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Abstract. In this paper, the thermal calculation and thermal-structural coupling analysis of the vertical 
machining center are carried out to obtain the theoretical values of thermal generation and thermal 
displacement. Combined with the thermal structure analysis of vertical machining center, sensors are placed 
at the key positions with large thermal displacement to measure and analyze the thermal error data, and the 
law of temperature and thermal deformation of machining center is found out. This research provides 
theoretical basis for thermal error compensation. 

1 Introduction 

In the working process of the machining tool, due to the 
role of various heat sources, a large amount of heat will 
be generated to cause an increase in temperature. The 
uneven distribution of temperature field causes relative 
displacement between workpiece and the tool, which 
will reduce machining accuracy [1]. A large number of 
studies have shown that the manufacturing error caused 
by the thermal deformation of machine tool generally 
accounts for 40%-60% of total error processing. 
Especially in precision machining, workpiece machining 
accuracy affected by thermal error is more significant 
[2,3].  

In recent years, researchers have done a lot of 
research on modeling and compensation of thermal error. 
Only a few researchers have tackled this problem with 
some success. Through theoretical analyze, simulation 
and experiment, Li Yang et al. found that thermal error 
is determined by multiple variables, and thus established 
a multivariate model [4]. Eskandari et al. used neural 
network and fuzzy logic to compensate the axial thermal 
error of the machine tool, experiments have proved that 
both models can achieve thermal error prediction with 
good reliability [5]. Neugebauer et al. studied the 
thermal interaction between machining process and 
workpiece, and proposed a new method to reduce 
thermal error by optimizing cutting parameters [6]. 

Using ANSYS Work-bench software to calculate its 
temperature field and thermal deformation, the research 
object of this paper is theZH-850E vertical machining 
center. According to the analysis results, the purpose is 
to find out the law of temperature change and thermal 
deformation, the sensor is placed at the position with the 
highest temperature and maximum deformation, and the 
actual data measured is analyzed. 

2 Heating calculation  

The Finite element method is used to analyze the steady-
state thermal structure for various machine tools, and the 
most important thing is to deal with the boundary 
conditions. Considering heat source and convection heat 
transfer for vertical machining center, the heat source 
mainly includes spindle motor heating, cutting heat and 
bearing friction heat, and the convection forms are 
divided into natural convection and forced convection.  

2.1 The calculation of calorific value for spindle 
motor 

The calorific value is calculated as follows:  

                                  Q=P(1-η)  (1) 

Where P is the motor rated power, η is the motor 
rated efficiency.  

2.2 The calculation of cutting heat  

In the cutting process, the energy consumed by the 
vertical machining center is basically converted into 
cutting heat and it directly affects the machining 
accuracy. Through the chips, workpieces, cutters and 
surrounding media, the cutting heat is transmitted to the 
worktable and other parts. The calculation formula of 
cutting heat is [7]:  

                                Q=Fv+(Ff nv f)/1000  (2) 

Where: F, Ff, v, nv and f are cutting force, feed force, 
cutting speed, workpiece speed and feed rate, 
respectively. 
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2.3 The calculation of bearing calorific value 

The bearing heating is mainly caused by the friction 
torque and lubricant between the roller and ring [8], and 
the calorific formula can be expressed as: 

                                  Q=2πMn/60  (3) 

Where: M and n are friction torque and bearing speed, 
respectively. 

For approximate estimation, the formula of friction 
torque can be given as:  

                                   M=0.5μFd  (4) 

Where: μ, d and Fare friction coefficient, inner 
diameter of the bearing and equivalent dynamic load, 
respectively. 

2.4 The calculation of convection heat transfer 
coefficient 

The convection heat transfer coefficient is expressed as 
heat transfer between solid and fluid. Based on the 
Nusselt criterion Formula, the convection heat transfer 
coefficient h can be written as:  

                                   h=Nuλ/L  (5) 

Where: Nu, λ and L are the average Nusselt 
coefficient, the heat conductivity coefficient of fluid and 
the characteristic size, respectively. 

2.4.1 The heat transfer for natural convection 

The Grashoff number of heat transfer for natural 
convection can be expressed as [9]: 

                                 Nu=C (Gr Pr)n  (6) 

                                Gr=(gβL3Δt)/v2     (7) 

Where: C and n are constants; Gr, Pr, g, β, L, and Δt 
are the Graschoff number, the Plante number, the 
gravitational acceleration, the coefficient of volume 
change, the characteristic size, the temperature 
difference and the kinematic viscosity, respectively.  

2.4.2 The heat transfer for forced convection  

Because of the friction heating at the bearing, the 
temperature of the spindle and the box is increased 
greatly. Using the cooling water to cooling is belonged 
to the heat transfer for forced convection in the tube, and 
the formula for convection heat transfer [10] can be 
given as:  

The State for laminar is : 

               Nu=0.5Re0.33Pr0.43Gr0.1(Pr/Prω)0.25k  (8) 

The State for turbulence is : 

               Nu=0.21Re0.8Pr0.43Gr0.1(Pr/Prω)0.25  (9) 

Where: Re=ωl/v, ω, l, v, Pr and K are Reynolds 
number, velocity, characteristic size, kinematic viscosity, 
Plante number and correction coefficient, respectively. 

2.4.3 The convective heat release for rotating axis 

Because of the rotation of the spindle, the convective 
heat transfer between the spindle and air will be 
accelerated, and the calculation formula of the 
convective heat release for rotating axis [11] can be 
written as: 

                                 Nu=0.133Re2/3Pr1/3     (10) 

3 Analysis of temperature and thermal 
displacement based on ansys 
workbench 

Ignoring the minor part that is less affected by 
temperature changes to simplify the complex structure of 
ZH-850E vertical machining center. The SOILD95 is 
used for meshing to establish a finite element model, 
because the SOILD95 can absorb irregularly shaped 
elements without loss of precision. As shown in Fig. 1, 
including 371215 nodes, 188829 elements. 

