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Abstract

The hydrostatic spindle system is the main internal heat source of the machine tool, thus it is very significant to study the ther-
mal behaviors of the hydrostatic spindle system. The purpose of this study is to investigate the effect of viscosity-temperature
effect of lubricant on the temperature fields of hydrostatic bearing oil film and spindle thermal deformation. To study the
effect of temperature rise of hydrostatic bearing oil film on the hydrostatic spindle and bearing bush, empirical equations,
CFD, and experimental methods are used in this paper. Firstly, the temperature rise of hydrostatic bearing is obtained by the
theoretical calculation method. Secondly, based on the CFD, the temperature field of lubricating oil film is compared and
analyzed with consideration of viscous temperature effect and constant value of viscosity. Based on the fluid-thermal-solid
coupling method, the thermal deformation of the spindle is analyzed. Finally, the experimental platform of the hydrostatic
spindle is built and the accuracy of the simulation results was verified. The study shows that when the viscosity-temperature
effect is considered, the values of oil film temperature rise and spindle thermal deformation are closer to the experimental
values, and the error rates of bearing temperature and spindle thermal deformation are smaller than those when the viscos-
ity is fixed.

Keywords Viscosity-temperature effect - Hydrostatic bearing - Thermal deformation - Fluid-thermal-solid coupling

1 Introduction temperature of the oil film between the bearing and shaft

will increase, thermal deformation will occur [1], and this

The temperature rise of an ultra-precision machine tool has a
great impact on machining accuracy. As the core component
in a machine tool, the spindle would generate large amounts
of heat when it is running at a high speed. As the demand
for high-accuracy of the machine tool becomes higher and
higher, thousands of scholars and engineers are dedicated to
the research of thermal characteristics analysis of spindles.

The hydrostatic spindle includes bearings in radial and
axial directions, oil film, and shaft, when it works, the
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will influence the motion accuracy of the spindle. Because
thermoelastic deformation processes of machine tools are so
complicated, the finite element method has been used as the
major method to study them [2]. Based on the finite element
method, Markin et al. [3] investigated the load-carrying
capacity, oil film temperature rise, and thermal deformation
of the thrust bearing. Yu et al. [4] conducted a theoretical
study, numerical simulation, and experimental verification of
the deformation characteristics of a double rectangular cav-
ity liquid hydrostatic thrust bearing under extreme operating
conditions and found that the thermal deformation was most
pronounced on the outside of the sealed oil side of the dou-
ble rectangular cavity. Zhang et al. [5] established a model
of multi-oil pad hydrostatic bearing considering variable
viscosity and simulated the oil film pressure field of hydro-
static bearing at different speeds by CFD software and finite
volume method. It was found that the viscosity has a great
influence on the pressure of heavy-duty hydrostatic bearings.
However, the neglection of the thermal-structure interaction
of a high-speed spindle system may lead to the modeling
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error of the thermal characteristics [6]. Therefore, Holkup
et al. [7] established a thermal-structure model of the electric
spindle, which can predict the temperature field distribution
and temperature rise of the electric spindle. Chen et al. [8]
studied the effects of thermal deformation on oil film thick-
ness, stiffness, load capacity, and machining accuracy of a
hydrostatic spindle by proposing a thermomechanical error
model. In surface finishing of grinding machines, accuracy
is most affected by spindle stiffness. Pham et al. [9] investi-
gated the effect of lubricant pressure and lubricant viscosity
on hydrostatic spindle stiffness. The results show that the
stiffness of the hydrostatic bearing was proportional to the
lubricant viscosity and pump pressure. Kim et al. [10] stud-
ied the thermal deformation of grinding machines and found
that the thermal deformation of the spindle depends on the
temperature of the hydrostatic bearing. Su et al. [11] built a
coupled heat-flow-solid integration model of the hydrostatic
spindle system and simulated the heat production process
and the fluid—solid coupled heat transfer process of the sys-
tem. Based on the coupled thermal-structural model, Sun
et al. [12] analyzed the thermal behavior of the hydrostatic
spindle considering contact thermal resistance and oil film
temperature rise. The results show that the thermodynamic-
based structural optimization method reduces the thermal
error and improves the accuracy. Yu et al. [13] studied the
thermal-fluid—solid coupling deformation and frictional
failure mechanism of hydrostatic bearing frictional pairs
under high-speed and heavy load conditions, revealed the
deformation distribution law of bearing frictional pairs and
obtained the relationship between frictional pairs deforma-
tion and speed and load. Yu et al. [14] designed a new tilting
oil pad hydrostatic bearing structure and investigated the
effect of tilt angle on oil film stiffness. The results show
that the tilted oil pad generates additional dynamic pressure,
which increases the pressure and stiffness of the oil film and
improves the stability and accuracy of the hydrostatic bear-
ing. Li et al. [15] conducted a theoretical and experimental
study on the temperature of high-speed heavy load tiltable
tile radial bearings. The study shows that the bearing tem-
perature increased with the increase in static load and speed.

