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ABSTRACT 
 

The thermal contact resistance (TCR) of a spindle-
bearing joint is crucial in the analysis of thermal 
characteristics of high speed motorized spindle, which 
could severely affect the machining accuracy of a machine 
tool. In this research, firstly, an experimental set-up was 
designed and the one-dimensional steady measurement 
method was introduced to obtain the TCR of an annular 
contact surface with various tolerance fits. Secondly, a 
TCR model of an annular contact surface for the spindle-
bearing joint with various tolerance fits was proposed. The 
TCR model was obtained by the constrained thermal 
resistance, the bulk thermal resistance and the air thermal 
resistance. Finally, the clearance, transition and interfer-
ence fits were considered as three typical cases. The TCR 
of the interference fit could be calculated based on the 
proposed model and the contact load derived from the 
contact formula. However, this method was not suitable 
for the cases of clearance and transition fits. In this case, 
a hybrid method was utilized to determine the correspond-
ing equivalent contact load. The results demonstrated that 
the proposed model could be utilized to predict the TCR 
of annular surfaces with various tolerance fits. 

 
INTRODUCTION 

 
The thermal error of the high speed motorized 

spindle constitutes one of the most significant sources of 
the CNC machining center inaccuracy. Although the 
thermal error can be reduced through compensation  
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techniques, it cannot be fully eliminated in a real 
machining environment due to technical limitations. The 
thermal error of the high-speed motorized spindle 
constitutes one of the most significant sources of the CNC 
machining center inaccuracy. Although the thermal error 
can be reduced through compensation techniques, it 
cannot be fully eliminated in a real machining 
environment due to technical limitations. Moreover, the 
excessive temperature increase would limit the speed 
improvement for the high-speed motorized spindle, 
resulting in reduced processing efficiency. An accurate 
thermal characteristic model is vital for the thermal error 
optimization or prediction of the high-speed motorized 
spindle. In contrast, the thermal contact resistance (TCR) 
commonly exists in the high-speed motorized spindle, 
which can affect the temperature distribution and defor-
mation of the spindle. In particular, the TCR of the 
spindle-bearing joint is the most important for the high-
speed motorized spindle, which can directly affect the heat 
transfer and lead to temperature increase of the bearing. It 
is therefore necessary to model the TCR of spindle-
bearing joint with various tolerance fits. 

The TCR of contact surfaces can be obtained based 
on experimental methods. Zhang et al proposed a device 
for the TCR measurement of the interface based on a 
reversible heat flow method. Zain et al investigated the 
effect of interfacial thermal resistance (TR) on the 
effective thermal conductivity of Cu/D composites 
through experimental and numerical methods. Zheng et al 
introduced an improved thermal contact resistance (TCR) 
model, which matched well with the experimental data for 
the pressed stainless steel 304. The solid/liquid contact 
resistance was also obtained using the ideal gas law by 
assuming trapped air in the micro gaps. Ahadi et al 
proposed a new modified TPS method, which allowed an 
accurate measurement of the bulk thermal conductivity of 
thin films and coatings. Zhang et al investigated the TCR 
of five types of aluminum alloy materials through 
experimental measurement and detailed analysis. The 
relationship among TCR, pressure and temperature was 
determined. 

Although the TCR of contact surfaces can be 
obtained using experimental methods, it is difficult to 
describe the relationship between TCR and the 
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corresponding influencing factors, such as contact load, 
surface topology and materials. For the contact surfaces, 
the fractal theory can be utilized to describe the micro-
contact of the asperities. Majumdar first presented the 
fractal theory to describe the surface topography. Later, 
Majumdar and Bhushan established the famous M-B 
fractal contact model. According to this model, the rough 
surface could be characterized by the fractal dimension 𝐷𝐷 
and the fractal roughness parameter 𝐺𝐺 . The fractal 
parameters were independent and not affected by the 
instrument resolution. A large number of researchers 
further developed the M-B model, and focused on the 
fractal topography characterization, the elastic-plastic 
mechanics and the contact areas. The fractal contact 
theory provides an effective way to study the TCC of 
contact surfaces. Xu et al developed the model of TCR 
based on the fractal contact theory. The classic heat 
transfer theory and the improved M-B fractal contact 
model were introduced to obtain the TCR. Zou et al 
developed a random model based on the fractal geometry 
theory, which considered both the microscopic bulk 
resistance and the constriction resistance to calculate the 
TCR between two rough surfaces with elastic and fully 
plastic deformation. Chen et al developed a model of 
laminar heat transfer in rough micro channels, based on 
the topography of rough surfaces characterized through a 
Cantor fractal structure. Ji et al established the fractal 
prediction model of the TCC based on the three-
dimensional fractal model. Jiang et al proposed an 
analytical model of thermal contact resistance based on 
the Weierstrass-Mandelbrot fractal function. Fang et al 
developed a patching type multi-block lattice Boltzmann 
method to predict the TCR at the interface of two solids. 
Ma et al introduced the comprehensive geometrical–
mechanical–thermal predictive model for thermal contact 
conductance between two flat metallic rough surfaces. 
Surya Kumar presented steady state thermal contact 
conductance analysis on two solid bodies of brass, with 
flat and curvilinear contact combinations, under variable 
loading conditions ranging between 0.27 and 4.0 kN. 
Vladislav A introduced a corrective function to 
compensate errors in contact area computations using 
mesh discretization based on geometrical arguments. 
Wang et al carried out a detailed examination of the 
related characteristics of a gas bearing shaft system using 
numerical value analysis such as the finite difference and 
differential transformation methods. Wang et al explored 
the related characteristics for spindle system with the 
finite difference method and mixed method to prevent 
irregular vibration and reduce instantaneous air hammer 
effect. The TCR can be obtained for flat contact surfaces 
by using the aforementioned experimental or theoretical 
methods. In contrast, these methods are not applicable for 
the annular contact surfaces of the spindle-bearing joint, 
as it is difficult to determine the contact state for the TCR 
acquisition with various tolerance fits. 