 

Fig. 1. Finite element model. 

3.1 Steady temperature field analysis 

According to formula (1), formula (2) and formula (3), 
when the spindle speed is 5000r/min, the spindle motor 
generates heat is 1650W and the cutting heat is 3950W. 
The heat generated by the front, middle and end bearings 
are 287.3W, 216.5W and 67.2W, the heat transfer 
coefficients of each component are shown in Table 1. 

Table 1. Heat transfer coefficient/( W•m2℃-1). 

Bed lide carriag
Work
bench

Upright 
column 

Head 
stock 

ront bearin
End 

bearing
3.2 4.8 5.4 2.6 9.6 82.5 63.7 

Setting the analysis type as steady-state thermal 
analysis, as shown in Fig. 2, the steady-state thermal 
field of the vertical machining center is obtained.  
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Fig. 2. Steady-state temperature field. 

As can be seen from Fig. 2, the temperature field of 
the vertical machining center is unevenly distributed. 
The highest temperature appears at the front of the 
spindle, reaching 48.365 °C, which provides a theoretical 
basis for the distribution of the rear temperature sensor. 

3.2 Thermal-structural coupling analysis 

The steady-state temperature field of the vertical 
machining center is subjected to thermal structural 
coupling analysis as a temperature load, and thermal 
strain and total deformation can be obtained. As shown 
in Fig. 3, the front end of the spindle has the largest 
deformation, which can reach 0.05044mm. The rising 
temperature of the spindle caused the expansion and the 
tilt occurred. It can be seen that there are deformations in 
the three directions of X, Y and Z, which also provides a 
theoretical basis for the arrangement of the displacement 
sensor in the measurement experiment of the thermal 
error.   

 

Fig. 3. Steady-state thermal deformation. 

4 Thermal error measurement and 
analysis  

4.1 Experimental set-up and procedure  

In order to measure the temperature increase and the 
thermal deformation of the vertical machining center, as 
shown in Fig. 4, digital temperature sensor DS18B20 
and eddy current displacement sensor were used in this 
experiment. The highest resolution of DS18B20 can 
reach 0.0625℃ . The temperature conversion time is 
750ms, the measuring range is -55℃~+125℃, which 

meets the experimental requirements. Eddy current 
displacement sensor has the advantages of non-contact 
measurement, good dynamic response and strong anti-
interference ability. After calibrating it, the accuracy 
is1μm, which can meet the requirement of measuring the 
accuracy of thermal displacement.  

In order to minimize the random error in the 
measurement process, the X, Y, and Z directions are 
repeated three times under the same working conditions, 
and the average value is taken as the measurement result 
[12]. As shown in Fig. 5, the eddy current displacement 
sensor is mounted on the headstock to align it with the 
spindle front end position. Temperature and thermal 
errors need to be measured simultaneously, so that each 
set of thermal error data corresponds to a set of 
temperature data.  

  

Fig. 4. Temperature sensor and displacement sensor. 

 

Fig. 5. Thermal error measurement and displacement sensor. 

The position of the temperature measurement point is 
shown in Table 2. 

Table 2. Position of the temperature measurement point. 

Number Position 

T1、T3 Outside the spindle flange 

T2 Outside of the spindle bearing 

T4、T5、T6 Lower part of the headstock 

T7、T8、T9 Upper part of the headstock 

4.2 Experimental results and discussion 

Take the measurement results of spindle speed 
5000r/min condition as an example, and the T2 group 
with the largest correlation coefficient was selected as 
the key temperature point [13] to find out the trend 
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between temperature and thermal deformation. 
Experimental results of key temperature and thermal 
deformation are shown in Table 3. 

Table 3. Experimental results of key temperature and thermal 
deformation. (5000r/min) 

Time/min Temperature/℃ Deformation/µm 
1 T2 X Y Z 
2 27.2 0.0 0.0 0.0
3 27.2 -0.1 -0.1 0.0

    
139 41.2 8.5 18.7 41.2
140 41.2 8.5 18.7 41.2

The thermal deformation in the Z-axis direction is 
the largest, the Y-axis direction is the second, and the X-
direction change is the smallest. The trend of 
temperature and thermal deformation with time is shown 
in Fig. 6. 

 

Fig. 6. Trend of temperature and thermal deformation with 
time. 

Since the spindle has deformations in the three 
directions of X, Y and Z, a space Cartesian coordinate 
system can be established. Using each set of thermal 
deformation data as a coordinate point P(x, y, z), then 
the length of OP is the deformation amount in three 
directions. The result of the calculation is 46.036µm, the 
length can be expressed as: 

                                 OP=√(x2+y2+z2)    (11) 

5 Conclusions  

(1) The error between the simulation results and the 
experiment results is basically controlled within 15% as 
shown in Table 4. It is proved that the simulation results 
are reliable, which is basically consistent with the actual 
situation. 

Table 4. Value of simulation and experiment. 

Project Simulation Experiment Error(%)
Temperature(℃) 48.4 41.2 14 
Deformation(µm) 50.440 46.036 8 

 
(2) The thermal equilibrium time of the vertical 
machining center is about 130min, the thermal 
deformation also tends to be stable with temperature, and 

the thermal deformation has a good correspondence with 
temperature, which provides a theoretical basis for 
thermal error modeling and compensation. 
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