Yan et al. [16] took into account the thermal-structural
interaction and developed a network method for spindle tran-
sient analysis. Zhang et al. [17] developed an active cooling
strategy for spindle thermal balance control to accurately
eliminate disturbing heat transfer. To achieve model accu-
racy, Xiang et al. [18] proposed a new data-driven prediction
(DDP) method and applied it to model the dynamic lineari-
zation of spindle thermal errors. Meng et al. [19] analyzed
various fractal parameters influenced by a thermal resistance
network model of the motorized spindle, and Wu et al. [20]
used a deep learning method to predict the thermal error of
the spindle, this learning model has good applicability to the
spindle thermal error prediction and compensation. In addition
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to the modeling and impact study of the spindle thermal, Liu
et al. [21] also compensate for the thermally induced error of
the spindle based on long short-term memory neural networks.
Most of the current research has focused on the thermal
analysis of hydraulic spindles, where viscosity is generally cal-
culated as a constant value. However, during the actual opera-
tion of a hydrostatic spindle, the temperature of the lubricant
gradually increases as the spindle speed increases, causing the
lubricant viscosity to change, resulting in a change in the oil
film carrying capacity, and thus making the thermal defor-
mation of the shaft tile and rotor inconsistent with traditional
theory. In addition to the influence of spindle speed, it is also
related to the structural parameters of the spindle when it was
initially designed. Therefore, it is necessary to establish the
relationship between the temperature of the oil film in the bear-
ing and the changing viscosity and the structural parameters
of the spindle. The innovation of this paper is to study the
viscous temperature effect and also to establish a coupled flow-
thermal-solid model for a more accurate evaluation and predic-
tion of the working performance of the hydrostatic spindle.
In addition, a liquid hydrostatic spindle experimental bench
was built to experimentally test the thermal deformation of the
spindle rotor, and the experimental values were compared with
the simulated values to verify the rationality of the simulation
model and the reliability of the research results. This study
will provide a reference for the in-depth study of the thermal
characteristics of the hydrostatic spindle system.

2 Structure of hydrostatic bearing

According to the different structures and load-bearing methods
of hydrostatic bearings, the hydrostatic bearing is divided into
aradial bearing and a thrust bearing. The radial bearing bears
the load in the radial direction of the spindle, and the thrust
bearing bears the load in the axial direction of the spindle. In
the hydrostatic spindle system, the positioning of the spindle is
achieved through the cooperation of radial bearings and thrust
bearings. Based on the machine tool spindle system and equip-
ment parameters in this laboratory, the radial bearing is a four-
cavity structure, the thrust bearing is a six-cavity structure, and
the bearing is throttled by small holes. Figure 1 is a schematic
diagram of the structure of a hydrostatic bearing, and Table 1
is a structural parameter of the hydrostatic bearing.

