis of thermal deformation. In practice, temperature rise and thermal 

deformation affect each other. It is more accurate to directly analyze the spindle by fully coupling 
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analysis, but there is no effective thermal structure fully coupled thermal analysis method in this field. 

Law. 

Firstly, this paper introduces the theoretical basis of fully coupled thermal structure analysis. On this 

basis, the calculation of spindle boundary conditions and the establishment of finite element model 

are carried out. Then, the thermal characteristics of the spindle system of precision machine tools are 

analyzed in detail by finite element method, and the CAE model of thermal-structural coupling of 

finite element method is obtained. Finally, the experiment is carried out. The correctness of the 

transient thermal characteristics and thermal deformation characteristics of the spindle is verified. A 

set of theoretical analysis and modeling methods are formed, which provides a theoretical basis for 

thermal error analysis of machine tools and improving the accuracy of machine tools. 

2. Basic Theory of Thermal Characteristic Analysis

2.1 Basic Theory of Heat Transfer 

The three basic forms of heat transfer are [6]: heat conduction, heat convection and heat radiation. In 

this paper, the heat transfer between the bearing and other parts of the machine tool spindle is a heat 

conduction process, and then the heat transfer from the outer wall and the inner cavity of the spindle to 

the air of the whole workshop is a convective and radiative heat transfer process. In the stable working 

environment of machine tool spindle, the influence of thermal radiation on the overall heat transfer 

process of machine tool is far less than that of heat conduction and convection. Therefore, this paper 

does not consider thermal radiation and mainly considers heat conduction. 

In the process of heat conduction, the temperature varies with the position and time of each point in 

the object. The temperature distribution of an object is a function of space coordinates and time. 

),,,( tzyxT = (2-1)

In the formula, x, y, z ——space coordinates 

T —— time coordinate 

As long as there is a temperature difference inside the object or there is a temperature difference 

between the contacting objects, there will be heat conduction, and the direction is from high 

temperature to low temperature, and the conduction velocity is proportional to the temperature 

difference. The heat transfer in an object is caused by the temperature gradient, and the rate of heat 

transfer is [7]: 

n

T
qn




−=  (2-2) 

In the formula, q ——heat flux ( 2m/W ); 

 ——thermal conductivity ( ℃m/W );

T ——The temperature of an object (℃);

n  ——Normal direction of isothermal surface.

The heat transfer direction of the negative sign surface in the equation is opposite to that of the

temperature rise.

2.2  Basic Theory of Thermal Deformation 

The thermal deformation of machine tool spindle caused by internal temperature rise is recoverable 

and belongs to the field of thermoelasticity. The principal axis studied in this paper is an axisymmetric 

structure, so it can be regarded as the solution of plane problems. Four basic assumptions are made in 

elasticity: homogeneity hypothesis, continuity hypothesis, small deformation hypothesis and isotropy 

hypothesis. From the following three aspects: statics, geometry and physics, we consider solving 

elasticity problems. The calculation formulas are as follows [8]. 

(1) Static equation
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When an object is subjected to external forces, the equilibrium differential equation of internal stress 

generation is as follows: 
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In the formula, x , y ——x,y direction of the normal stress component; 

 xy , yx ——The shear stress component; 

X,Y——x,y component of external force in the direction of X and y; 

(2) Geometric equation

The relationship between the displacement component and the deformation component in the plane

problem is as follows:

(2-5) 

(2-6) 

(2-7) 

In the formula, x , y ——x,y direction deformation components;

(3) Physical equation

In physics, the relationship between stress component and deformation component can be expressed

by the generalized Hooke's law, and the total deformation of elastomer can be expressed by

combining the influence of thermal deformation.

(2-8) 

(2-9) 

(2-10) 

In the formula, —— the linear expansion coefficient of an object 

、、EG ——The shear modulus, elastic modulus and Poisson's ratio have the following relations: 

)1(2 +
=

E
G          (2-11) 

If the temperature distribution is known, the equations can be set up by the formula (2-3) ~ (2-11) to 

solve the thermal displacement, thermal strain and thermal stress of the object. These are the 

theoretical basis for the thermal-structural coupling analysis in the finite element method. 
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3. Calculation of Machine Tool Spindle Boundary Conditions and

Establishment of Finite Element Model

3.1 Boundary condition calculation 

3.1.1 Calorific value calculation 

The heat generated by cutting in the internal heat source of machine tool is mainly distributed to 

workpiece, cutting tool and cutting through heat transfer. The percentage of heat distributed is related 

to cutting speed. In the turning process, a large amount of heat is taken away by chips (the higher the 

speed, the higher the percentage); the heat transferred to work is next, generally less than 30%; and the 

heat transferred to tools is next, generally less than 5%, even less than 1% in high-speed cutting. 

