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Abstract: A high vacuum environment safeguards the performance of special processing technologies
and high-precision parts such as nanosecond laser processing, chip packaging, and optical compo-
nents. However, it poses higher requirements for the machine tool, which makes the temperature
control of machine tools an important goal in design and development. In this paper, the thermal
properties of a large-scale 5-axis laser processing machine tool in a vacuum environment were inves-
tigated. The thermal contact resistance between parts is identified by the parametric simulation and
experiment. The whole machine temperature field was then obtained based on the fluid—thermal
coupling model and verified by experiment. The results showed that the thermal contact resistance of
the motor and reducer with the water cold plate was 560 W/ (m2-°C) and 510 W/ (m?2-°C), respectively,
and the maximum temperature increase of the machine was 3 °C. Based on the results, the machine
tool’s temperature increase prediction chart was obtained by simulation under different processing
conditions such as cooling water flow rate, cooling water temperature, motor speed, and ambient
temperature. It provides technical and data references for the research on the thermal stability of the
machine tool in processing.

Keywords: vacuum environment; large-scale machine tool; flow-thermal coupling; parameter
identification; temperature prediction

1. Introduction

With the development of the manufacturing industry, vacuum environment process-
ing is finding more and more applications. Not only do semiconductor devices, optical
lenses [1], and other parts and equipment with special processing requirements need to
be produced in a vacuum environment, but even the processing of ordinary parts is also
turned to a vacuum environment processing [2] to improve surface roughness.

The vacuum environment poses higher thermal performance requirements for machine
tools. It is well known that even in the atmospheric environment, the thermal error of
machine tools accounts for more than 40% of all error sources [3]. The heat dissipation
effect of air, especially the temperature-related parameters such as flow rate, temperature,
outlet pressure, and heat-transfer coefficient, is the most important research areas in the
research of machine tool performance [4]. In a vacuum environment, the air is so thin
that it hardly exists, air convection cannot be formed, and processing equipment such as
machine tools can only dissipate heat through heat radiation and heat conduction between
components. This special thermal boundary condition raises higher requirements on the
thermal characteristics of the machine tool during the working process. Therefore, it is
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urgent to conduct in-depth research on the thermal characteristics of machine tools in a
vacuum environment so as to achieve accurate thermal performance by predicting and
controlling the temperature increase of the whole machine.

When analyzing and predicting thermal characteristics of machine tools, the accu-
racy of input parameters is an important prerequisite for ensuring the correctness of
thermal design results. The identification methods of input parameters for thermal char-
acteristic analysis and prediction research in the field of machine tools can be roughly
divided into theoretical analysis [5-7], experimental measurement [8-17], and numerical
prediction [18-21]. For the references involved in the above three research methods, the
application of different research methods is described in detail from the perspective of
atmospheric and vacuum environment.

In an atmospheric environment, Laraq [5] is based on the linear superposition method
to determine the heat-transfer coefficients of the contact surfaces of multiple discs of
random location and size, providing an accurate analytical solution with a reasonable
computation time. Meng et al. [6] believed that the influence of fractal parameters on
the thermal and contact characteristics of the electro-spindle should not be ignored, so
they established a mathematical model of the electro-spindle considering the influence
of each fractal parameter, divided the key nodes of the electro-spindle, solved the heat
balance equation, and finally the accuracy of the thermal resistance network model was
verified by the temperature increase experiment. Mori et al. [8] studied the influence
of the difference in the linear expansion coefficient between the machine tool and the
workpiece on the thermal deformation caused by room temperature through precision
machining experiments. Liu [9] proposed a method-combining experiment and prediction
to analyze the temperature field of an EDM machine tool spindle. Zhang et al. [10] studied
the contact thermal resistance of five aluminum alloy materials through experiments, and
used the difference in average roughness produced by lathes with different feed speeds to
characterize the surface topography of the contact surface. The results showed that there is
no direct relationship between the contact thermal resistance and the surface roughness
due to the different morphologies and contact randomness of the two surfaces during
the contact process. Surface roughness and surface flatness have a coupled effect on the
contact thermal resistance. Duo et al. [11] studied the effects of interface temperature,
sample surface roughness, and contact pressure on thermal contact conductance through
experiments. The results showed that the contact thermal resistance has a power-law
relationship with the contact pressure and the interface temperature. Cheng et al. [18]
carried out the finite element method simulation of thermal characteristics of a high-speed
motorized spindle system under a high-temperature and high-pressure environment, and
considered that the accurate determination of heat generation rate, convective heat-transfer
coefficient, and heat-transfer coefficient is the basis for accurate simulation analysis of the
thermal characteristics of the motorized spindle. Weng et al. [19] used the finite element
method to match the thermal power-deformation mapping coefficient, and formed a general
thermal-balance design method machine tools in an atmospheric environment based on the
analytical modeling method. On the basis of the multi-point contact model, Liu et al. [20]
considered the temperature dependence of the material, the thermal radiation through the
cavity at the interface and the influence of the thermal interface material, and proposed
a finite element model of high temperature thermal contact resistance. The geometric
parameters of the finite element model were determined by simple surface roughness tests
and experimental data fitting. The validity of the finite element model was verified by
the experimental results of the high-temperature thermal contact resistance between the
superalloy and the composite material.