The main objective of this study was to model the 
TCR of annular surfaces for the spindle-bearing joint 
based on the fractal theory. It was assumed that the rough 
contact surface was composed of numerous, discrete and 

parallel micro-contact cylinders. The TCR can be 
calculated by integrating the micro asperities, where the 
constrained thermal resistance of micro-contacts, the bulk 
thermal resistance of micro asperities and air medium 
thermal resistance of the micro gap were considered. An 
experimental set-up was designed and the one-
dimensional steady measurement method was introduced 
to obtain the TCR of the annular contact surface with 
various tolerance fits. For the interference fit, the 
theoretical and experimental results were compared and 
the proposed model was verified. For the transition and 
clearance fits, a hybrid method was utilized to determine 
the corresponding equivalent contact load based on the 
experimental and theoretical results. This study would 
provide a theoretical basis for analysis or optimization of 
the thermal characteristics of the high-speed motorized 
spindle. 

 
TCR EXPERIMENTAL SET-UP OF 
ANNULAR CONTACT SURFACES 
 
The schematic diagram of the high speed motorized 

spindle is presented in Fig. 1, where the heat originated 
from the stator and rotor of the motor, along with the front 
and the rear bearing. In order to suppress the increase in 
temperature of the spindle system, the cooling system was 
placed on the motor and the bearing corresponding to the 
spindle housing. In contrast, the heat transfer of the 
spindle system could be affected by the annular contact 
surfaces of the spindle-bearing joint. Usually, three 
tolerance fits (interference fit, transition fit and clearance 
fit) are utilized to support the spindle shaft. In this paper, 
an experimental set-up was designed to obtain the thermal 
contact resistance of the annular contact surfaces with 
various tolerance fits. The schematic diagram of the 
experimental set-up is presented in Fig. 2. To ensure the 
heat flow radial spread, a heating device was arranged in 
the middle of the entire device and a cooling device was 
placed outside the outer testing piece. The heat insulating 
material was aerogel thermal blanket, which filled the 
upper and lower parts of the testing pieces. Shielding was 
utilized to form the vacuum confined space for air thermal 
convection effect reduction. The PT100 type temperature 
sensors were arranged on the same plane to reduce the 
measurement error. The term 𝑅𝑅𝑖𝑖,𝑗𝑗  represents the 
distribution radii of the temperature sensors, where the 
subscript 𝑖𝑖 = 1,2,3 indicates the calibrated copper ring, 
the inner test specimen and the outer test specimen. The 
subscript 𝑗𝑗 = 1,2  indicates the number of temperature 
sensors in each testing piece. The term 𝑅𝑅𝑥𝑥is the radius of 
the annular contact surface. To ensure good thermal 
conductivity, the thermal grease was spread between the 
heat flow meter of the calibrated copper ring and the inner 
test specimen. The experimental set-up and the test 
specimen are presented in Figs.3 and 4. The test specimen 
was turned and then ground. The surface roughness was 
1.6 µm. The parameters of the test specimen and the radial 
distribution of all temperature sensors are illustrated in 
Table 1, where the inner radius of the outer test specimen 
was equal to the outer radius of the inner test specimen as 

http://www.baidu.com/link?url=3Bpr2PV7PzvOYA-BreV1V_3oj5lnPW7bsStPm1po6yXhm6HPPQILX1ahquvgYtRN9K1a6XKOesY0SXk0a1I_NcpjjVcMVWF4PEaMkwJxAOctTrk6zQioEqD9FUADJ855
http://www.baidu.com/link?url=3Bpr2PV7PzvOYA-BreV1V_3oj5lnPW7bsStPm1po6yXhm6HPPQILX1ahquvgYtRN9K1a6XKOesY0SXk0a1I_NcpjjVcMVWF4PEaMkwJxAOctTrk6zQioEqD9FUADJ855
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𝑅𝑅𝑜𝑜𝑖𝑖 = 𝑅𝑅𝑖𝑖𝑜𝑜. For the paired test specimens, the interference, 
the transition and the clearance fits were respectively 
manufactured for the effect of tolerance fit on the thermal 

contact resistance to be obtained.  
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Fig. 1. Schematic diagram of high speed motorized spindle 
 

Table 1 Parameters of test piece

Dimension parameters of test pieces (mm) Radius of temperature sensors (mm) 

Outer 
radius of 
outer test 
piece 𝑅𝑅𝑜𝑜𝑜𝑜 

Inner 
radius of 
outer test 

piece 
𝑅𝑅𝑜𝑜𝑖𝑖 

Inner 
radius of 
inner test 

piece 
𝑅𝑅𝑖𝑖𝑖𝑖 

Length 
of contact 

surface 
𝐿𝐿𝑇𝑇 

𝑅𝑅11 𝑅𝑅12 𝑅𝑅21 𝑅𝑅22 𝑅𝑅31 𝑅𝑅32 𝑅𝑅𝑥𝑥 

60 40 20 100 10 15 25 35 45 55 40 
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R11
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The direction of heat flux density

1.Temperature sensor
2.Upper heat insulating
    material
3.Cooling ring
4. Outer testing piece
5.Inner testing piece
6.Lower Heat insulating 
   material
7.Measured rough contact
   surface
8. Calibrated copper ring
9. Heating device
10. Thermal grease
11.Shielding 
12.The base

 

Fig. 2. Schematic diagram of experimental set-up 
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Fig. 3. Experimental set-up                             Fig. 4. Test specimen 

The entire device was heated by a heating device of 
300W. The temperature of each measurement point 𝑇𝑇𝑖𝑖,𝑗𝑗 
in the location of 𝑅𝑅𝑖𝑖,𝑗𝑗 was recorded until the temperature 
change was below 0.5℃ within 20 minutes. The gradient 
distribution of the measured temperatures is presented in 
Fig.5. The one-dimensional steady measurement method 
was introduced to obtain the TCC of the annular interface, 
where the radial steady gradient of the heat flow in one-
dimension for the test pieces could be directly measured. 
The temperature difference of the contact surface can be 
given as: 