3 Method

3.1 Theoretical calculation of oil film temperature
rise of hydrostatic bearing

1. Radial oil film temperature rise calculation
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Fig. 1 Structure of hydrostatic
bearing
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Table 1 Structural parameters of hydrostatic bearing

Radial bearing Thrust bearing

Flow Coefficient 0.7 The angle of oil cavity (°) 54  Bearing inner diameter 35 Oil chamber angle (°) 18°
R1(mm)

Bearing length (mm) 70 Oil cavity length (mm) 56  Seal oil edge inner diameter 41 Half angle of oil cushion 27°
R2(mm) ©)

Spindle radius (mm) 35 OQil film thickness (mm) 0.01 Seal oil edge outer diameter 44 Lubricant density (kg/m3) 858
R3(mm)

Oil seal edge length factor 0.8 Radial oil cavity length 1.6  Bearing outer diameter 50.5 Lubricant viscosity (Pa.s)  0.00575

factor R4(mm)

Throttle diameter (mm) 0.8 Half angle of oil cushion (°) 42

Qil film thickness (mm)

0.012 Specific heat capacity of 2000
lubricant (J/kg- ‘C)

Supply pressure (MPa) 1.8 Orifice diameter (mm) 1.2 Thermal conductivity of 0.144
lubricating oil (W/ m-C)
The frictional power N, of hydrostatic bearing oil film is
calculated according to the Newton shear stress formula: 0, = @
A A 2
N,=4F,><u=4;4[—1+ 2 ](”—nd) (1
fo hotz ] 60 P, = (1+ Py 5)
F, is the shear force of the oil film, u is the linear speed of
the shaft, A; is the seal area of the oil cavity, A, is the area 1 8pr2hoL + 92
of the oil cavity, A, is the oil film thickness, z; is the depth 1 = Ow P,+1-1 6)

of radial bearing oil cavity, z is the ratio of circumference to
diameter, n is the rotational speed, and d is the shaft journal.
The output power of the oil pump:

N,=p,- 0, )

N, is the output power of the oil pump, P, is the rated oil
supply pressure of the oil pump, and Q,, is the flow of the
radial bearing.

The radial bearing has four oil chambers, so the flow of the
radial bearing is

0, =40, 3)

T2 9752/42L2K§d3 '

0, is the flow of the radial bearing, Q, is the flow of the
individual oil chamber, K|, is the flow coefficient, 7 is the
ratio of circumference to diameter, d,, is the throttle orifice
diameter, P, is the external oil supply pressure, P, is the
oil cavity pressure, p is the density of the oil, 4 is the lig-
uid resistance ratio of the lubricating oil, b is the oil cavity
length coefficient, w is the axial seal oil surface length coef-
ficient, L is the axial seal oil surface length, u is the linear
speed of the shaft, /, is the oil film thickness, r is the radius
of the spindle, and @ is the oil cavity half angle.

The temperature rise of the radial bearing oil film is com-
posed of the frictional power of the oil film and the power
consumed by the oil pump. The temperature rise of the radial
oil film is calculated as
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Ar = N,+N,

20, @)

At is the temperature rise of the radial oil film, N, is the
frictional power of hydrostatic bearing oil film, N, is the
output power of the oil pump, p is the density of the oil,
Q, is the flow of the radial bearing, and c is the specific
heat capacity.

2. Calculation of thrust oil film temperature rise

When calculating the temperature rise of the hydro-
static thrust bearing oil film, a simplification is performed
for each oil pad of the thrust bearing model, as shown in
Fig. 2, the oil sealing surface is divided into five areas and
calculated separately.

Solve the oil film friction power of five divided areas:

ks 2/ (Ry — Ry ;R
Ny= = [ () BB k)
w '\ 60 ho

R4 2
27wRn R(ay +2a)
Ny, = ( ) dR
o= [ ey (o g
R3 2
27wRn Ra,
Ny = ( dR
= [, (50) <h0+z> 1o
R2 2
27Rn R(ay + 2a)
Nys = ( ) dR
73 /Rl g 60 < hy (n

The friction power of the thrust bearing oil film is

Ny = 6(N;y + Npy + N3 + Ny + Nys) 12)

Ny is the friction power of the oil chamber of the thrust
bearing, R, is the bearing inner diameter, R, is the seal oil
edge inner diameter, R; is the seal oil edge outer diameter,
R, is the bearing outer diameter, 7 is the ratio of circumfer-
ence to diameter, u is the linear speed of the shaft, n is the
rotational speed, z; is the depth of radial bearing oil cavity,

