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Abstract 

The distribution of the temperature field has a great influence on structural performance, thermal deformation, 

thermal error compensation. To improve the prediction accuracy of the temperature distribution of the spindle system, 

a comprehensive model considering the contact thermal resistance (TCR) of the interfaces was established to analyze 

the thermal performance of high-speed spindle system in the present work. An elastoplastic contact model was used 

to calculate the contacting areas and loads of interfaces, which were employed to establish the contact thermal 

resistance model of the main interfaces of spindle, such as bearing rings and tool holders. Basing on the TCR 

parameters, a Finite Element Analysis (FEA) model was proposed to analyze the temperature distribution of the 

spindle system. And a temperature test experiment was set up to verify the accuracy of the FEA model. The results 

show that the relative error of representative test points was all less than 5%, which means the established model can 

appropriately reflect the temperature field distribution of the spindle. 
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Introduction  

As the core functional component of precision machine tools, the high-speed spindle system is crucial for the 

implementation of high-speed and high-accuracy machining [1, 2]. However, with the improvement of running speed, 

the influence of vibration and thermal becomes more and more significant. Especially, the error generated by thermal 

deformation. It is shown that errors induced by heat account for nearly 40%-70% of the total error of a precision 

machine tool [3]. Therefore, it is important to study how the heat influences the accuracy of the machine tools. 

Usually, a thermal-mechanical coupling model is used to analyze the temperature distribution and deformation of 

main parts of machine tools. Those models can be used both in the design and working stage. During the design stage, 

the thermal-mechanical model can be used to predict the deformation of the error of spindle tools under the action of 



specific condition [4-6]. Those models can also be used for the thermal error compensation [7,8] and thermal error 

control techniques [9,10] in working stage. The distribution of temperature is the foundation of thermal-mechanical 

coupling model. There are usually two foundation methods to solve the temperature field, the thermal grid method 

[11-13] and the finite element method [14-16]. 

For the situation of high-spindle system, heat generated by the friction of bearing and built-in motor flowed through 

parts causing linear and nonlinear thermal expansions, which distorts associated structures and produce deformations. 

What is more, spindle system is complicated system composed of many components with many kinds of interfaces. 

Their thermal and mechanical behaviors are not only determined by these components but also by the characteristics 

of various interfaces [17]. When the heat flowing contact areas, such as interfaces between the bearing and the shaft, 

the bearing and the bearing support, and the ball screw and nut, the thermal changing are always nonlinear and 

produces nonlinear thermal deformations, which adversely affect the stiffness of interfaces [18]. Therefore, the 

thermal positioning error and contact interface on the interface is one of the most important objects to consider for 

the design of machine tools. 

To acquire the value of TCR, both the theorical and experimental method are used. Compare with the experimental 

method [19, 20], the theorical methods [21-23] got more scholars' attention because of a wider applicability. There 

are three key parameters to calculate the TCR: distribution of pressure, really contact area and thickness of contact 

region. All those parameters and their relationship can be deduced by the rough surfaces contact theories. For a given 

load condition, the real contact area and the displacement approach amount can be confirmed by the statistics-based 

method [24, 25] or fractal-based method [26, 27], and then get the value of TCR. So, the contact models determine 

the validity and convenience of TCR calculation. No matter which method was used, the basic work is to deal with 

the contact problem between a single asperity and a flat rigid surface. Three-stage contact models, which are elastic, 

Elastoplastic, and plastic stage, are now wildly used [28, 29].  

Basing on an advanced contact method, which analyze the relationship between real area and deformation of 

contacted rough surfaces under the specific load, a comprehensive model for thermal study was proposed in the 

present work. Together with thermal boundary condition, such as the heat generating and thermal convection, the 

proposed model took three kinds of typical interfaces (bolt joints, ring joints and tapered joint) into account. The 

TCR of those interfaces were acquired according to the distribution of pressure of joints under different loaded 

characteristics. And experiments were carried out on a vertical machine center for a period of 5.5 hour running and 

1.5 hours stopping to verify the proposed thermo-mechanical model by comparing the temperature and thermal error 

data.  



