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Abstract 

Axial thermal deformation and axial stiffness are main technical indicators to affect manufacturing accuracy of 

face-grinding spindle. However, the face-grinding spindle supported by rolling bearings lubricated with grease has a 

relative disadvantage in respect of temperature rise, axial stiffness and rotational accuracy. To overcome this issue, this 

study proposes a novel face-grinding spindle supported by a combined bearings, which include a water-lubricated 

hydrostatic thrust bearing and two rolling bearings with oil-air lubrication system. The thermal model for the proposed 

face-grinding spindle is established and the spindle thermal behavior is analyzed systematically. An experiment 

prototype of the face-grinding spindle is developed, and temperature rise of the spindle is detected to verify the thermal 

model. The result shows that the temperature rise of the proposed spindle can be decreased by the using of the 

water-lubricated hydrostatic thrust bearing. A comparative study between the two types of spindles shows that the 

proposed face-grinding spindle with the combined support has technical advantage of low temperature rise, large axial 

stiffness and low rotation accuracy, etc. 

 

Key words: face-grinding spindle; water-lubricated hydrostatic thrust bearing; rolling bearing; thermal modeling; finite 

element method. 

 

1 Introduction 

Manufacturing accuracy of face-grinding spindle is closely relative to axial thermal deformation and axial stiffness. 

Rolling bearings are currently utilized to support the face-grinding spindles [1]. At present, the workpiece size increases 

continuously, so the rolling bearings with large size have been utilized to support the spindle [2]. It should be noted that, 

with the increasing of the rolling bearing size, the friction heat generation of the bearing increases, and the rotation 

accuracy of the bearing becomes large. To solve this issue, this paper proposes an improved high-speed face-grinding 

spindle supported by a combined bearings, which consists of a water-lubricated hydrostatic thrust bearing and two 

rolling bearings lubricated by oil-air lubrication system. The main design objective is to reduce the temperature rise and 

improve the axial stiffness. The proposed face-grinding spindle has multiple heat sources and heat dissipation, so it is 

essential to establish a thermal model for the proposed spindle so as to carry out a thermal analysis. 

Until now, there has been an increasing amount of literature on thermal analysis of machine tool spindle system. The 

research objects mainly include spindles supported by rolling bearings [3-19], spindles supported by hydrostatic bearings 

[20-25], and spindles supported by hydrodynamic bearings [26,27]. Modeling methods adopted mainly include: finite 
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difference method [5,6], thermal resistance network method [3,4,7,16], bond graph method[18, 19], and finite element 

method  [8-15, 17, 20, 23-27]. In their studies, temperature distribution and thermal deformation were calculated using 

the above methods [3-20, 22-27]. Experimental research includes two aspects: one is measuring temperature rise of 

spindles by temperature sensors or thermal imagers [3, 4, 7-18, 20, 21, 23, 25-28]; another is measuring thermal 

deformation using displacement sensors [8-18, 20, 22, 24-26, 28]. 

Together, progress in thermal analysis of spindle system has been made by scholars. However, as for the proposed 

face-grinding spindle with hydrostatic thrust bearing and rolling bearings, the main challenges are faced for the thermal 

modeling: (1) Centrifugal effect of lubricating water in hydrostatic thrust bearing is prominent at high rotation speed, the 

influence of which on flow field cannot be neglected; (2) Shear velocity of lubricating water in the large-diameter thrust 

bearing varies significantly along radius direction, thus the influence of which on temperature rise of lubricating water 

should be considered; (3) Convection heat transfer between rolling bearings and oil-air lubrication is a complex process; 

the flow state of oil-air lubrication is turbulent. 

In this study, the thermal model for the proposed face-grinding spindle is established. Firstly, equilibrium equation of 

flow rate for the water-lubricated hydrostatic thrust bearing is set up considering pressure flow, centrifugal flow and 

shear flow; heat generation of rolling bearings is deduced based on formula of friction torque; and thermal boundary 

condition of the spindle components is calculated using heat transfer theory. Secondly, thermal model for the spindle 

system is established using finite element method, and the thermal characteristics is predicted by aid of a commercial 

software. Thirdly, an experimental prototype for the proposed face-grinding spindle is developed, and temperature rise of 

the spindle is measured to verify the thermal model. Finally, a comparative study of comprehensive characteristics 

between the spindle supported by rolling bearings and the replacement spindle designed with proposed combined support 

is conduct to illustrate the advantage of the proposed one.  