𝛥𝛥𝑇𝑇 = 𝑇𝑇21 −
𝑇𝑇21−𝑇𝑇22
𝑙𝑙𝑙𝑙(𝑅𝑅21𝑅𝑅22

)
𝑙𝑙𝑙𝑙( 𝑅𝑅𝑋𝑋

𝑅𝑅21
) − [𝑇𝑇31 −

𝑇𝑇31−𝑇𝑇32
𝑙𝑙𝑙𝑙(𝑅𝑅31𝑅𝑅32

)
𝑙𝑙𝑙𝑙( 𝑅𝑅𝑋𝑋

𝑅𝑅31
)]  

(1) 
As the thermal conductivity of the calibrated copper 

ring was 𝜆𝜆𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 397𝑤𝑤/𝑘𝑘𝑘𝑘 , the heat flux of the 
contact interface was calculated as: 𝑅𝑅𝐶𝐶𝐶𝐶=2.93 ×
10−4(°𝑐𝑐 ⋅ 𝑘𝑘2)/W 

𝑞𝑞𝑅𝑅𝑋𝑋 =
𝜆𝜆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑇𝑇11−𝑇𝑇12
𝑙𝑙𝑙𝑙𝑅𝑅12𝑅𝑅11

𝑅𝑅𝑋𝑋

                           (2) 

By combining Eqs. (1) and (2), the TCR can be given as: 

𝑅𝑅∗ = 𝛥𝛥𝑇𝑇
𝑞𝑞𝑅𝑅𝑋𝑋

                                   (3) 
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Fig. 5. Gradient distribution of temperature 
 

TCR model of annular contact surfaces 
based on fractal theory 

 
The TCR prediction model of the annular contact 

surfaces is crucial for the optimization or analysis of 
thermal characteristics of the high-speed motorized 
spindle. For the machined annular contact surfaces, the 
fractal theory could be introduced to describe the surface 
topology. The two rough annular surfaces could be 
simplified by a perfectly smooth plane and an equivalent 
fractal rough surface. The asperities from one solid were 
squeezed against the asperities from another solid, when 
two rough surfaces were brought in contact, which led the 

asperities to deform elastically or plastically. According to 
the Hertz contact theory, the contact load for one micro-
contact is defined as: 

                  

�𝑓𝑓𝑐𝑐 = 2
9−2𝐷𝐷
2 𝐸𝐸

3𝜋𝜋
3−𝐷𝐷
2

(𝑙𝑙𝑙𝑙 𝛾𝛾)
1
2𝐺𝐺𝐷𝐷−1𝑎𝑎′

3−𝐷𝐷
2 Elastic deformation

𝑓𝑓𝑐𝑐 = 𝐾𝐾𝜎𝜎𝑦𝑦𝑎𝑎′       Plastic defromation

  

                                       (4) 

where, 𝐷𝐷represents the fractal dimension, 𝐺𝐺is the fractal 
roughness parameter, γ  controls the frequency density 
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of the surface roughness and 𝛾𝛾 = 1.5 , E  is the 
equivalent elastic modulus of the two contact materials 

𝐸𝐸 = � �1−𝑣𝑣1
2�

𝐸𝐸1+
�1−𝑣𝑣2

2�
𝐸𝐸2

�
−1

,𝑣𝑣1, 𝑣𝑣2, 𝐸𝐸1, 𝐸𝐸2 are the Poisson ratios 

and elastic moduli of the two in contact materials, 
respectively. 𝐾𝐾 is the coefficient of hardness 𝐾𝐾 = 2.8, 
𝜎𝜎𝑦𝑦  is the yield strength of softer materials, 𝑎𝑎′  is 
truncated area of a micro-contact. 
The statistical distribution of the truncated area 𝑎𝑎′ of the 
micro-contact can be described as 

𝑙𝑙(𝑎𝑎′) = 𝐷𝐷
2
𝛹𝛹

(2−𝐷𝐷)
2 𝑎𝑎′𝐿𝐿

𝐷𝐷
2𝑎𝑎′−

𝐷𝐷+2
2                     (5) 

where, 𝑎𝑎′𝐿𝐿  is the truncated area of the largest elastic 
micro-contact, 𝛹𝛹describes the domain extension factor 
for the micro-contact size distribution and is given by the 
following equation  
 

�𝛹𝛹
(2−𝐷𝐷)
2 − �1 + 𝛹𝛹

(−𝐷𝐷)
2 �

−(2−𝐷𝐷)
𝐷𝐷

� /�(2 − 𝐷𝐷)/𝐷𝐷� = 1. 

 
The total normal load and real contact area can be obtained by integrating the micro asperities, given as: 

𝐹𝐹 = � 𝑓𝑓𝑐𝑐𝑙𝑙(𝑎𝑎′)
𝑎𝑎′𝑐𝑐

0
𝑑𝑑𝑎𝑎′ + � 𝑓𝑓𝑐𝑐

𝑎𝑎′𝐿𝐿

𝑎𝑎′𝑐𝑐
𝑙𝑙(𝑎𝑎′)𝑑𝑑𝑎𝑎′ 

= 𝐾𝐾𝜎𝜎𝑦𝑦
𝐷𝐷

2 − 𝐷𝐷
𝛹𝛹

(2−𝐷𝐷)
2 𝑎𝑎′𝐿𝐿

𝐷𝐷
2𝑎𝑎′𝑐𝑐

2−𝐷𝐷
2 +

2
9−2𝐷𝐷
2

3𝜋𝜋
3−𝐷𝐷
2

𝐷𝐷
3 − 2𝐷𝐷

(𝑙𝑙𝑙𝑙 𝛾𝛾)
1
2𝐺𝐺𝐷𝐷−1𝐸𝐸𝛹𝛹

(2−𝐷𝐷)
2 𝑎𝑎′𝐿𝐿

𝐷𝐷
2(𝑎𝑎′𝐿𝐿

3−2𝐷𝐷
2 − 𝑎𝑎′𝑐𝑐

3−2𝐷𝐷
2 ) 𝐷𝐷 ≠ 1.5 

                                                                                           (6) 