For equipment in a vacuum environment, Chen et al. [7] proposed a data-processing
technique for measuring contact thermal resistance. First, it was proved by numerical
prediction that the thin disk sample is a one-dimensional axial heat flow, and an experi-
mental device for measuring high-temperature thermal contact thermal resistance based
on the steady-state method was established. The uncertainty of the method was less than
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10%. Sun et al. [12] obtained the effects of interface temperature, contact pressure, surface
roughness, heat flow, load cycle, and processing technology on the heat-transfer coefficient
through experiments. Tian [13] mainly studied the water-cooled heat dissipation of the
motor and the reducer, and determined the heat-transfer coefficient between the motor, the
reducer, and the water-cooled plate through experiments. Chen [14] prepared samples with
different surface roughnesses, and tested them in a vacuum environment and non-vacuum
environment for thermal measurements, and proposed a surface roughness that can keep
the contact thermal resistance consistent in various environments. Nishino et al. [15]
simulated the actual heat-transfer surface of a cold-plate heat exchanger used in outer
space with a square test plate made of aluminum alloy to study the thermal conductivity
in a vacuum environment under low load. The microscopic and macroscopic thermal
shrinkage resistances were evaluated based on the real contact pressure distribution and
through digital image processing, and the results showed that the macroscopic shrinkage
resistance caused by surface corrugation and substrate deformation had the greatest ef-
fect on the transformation of thermal conductivity at low applied loads. Ding et al. [16]
established an experimental device to study the thermal conductivity of stainless-steel
joints in vacuum, and analyzed the influence of the interface contact pressure and average
interface temperature on the contact thermal conductivity. The results showed that the
thermal conductivity reached the peak when the contact surface pressure was 25.54 MPa.
Dongmei et al. [17] used the laser photothermal method to measure the contact thermal
resistance between solids in the temperature range of 70~290 K and the pressure range
of 0.2~0.7 MPa. The effects of temperature and contact pressure on the interface contact
thermal resistance were analyzed. The relationship between contact thermal resistance and
temperature under certain contact pressure is established. Li [21] determined the turntable
structure scheme based on the finite element analysis method, optimized the main support
structure with justified material selection, and analyzed and calculated the influence of
the drive mechanisms and shafts on the turntable stiffness, temperature adaptability, and
pointing accuracy.

These analysis studies show that the accurate identification of the heat-transfer coeffi-
cient between the contact surfaces is a key issue in the construction, analysis, and prediction
of the thermal field model of the whole machine. There is still a lot of uncertainty in the
theoretical calculation method of the heat-transfer coefficient. Due to the difference in con-
tact pressure and surface roughness, there is no general formula for the contact surface; the
experimental measurement method of the heat-transfer coefficient is relatively complicated,
which is not suitable for large-scale machine tools. At present, there are relatively few
studies on the thermal characteristics of equipment in a vacuum environment, and there
is no research on the analysis, identification, and prediction of thermal characteristics of
large-scale machine tools in vacuum.

Based on the heat flow coupling model, this paper identified the simulation parameters
of a large machine tool in vacuum, affirmed that the key thermal characteristic parameter
is the heat-transfer coefficient of the water-cooled plate in the motor-reducer system, and
focused on its accurate identification. Through accurate thermal characteristic parameter
identification, the consistency between theoretical simulation and experimental verification
of the temperature field analysis of the whole machine in a vacuum environment was
ensured. Therefore, the prediction research of the temperature field of the machine tool
under various working conditions was carried out, which provides theoretical guidance
for the performance analysis and thermal protection design of vacuum equipment.