2 Physical description and design objective 

Figure 1 shows a schematic view of the face-grinding spindle supported by the water-lubricated hydrostatic thrust 

bearing and the rolling bearings. The water-lubricated hydrostatic thrust bearing locates at the right end of the spindle, 

the shaft is radially supported by a self-aligning ball bearing and a deep groove ball bearing with a pair of O-ring rubbers, 

and the rolling bearings are lubricated by a oil-air lubrication system. 

The design objective for the proposed face-grinding spindle is as follows: 

1) Reduce the temperature rise of the spindle 

Considering that the water-lubricated hydrostatic thrust bearing has low temperature rise due to its low viscosity and 

large flow rate, this study aims to reduce the temperature rise of the spindle by employing a water-lubricated hydrostatic 

thrust bearing. Furthermore, in view of rotor dynamics, rotational stiffness of thrust bearing is capable of increasing 

radial stiffness of spindle, so the rolling bearings in small-size can be operable for the proposed spindle when a large-size 

water-lubricated hydrostatic thrust bearing is introduced. The smaller the rolling bearing size, the lower the friction 

power loss. Especially, the oil-air lubrication system can reduce the heat generation due to its minimal quantity 

lubrication and bring out the majority of heat from the rolling bearings. 

2) Improve the axial load-carrying capacity 

The axial load-carrying capacity of the spindle can be improved  by increasing  thrust disc diameter and water 

supply pressure.  
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3) Decrease the axial motion error 

Since the hydrostatic bearing has lower motion error compared to the rolling bearings due to the film homogenization 

effect, the proposed spindle with the water-lubricated hydrostatic thrust bearing can obtain a lower axial motion error 

than that with rolling bearings.  

In summary, the design objective of the proposed spindle includes a comprehensive performance such as a low 

temperature rise, a large axial load-carrying capacity and a low axial motion error, etc. 

Inlet of supplied water Pads

Spindle housing Outlet of oil-air lubricant

Shaft

Self-aligning ball bearing

Elastic support

Deep groove ball bearing
Inlet of oil-air lubricant

Thrust plate Outlet of water

Elastic ring

 
 Fig. 1 Schematic of the proposed face-grinding spindle 

3 Thermal modelling 

3.1 Power flow model 

A power flow model for the proposed spindle system is shown in Fig.2. In this model, the power enters the spindle 

system Pmech in is partly used to overcome the bearing friction (qbrg); the rest of the power (Pmech out) is used for cutting 

and acceleration. The bearing friction power loss (qbrg) is transformed into heat, which is transferred into the shaft (qshaft), 

the lubricant (qlub), the thrust bearing (qthrust), and the rolling bearings (qrolling brg). For the purpose of this study, heat 

generated by water-lubricated static thrust bearing (qthrust) and rolling bearings (qrolling brg) are the main heat sources of the 

spindle system. 
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Fig. 2 Power flow model for the proposed spindle 
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3.2 Heat source 

3.2.1 Heat generation of the water-lubricated hydrostatic thrust bearing 

The heat generation of water-lubricated hydrostatic thrust bearing mainly results from water film shearing and 

hydraulic power delivered by water pump, which is related to the water film thickness, spindle rotation speed, water flow 

rate, and feeding pressure of water pump. In this section, the heat generation by pressure flow is neglected due to its 

accounting for a small percentage of total heat generation. Compared with the oil, the water viscosity changed hardly 

with the temperature rise, and the test result in this study shows that temperature rise of the water-lubricated hydrostatic 

thrust bearing is less than 2℃, so the water viscosity can be approximatively constant. Therefore, in this study, the 

typical energy equation for the fluid bearing is not included when modelling. 

1) Friction heat power 

To model the heat generation resulting from water film shearing in the water-lubricated hydrostatic thrust bearing, the 

following assumptions are introduced: 

(1) Water is Newtonian fluid, following Newton's internal friction law; 

(2) The friction heat of hydrostatic thrust bearing is carried away by water; 

(3) Compared with heat generation in seal dam, heat generation in water recess can be neglected; 

(4) The water film of the thrust bearing along the axial direction is isothermal; 

(5) Variation of water viscosity with temperature can be neglected; 

(6) Considering that the water viscosity changes hardly with temperature rise and  temperature rise in this study is in 

a small amplitude, the water viscosity is assumed as a constant. 