𝐹𝐹 = � 𝑓𝑓𝑐𝑐𝑙𝑙(𝑎𝑎′)
𝑎𝑎′𝑐𝑐

0
𝑑𝑑𝑎𝑎′ + � 𝑓𝑓𝑐𝑐

𝑎𝑎′𝐿𝐿

𝑎𝑎′𝑐𝑐
𝑙𝑙(𝑎𝑎′)𝑑𝑑𝑎𝑎′ 

= 3𝐾𝐾𝜎𝜎𝑦𝑦𝛹𝛹
1
4𝑎𝑎′𝐿𝐿

3
4𝑎𝑎′𝑐𝑐

1
4 + 2

𝜋𝜋
3
4

(𝑙𝑙𝑙𝑙 𝛾𝛾)
1
2𝐺𝐺

1
2𝐸𝐸𝛹𝛹

1
4𝑎𝑎′𝐿𝐿

3
4(𝑙𝑙𝑙𝑙 𝑎𝑎′𝐿𝐿

𝑎𝑎′𝑐𝑐
)  𝐷𝐷 = 1.5                                            (7) 

𝐴𝐴𝑐𝑐 = ∫ 𝑙𝑙(𝑎𝑎′)𝑎𝑎′𝑐𝑐
0 𝑎𝑎′𝑑𝑑𝑎𝑎′ + ∫ 𝑙𝑙(𝑎𝑎′)𝑎𝑎′𝐿𝐿

𝑎𝑎′𝑐𝑐
1
2
𝑎𝑎′𝑑𝑑𝑎𝑎′ = 𝐷𝐷

4−2𝐷𝐷
𝛹𝛹

(2−𝐷𝐷)
2 𝑎𝑎′𝐿𝐿

𝐷𝐷
2𝑎𝑎′𝑐𝑐

2−𝐷𝐷
2 + 𝐷𝐷

4−2𝐷𝐷
𝛹𝛹

(2−𝐷𝐷)
2 𝑎𝑎′𝐿𝐿                          (8) 

 
where, 𝑎𝑎′𝑐𝑐is the critical area from the elastic deformation to the plastic deformation and can be defined as: 

𝑎𝑎′𝑐𝑐 = �2(9−2𝐷𝐷)𝜋𝜋(𝐷𝐷−3)(0.454 + 0.41𝜈𝜈1)(−2)𝐺𝐺(2𝐷𝐷−2) � 𝐸𝐸
𝐾𝐾𝜎𝜎𝑦𝑦

�
2
𝑙𝑙𝑙𝑙 𝛾𝛾�

1
𝐷𝐷−1

                                       (9) 

 
The heat flow under steady state conditions across 

the joints was constrained through the individual micro-
contacts. As shown in Fig.6, the thermal contact resistance 
(TCR) was composed of the constrained resistance 𝑅𝑅𝑐𝑐 , 
the bulk thermal resistance 𝑅𝑅𝑏𝑏  and the gap thermal 
resistance 𝑅𝑅𝐶𝐶. 
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Fig. 6. The micro surface morphology of joint and 
thermal contact resistance 

 

For the low-sized heat channels, the following assump-
tions were made: (1) No heat exchange between heat flow 
channels; (2) The temperature differences of all heat 
channel interfaces were similar; (3) Heat transfer through 
the gap was full of air. Only the heat conductivity was 
considered, whereas the heat radiation and heat 
convection were ignored for the presented model. The 
TCR can be expressed as: 
1
𝑅𝑅

= 1
𝑅𝑅𝑏𝑏+𝑅𝑅𝑐𝑐

+ 1
𝑅𝑅𝑔𝑔

= 1
𝑅𝑅𝑏𝑏𝑐𝑐

+ 1
𝑅𝑅𝑔𝑔

                     (10) 

The bulk thermal resistance can be expressed as: 

𝑟𝑟𝑏𝑏 = 2𝑑𝑑′

𝑘𝑘𝑎𝑎′
                                    (11) 

where, 𝑘𝑘 is the equivalent heat conduction coefficient 
𝑘𝑘 = 𝑘𝑘1 ⋅ 𝑘𝑘2/(𝑘𝑘1 + 𝑘𝑘2) , and 𝑘𝑘1 , 𝑘𝑘2 are the thermal 
conductivity coefficients of the two contact materials, 
respectively. 𝑑𝑑′is the contact height of the micro-contact 
and 𝑑𝑑′ = 𝑍𝑍′𝑚𝑚𝑎𝑎𝑥𝑥 − 𝛿𝛿𝑚𝑚𝑎𝑎𝑥𝑥 , 𝑍𝑍′𝑚𝑚𝑎𝑎𝑥𝑥 is the distance from the 
highest point to the lowest point of the sample rough 
surface which can be simulated by the Weierstrass-
Mandelbort (W-M) function 𝑍𝑍′𝑚𝑚𝑎𝑎𝑥𝑥 = 𝐿𝐿(𝐺𝐺/𝐿𝐿)𝐷𝐷−1 , L is 
the sample length, and 𝛿𝛿𝑚𝑚𝑎𝑎𝑥𝑥is the maximum deformation 
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of an asperity.  𝛿𝛿𝑚𝑚𝑎𝑎𝑥𝑥 = 𝐺𝐺𝐷𝐷−1𝑎𝑎′𝐿𝐿
2−𝐷𝐷
2  

The constrained thermal resistance of a single micro-
contact is given: 

rc =
ψ(c/b)