Fig.2 Simplified model of thrust bearing seal surface
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hy is the oil film thickness, a; is the oil chamber angle, and
a, is the half angle of oil cushion.
The thrust bearing oil pump power calculation is the
same as the radial oil pump power calculation method.
Oil pump output power of thrust bearing:

N, =p,-0, (13)

The temperature rise of the thrust bearing oil film is
Ny +N,

- pcQ,

At

(14)

Nr is the oil pump output power of thrust bearing, P,
is the rated oil supply pressure of the oil pump, Q, is the
flow of the thrust bearing, At is the temperature rise of the
thrust bearing oil film, Nf is the friction power of the oil
chamber of the thrust bearing, p is the density of the oil,
and c is the specific heat capacity.

3.2 Simulation of oil film temperature field
and thermal deformation of hydrostatic bearing

(1) Visco-temperature effect

The viscosity of lubricants is strongly influenced by
temperature. Therefore, the viscosity-temperature relation-
ship equation for industrial 3# white oil is fitted based on
the Reynolds model (x =be?T) in this paper as follows:

1t = 7.045¢002410G+T) (15)

u is the dynamic viscosity value at temperature X, X is the
temperature rise of lubricating oil, T is the Reference tem-
perature, and 7=273.15 K.

(2) Hydrostatic bearing oil film meshing and boundary
conditions

In this paper, the radial oil film and thrust oil film of the
hydrostatic bearing studied are very thin with a thickness
of only 10 um, it is very difficult to divide the mesh. Thus,
the following assumptions are made before dividing the
mesh: (1) Ignoring the small radius rounded corners in
the oil cavity of the hydrostatic bearing when building the
three-dimensional model and simplifying the oil cavity to
a rectangular oil cavity; (2) Assuming that throttle hole in
the bearing is directly connected to the oil chamber; (3)
Assuming that the 3# lubricant used is a Newtonian fluid
in this paper. Figure 3 shows the simulated process of oil
film temperature field and thermal deformation of the lig-
uid hydrostatic bearing.
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First, the 3D solid model of the hydrostatic bearing oil
film was created in the 3D software Pro/E and exported to
a “.stp” format file. Secondly, Gambit software was used to
perform unstructured meshing of the oil film of the hydro-
static bearing. The mesh division results of a radial bearing
and thrust bearing are shown in Fig. 3a. Thirdly, the bound-
ary conditions of the oil film were set in Gambit software.
The maximum Reynolds number of the fluid studied in this
paper is 88 (<2300), so the fluid state is set to laminar flow
in the CFD package, the inlet and outlet of the bearing oil
film are set to “pressure inlet” and “pressure outlet,” respec-
tively. The inner wall surface is set as a rotating wall surface
and the outer wall surface is set as a fixed wall surface. The
pressure—velocity coupling algorithm SIMPLE is used to
solve the oil film numerically by adjusting the relaxation
factor appropriately. The process of setting boundary con-
ditions is shown in Fig. 3(b). When setting the boundary
conditions of the spindle shaft, elastic constraints are set
in the radial and thrust directions, respectively, to simulate
the constraints of the radial and thrust bearings on the shaft.
After the above work is completed, the simulation analysis

Make assumptions

Build a 3D model of hydrostatic
bearing oil film

5

Oil chamber
Oil film

of the temperature field and heat deformation can be car-
ried out.

3.3 Liquid hydrostatic spindle flow-thermal-solid
coupling analysis

The change in the viscosity of the lubricant during the opera-
tion of the hydrostatic spindle changes the temperature rise
of the oil film, and the transfer of heat from the lubricant film
will cause the temperature of the spindle and the bearing
bush to rise and cause thermal deformation. In this paper,
the coupled flow-thermal-solid analysis is carried out with
the help of Workbench software. Firstly, a three-dimensional
model of the spindle and the bearing bush is built, and mate-
rial properties and boundary conditions are defined. Next,
based on the simulation results of the fluid-hydrostatic
bearing oil film, the corresponding temperature and pres-
sure loads are applied to the coupling contact surface of the
hydrostatic bearing, and the thermal-structural coupling and
force-structural coupling analyses are carried out to obtain
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Fig.3 Schema of the simulation
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the thermal deformation of the spindle and the bearing bush,
respectively.