2. Research Methodology
2.1. Analysis of Thermal Characteristics of Large Machine Tools in Vacuum

The research object of this project was a large five-axis machine tool that works 24 h in
a vacuum environment. The X, Y, and Z moving axes travel a distance of 4 m x 4 m x 0.5 m.
The three-dimensional model of the machine tool is shown in Figure la. The machine
tool consists of three translational axes and two rotating axes. The components of the
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translational axis are as follows: servo motor-reducer, linear guide, screw nut, and bearing
group; the components of the rotation axis are motor-reducer and bearing. The driving
method of the translation shaft is that the rotating torque generated by the motor acts
on the screw nut after passing through the reducer to drive the moving parts, and the
rotating parts of the rotating shaft are directly connected to the reducer connected to the
motor. During the machining process of the machine tool, the motor-reducer system will
heat up severely. In order to control the temperature of the system and not affect the
machining accuracy of the whole machine, a water-cooling plate was wrapped around the
motor-reducer assembly, and cooling water was introduced to take away the heat generated
by the motor and reducer, wherein the inner diameter of water-cooling plate runner was
10 mm. The heat, motor-reducer-water-cooling plate assembly is shown in Figure 1b.

B axes

7 axes

(a)

. reducer
bearing motor water-  servo

set water- cooled plate  motor
cooled plate

screw nut

bearing

reducer
base

(b)

Figure 1. 3D model of the whole machine and the components of the translation shaft: (a) 3D model
of the whole machine; (b) Components of the translation shaft.

There are three ways to confirm the thermal characteristic parameter values: obtain
the accurate value through formula calculation, such as the heating power of the motor
and reducer; the empirical value, such as the external surface emissivity of the whole
machine, and other thermal parameters that have little influence on the temperature field
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of the whole machine; finally there are also some parameters that are difficult to obtain
through formulas and have no reliable empirical values, such as motors, reducers, and
their respective water-cooling plates. Among all the parts of the whole machine, the motor
and the reducer generate the most heat, so it is necessary to wrap the water-cooling plate
around them and then feed the cooling water. The temperature difference between the two
parts is the most disparate. The position of the contact surface of the motor, reducer, and
its water-cooled plate is shown in Figure 2. The performance determines the accuracy of
the simulation results. In this paper, after the key parameter identification and calibration
of the heat-transfer coefficient between the motor reducer and its water-cooled plate was
completed through experiment and simulation, in a vacuum environment, the simulation
model of the whole machine was established, and the design and research process of
the simulation and prediction of the thermal characteristics of the whole machine was
carried out.

contact area between motor
and water-cooled plate

contact area between
reducer and water-
cooled plate

Figure 2. Heat-exchange contact surface.

The temperature increase of the whole machine is large in the vacuum environment.
In order to reduce the error caused by the thermal deformation of the parts during the
temperature increase of the parts, the machine tool is preheated before processing. It can be
considered that the machine tool works in a stable state of the temperature field of the whole
machine, so a unidirectional steady-state flow-thermal coupling simulation model was
established for analysis. The simulation process is shown in Figure 3. The steady-state flow
field and steady-state thermal analysis module were established using ANSYS Workbench.
First, the surface temperature of the cold-plate runner under the action of cooling water
was obtained through the Fluent module, and then the temperature was imported into
the steady-state thermal module to calculate the temperature field of the whole machine.
The main boundary conditions imposed by the flow field were as follows: cooling water
temperature, flow velocity, etc., and the main boundary conditions imposed by the thermal
field were as follows: heat flux density, ambient temperature, vacuum emissivity, etc.
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Cooling water temperature
Cooling water speed
Output type

!

Flow field

boundary conditions

Motor and reducer
heat flux density

'

Temperature
boundary condition

Flow-thermal coupling

simulation

Flow field temperature distribution
— Flow field velocity distribution

Ambient temperature
Heat flux density —p

Vacuum emissivity

Thermal analysis

Figure 3. Simulation flow chart.