2kc
=
√2π[1 − (c/b)]3/2

2k√a′

=
√2π[1 − (Ar

∗)1/2]3/2

2k√a′

3
2
 

                                        (12) 

where, c  is the contact radius of the micro-contact and 
𝑎𝑎′ = 2𝜋𝜋𝑐𝑐2 , 𝑏𝑏  is the radius of the heat flow channel, 
𝑐𝑐/𝑏𝑏 = (𝐴𝐴𝑐𝑐/𝐴𝐴𝑎𝑎)1/2 = (𝐴𝐴𝑐𝑐∗)1/2, 𝐴𝐴𝑎𝑎 is the nominal contact 
area, and 𝜓𝜓(𝑐𝑐/𝑏𝑏) is the interface constriction coefficient, 
𝜓𝜓(𝑐𝑐/𝑏𝑏) ≈ (1 − 𝑐𝑐/𝑏𝑏)3/2 

The bulk and constrained thermal resistance can be 
given as: 

𝑟𝑟𝑏𝑏𝑐𝑐 = 𝑟𝑟𝑏𝑏 + 𝑟𝑟𝑐𝑐 = 2𝑑𝑑′

𝑘𝑘𝑎𝑎′
+ √2𝜋𝜋

2𝑘𝑘�𝑎𝑎′
[1 − �𝐴𝐴𝑐𝑐

𝐴𝐴
�
1
2]
3
2          (13) 

The bulk and constrained thermal resistance of an 
asperity 𝑟𝑟𝑏𝑏𝑐𝑐𝑐𝑐  and 𝑟𝑟𝑏𝑏𝑐𝑐𝑐𝑐  at the elastic and fully plastic 
deformation can be expressed as:  

⎩
⎨

⎧𝑟𝑟𝑏𝑏𝑐𝑐𝑐𝑐 = 2𝑑𝑑′

𝑘𝑘𝑎𝑎′
+ √2𝜋𝜋

2𝑘𝑘�𝑎𝑎′
(1 − �𝐴𝐴𝑐𝑐

𝐴𝐴
�
1
2)

3
2 

𝑟𝑟𝑏𝑏𝑐𝑐𝑐𝑐 = 𝑑𝑑′

𝑘𝑘𝑎𝑎′
+ √𝜋𝜋

2𝑘𝑘√𝑎𝑎′
(1 − �𝐴𝐴𝑐𝑐

𝐴𝐴
�
1
2)

3
2

              (14) 

The bulk and constrained thermal resistance of 
annular contact surfaces can be obtained by integrating the 
asperities of the annular contact surfaces. The bulk and 
constrained thermal resistance 𝑅𝑅𝑏𝑏𝑐𝑐  for the annular 
contact surfaces can be given as: 

𝑅𝑅𝑏𝑏𝑐𝑐 = ∫ 𝑟𝑟𝑏𝑏𝑐𝑐𝑐𝑐𝑙𝑙(𝑎𝑎′)𝑎𝑎𝑐𝑐′

0 𝑑𝑑𝑎𝑎′ + ∫ 𝑟𝑟𝑏𝑏𝑐𝑐𝑐𝑐𝑙𝑙(𝑎𝑎′)𝑎𝑎′𝐿𝐿
𝑎𝑎′𝑐𝑐

𝑑𝑑𝑎𝑎′      (15) 

According to the Maxwell theory for interfacial 
temperature discontinuity, when the collisions of gas 
molecules make important contributions to the heat 
transfer between the plates, a dimensionless discriminant 
parameter, known as the Knudsen number 0.01 < 𝑘𝑘𝑙𝑙 <
10 is utilized, whereas the air thermal resistance of the 
micro gap medium can be defined as:  

𝑅𝑅𝐶𝐶 = 𝑀𝑀+𝑑𝑑
𝑘𝑘𝑔𝑔

                                (16) 

where, 𝑘𝑘𝐶𝐶 = 0.026𝑊𝑊/(𝑘𝑘 ·�)  is the coefficient 
of air heat conductivity in the gap with the normal 
temperature, 𝑑𝑑 is the average gap height of the contact 
plane, 𝑑𝑑 = 1.53𝜎𝜎 �𝑐𝑐

𝐻𝐻
�
−0.097

, 𝜎𝜎  is the equivalent RMS 

roughness, 𝜎𝜎 = �𝜎𝜎12 + 𝜎𝜎12 , 𝜎𝜎1  and 𝜎𝜎2  represent the 
roughness of the two contact surfaces respectively, 𝐻𝐻 is 
the hardness of the softer material. According to Ref [24], 
𝑀𝑀 = 2𝛬𝛬𝛾𝛾((2 − 𝛼𝛼1)/𝛼𝛼1 + (2 − 𝛼𝛼2)/𝛼𝛼2)/(𝑝𝑝𝑐𝑐(1 + 𝛾𝛾)) , 
𝛾𝛾 = 1.4 is the specific heat ratio of gas with the normal 
temperature, 𝑝𝑝𝑐𝑐 = 0.69 is the gas Prandt1 number, 𝛼𝛼1 

and 𝛼𝛼2  are thermal accommodation coefficients 
corresponding to the two gas/plate interfaces,  

𝛼𝛼 = 𝑒𝑒𝑒𝑒𝑝𝑝[ − 0.57(
𝑇𝑇𝑠𝑠 − 𝑇𝑇0
𝑇𝑇0

)](
𝑀𝑀𝐶𝐶

∗

6.8 + 𝑀𝑀𝐶𝐶
∗) +

2.4𝜇𝜇
(1 + 𝜇𝜇)2 

{1 − 𝑒𝑒𝑒𝑒𝑝𝑝[ − 0.57(𝑇𝑇𝑠𝑠−𝑇𝑇0
𝑇𝑇0

)]}  

𝑀𝑀𝐶𝐶
∗ = �

    𝑀𝑀𝐶𝐶   for monatomic gases       
1.4𝑀𝑀𝐶𝐶 for diatomic/polyatomic gases

 

𝜇𝜇 = 𝑀𝑀𝐶𝐶/𝑀𝑀𝑠𝑠,𝑀𝑀𝐶𝐶 and 𝑀𝑀𝑠𝑠 are the molecular weights of 
the gas and the solid, 𝑇𝑇0  is the reference temperature, 
𝑇𝑇0 = −0.15°𝐶𝐶, and 𝑇𝑇𝑆𝑆 is the ambient temperature, 𝑇𝑇𝑠𝑠 =
21.85°∁. 