During the numerical simulation, the speed values
were selected within 0-2000 rpm. This is because the lig-
uid hydrostatic spindle speed in the laboratory is limited
between 0 and 2000 rpm. This speed interval was chosen for
better comparison of simulation results with experimental
results.

3.4 Experimental verification

The hydrostatic spindle experiment is conducted to verify
that the above simulation is valid. The test equipment con-
sists of a hydrostatic spindle, a fuel tank, a cooling device,
a loading device, and a control cabinet, as shown in Fig. 4.
The temperature of the radial bearing and thrust bearing
of the hydrostatic bearing was detected by the Fluck-Ti32
thermal imager, and the thermal deformation of the spindle
was tested by the SEA9 (Spindle Error Analyzer) rotation
error analyzer produced by the American Lion Precision
company, as shown in Fig. 5.

4 Results and discussion

4.1 Analysis of theoretical calculation
and simulation results

1. Temperature

Simulate the temperature field of radial oil film and
thrust oil film of hydrostatic bearing at 1000 rpm, 1200 rpm,
1500 rpm, 1800 rpm, and 2000 rpm, respectively. The cloud
diagram of the temperature field of the radial oil film is
shown in Fig. 6. The temperature field cloud of the thrust
oil film is shown in Fig. 7.

The oil film temperature rise of the bearing at dif-
ferent speeds is simulated, respectively, and the oil film

'?Jiydro;étic spindle
,’-;Ad'a_

:»3-600‘“ g

bi Control
> -cabinet

wsu. cabinet

Tank

Fig.4 Hydrostatic spindle test equipment
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Fig.5 Temperature measurement process

temperature rise obtained from the simulation and theoreti-
cal calculation is compared and analyzed, as shown in Fig. 8.
It is found that at the same speed, the oil film temperature
rise value without considering the viscosity-temperature
effect is greater than the theoretical calculation value, and
the theoretical calculation value is greater than when the
viscosity-temperature effect is considered. The temperature
rise of the oil film is found to be closer to the theoretical cal-
culation value when considering the viscosity-temperature
effect. In addition, the results of coupling with hydrostatic
bearings show that the overall temperature of the bearing is
lower compared to when the viscosity of the lubricant is at
a constant value.

2. Bearing bush temperature

In this paper, the temperature field of the bearing bush is
simulated for the liquid hydrostatic spindle speed of 1000,
1200, 1500, 1800, and 2000 prm. The effect of viscous tem-
perature effect on the temperature field of the bearing bush
is compared and analyzed. The temperature value of the
bearing bush at different speeds is shown in Table 2. The
results show that the viscous temperature effect has a greater
impact on both radial bearing bush and thrust bearing bush,
and the bearing bush temperature is lower when the viscous
temperature effect is considered. As the speed increases, the
viscous temperature effect is more obvious.

3. Thermal deformation

In this paper, the thermal deformation of the spindle
is also simulated. The thermal deformation values of the
spindle at different speeds are shown in Table 3. The ther-
mal deformation of the spindle shaft in the axial direction
is larger than the radial thermal deformation. The radial
thermal deformation is almost the same in the X and Y
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(b) Radial oil film temperature cloud diagram when viscosity changes
Fig.6 Cloud diagram of radial oil film temperature
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Fig.7 Cloud diagram of thrust oil film temperature
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directions. When the viscosity-temperature effect is consid-
ered, the thermal deformation of the shaft in three directions
is smaller than the corresponding thermal deformation value
without considering the viscosity-temperature effect.