2. Theory background 

2.1 rough surface contact model 

The contact of two rough surfaces can be simplified as a rough surface in contact with a rigid plane. Basing on the 

Hertz contact theory and statistical method, GREENWOOD proposed a contact analysis model, named as GW model, 

which assumed that the height of asperities obeyed a certain distribution (usually Gaussian distribution) and that 

asperities had the same radius of curvature [30]. The deformation for a single asperity experienced elastic or plastic 

stage in this model. However, researchers believed that there was a transitional phase between those two stages. 

Through the method of finite element analysis, KOUGT discovered that the asperity undergoes an elastic-plastic 

mixed deformation stage before it began to enter the plastic deformation stage [31]. In the present work, the contact 

behavior of asperities would be divided into three stages: elasticity, elastoplastic and plasticity.  

2.1.1 elastic deformation 

According to the Hertz contact theory, the relationship between the elastic contact area ae, the elastic contact load pe 

and the deformation ω can be established as 
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E1, E2 are the shear modulus of the material of contact surfaces. 

ν1, ν2 are the Poisson's ratio of the material. 

R is the average radius of all asperities. 

2.1.2 totally plastic deformation 

When the average contact pressure of the contacted surface exceeds the hardness of the material, the asperity is in 

the stage of complete plastic deformation. And the contact area ap and the load Pp can be expressed as 

 2
p

a R   (3) 
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where, H is the hardness of the softer material in the two contact surfaces. 

2.1.3 elastoplastic deformation 

When the deformation is bigger than critical elastic deformation ωe, as shown in Eq. (5), the asperity is in the begin 



stage of elastoplastic mixing deformation. 
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Where, kμ is the average contact pressure coefficient [32], related to Poisson's ratio of softer materials ν, and kμ = 

0.4645+ 0.3141ν + 0.1943ν2  

Similar with ZMC model [33], the contact area is expressed as a polynomial expression with the deformation ω as 

the independent variable. And that is  
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To satisfy the continuous condition, the following boundary conditions should be followed. 

  When ω=ωe 
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According to the above boundary conditions, the polynomial expression for aep can be constructed as the function of 

the independent variable ω. And that is 
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Similarly, the contact load in this period pep can also be express as the function of ω 
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2.2 average contact pressure of interfaces 

The real contact area is often determined by the contact pressure. Different methods should be taken to deal with 

different types of contact surfaces. The contact pressure of the bolted joints can be obtained by dividing the given 

bolt preload by the nominal contact area, which can be easily acquired from the geometrical dimensions. Another 



two types of joint, spindle-handle and shaft-ring, with different load condition should be processed, respectively. 

2.2.1 the interference fit contact pressure 

As shown in Fig.1, the contact pressure of the joint surface of the interference fit, such as shaft and inner rings of 

bearing, is determined by the interference.  
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Fig.1 the joint between shaft and inner rings of bearing 

The average contact pressure could be calculated according to the following formula 
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where E1, E2 are the modulus of the material of rings; Δ denotes the interference fit; μ1 and μ2 denote the Poisson's 

ratio of the bearing inner ring and shaft journal, respectively; D denotes the contact diameter; D3 denotes the inner 

diameter of the shaft journal; and D1 denotes the outer diameter of the bearing inner ring. 

2.2.2 the spindle holder contact pressure  

The joint surface of the spindle shank is a tapered shape, and the contact load is determined by the broach force. As 

shown in Fig.2, under the action of axial broach force Fp, the force balance equation of the shank with taper θ is 
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Fig.2 the joint between spindle and holder 
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where, N is the normal pressure of contact surface, and Ff is the friction force between spindle and shank, respectively. 

According to the relationship of normal pressure and friction, the above equation can be rewritten as 

  sin cos
p N
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where, μ is the coefficient of friction. For the most cases, this coefficient can be assumed to be in the range of 0.12 

to 0.2. 

So, the average surface pressure of the cone is 
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2.3 contact thermal resistances 

As shown in Fig.3, actual contact surfaces are always point-contact or an uneven small area contact. Compared with 

perfect contact surfaces, there is an additional thermal resistance during the heat conduction process, which is the 

contact thermal resistance (TCR) [34]. TCR is related to the actual contact state and can be calculated based on 

contact theory. 