Figure 3 shows a schematic of water-lubricated hydrostatic thrust bearing. The polar coordinate system is adopted in 

the platform of thrust pad, as shown in Fig.3(b), the positive direction is the counterclockwise direction. 
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(a) Thrust bearing 
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(b) One platform of thrust pad 

Fig. 3 Schematic of water-lubricated hydrostatic thrust bearing 

Circumferential velocity of the differential element dθ-dr is 

 
30

 
nr

v r  (1) 

Shear stress of the differential element dθ-dr is 

   v

h
 (2) 

Friction force of the differential element dθ-dr due to water film shearing is 

  
v

dF rdrd
h

 (3) 

Friction heat power of the differential element dθ-dr is 

  f

v
dN v rdrd

h
 (4) 

Friction heat power of a certain area is obtained by surface integral as follows 
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The four integral domains according to the seal dam regions are marked 1, 2, 3, and 4, as shown in Fig.3(b), and then 

the corresponding friction heat powers are given as follows 
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2) Flow rate and hydraulic power of water pump 

As shown in Fig.3(b), the shaded area represents the effective load-carrying area of the bearing. Lubricating water 

enters recess through restrictor and then flows out through seal dam region. In this case, flow state of lubricating water is 

laminar considering that the Reynolds number is less than 2300. 

The angle of the effective load-carrying area is 

  1 2 2   e  (10) 

where, θ1 is angle of the fan-shaped water film; θ2 is angle of water recess. 

The inner radius of the effective load-carrying area is defined as 
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where, R1 is inner radius of thrust pad; R2 is inner radius of water recess. 

The outer radius of the effective load carrying area Re2 is defined as 
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where, R3 is the outer radius of water recess; R4 is the outer radius of thrust pad. 

Width of the effective load-carrying area in radial direction is 

 2 1 e eb R R  (13) 

Equivalent radius is defined as 

 1 2=( + ) 2e e eR R R  (14) 

Arc length of downstream seal dam (No.1) or the upstream seal dam (No.2) is 

  1 2 2  eL R  (15) 

Based on the parallel-plate clearance flow model, the flow rates of the downstream seal dam (No.1) and the upstream 

seal dam (No.2) are deduced as follows 
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where, Δp is the feeding pressure of water pump. 
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Considering the centrifugal effect, the flow rates of the outer seal dam (No.3) and the inner seal dam (No.4) are 

derived as follows 
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Then, the hydraulic power delivered by water pump at each seal dam is given as 

 , 1,2,3,4.  pi iN pQ i  (20) 

The total hydraulic power delivered by water pump is 

 
4

1
, 1,2,3,4.


  p ii

N pQ i  (21) 

3) Temperature rise of lubricating water of hydrostatic thrust bearing 

After introducing an adiabatic assumption between water and bearing, the temperature rise of lubricating water at each 

seal dam can be obtained based on the first law of thermodynamics, which is as 

 , 1,2,3,4.



 fi pi
i

p i

N N
T i

c Q
 (22) 

3.2.2 Heat generation by the rolling bearings 

The friction heat generated in rolling bearings is mainly related to bearing type, physical dimension, rotation speed, 

magnitude of load, and lubrication condition, which can be calculated by [29] 

 
41.047 10 fH nM  (23) 

where, n is the rotation speed; M is the friction torque. 

Until now, there has not been an accurate theoretical model on friction torque of rolling bearings. An empirical 

formula proposed by Palmgren [29] has been widely adopted to calculate friction torque of rolling bearings, which 

consists of two parts, one is load independent friction torque M0 and another is load dependent friction torque M1. M is 

expressed as 

 0 1 M M M  (24) 

where, 
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where, f0 is a factor related to bearing type and lubrication method, the value of which is 1 for deep groove ball bearing 

and 2 for self-aligning ball bearing; ν0 is kinematic viscosity of the lubricant which is as a constant in this study due to 

the small temperature rise; dm is the pitch diameter of the bearing. 

 1 1 1 mM f Pd  (26) 
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where, f1 is a factor related to bearing type and load. P1 is the bearing preload. f1 and P1 are expressed as follows 

For the self-aligning ball bearing 

 
0.40
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F

f
C

 (27) 

 1 21.4 0.1 a rP Y F F  (28) 

For the deep groove ball bearing 

 
0.330
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F

f
C

 (29) 

 1 3 0.1 a rP F F  (30) 

where, Y2 is the axial load factor; Fa is the axial load; Fr is the radial load; F0 is the static equivalent load; C0 is the 

basic static load rating. 