 
Results and discussion 

 
Verification of the annular surfaces with interference 
fit 

The contact load is necessary for the proposed 
model to predict the annular contact surfaces TCR of the 
spindle-bearing joint. For the interference fit of annular 
surfaces, the inner test specimen was compressed and the 
outer test specimen was expanded due to the effect of 
contact pressure, as presented in Fig. 7. The magnitude of 
interference was the key factor for the contact pressure 
improvement. The effective magnitude of interference can 
be defined as: 

𝛥𝛥 = 2𝑅𝑅𝑐𝑐𝑜𝑜
2𝑅𝑅𝑐𝑐𝑜𝑜+3

𝛥𝛥𝑑𝑑                               (17) 

where, 𝛥𝛥𝑑𝑑  is the nominal magnitude of the 
interference fit. 

The displacement of the test specimen can be 
respectively expressed as: 

𝑢𝑢𝑜𝑜(𝑟𝑟) = 𝑅𝑅𝑐𝑐𝑜𝑜
2 𝑐𝑐

𝐸𝐸1(𝑅𝑅𝑐𝑐𝑐𝑐2 −𝑅𝑅𝑐𝑐𝑜𝑜
2 )
�(1 − 𝑣𝑣1)𝑟𝑟 + (1+𝑣𝑣1)𝑅𝑅𝑐𝑐𝑐𝑐2

𝑐𝑐
�       (18) 

𝑢𝑢𝑖𝑖(𝑟𝑟) = − 𝑅𝑅𝑐𝑐𝑜𝑜
2 𝑐𝑐

𝐸𝐸2(𝑅𝑅𝑐𝑐𝑐𝑐2 −𝑅𝑅𝑐𝑐𝑜𝑜
2 )
�(1 − 𝑣𝑣2)𝑟𝑟 + (1+𝑣𝑣2)𝑅𝑅𝑜𝑜𝑜𝑜

2

𝑐𝑐
�      (19) 

where, 𝑢𝑢𝑜𝑜(𝑟𝑟), 𝑢𝑢𝑖𝑖(𝑟𝑟) are the displacements of the 
outer and inner test specimens, 𝑅𝑅𝑖𝑖𝑖𝑖 ≤ 𝑟𝑟 ≤ 𝑅𝑅𝑜𝑜𝑜𝑜 is the 
radius. 

The effective magnitude of interference 𝛥𝛥 can also 
be written as:  

𝛥𝛥 = 2[𝑢𝑢𝑜𝑜(𝑟𝑟 =𝑅𝑅𝑜𝑜𝑖𝑖) − 𝑢𝑢𝑖𝑖(𝑟𝑟 =𝑅𝑅𝑖𝑖𝑜𝑜)]              (20) 

By substituting Eq. (19) into Eq. (20), the contact 
stress can be given as: 

𝑃𝑃 = 𝛥𝛥

2�𝑅𝑅𝑐𝑐𝑜𝑜
(1−𝑣𝑣1)𝑅𝑅𝑐𝑐𝑜𝑜

2 +(1+𝑣𝑣1)𝑅𝑅𝑐𝑐𝑐𝑐2

𝐸𝐸1�𝑅𝑅𝑐𝑐𝑐𝑐2 −𝑅𝑅𝑐𝑐𝑜𝑜
2 �

+𝑅𝑅𝑜𝑜𝑐𝑐
(1−𝑣𝑣2)𝑅𝑅𝑜𝑜𝑐𝑐

2 +(1+𝑣𝑣2)𝑅𝑅𝑜𝑜𝑜𝑜
2

𝐸𝐸2�𝑅𝑅𝑜𝑜𝑐𝑐
2 −𝑅𝑅𝑜𝑜𝑜𝑜

2 �
�     (21) 

The normal contact load for the interference fit can 
be expressed as: 
𝐹𝐹𝐼𝐼 = 𝑃𝑃𝐴𝐴                                   (22) 

where, 𝐹𝐹𝐼𝐼 is the contact load of the annular contact 
surfaces with interference fits, and A denotes the normal 

http://www.baidu.com/link?url=vBkz97aPbIO2pzF0CHtOeBNCjSL5Q5TzwQChpXTx5PnGKRxBjrcJnCWsYQ1bRe4bEK5GUBK-mdK_uYMvoI3x7XLH85-rFyC3-wo6Tl0TZty
http://www.baidu.com/link?url=GspHs4ocJ0hRYBJAUYmESNJAi0VoaEmsvPFhaF3rSoe_1gBhS9ho8DY3uvlovjnwuSwHGb-U1JDYaA7FY5iJC9EpErjsr8NSq__HKplLDFJwyOEUX22Sehu2vmQ2HhJd
http://www.baidu.com/link?url=GspHs4ocJ0hRYBJAUYmESNJAi0VoaEmsvPFhaF3rSoe_1gBhS9ho8DY3uvlovjnwuSwHGb-U1JDYaA7FY5iJC9EpErjsr8NSq__HKplLDFJwyOEUX22Sehu2vmQ2HhJd
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Fig. 7. Contact pressure of annular surfaces with 
interference fits 

The material of the test specimen was stainless steel 
(12CrNi3A type in China). The elastic modulus, hardness, 
Poisson ratio and density of the two test pieces were 𝐸𝐸1 =
𝐸𝐸2 = 1.9 × 105MPa , 𝐻𝐻1 = 𝐻𝐻2 = 3.8 × 103MPa , 𝜈𝜈1 =
𝜈𝜈2 = 0.27 , and 𝜌𝜌1 = 𝜌𝜌2 = 7800 𝑘𝑘𝐶𝐶