2.2. Heat Source Calculation

Temperature field of the Machine
Bearing set temperature field
Nut temperature field
Slider temperature field

The heat source of the machine tool in the working process has two parts, as shown in
Figure 4: one is the internal heat source in the feeding system, mainly the heat generated
by the rotation of the motor reducer and the friction heat generated by the motion pair
between some parts; the other is the external heat source acting on the machine tool, which
is mainly the radiation heat exchange between the ambient heat and the outer surface of
the machine tool and the inner wall of the vacuum chamber. The heating power value of
the internal heat source can be obtained through a calculation method; for the external heat

source, the ambient temperature can be obtained through a temperature sensor.

The heat source of
the machine tool

The internal ]

heat source

Bearing set

The external
heat source

Screw nut

—[ Linear guide

The outer surface of the machine
tool and the inner wall of the

vacuum chamber

Ambient heat

Motor
| J
- |
Reducer
\
- |

\ J

Figure 4. Heat source diagram of the whole machine.
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According to the specific component assembly and load of the machine tool studied
in this paper, with reference to relevant literature [22,23] and empirical formulas, the total
load inertia converted from the components on the motion axis to the motor was first
calculated, including Jscrew, ]coupling and J;; the heating power of the internal heat source
was calculated, including the feed acceleration torque M, of the motor shaft, the additional
friction torque M¢yew friction Of the lead screw preload, the additional torque of the guide
rail friction M, friction, and bearing friction additional torque Myeaing friction- The four types
of torques are given below, and the starting torque M; of the motor can be calculated
accordingly, as shown in Formulas (1)-(5).

Jioad = JR + Jscrew + ]coupling +JL @
DZ
]screw = m;izz

m3D3
]coupling = 831'23 &)

JL= m3(ﬁ)2
where Jj,,;—the total load inertia of the screw, coupling, reducer, etc. converted to the
motor shaft, unit: kg-m2 ;
Jr—reducer inertia, the specific value can be obtained from the sample unit: kg-m?;
Jscrew—the inertia of the lead screw converted to the motor shaft, unit: kg-m2 ;
my—mass of ball screw, unit: kg;
Dy—Dball screw diameter, unit: m;
i—reduction ratio, it can be seen from the sample that its value is 5;
Jeoupling—the moment of inertia converted from the coupling to the motor shaft, unit: kg-m2 ;
mz—coupling mass, unit: kg;
D3—coupling diameter, unit: m;
J1—the inertia of the moving parts converted to the motor shaft, unit: kg-m?;
P—screw lead, unit: m.

Ms = Mg + Mscrew friction + Mpair friction + Mhearing friction 3)
— Jioad"
Ma = 9357
_ _bBlL 2
Mscrew friction — 27;;7PR7701' (1 — 1o ) 4
Moot e — HamgL )
rail friction — 27T 0l

_ HaPd
Mhearing friction = Qypi

where J},,;—the total load inertia of the lead screw, coupling, reducer, etc. converted to the
motor shaft, unit: kg m2;

n—motor speed, unit: r/min;

T—The theoretical acceleration time of the motor is 0.2 s according to the design experience;
Fp—preload force, unit: N;

L—Ilead of the screw, unit: m;

nr—reducer efficiency is 0.95 according to the technical manual;

170—the efficiency when the lead screw is not preloaded is 0.95 according to the techni-
cal manual;

u1—the friction coefficient of the guide rail is 0.01, according to the design experience;
m—the weight of the moving parts, unit: kg;

up—bearing friction coefficient is 0.0025 according to the technical manual;

P—Dbearing load, unit: N;

d—the inner diameter of the bearing, unit: m.

Through the above torque and motor speed and the efficiency of the motor reducer,
the heating power Qyotor and Qyegycer Of the motor and the reducer can be calculated.
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The heating power of the bearing and the lead screw Qpegring friction and Qscrew friction €an
be calculated according to the corresponding torque and speed, and the heating power
Qrail friction of the guide rail depends on the friction coefficient between the guide rail sliders,
the axle weight, and the moving speed. The specific calculation formula is shown in
Formula (5).

Mgn ((1— M
Qmotor = % (,77;]4)

Qreducer = motor(1 - 77R)

Mbearing friction™

Qbearing friction = — 955 ©®)
_ Mscrew friction™

Qscrew friction == — 955

— mmg
Qrail friction = —3 U

where, #7)r—motor efficiency is 0.9, according to the technical manual, the value
v—movement speed of moving parts, unit: m/s.