3.3 Thermal Boundary Condition of Spindle System 

The heat transfer process in the spindle system mainly includes: forced convection heat transfer between oil-air 

lubrication and rolling bearings, forced convection heat transfer between shaft and ambient air, and natural convection 

heat transfer between stationary components and ambient air. 

3.3.1 Convection between oil-air lubricant and spindle 

The rolling bearings are lubricated as well as cooled efficiently by oil-air mixture. As shown in Fig.1, the oil-air 

mixture flows into the spindle through an inlet at the spindle housing; and then the mixture flows through the gap 

between the shaft and the housing and reaches the rolling bearings; finally, the lubricant flows out through the outlet at 

the housing. The forced convective heat transfer occurs at the shaft surface, the inner surface of spindle housing and the 

rolling bearings. 

The called oil-air mixture, little amount of oil is utilized actually, volume ratio of oil and air is about 1:1010 in this 

case; accordingly, it is assumed that heat is exchanged only between the spindle and the compressed air. The 

cross-section area of compressed air flow perpendicular to the shaft is 

 axA d h   (31) 

where, Δh is the radial clearance; d  is the average diameter of the clearance. 

The axial velocity of compressed air is 

  air
x

ax

Q
u

A
 (32) 

where, Qair is the volumetric flow rate of the compressed air. 

The circumferential velocity of compressed air uy is 
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y

d
u
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The mean velocity of compressed air flow is obtained by superimposing axial and circumferential velocities: 

 
2 2 x yu u u  (34) 

Then, the heat convection coefficient between oil-air lubricant and spindle is calculated using the following empirical 

equation [5]: 

 
0.89.7 5.33   u  (35) 

3.3.2 Forced Convection Between Shaft and Ambient Air 

For the running shaft surface, according to heat transfer theory [30], the Nusselt number is determined by the 

following equation 

 
2 3 1 3Nu 0.133Re Pr  (36) 

where, Pr is Prandtl number, Re is Reynolds number, which is determined by the following equations 
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where, u is circumferential velocity of shaft surface, d is shaft diameter, ν0 is kinematic viscosity of air. 

Then, the heat transfer coefficient is calculated by 
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d
 (39) 

where, λ is thermal conductivity of air. 

As for the end face of shaft, according to heat transfer theory [30], the local Nusselt number at radius r is determined 

by the following equation 
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where, Rer is rotational Reynolds number and is given as 

 

2

0

Re



r

r
 (41) 

Then, the convective heat transfer coefficient between shaft and ambient air is calculated by 

 
Nu 

r
 (42) 

3.3.3 Natural heat transfer 

Natural heat transfer occurs between ambient air and stationary components such as the spindle housing, and the value 

of 9.7W/(m2·K) is adopted for free convection heat transfer coefficient according to related experiment [5]. 

 



 

10 

3.4 Finite element model 

The thermal model for the face machining spindle system was developed with aid of the finite element software 

(ANSYS), as shown in Fig.4. The thermal element SOLID70 was adopted to simulate the temperature field distribution; 

and the structural element SOLID92 was applied to calculate the thermal displacement due to temperature rise of the 

spindle system. To improve the simulation accuracy, elements in thrust bearing and rolling bearings were meshed much 

more finely than other regions. A grid independence study was performed for the spindle system; the results show that 

the variation in the solution can be neglected when the spindle system is divided into a total of 269997 solid elements. 

 
Fig. 4 The thermal model for the spindle using FEM 

4 Result and discussion 

4.1 Theoretical simulation 

A numerical simulation was performed for the proposed spindle. Set the ambient temperature is 298.15 K (25℃), the 

water supply pressure is 1.0 MPa and rotational speed is 12000 rpm. The structural parameters of the water-lubricated 

hydrostatic thrust bearing are listed in Table 1. The physical parameters of water at 298.15 K (25℃) are listed in Table 2. 

By using Eqs. (1)-(22), the temperature rises for each seal dam are obtained, as listed in Table 3, and the first boundary 

condition is applied to the FEM model. The structural parameters of rolling bearings are listed in Table 4. By using Eqs. 