4.2 Experimental results

1. Comparative analysis of experimental and simulation
results

Before measurement, the hydrostatic spindle is pre-
heated at the start-up state. After the spindle reaches ther-
mal equilibrium, the hydrostatic spindle speed is adjusted to
1000 rpm. The temperature of the radial and thrust bearing

of the hydrostatic bearing is detected using the Fluck-Ti32
thermal imager. During the test, measure one data per min-
ute, a total of 30 data are measured, and then use the average
value as the temperature of the bearing pad. The other speed
measurement methods are the same. A comparative analy-
sis was performed between the measured temperature value
of the bearing in the experiment and the simulated bearing
temperature at the viscosity-temperature effect and the fixed
viscosity value, and the results are shown in Fig. 9. It can
be concluded from Fig. 9 that the temperature of the radial
bearing and the thrust bearing increase with the increase
in the rotation speed. The value of the bearing temperature
at a fixed viscosity value is greater than the experimental
value, and the measured value of the experiment is greater

30 [~ Theoretical calculation 30 | [ Theoretical caleulation
—e— Viscosity constant value —®— Viscosity constant valuc
—a— Viscosity temperature effect value . [—*— Viscosity tempcrature ctfect valuc)
25F ~ i
o O
N’ N’
g 20} g 20}
B =
< <
= o 15F
& 15 B o
g =
) O
= 10f = 10f
st st
1000 1200 1500 1800 2000 1000 1200 1500 1800 2000
Speed of spindle(rpm) Speed of spindle(rpm)
(a) Radial bearing (b) Thrust bearing
Fig. 8 Oil film temperature rise comparison
Table 2 Temperature value of bearing bush
1000 rpm 1200 rpm 1500 rpm 1800 rpm 2000 rpm
Viscosity constant Radial bearing bush temperature (C) 36.58 40.40 45.19 51.15 55.95
Thrust bearing bush temperature ('C) 34.25 36.22 44.27 48.90 51.67
Viscosity change Radial bearing bush temperature (C) 34.54 37.11 36.65 40.52 42.52
Thrust bearing bush temperature ('C) 32.05 33.41 38.93 41.95 43.88
Table 3 Thermal deformation value of spindle
1000 rpm 1200 rpm 1500 rpm 1800 rpm 2000 rpm
Viscosity constant X—thermal deformation (um) 4.47 4.98 7.45 10.55 14.32
Y-thermal deformation (pm) 4.46 5.16 7.46 10.56 14.28
Z~thermal deformation (pm) 12.51 14.30 19.96 25.56 28.50
Viscosity change X-thermal deformation (pm) 4.03 4.10 5.84 6.98 8.68
Y-thermal deformation (pm) 4.03 4.16 5.56 6.96 8.64
Z~thermal deformation (pm) 11.33 11.93 15.93 18.57 20.89
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Fig.9 Bearing temperature of hydrostatic bearing

than the value of the bearing temperature at the viscosity-
temperature effect.

Based on the hydrostatic spindle testbed, a SEA9 (Spindle
Error Analyzer) rotary error analyzer produced by the Amer-
ican Lion Precision company was used to test the thermal
deformation of the spindle shaft in the x, y, and z directions
at 1000, 1200, 1500, 1800, and 2000 rpm. After 30 min of
test time, it tends to be in a state of thermal equilibrium. The
maximum value is taken as the deformation result and com-
pared with the simulated viscosity constant and the thermal
deformation value of the shaft under the effect of viscosity-
temperature. The thermal deformation of the shaft is shown
in Fig. 10. It can be concluded that with the increase in the
rotation speed, the thermal deformation of the spindle shaft
in the three directions of X, Y, and Z increases continuously.
The thermal deformation values in the X and Y directions are
the same. Thermal deformation measured experimentally is
smaller than the simulated value when the specific viscos-
ity is a fixed value and is larger than when the viscosity-
temperature effect is considered.

2. error analysis of the simulation

Based on the fluid-thermal-solid coupling, the tempera-
ture field of the hydrostatic bearing and the thermal defor-
mation result of the shaft are obtained. The experimental
value is compared with the results of the viscosity-tempera-
ture effect and the viscosity constant value. The analysis of
the bearing temperature error rate is shown in Fig. 11. The
thermal distortion error rate analysis of the shaft in three
directions is shown in Fig. 12.