According to the design requirements, the maximum moving speed of each axis is
100 mm/s, and the maximum speed of the motor is 2500 r/min; substituting the practical
parameters such as screw lead and the weight of the moving parts into the equation, the
heating power of each heating source can be calculated as shown in Table 1.

Table 1. Heating power.

Motion Axis X Y V4 A B
Motor heating power (W) 114.602 113.729 72.717 3.103 1.334
Reducer heating power (W) 51.571 51.178 32.723 13.962 6.004
Lead screw heating power (W) 2.607 1.738 13.099 / /
Rail heating power (W) 6.248 4.165 0.329 / /
Bearing heating power (W) 0.571 0.518 2.503 0.024 0.006

In the machining process, the Y axis is the main motion axis, and the parameter-
identification method and process of the whole machine are explained by taking the
parameter identification of each component of the feed system on the Y axis as an example.
After substituting the relevant parameters of the Y-axis, it can be calculated that the total
inertia of the load converted to the motor by the Y-axis motion system is 4 N-m, and the
heating power of the components of the feed system is shown in Table 2.

Table 2. The heating power of each component of the Y-axis motor at different speeds.

Operating Condition Condition1 Condition2  Condition3  Condition 4
Y-axis motor speed (r/min) 250 750 1250 2500
Motor heating power (W) 11.373 34.119 56.865 113.729
Reducer heating power (W) 5.118 15.353 25.589 51.178
Lead screw heating power (W) 0.1738 0.521 0.869 1.738
Rail heating power (W) 0.417 1.249 2.083 4.165
Bearing heating power (W) 0.0518 0.156 0.259 0.518

2.3. Simulation Model of Motor-Reducer System

Before the simulation analysis of the motor-reducer system, the detailed features and
structural components such as holes, grooves, and chamfers in the model shall be simplified
or deleted. The simplified model shall be imported into the ANSYS software and then
divided into elements. The total number of nodes is 210,000. The specific simulation process
of the system is as follows: (1) After assigning the temperature and flow rate at the cooling
water inlet and the heat flux density on the heating surface of the motor and reducer in
the Fluent module, the temperature distribution on the surface of the flow channel on the
water-cooling plate is calculated. (2) Import the flow channel temperature obtained in the
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above steps into the steady-state thermal module of Workbench. (3) The main boundary
conditions of the thermal module are as follows: the heat flow of the heating surface of the
motor and reducer, the radiation rate of all external surfaces, and the temperature of the
imported flow channel. The main material of the whole machine is stainless steel. In order
to determine its surface emissivity, we first drive the Y-axis to reciprocate in a vacuum
environment for several hours, record the temperature of each component at this time, then
let the whole machine stand in a vacuum environment for 17 h, record the temperature of
the corresponding parts again, and the temperature difference between the two bearing
seats on the motor side is less than 2 °C. Since the temperature drop of the whole machine
in a vacuum environment is mainly due to the thermal radiation of the surface, the initial
boundary condition was set in the simulation software as the temperature before the whole
machine rests, and the radiation rate was adjusted through parametric simulation to make
the simulation results consistent with those after shutdown. The temperature of each part
is the same, and the emissivity was obtained as 0.55. The main parameters applied to the
simulation model in the vacuum environment are shown in Table 3. The main parameters
applied to the simulation model in the vacuum environment are shown in Table 3.

Table 3. Simulation parameters of the motor-reducer system.

Simulation Parameter Input Value
Cooling water temperature (°C) 26
Cooling water flow (m3/s) 3.28 x 107°
Motor heat flow (W) 113.73
Motor heat flux density (W/ m?) 2645.35
Reducer heat flow (W) 51.12
Reducer heat flux density (W/ m?) 2748.84
Ambient temperature (°C) 26
Emissivity 0.55

The whole machine was simplified and imported into ANSYS for mesh generation,
as shown in Figure 5. The total number of nodes is 4.97 million. The water-cooled plate is
made of aluminum alloy, and the whole machine is made of stainless steel.

The main parameters imposed on the simulation model in the vacuum environment
are shown in Table 4. The temperature of the water-cooling plate was imported from the
simulation results of the motor-reducer system, and the heat-transfer coefficient of the
motor system was subsequently identified and then assigned to the simulation model.