Because THM6340 NC machining center uses not electric spindle, but belt wheel drive mechanical 

spindle, the motor does not directly connect with the spindle, so the friction heating of rolling bearings 

is mainly considered in heat source calculation. In this paper, the spindle with ultra-high speed 

angular contact ball bearings is studied. Two pairs of front-end bearings are 70BNR10SDBELP4Y, 

and one pair of rear-end bearings is 60BNR10SDBELP4Y. The three-dimensional model of front-end 

bearings is shown in Figure 2-1. The heat output of rolling bearings is mainly produced by the friction 

moment of bearings, and its calculation formula is [9]: 

Figure 3-1 Three-dimensional model of bearing 
41.047 10

b
Q nM−=  (3-1) 

In the formula, b
Q
——Calorific value per unit time (kW) 

n—— bearing speed ( )/ minr

M——Bearing Friction Torque N mm  

Bearing friction moment refers to the resistance to block the operation of bearings caused by the sum 

of rolling friction, sliding friction and lubricant friction of bearings. It can be calculated by the 

following formula: 

0 1
M M M= + (3-2) 

In the formula,
0
M ——Friction Torque Independent of Load in Formula

1
M ——Friction moment related to load

(1)calculation of 
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In the formula，
0
f ——factors related to lubrication, grease lubrication for angular contact ball 

bearings, single row 
0
2f =
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n——bearing speed ( )/ minr

0
v ——Motion Viscosity of Lubricants at Working Temperature of Bearings ( )2 /mm s

m
D ——Average diameter of bearing ( )mm

(2) calculation of 
1
M

1 1 1 m
M f P D= (3-4) 

In the formula ,
1
f —— factors related to bearing type and load; 

1
P ——Bearing Load in Calculating Bearing Friction Torque ( )N

For angular contact bearings, there are

( )
0.33

1 0 0
0.0013 /P P C=     (3-5) 

In the formula ,
0
P ——Equivalent static load in formula ( )N

0
C ——Basic rated load ( )N

0 0 0r z
P X F Y F= + (3-6) 

In the formula, 
0
X ——the static and radial coefficients are taken when the nominal angle of a single 

row of centripetal ball bearings is equal.
0
0.5X =

0
Y ——Static and axial coefficients are selected when the nominal angle of single row of centripetal 

ball bearings is equal.
0
0.5Y =

r
F ——Radial load ( )N

z
F ——Axial load ( )N

According to the above formula (3-1) ~ (3-6), the heat of each bearing before and after the spindle of 

THM6340 can be calculated at the speed of 500-6000r/min, as shown in Figure 3-2. 

Figure 3-2 Calorific value of bearings 
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3.1.2 Convective heat transfer coefficient 

The research object of this paper is the forced convection heat transfer caused by the rotation of the 

spindle which drives the flow of air around the spindle. Nusselt criterion for determining the heat 

transfer coefficient of convective heat transfer [10]: 

cc lNh /=          （3-7) 

In the formula, ch ——Convection heat transfer coefficient in the equation; ))/(( 2 kmW 

 ——The thermal conductivity of air is 2.67×10-2 when the ambient temperature is

20℃. ))/(( kmW 

N ——Nusselt number;

cl ——eature size (m). 

The formula for calculating Nusselt number of forced convection is as follows: 

)670Pr7.0,103.4(RePrRe133.0 53/13/2 =N    (3-8) 

In the formula, Re——Reynolds number in formula; 

Pr——fluid Planck majority, 0.707. 

Formula (3-7) - (3-8) can be used to calculate the inner and outer surface pairs of the spindle when the 

ambient temperature is 20℃ and the rotational speed is 4000r/min.The heat transfer coefficients are 

60.9 ))/(( 2 kmW  and 41.2 ))/(( 2 kmW  , respectively. 