(23)-(30), the heat generation of rolling bearings are calculated, as listed in Table 5. The physical parameters of air at 

298.15 K (25℃) are listed in Table 6. The volumetric flow rate of compressed air is 0.015 m3/s in this study. The thermal 

boundary condition of the spindle system is obtained using Eqs. (31)-(42), as listed in Table 7. Material parameters of 

spindle components are listed in Table 8. 

Tab. 1 Structural parameters of water-lubricated hydrostatic thrust bearing 

Item Value 

Inner radius of pad R1 (mm) 11 

Inner radius of water recess R2 (mm) 14 

Outer radius of water recess R3 (mm) 32 

Outer radius of pad R4 (mm) 35 

Angle of water film θ1 (deg) 78 

Angle of water recess θ2 (deg) 62 

Thickness of water film h (μm) 20 

Number of water recesses 4 
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Orifice diameter(mm) 0.5 

Tab. 2 Physical parameters of water at 298.15 K(25℃) 

Item Value 

Density ρ (kg/m3) 1000 

Specific heat capacity cp (J/kg·K) 4200 

Dynamic viscosity μ (Pa·s) 0.001 

Tab. 3 Results of temperature rise of lubricating water for each seal dam 

No. of seal dam Temperature rise (K) 

#1 0.38 

#2 0.33 

#3 1.08 

#4 0.38 

Tab. 4 Parameters of rolling bearings 

Item Deep groove ball bearing Self-aligning ball bearing 

Designation 6001 1202 

Inner diameter (mm) 12 15 

Outer diameter (mm) 28 35 

Distance between inner ring and 

outer ring Δh (mm) 
3.2 4.5 

Tab. 5 Heat generation of rolling bearings 

Item Value(W) 

Deep groove ball bearing 3.361 

Self-aligning ball bearing 13.1045 

Tab. 6 Physical parameters of air at 298.15 K(25℃) 

Item Value 

Kinematic viscosity v0 (cSt) 15.53 

Thermal conductivity λ (W/(m·K)) 2.63×10-2 

Prandtl Number Pr 0.702 

Tab. 7 Convection heat transfer coefficients 

Item Value (W/m2·K) 

Oil-air lubrication for deep groove ball bearing 110.34 

Oil-air lubrication for self-aligning ball bearing 82.92 

Oil-air lubrication for shaft-housing 68.59 

Shaft surface (diameter 11 mm) 81.48 

Shaft surface (diameter14 mm)  88.30 

Shaft surface (diameter 18 mm)  96.02 

Shaft surface (diameter 100 mm)  170.06 
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End faces of shaft 71.95 

Stationary component 9.7 

Tab. 8 Material parameters 

Item Shaft Other main components 

Material 40Cr 45steel 

Density (kg/m3) 7900 7850 

Young’s modulus (Pa) 2.1×1011 2×1011 

Poisson’s ratio 0.3 0.3 

Thermal conductivity (W/(m·K)) 32.6 60.5 

Coefficient of thermal expansion (K-1) 1.17×10-5 1.2×10-5 

Specific heat capacity (J/(kg·K)) 460 465 

Figure 5 illustrates the steady-state temperature distribution of the spindle system. It can be seen that the maximum 

temperature rise of the spindle system is 1.291 K, which locates at the outer seal dam of the thrust pad. The maximum 

temperature rise of the self-aligning ball bearing is about 0.709 K. The steady-state thermal deformation of the spindle 

system is shown in Fig.6. 

 
Fig. 5 Steady-state temperature distribution of the spindle system  

 
Fig. 6 Steady-state thermal displacement distribution of the spindle system 
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4.2 Experimental validation 

An experimental prototype of the face-grinding spindle supported by the water-lubricated hydrostatic thrust bearing 

and the rolling bearings was developed. A temperature rise was measured using the experimental prototype to verify the 

thermal model. 

Figure 7 (a) illustrates the schematic diagram of the experiment setup. The left end of the face-grinding spindle is 

connected to a motorized spindle using a flexible coupling. The motorized spindle is utilized to drive the face-grinding 

spindle. Total 17 thermocouples (HH-K-24K, accuracy 0.1K) are used to measure the temperature rises of the bearings. 

Specially, 16 thermocouples locate at the left and the right thrust bearing pads to measure the temperature rises of outer 

seal dams and water return chutes, their positions and labels are shown in Fig.7(a); 1 thermocouple locates at the outer 

ring of the self-aligning ball bearing. The temperature signals are sampled and analyzed using a temperature acquisition 

and analysis equipment (NI PXIe).  