𝑚𝑚3 , respectively. The 
thermal conductivity coefficient of the test specimen was 
𝑘𝑘𝑡𝑡1 = 𝑘𝑘𝑡𝑡2 = 16.2W/(𝑘𝑘 ⋅ °𝐶𝐶) , respectively. The contact 
surface profile of the test specimen could be measured by 
a 3-D profilometer，based on the power spectrum density 
method. The fractal dimension and fractal roughness 
parameter of contact surface could be obtained as𝐷𝐷 =
1.35and𝐺𝐺 = 1.0 × 10−11𝑘𝑘 . The interference fit of the 
test specimen was 𝛷𝛷80𝐻𝐻6/𝑠𝑠5 , where the nominal 
magnitude of the interference fit was𝛥𝛥𝑑𝑑 = 0.03𝑘𝑘𝑘𝑘. The 
temperature was measured every five minutes. The 
experimental process was repeated four times to reduce 
the measurement and random errors. The radial 
distribution of the measured temperature is presented in 
Fig. 8. 

 

Fig. 8. Measured data of annular surfaces with 
interference fits 

 
By adding the average temperature from Fig. 8 into 

Eqs. (1), (2) and (3), the TCR of the annular contact 
surface in the interference fit could be obtained as 𝑅𝑅𝐼𝐼∗ =
6.18 × 10−5(°𝑐𝑐 ⋅ 𝑘𝑘2)/W . By considering the material 
characteristic parameters of the test piece from Table 1 in 
Eqs. (17), (18), (19), (20), (21) and (22), the effective 
magnitude of interference was obtained as 𝛥𝛥 = 29𝜇𝜇𝑘𝑘 , 
the contact stress was obtained as 𝑝𝑝 = 16𝑀𝑀𝑝𝑝𝑎𝑎 and the 
normal load was obtained as 𝐹𝐹𝐼𝐼 = 4.0 × 105𝑁𝑁 . The 
relationships of the total TCR, the bulk and constrained 
resistance, the gap thermal resistance and the contact load 
with material of 12CrNi3A at 𝐺𝐺 = 1.0 × 10−11𝑘𝑘  and 

D = 1.35 are illustrated in Fig.9. It could be observed 
that the TCR was provided by the bulk and constrained 
resistance along with the gap thermal resistance, where the 
TCR could be obtained as 𝑅𝑅𝐼𝐼=5.57 × 10−5(°𝑐𝑐 ⋅ 𝑘𝑘2)/W. 
When the contact load was 𝐹𝐹𝐼𝐼 = 4.0 × 105𝑁𝑁 , the 
constrained resistance was obtained as 𝑅𝑅𝐼𝐼𝑏𝑏𝑐𝑐=6.86 ×
10−5(°𝑐𝑐 ⋅ 𝑘𝑘2)/W . The ratio of both the constrained 
resistance and the bulk thermal resistance was 83% with 
the contact load of 4.0 × 105𝑁𝑁 . The gap thermal 
resistance could be obtained as 𝑅𝑅𝐼𝐼𝐶𝐶=2.98 × 10−4(°𝑐𝑐 ⋅
𝑘𝑘2)/W , which accounted for 17%  of the total TCR. 
Compared to the experimental result, the error of the 
proposed TCR model was approximately 9.8%  . The 
results demonstrated that the proposed TCR model could 
accurately predict the TCR of annular contact surfaces 
with interference fits. 

 
Fig. 9. Relationship between thermal contact 

resistance and contact load when 𝐺𝐺 = 1.0 × 10−11𝑘𝑘 
and 𝐷𝐷 = 1.35 

 
Contact load determination of annular contact surface 
with transition and clearance fit 

In addition to the interference fit, the transition and 
clearance fits for the test specimen also existed. The 
transition fit of the test specimen was 𝛷𝛷80𝐻𝐻6/𝑘𝑘5, where 
the nominal magnitude of the transition fit was 0.01mm. 
The clearance fit of the test specimen was 𝛷𝛷80𝐻𝐻6/𝑔𝑔5, 
where the nominal magnitude of the clearance fit was 
−0.01mm . Similar to the interference fit, the radial 
distributions of the measured temperature for the 
transition and clearance fits of the two test specimens are 
presented in Fig. 10. 

 

(a) transition fit (𝛷𝛷80𝐻𝐻6/𝑘𝑘5)   
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(b) clearance fit (𝛷𝛷80𝐻𝐻6/𝑔𝑔5) 
Fig. 10. Measured data of annular surfaces with 