3.1.3 Determination of Material Properties 

Material attributes are intrinsic attributes, such as thermal expansion coefficient, modulus of elasticity, 

Poisson's ratio and density, which are independent of geometric model. Some properties of materials 

are not invariable. Although the values of modulus of elasticity, coefficient of thermal expansion and 

contact heat conductivity vary with temperature in our coupled analysis of non-linear thermal stress, 

the range of change is not more than 5%. Therefore, the properties of materials are considered as 

constant in this paper. 

The material used in the spindle of THM6350 machine tool is 20Cr2MnMo, 20Cr2MnMo is low 

carbon alloy steel, and the austenitizing temperature is 860 C. After carburizing and quenching, 

20Cr2MnMo steel maintains high plasticity, toughness and strength. The alloying elements Cr, Mn 

and Mo in the material can effectively improve the hardenability, thus ensuring that the material can 

obtain low carbon martensite structure during quenching, and obtain high strength and good 

toughness at the same time. In addition, the high temperature strength of the material can also be 

significantly improved by Cr and Mo. In this paper, the following parameters should be determined in 

the thermal stress coupling analysis of precision machine tool spindle: specific heat capacity, thermal 

conductivity, density, thermal expansion coefficient, elastic modulus and Poisson's ratio. Specific 

parameters are shown in Table 3-1. 

Table 3-1 Material Properties of Spindle 

Parameter type International unit value 

Specific heat capacity J/(Kg·℃)) 460 

Elastic modulus Gpa 206 

Density Kg/m³ 7870 

Poisson's ratio 0.3 

Thermal conductivity KW/(m·℃) 50 

Thermal expansion coefficient ℃-1 1.06E-5 
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In this paper, three pairs of ultra-high speed angular contact ball bearings with GCr15 material are 

studied. The bearing steel is a kind of high carbon chromium bearing steel with less alloy content, 

good performance and most extensive application. After quenching and tempering, it has high and 

uniform hardness, good wear resistance and high contact fatigue performance. Specific material 

parameters are shown in Table 3-2. 

Table 3-2 Material Properties of Bearings 

Parameter type International unit value 

Specific heat capacity J/(Kg·℃)) 450 

Elastic modulus Gpa 208 

Density Kg/m³ 7850 

Poisson's ratio 0.3 

Thermal conductivity KW/(m·℃) 57 

Thermal expansion coefficient ℃-1 1.5E-5 

3.2 Finite Element Modeling of Spindle 

Figure 3-3 Three-Dimensional Model of Spindle 

Figure 3-4 Two-dimensional meshing model of spindle 

Before analyzing the thermal characteristics of the spindle of precision machine tool, the 

three-dimensional model of the spindle is built first, and the model is simplified on the basis of 

maintaining the original structure of the spindle. Detailed features which have no influence on the 

finite element analysis results of the spindle are deleted, such as smaller holes, non-key convex and 

grooves, smaller rounded corners and chamfers. The final three-dimensional model is shown in Fig. 

3-3. The purpose of the model is to establish a model that can reflect the temperature distribution of

the spindle and the thermal deformation of the components.

The simplified three-dimensional model of the spindle is imported into abaqus. In order to simplify

the calculation process, the two-dimensional axisymmetric model is drawn according to the section

size. The mesh of heat transfer concentrated area is denser and the mesh of edge area is sparse. The

two-dimensional axisymmetric mesh type CAXA4 is used to define the mesh. The two-dimensional

mesh model is shown in Figure 3-4.
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4. Analysis of Thermal Characteristics of Machine Tool Spindle

4.1 Finite Element Modeling of Spindle 

Before the analysis, the initial ambient temperature is set to T0=20℃, and then the above series of 

calculation results are substituted into the finite element model of abaqus. After 4 hours, the thermal 

equilibrium is achieved. When the spindle speed is n=4000r/min, the temperature field distribution of 

the precision machine tool THM6340 spindle system is calculated as shown in Figure 4-1. Fig. 4-2 is 

the temperature field distribution diagram of the inner ring of the front-end bearing, Fig. 4-3 is the 

temperature field distribution diagram of the outer ring of the front-end bearing, Fig. 4-4 is the 

temperature field distribution diagram of the inner ring of the last-end bearing, and Fig. 4-5 is the 

temperature field distribution diagram of the outer ring of the last-end bearing. 