The test result shows that, as to the left side of the thrust bearing, the temperature rises detected by thermocouples of 

Nos.1, 3, 5 and 7 are almost equal, and the temperature rises of Nos.2, 4, 6 and 8 are also almost equal. The temperature 

differences among all 8 thermocouples are less than 0.2K. As to the right side, the temperature rises are basically 

identical with those of the left side. To save space, test values of Nos.1 and 9 are selected to show the temperature rises 

of outer seal dams, and the test ones of Nos.2 and 10 are for those of the water return chutes. 

Motorized spindle
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Oil-air lubrication system
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Temperature acquisition and analysis system(NI PXIe)

 Thrust pad(left)

Thrust pad(right)

Thermocouples B

B

A-A

No.1

No.2

No.3

No.4

No.5

No.6

No.7

No.8

       

B-B

No.9

No.10

No.11

No.12

No.13

No.14

No.15

No.16

 
(a) Schematic view of test system 
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(b) Real scene image 

Fig. 7 The experiment setup of the proposed spindle for the temperature rise 

Figure 8 shows the transient temperature rises of the water-lubricated hydrostatic thrust bearing under different 

rotational speeds. It can be seen that the temperature rises of two pads increase after startup of the spindle, and the pads 

attain heat equilibrium state within a 100-150 second running; in addition, the temperature rises of two pads together 

with the thermal equilibrium time increase with the increasing of rotational speed. As expected, the temperature rises of 

the left pad and the right pad are basically equal. An explanation for this result may be that the water film shearing 

increases with the increasing of rotational speed, leading to a high temperature rise of the water-lubricated thrust bearing; 

and the higher the temperature rise, the longer time the thermal equilibrium time of the spindle. In this case, one 

significant result for the water-lubricated hydrostatic thrust bearing is that its steady temperature rise is less than 2.5K. 
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(a) Outer seal dam of the left pad (No.1)     (b) Water return chute of the left pad (No.2) 
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(c) Outer seal dam of the right pad (No.9)   (d) Water return chute of the right pad (No.10) 

Fig. 8 Experimental transient temperature rises of the water-lubricated hydrostatic thrust bearing 
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Figure 9 shows the transient temperature rises of the self-aligning ball bearing under four rotational speeds. It can be 

seen that the temperature rise of the self-aligning ball bearing increases obviously with the increasing of rotational speed. 

Compared with the water-lubricated hydrostatic thrust bearing, the self-aligning ball bearing with oil-air lubrication takes 

a fairly longer time to reach thermal equilibrium, and the thermal equilibrium time of the rolling bearings increases with 

the rotational speed. This result may be explained by the fact that the bearing frictional power loss increases with the 

increasing of rotational speed, leading to a high temperature rise of the rolling bearing; and the higher the temperature 

rise, the longer time the thermal equilibrium time of the spindle. The experimental result shows that the steady 

temperature rise of the rolling bearing is much less than that of the water-lubricated thrust bearing. For consistency, the 

result about the self-aligning ball bearing is shown within test time of 550s. 
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Fig. 9 Experimental transient temperature rises of the self-aligning ball bearing 

Figure 10 displays a comparison of the steady temperature rises of hydrostatic thrust bearing and self-aligning ball 

bearing between the simulated result and the experimental one. It can be seen that the simulated values are generally 

agreeable with the experimental ones. The same trend for the two types of bearing is that the simulated values are higher 

than the experimental ones when the spindle operates at a lower speed; while the simulated values are lower than the 

experimental ones when the spindle at a higher speed. To give a possible explanation for this result, the Reynolds 

number of the hydrostatic thrust bearing was calculated, and the calculated result shows that the Reynolds number is 

1700 as the bearing runs at 12000rpm, while it is 2300 as the bearing runs at 16000rpm. According to the judging 

criterion of flow state, when the range of bearing speed is from 12000rpm to 16000rpm, the water lubricant is in a 

laminar state but close to turbulent one. However, the laminar model is utilized to calculate the temperature rise of the 

water-lubricated hydrostatic thrust bearing, so it seems possible that the simulated values are lower than the experimental 

ones when the spindle runs at a higher speed. It is found by a further observation that the theoretical and experimental 

error of the thrust bearing is significantly smaller than that of the self-aligning ball bearing. Those errors may be 

attributed to many aspects: (1) Several assumptions are introduced when modeling, especially for rolling bearings with 

oil-air lubrication; (2) There exists a machining error and an assembly error for the water-lubricated thrust bearing; (3) 