It can be concluded from Fig. 11 that the temperature
error of radial bearing and thrust bearing increases with
the increase in speed, and the error also becomes larger.
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When considering the viscosity-temperature effect, the
temperature error of the radial bearing and thrust bear-
ing is smaller than the error value when the viscosity is
fixed. The temperature error rate of the bearing bush is
the largest at 2000 rpm, and the temperature error rates of
the radial bearing and thrust bearing are 11.05 and 7.82%
when the viscosity-temperature effect is considered. The
temperature error rates of the radial bearing and thrust
bearing are 17.05 and 8.55% when the viscosity-tempera-
ture effect is without consideration.

It can be concluded from Fig. 12 that with the increase
in the rotation speed, the temperature error of the spin-
dle in the three directions of X, Y, and Z continuously
increases, reaching a maximum of 2000 rpm. When con-
sidering the viscosity-temperature effect, the maximum
thermal deformation error rates of the shaft in the three
directions of X, Y, and Z are 18.57, 18.10, and 12.03. When
the viscosity is fixed, the maximum thermal deformation
error rates of the shaft in the three directions of X, Y, and
Z are 34.33, 35.36, and 24.4%.

During the actual operation of the bearings, the tem-
perature rise generated by internal friction of the lubri-
cant between the bearing gaps reduces the viscosity of
the lubricant. Compared to a constant viscosity, a lubri-
cant with a dynamic change in viscosity creates a lower
temperature field (lower viscosity, faster flow of lubricant
between the bearings, and therefore faster heat dissipa-
tion), resulting in less thermal deformation of the spindle
rotor. In addition, the numerical simulations are under
ideal conditions and do not take into account the effects
of factors such as ambient temperature and cooling sys-
tem during the actual experiments; therefore, the simulated
values are slightly smaller than the experimental values.



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:207 Page 110f 13 207

—=— Experiment value =— Experiment value
—e— Viscosity constant value —&— Viscosity constant value

o A : | —— Viccost o i S flaot valite
14k Viscosity temperature effect value| 14 Viscosity tempcerature cffeet value

Displacement(pm)
=
Displacement(um)
=

8F g
6F 6F
4t 4t
1000 1200 1500 1800 2000 IOlOO ]l200 1 5'00 18l()0 20l()0
Speed of spindle(rpm) Speed of spindle(rpm)
(a) Shaft X-direction (b) Shaft Y-direction

—=— Experiment value

28 F |—*— Viscosity constant value
—&— Viscosity temperature effect value

Displacement(um)
(3]
S

1000 1200 1500 1800 2000
Speed of spindle(rpm)

(¢) Shaft Z-direction

Fig. 10 Thermal deformation of the hydrostatic spindle shaft
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Fig. 11 Temperature error analysis of hydrostatic bearing
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Fig. 12 Error analysis of temperature difference of spindle deformation

5 Conclusion

In this paper, the viscous temperature effect was studied,

and a fluid-thermal-solid coupling model was established to
evaluate and predict the working performance of the hydro-

static spindle more accurately. In addition, a liquid hydro- 2.
static spindle experimental bench is built and the experimen-

tal values are compared with the simulated values to verify

the rationality of the simulation model and the reliability of

the research results. This study will provide a reference for 3.
an in-depth study of the thermal characteristics of hydro-

static spindle systems. The specific results of the study are

as follows.

1. Both theoretical calculations and simulation analysis
were used to analyze the oil film temperature rise. The 4.
results show that the main factor influencing the tem-
perature rise of the hydrostatic bearing oil film is the

@ Springer

rotational speed. With the increase in speed, the viscos-
ity-temperature effect becomes more obvious. The oil
film temperature rises when the viscosity-temperature
effect considered is closer to the theoretical calculation
value.

Considering the viscosity-temperature effect and the
constant viscosity value, it is found that the thermal
deformation of the spindle in the axial direction is more
obvious than in the radial direction.

The larger the speed, the greater the error rate of the
temperature of the bearing bush and the thermal defor-
mation of the spindle. When considering the viscosity-
temperature effect, the error rate of the bearing tempera-
ture and the thermal deformation of the shaft are smaller
than the error rate when the viscosity is fixed.

Based on the liquid hydrostatic spindle experimen-
tal platform, the bearing temperature rise and thermal



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:207

Page 130f 13 207

deformation were tested to verify the reliability of the
simulation data.
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