Actually 
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Fig.3 TCR of contacted surfaces 

TCR is fundamentally decided by heat transfer coefficient, height of gap and really contact area, which can be 

formulated as 

 C
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where, Lδ and Ar are related to contact conditions (such as material, pressure, and roughness), and can be calculated 

by rough surfaces contact theories.  

To simplify the analysis, the thermal contact conductance (TCC), which was the reciprocal the of TCR, was used to 

calculate the TCR of the interfaces.  

For a single asperity, Lδ is the distance from smooth rigid plane to average reference plane, and Ar is the hertz contact 



area. So, the TCC of a single micro-contact asperity in different contact situations will be  
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where, z is the height of the asperity relative to the average line. 

According to section 2.2, the total TCC of the whole joint He can be calculated by  
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3. FEA model  

3.1 geometric model 

The thermal performance of spindle system was analyzed by the finite element software ANSYS Workbench. As 

shown in Fig.4, substructures such as spindle, box, test mandrel and bearings were built and assembled in this 

software. The spindle was supported by two pairs of bearings mounted on the spindle box, and bearings were arranged 

by the way that the front had three rows and the rear two rows. The test mandrel was fastened to the holder by pulling 

force provided by disc-spring. Hex dominant method was used to mesh geometries, and the number of the nodes and 

elements were 85313 and 25788 respectively.  

 

Fig.4 the FEA model of spindle 

The connection between prats of the spindle system was defined by contact pair in ANSYS Workbench. The TCR of 

interfaces can be represented by the parameter “H” in this item. There were totally three kinds of interfaces: plane 

joints, bearing joints, and spindle-holder joint. The bearing joints included two types: one was the joint between inner 



ring and shaft, and another was the joint between outer ring and box. The major materials were shown in Tab.1. 

Tab.1 Properties of steel cast iron and invar 

 Invar 45#steel HT300 Air Unit 

Modulus of elasticity 145000 209000 130000 － Mpa 

Poisson’s ratio 0.3 0.269 0.26 － － 

Coefficient of linear expansion 1.2×10-6 1.159 ×10-5 1.1 ×10-5 － 1/K 

Conductivity (k) 15 49.8 45 2.554×10-2 W/mk 

Specific heat capacity 525 486 510 1.0069 J/KgK 

Density  8200 7824 7300 1.1769 Kg/mm 

3.2 heat generation of bearings 

The major heat generation of the system was caused by the cutting process and the friction between balls and races 

of the bearings [35]. Assumed that the majority of cutting heat was taken away by coolant and chips, and the heat 

generated by bearings was the dominant cause of temperature changing. 

The heat generated by a bearing can be computed as  

 nMH f

410047.1   (24) 

where Hf  is the heat generated power (W), n is the rotating speed of the bearing (rpm), M is the total frictional torque 

of the bearing (N.mm). The total frictional torque M consists of two parts. One is the torque M1 due to applied load 

and the other one is the torque M2 due to viscosity of lubricant. 

And, 

 mdpfM 111   (25)  

Here, f1 is a factor related to the bearing type and load, p1 is the bearing preload (N), and dm is the mean diameter of 

the bearing (mm). 
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Here, f0 is a factor related to bearing type and lubrication method, and v0 is the kinematic viscosity of the lubricant. 

3.3 thermal convection coefficient 

Rotating parts exposed to the air, such as the spindle, the taper shank, and the test rod, caused the air near those parts 

to be wound, thereby causing forced convection heat exchange. The calculation between the rotating body and the 

air using the Nuer Shelter equation [36]. The heat transfer coefficient for convection h is defined as 
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Here, λa is the thermal conductivity of the ambient air; Nua is the Nusselt number; d is the equivalent diameter of the 

cylinder. 

Nua was computed from the Reynolds number Re, and the Prandtl number Pr, based on different convection conditions. 

For this research, the following equation is used 
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where，ω is the angular velocity of the rotating body, and vf the kinematic viscosity of the air. 

The thermophysical properties of dry air at 20 ° C were as follows: λair = 0.0259 W/(mK), vf=15.06*10-6 m2/s, Prair 

= 0.703. For free convection around stationary surfaces, the heat transfer coefficient for convection h = 9.7 W / (m2K) 

was used in this paper.  