The temperature rise of the spindle system is relatively small, as a result, the measuring error of temperature sensors 

accounts for an essential portion of experimental value. 
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(a) Thrust bearing                            (b) Self-aligning ball bearing 

Fig. 10 The simulated temperature rises vs. the experimental ones 

4.3 Effect of eccentricity ratio on temperature rise of the water-lubricated hydrostatic thrust bearing 

When an external axial load is applied to the spindle end, a displacement will appear for the thrust plate. Under this 

condition, the static characteristics of the water-lubricated hydrostatic thrust bearing including the frictional power loss, 

the flow rate and the temperature rise was calculated using Eqs. (16)-(22) in this study. 

Figure 11 denotes the variation of static characteristics of the water-lubricated hydrostatic thrust bearing with the 

eccentricity ratio. The calculated result indicates that the frictional power loss of the bearing’s left side decreases while 

that of the right side increases with the increasing of eccentricity ratio, the total frictional power loss of the bearing 

increases with the eccentricity ratio. Simultaneously, the flow rate of the bearing’s left side also decreases while that of 

the right side increases slightly due to the damping effect of orifice, the total frictional power loss of the bearing 

decreases with the eccentricity ratio. On the contrary, the temperature rise of the bearing’s left side increases apparently 

while that of the right side decreases slightly with the increasing of eccentricity ratio. Totally, the temperature rise of the 

thrust bearing between the outlet and the inlet increases slightly when the eccentricity ratio is less than 0.3. As to the 

water-lubricated hydrostatic thrust bearing in engineering application, the designed eccentricity ratio is less than 0.3. As 

a result, the effect of eccentricity ratio on the temperature rise of the water-lubricated hydrostatic thrust bearing is not 

prominent when the eccentricity ratio is within a small value. 
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(b) Flow rate  
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(c) Temperature rise 

Fig.11 Effect of eccentricity ratio on the temperature rise of the water-lubricated hydrostatic thrust bearing 

(n=12000rpm) 

 

4.4 Comparison of comprehensive characteristics between the spindle supported by rolling bearings and the 

replacement spindle designed with proposed combined support 

To demonstrate the advantage of the proposed system, a comparative study of comprehensive characteristics between 

an ordinary face-grinding spindle with the rolling ball bearings and the replacement spindle with proposed combined 

support is conducted. In this case, the rim velocity of grinding wheel is set as 35m/s, and the outer diameter of the 

face-grinding wheel is 750mm, so the rotational speed of spindle is 900rpm. As to the spindle supported by the rolling 

ball bearings, according to the design criteria, two pairs of duplex bearings with a 120mm inner diameter should be 

utilized to support the spindle, as shown in Fig.12(a). The replacement spindle using the proposed combined support is 

shown in Fig.12(b), based on the calculation result, the parameters of water-lubricated hydrostatic thrust bearing are 

determined and list in Table 9. The inner diameters of the self-aligning ball bearing and the deep groove ball bearing for 

the later spindle are also denoted in Fig.12(b).  

file:///D:/Users/Administrator/AppData/Local/Youdao/Dict/7.5.2.0/resultui/dict/?keyword=calculations
file:///D:/Users/Administrator/AppData/Local/Youdao/Dict/7.5.2.0/resultui/dict/?keyword=calculations
file:///D:/Users/Administrator/AppData/Local/Youdao/Dict/7.5.2.0/resultui/dict/?keyword=results
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(a) Rolling bearings 

 
(b) Proposed combined support 

Fig.12 The spindle supported by rolling bearings and the replacement spindle designed with proposed combined support 

Tab. 9 Parameters of water-lubricated thrust bearing 

Item Value Item Value 

R1 100mm R2 120mm 

R3 140mm R4 160mm 

θ1 80deg θ2 60deg 

h0 30μm ε 0 

Ps 1.5MPa   

4.4.1 The face-grinding spindle with the rolling ball bearings 

The axial stiffness of the face-grinding spindle with the rolling ball bearings is equal to the axial stiffness of the front 

duplex bearings, which is calculated using the method proposed by the authors in Ref. [31]. Fig.13 shows the axial 

stiffness decreases slightly with the rotational speed, and the axial stiffness of the face-grinding spindle is about 

265N/μm at 900rpm. The temperature rise of the rolling bearing under oil-air lubrication can refer to our test result 

published in Ref. [32], which can exceed 10℃ based on the equivalence of bearing’s DN value. It should be mentioned 

that the temperature rise of the rolling bearing under grease lubrication is much higher than that under oil-air lubrication. 