transition and clearance fits 
 

Similarly, by considering the average temperature 
from Fig. 10(a) and (b) in Eqs. (1), (2) and (3), the TCR 
of the annular contact surface with the transition and 
clearance fits could be obtained as 𝑅𝑅𝑇𝑇∗ = 1.2 × 10−4(°𝑐𝑐 ⋅
𝑘𝑘2)/W and 𝑅𝑅𝑐𝑐∗ = 1.4 × 10−4(°𝑐𝑐 ⋅ 𝑘𝑘2)/W , respectively. 
For the transition and clearance fits, it was difficult to 
theoretically obtain the TCR from the TCR model due to 
no contact. Therefore, only the effect of gap thermal 
resistance for the annular contact surface was considered. 
In fact, contact loads for transition and clearance fits 
existed and the TCR was not only the gap thermal 
resistance. As the proposed TCR model was reasonable, 
the experimental TCR values of the transition and 
clearance fits were added into the TCR model respectively. 
For the transition fit, the contact load was obtained as 
𝐹𝐹𝑇𝑇 = 1.3 × 105𝑁𝑁, which was 32% of the interference fit. 
The bulk and constrained thermal resistance could be 
obtained as 𝑅𝑅𝑇𝑇𝑏𝑏𝑐𝑐=2.0 × 10−4(°𝑐𝑐 ⋅ 𝑘𝑘2)/W. The ratio of 
both the constrained thermal resistance and the bulk 
thermal resistance was 60%. The gap thermal resistance 
could be obtained as 𝑅𝑅𝑇𝑇𝐶𝐶=2.97 × 10−4(°𝑐𝑐 ⋅ 𝑘𝑘2)/W , 
which accounted for 40% of the total TCR. For the 
clearance fit, the contact load was obtained as 𝐹𝐹𝐶𝐶 =
0.88 × 105𝑁𝑁, which was 22%of the interference fit. The 
bulk and constrained thermal resistance could be obtained 
as𝑅𝑅𝐶𝐶𝑏𝑏𝑐𝑐=2.90 × 10−4(°𝑐𝑐 ⋅ 𝑘𝑘2)/W. The ratio of both the 
constrained thermal resistance and the bulk thermal 
resistance was 50% . The gap thermal resistance was 
obtained as 𝑅𝑅𝐶𝐶𝐶𝐶=2.93 × 10−4(°𝑐𝑐 ⋅ 𝑘𝑘2)/W , which 
accounted for 50% of the total TCR. It could be observed 
that contact loads for the transition and clearance fits still 
existed, whereas the lower contact load, the higher gap 
thermal resistance ratio and the gap thermal resistance 
should not be ignored for a light contact load of the 
annular contact surfaces. 

 
Discussion of surface profile effect on TCR 

The thermal contact resistance of the annular contact 
surface was affected by the contact load F. Moreover, the 
surface profile was another main influencing factor for the 
thermal contact resistance of the annular contact surfaces, 
which could be depicted by the fractal dimension D and 
the fractal roughness parameter G. Fig.10 presents the 
relationship between thermal contact resistance and the 

fractal parameters under various contact loads. The 
thermal contact resistance decreased with the fractal 
dimension D improvement, whereas it decreased with the 
fractal roughness parameter G improvement, as presented 
in Fig.11 (a) and (b). The higher fractal dimension and the 
lower fractal roughness parameter represented a smoother 
contact surface. The thermal contact resistance decreased 
rapidly when the fractal dimension changed from 1.3 to 
1.4 and increased when the fractal roughness parameter 
changed from2.0 × 10−12𝑘𝑘  to 10 × 10−12𝑘𝑘 . It could 
be observed that the annular contact surface improvement 
effectively decreased the thermal contact resistance. 

 

 

(a) 𝐺𝐺 = 1.0 × 10−11𝑘𝑘 
 

 

(b) 𝐷𝐷 = 1.35 
Fig. 11.  Relationship between thermal contact 

resistance and fractal parameters under various contact 
loads 

 
CONCLUSIONS 

 
In this work, an experimental set-up with an annular 

interface was designed to obtain the TCR for various 
tolerance fits. A fractal theory based TCR model was 
proposed to predict the TCR of the annular contact 
surfaces with various tolerance fits for the spindle-bearing 
joint. 

(1) For the interference fit, the error between the 
experimental data and the TCR model was 9.8%, 
which demonstrated that the proposed model could 
accurately predict the TCR of the annular contact 
surface. 

(2) Contact loads for the transition and clearance fits 
still existed, whereas the lower contact load, the 
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higher gap thermal resistance ratio and the gap 
thermal resistance should not be ignored for a light 
contact load of the annular contact surfaces. 

(3) The thermal contact resistance decreased with the 
fractal dimension D improvement, whereas it 
decreased with the fractal roughness parameter G 
improvement 
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NOMENCLATURE 

 
𝑅𝑅𝑖𝑖,𝑗𝑗radius of the temperature sensors, mm 

𝑇𝑇𝑖𝑖,𝑗𝑗 measured temperature, ℃ 

𝑞𝑞𝑅𝑅𝑋𝑋  heat flux, 2w/m  

𝑅𝑅 TCR, (°𝑐𝑐 ⋅ 𝑘𝑘2)/w 
𝑓𝑓 contact load for one micro-contact, N 
𝑎𝑎′ truncated area of a micro-contact, 𝜇𝜇𝑘𝑘2 
𝐴𝐴𝑐𝑐 real contact area, 𝜇𝜇𝑘𝑘2 
𝑟𝑟 TCR of a micro-contact, (°𝑐𝑐 ⋅ 𝑘𝑘2)/w 
𝛥𝛥effective magnitude of interference, mm 
𝑝𝑝 the contact stress, 𝑀𝑀𝑝𝑝𝑎𝑎 
𝐷𝐷 the fractal dimension 
𝐺𝐺 fractal roughness parameter, m 
𝐹𝐹 total normal load, N 
𝑎𝑎′𝑐𝑐 critical area, 𝜇𝜇𝑘𝑘2 
𝑢𝑢(𝑟𝑟) displacement of the test specimen, mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

主軸-軸承不同公差配合下環

形結合面接觸熱阻模型 
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摘 要 
主軸-軸承結合面接觸熱阻是分析高速電主軸熱

特性的關鍵，它會嚴重影響機床的加工精度。在本研

究中，設計實驗裝置，通過實驗和一維穩態測量方法

獲得不同公差配合下的環形接觸面的接觸熱阻。考慮

壓縮熱阻、基體熱阻和間隙空氣熱阻建立不同公差配

合下主軸-軸承環形結合面接觸熱阻模型。最後，將主

軸-軸承間的間隙、過渡和過盈配合作為三種典型情況

進行分析。對於過盈配合，根據所建立的模型可以計

算其接觸熱阻，並根據接觸公式推導出接觸載荷。但

該公式不適用於間隙配合和過渡配合，在這種情況下，

採用混合方法來確定間隙配合和過渡配合的等效接觸

載荷，並與實驗對比，結果表明，該模型可用於預測

不同公差配合下環形接觸面的接觸熱阻。 