From the above data combined with the size of the rotating shaft of the machine tool spindle, and the heat transfer 

coefficient of the inner and outer surfaces of the rotating body at each experimental speed can be obtained as shown 

in Tab.2. 

Tab.2 Thermal boundary conditions under different spindle speed 

Items 3000 rpm 4500 rpm 6000 rpm 

Heat generation of front bearing (W) 137.2 165.4 189.5 

Heat generation of rear bearing (W) 85.9 100.6 119.2 

Convective coefficient of ambient air (W/(m2K) 9.7 9.7 9.7 

Convective coefficient of Spindle surfaces (W/ (m2 K) 139.4 152.5 171.0 

Convective coefficient of Mandrel surfaces (W/ (m2 K) 87.9 101.8 135.7 

TCR of bearing inner ring/shaft journal ((m2 K / W) 8.238*10-3 

TCR of bearing outer ring/bearing housing ((m2 K / W) 4.238*10-4 

TCR of spindle/tool interface ((m2 K / W) 1.238*10-4 

4. Result and discussion 

4.1 FEA result 

According to the thermal boundary conditions given by section 3, the transient temperature field distribution of the 

spindle, bearing and spindle box were obtained by the established FEA model. There were totally two stages in this 



procedure. In the first stage, which lasted for 5.5 hours, the spindle was running, and the heat generated by bearings 

flowed to other parts. What’s more, forced convection occurred on the surfaces of rotating parts, such as the node of 

the spindle and the test mandrel. The second stage lasted for 1.5 hours to simulate the natural heat dissipation process 

after the spindle stopped. At this stage, surfaces had a natural heat transfer, and there was no heat source anymore. 

The temperature distribution after the spindle speed was operated at 6000 r/min for 5.5 hours (at the end of stage I) 

was shown in Fig. 5(b). It can be seen that the parts with obvious temperature rising were mainly concentrated in the 

region of the two sets of bearings, and the temperature in the region away from the bearing was nearly unchanged 

because of the heat source passing for some time.  

   

Fig.5 The distribution of temperature field of spindle by simulation (a) spindle and box (b) a given point temperature  

The bearing friction was the main heat source of the spindle system, and the internal heat dissipation was difficult. 

So, the temperature rising was most obvious near bearings. Specifically, the temperature of the spindle nearing the 

front bearing group was up to 55 °C, and the temperature of the spindle nearing the rear bearing group was nearly to 

48° C. The total temperature rising of the front and rear bearing sets was 27.04 ° C and 21.56 ° C, respectively. 

Although the test mandrel was not far away the front bearings, the temperature hardly increased. Because surfaces 

exposed to the outside had natural heat exchange or forced convection with the surrounding air, the heat from bearings 

was then dissipated into surroundings immediately. So, the temperature rise was relatively small.  

Fig.5 (b) showed the temperature variation of a small region near the front bearing. From the variations of the 

temperature-time curves, it was obvious that there were three period throughout the time frame, which were marked 

as I, II and III, respectively. The temperature increased rapidly during period I, and the temperature of this point 

raised by nearly 24 °C. In the period II, the temperature changed slowly lasting nearly 3 hours until the spindle 

stopped, which indicated that the system tended to reach thermal equilibrium; In the period III, the temperature began 

to decrease, and the rate of decline was faster than later.  



4.2 experiment result 

Fig.6 showed the experimental measuring scheme and equipment of the spindle system. The transient temperature 

field of the spindle was measured by 18 thermocouples and a set of data acquisition system. During the experimental 

procedure, the thermocouples were attached to the stationary surface of the spindle head, and the spindle was ran for 

5.5hours, then stopped and cooled for 1.5 hours. During the whole process, the temperature data of thermocouples 

were collected every 10s. 
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Fig.6 the experimental measuring system for the distribution of temperature field of spindle (a) spindle and box (b) data 
acquire software (c) Temperature inspection instrument (d) Schematic diagram of test system 

 

Fig.7 Temperature field of spindle by experiment  

Fig. 7 showed the variation of temperature over time, which presented a nonlinear relationship. In the first period, 

the temperature began to rise immediately, and then its rise began to slow until tended to thermal balance in the 

second period. The temperature of the whole system was same as ambience before the machine worked, and the heat 

generated by bearing conducted to other parts resulting the temperature rising once the machine tools working. As 



the increasing of the temperature, the conduction of heat was getting slower due to the change of temperature gradient. 