The axial runout of the precision rolling bearing with an inner diameter of 120mm can reach 2-3μm by practical 

engineering result.  
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Fig.13 The variation of simulated axial stiffness with the rotational speed 

4.4.2 The face-grinding spindle with the proposed support 

The axial stiffness of the face-grinding spindle with the proposed support is entirely dependent on the axial stiffness of 

the water-lubricated hydrostatic thrust bearing, which can be calculated using the method proposed by the authors in Ref. 

[33]. Fig.14 shows the variation of axial stiffness with the orifice diameter. In this case, the orifice with diameter of 

1.3mm is adopted for the thrust bearing, so the axial stiffness of the face-grinding spindle can reach the maximum value 

of 1935 N/μm. The flow rate and temperature rise of the water-lubricated hydrostatic thrust bearing are solved using Eqs. 

(16)-(22) in this study, the results are illustrated in Fig.15. In practical engineering, the axial runout of the 

water-lubricated hydrostatic thrust bearing with a 160mm radius can be less than 1μm due to homogenization effect of 

fluid film.  
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Fig.15 The simulated flow rate and temperature rise of the water-lubricated hydrostatic thrust bearing 

Through a comparison of the main static characteristics between the two types of the spindle, it can be found that the 

proposed face-grinding spindle has advantage in axial stiffness, bearing temperature rise, and axial runout, etc. 

In this section, the outer diameter of the face-grinding wheel is supposed to be 750mm, the manufacturing for those 

spindles is too expensive for us, and the test study also needs spacious experimental conditions, which is also beyond the 

ability of our laboratory. So we can not give the actual experimentally measured results for the comprehensive 

performances of the spindles.  

In machining process, the cutting forces acting on the spindle end include the main cutting force along the tangential 

direction, the feed force along the radial direction and the cutting force along the axial direction. The amplitude of axial 

cutting force is much larger than the other two cutting forces [34-36]. Thus, the large-size hydrostatic thrust bearing is 

capable of carrying the large axial cutting force, meanwhile, the small-diameter rolling bearings are suitable for 

supporting the other two radial small-amplitude forces. The above study shows that heat generation of water-lubricated 

hydrostatic thrust bearing is small due to low viscosity of water. Therefore, the water-lubricated hydrostatic thrust 

bearing can operate at high speed, while its temperature rise is low. Hence, the proposed face-grinding spindle with the 

large-size thrust bearing and small-diameter rolling bearings is promising to be found an application in the large-size 

face-grinding condition. 
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Conclusions 

This study proposes an improved face-grinding spindle supported by a combined bearings including a water-lubricated 

hydrostatic thrust bearing and two rolling bearings with oil-air lubrication system. The thermal model for the proposed 

face-grinding spindle is established. Test study is carried out using the developed experiment prototype to verify the 

thermal model. A comparative study of comprehensive characteristics between the spindle supported by rolling bearings 

and the replacement spindle designed with proposed combined support is conducted. Based on the result and discussion, 

the following conclusion can be drawn:   

1) The water-lubricated hydrostatic thrust bearing can be modeled based on the law of Newton’s inner friction, the 

hydrostatic theory and the first law of thermodynamics. The rolling bearing with oil-air lubrication can be modeled based 

on the rolling bearing moment formula and the convective heat transfer theory. According to the first law of 

thermodynamics, the thermal model for the proposed spindle can be established with the aid of FEM. 

2) Compared with the spindle supported by rolling bearings, the replacement spindle designed with proposed 

combined support has technical advantage of low temperature rise, large axial stiffness and low rotation accuracy, etc.  

3) The technical advantage of the proposed spindle is mainly contributed to the water-lubricated hydrostatic thrust 

bearing, and the effect of eccentricity ratio on the temperature rise of the thrust bearing is not prominent when the 

eccentricity ratio is within a small value. The temperature rises of the rolling bearings are low due to the high-efficient 

cooling ability of oil-air lubrication system and the usage of rolling bearings with small size. 
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