Fig. 4-1 Distribution of Spindle Temperature Field 

Fig. 4-2 Temperature Field Distribution of Inner Ring of Front Bearing 

Fig. 4-3 Temperature Field Distribution of Outer Ring of Front Bearing 
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Fig.4-4. Temperature Field Distribution of Inner Ring of Rear Bearing 

Fig. 4-5. Temperature field distribution of rear bearing outer ring 

From Figure 3-1, it can be seen that the highest temperature rise area is located in the inner ring of the 

front bearing, because the front bearing uses two pairs of ultra-high speed angular contact ball 

bearings, the friction moment of the bearing has a large heat, the heat is concentrated, and the front 

end of the spindle system has a poor heat dissipation condition than the back end. Compared with figs. 

4-2 and 4-3, figs. 4-4 and 4-5 show that the temperature rise of the inner ring of front and rear bearings

is greater than that of the outer ring because the heat dissipation condition of the inner ring is worse

than that of the outer ring. Therefore, the highest temperature of the whole spindle is 32.9℃, which is

located at the inner ring of the bearing at the front end of the spindle, and the lowest temperature is

27.27℃, which is located on the outer surface of the outer shell at the back end of the spindle. The

maximum temperature rise of the whole spindle is 12.9 ℃. The temperature changes of the front and

rear bearings are shown in Fig. 4-6.

Fig. 4-6 Bearing Temperature Variation Curve 
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If the temperature of the spindle system rises by 0.1℃ every 300 s as the critical point to evaluate the 

time when the spindle system achieves thermal balance, the equilibrium time is 6050s, 8500s and 

10056s when the rotational speed is 2000 r/min, 4000r/min and 6000r/min, respectively. The spindle 

temperature under 12 rotational speeds in Fig. 4-4 is calculated by finite element simulation, as shown 

in Fig. 4-7. It can be seen from the graph that the temperature of the front end of the spindle is not the 

highest point under various rotating speed conditions, and the temperature of the front end of the 

spindle is not the fastest point with the increase of rotating speed. 

Fig. 3-7 Spindle Temperature at Different Rotational Speed 

4.2 Thermal Deformation Analysis of Spindle 

On the basis of calculating the temperature field of the spindle, the fully coupled thermal-structural 

analysis in finite element analysis is further carried out to solve the thermal deformation of the spindle 

system. Fig. 4-8, 4-9 and 4-10 are principal axis synthesis, axial and radial thermal deformation 

distributions when spindle speed is 4000r/min, respectively. Fig. 4-11 shows the thermal deformation 

of 500-6000r/min spindle and its trend with the increase of rotational speed. 

Figure 4-8. Comprehensive thermal deformation distribution of spindle 
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Figure 3-9. Distribution of radial thermal deformation of spindle 

Figure 3-10. Distribution of Axial Thermal Deformation of Spindle Shaft 

Fig. 3-11. Hot deformation of spindle at different rotational speeds 

It can be seen from the graph that the maximum thermal deformation of the spindle occurs at the back 

end of the spindle, the maximum radial thermal deformation of the spindle occurs at the front end of 
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the spindle, and the maximum axial thermal deformation of the spindle occurs at the back end of the 

spindle. With the increase of spindle speed, the thermal deformation of front and rear ends in all 

directions also increases. The axial thermal deformation of the back end of the spindle is larger than 

that of the front end at different rotational speeds, and the axial thermal deformation of the back end 

increases faster than that of the front end with the increase of rotational speed. The radial deformation 

of the front end of the spindle is smaller than that of the axial one, and the radial thermal deformation 

of the front end increases more slowly than that of the axial one with the increase of rotational speed. 

The above meets the requirements of improving processing accuracy. 

5. Conclusion

The finite element analysis shows that the higher the spindle speed, the greater the heat generated by 

the bearing, and the greater the thermal deformation of the spindle caused by the change of 

temperature rise, which is independent of temperature, which is consistent with the actual situation. 

The final result of thermal deformation of the spindle is that the front working end is raised, the 

spindle extends along the axial direction, and the displacement mainly occurs at the end of the spindle, 

which is conducive to ensuring the processing accuracy. When the spindle reaches steady state, the 

thermal deformation of the front end of the spindle is the main factor affecting the accuracy of the 

spindle. 
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