In the third period, the temperature began decrease until the ambient temperature overall. That was because the 

bearings no longer heat up and air convection continued in the outside surfaces. However, several abnormal 

phenomena were also observed. The temperature of some sensors had a slight rise and then started to fall. At the 

moment of spindle stopping working, the temperature of inner parts was higher than that of the surfaces exposed to 

the air, which means there were existence of uneven temperature field, and the heat continued flowing to the outside 

surfaces. What’s more, the situation was not the same for all the 18 sensors. For example, as nearing bearings, T1~T4 

had higher temperature than other sensors. The sensors away from the heat generation site, such as t17 and t18, had 

lower temperature.  

4.3 result and compare 

To verify the simulation results, the experimental data of the spindle was compared with the corresponding position 

simulation temperature data, and the result was shown in Fig.8. The simulation results were basically consistent with 

the trend of the experimental results. The maximum relative error of the numerical value was 3.91% at the time of 

the spindle stop. Fig.8 showed the comparison between experimental and theoretical predicted temperatures in steady 

states. 

 

Fig.8 Comparison between the situational value and experimental data (a) test point #1; (b) test point #3; (c) test point #11; (d) 

test point #11 



The four observation points with different temperature rising at the front end of the spindle box were compared with 

the data from the simulation analysis at the corresponding position. The results were shown in Tab.3. From the 

comparison results, it can be seen that the initial temperature was set to the ambient temperature ( 26.8 ° C), after 5.5 

hours of operation, the temperature increased, the absolute difference between simulation and experiment was within 

3 ° C, and the relative error was within 5%.  

Tab.3 Comparison of the simulation and experiment results of the temperature data  

test 

point 

Experiment (°c)  simulation with TCR (°c)  simulation without TCR (°c)  

Tstop Tfinal  Tstop error Tfinal error  Tstop Error  Tfinal error  

#1 51.3 40.6  52.49 2.3% 38.35 -5.5%  54.17 5.6% 39.65 -2.3%  

#3 49.4 40  50.6 2.4% 37.32 -6.7%  52.62 6.5% 38.07 -4.8%  

#10 42.9 39.2  43.17 0.6% 38.6 -1.5%  45.76 6.7% 40.61 3.6%  

#11 37.5 34.42  38.64 3.0% 34.2 -0.6%  41.11 9.6% 36.83 7.0%  

5. Conclusion 

An FEA method to analyze the thermal performance of the spindle system, which considered the effect of major 

joints, was proposed based on the elastoplastic mixed contact model. The model can be used to accurately predict the 

temperature distribution of spindle at the design stage without making prototypes, which was very useful for speeding 

up product development. The validity of the modeling method was verified by experiments. Based on the results and 

analysis, the following conclusions were obtained. 

(1) Basing on the elastic, elastoplastic, and plastic contact model, the TCR of a single point was analyzed by 

theoretical method. According to the surface topography and contact load, the mean TCR of main interfaces were 

calculated. The result shown that the value of TCR was mainly affected by real contact area of rough surfaces. So, 

the contact algorithm of rough surfaces was crucial for calculating TCR.  

(2) An improved simulating model was proposed to analyze the temperature distribution of spindle box. In addition 

to considering the thermal convection conditions and heat generation of bearing, the proposed model focused on the 

influence of the main interfaces’ TCR. The result showed that the temperature changed quickly at the beginning, then 

the temperature will gradually achieve balance.  

(3) To verify the accuracy of the proposed model, an experiment was carried out to measure the temperature variety 

when the spindle was running. The comparing results showed that the relative error of the proposed model was below 

5% for the spindle stopping temperature. Meanwhile, the relative error of the model without considering the influence 



of TCR was 9.6%. The comparing results confirmed the accuracy of the proposed model.  
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