Table 4. Simulation parameters of the whole machine.

Simulation Parameters Input Value
Cooling water temperature (°C) 20.5
Cooling water flow (m3/s) 1.45
Motor heat flux (W) 113.7
Reducer heat flux (W) 51.7
Bearing heat flux (W) 0.89
Screw heat flux (W) 6.1
Slider heat flux (W) 4.1
ambient temperature (°C) 23.5

After obtaining the heat source of the motor and reducer through calculation, the
temperature of the water-cooled plate is expected to rise by 2 °C, the temperature difference
between the inlet and outlet cooling water is expected to be 1 °C, and the average water
temperature will rise by 0.5 °C. The expected average temperature difference of the cooling
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water is 1.5 °C. Substituting these data into the formula, it can be concluded that the cooling
water flow rate is 3.957 x 107> m3/s.

P
17 AT

(6)

where, g—cooling water flow, unit: m3/s;

P—total heating power of motor and reducer, unit: W;

c—specific heat capacity of cooling water, which is 4.2 x 103 J/(kg-°C)
p—cooling water density, which is 1.0 x 10% kg/m3

AT—temperature difference between water outlet and water inlet, unit: °C.

0.00 1000.00 2000.00 (mm)
B S
500.00 1500.00

Figure 5. Mesh diagram of the whole machine.

3. Identification of Key Parameters Based on Experiments

In the thermal characteristic model, the contact pressure and surface roughness be-
tween the contact surfaces of the motor, reducer and water-cooled plate are different, and
the value of the heat-transfer coefficient between the two cannot be directly deduced and
calculated through the theoretical formula, and the test measurement is difficult to achieve
for the system, so it is a key parameter that is difficult to determine. In combination with
test and simulation, this paper proposed a process to determine the heat-transfer coefficient.
The basic steps are as follows:

(1) Build a test platform to analyze the temperature increase of key parts such as the motor,
reducer, and water-cooled plate surface under certain working condition (working
condition 1);

(2) Using the parametric simulation module of the finite element software, the heat-
transfer coefficient value is obtained by cross-checking and verifying with the above
test results. The specific process is shown in Figure 6.

(38) According to the thermal resistance value obtained in step 2, the temperature of
the key position of the motor system under another working condition (working
condition 2) is obtained through simulation;

(4) Finally, verify the accuracy of the temperature through experiments.
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TCCi=10W/m?-K
TCC2=10W/m>K
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Figure 6. Flow chart of preliminary determination of heat-transfer coefficient.
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3.1. Setting Up the Test Environment

The test equipment and its connection method are shown in Figure 7a; the host
computer is connected to each equipment through RS232 cable, the water cooler and
flowmeter monitor the operation status of each equipment during the test; the motor driver
controls the parameters of the motor speed; the temperature of the motor-reducer system is
obtained with the temperature sensor, and the important parameters of the test equipment
are shown in Table 5.

motor scanning servo temperature
controller instrument motor sensor patch

! | — water-cooled plate reducer
flow- |l ——— |
| . temperature’ | motor
| meter Il sensor | jcontroller;
- = Sensor I | . .
I 1 T, ; air extraction V}?C“lkl)m
~~~~~~~ chamber
e - port
: 4? water- |
Rt cooling plate
——————————————— vacuum L
I um aviation
v pump plugs
——=————y__r_ .
; 2 | vacuum
I servo motor ¥ reducer . .
S o I measuring “cooling water
instrument channel

Figure 7. Motor-reducer system test platform: (a) Assembly schematic; (b) Parts Wiring Diagram;
(c) Vacuum Chamber Wiring Diagram.

Table 5. Equipment parameter table.

Equipment Parameter Parameter Value
Chiller temperature range (°C) 10~30
Chiller temperature error (°C) +0.1
Flowmeter precision (L/min) 0.05

Scanning instrument precision (°C) +0.1
Scanning instrument channels 17
Temperature sensor accuracy (°C) +0.1

The assembly diagram of the external environment of the test platform is shown in
Figure 7b. The motor-reducer system was connected to the water-cooling plate through
bolts and studs, feeding cooling water into the water-cooling plate. The test platform was
connected to the following three types of cables: (1) Communication cables. The host
computer was connected to the motor controller through the RS232 communication line
to adjust the parameters such as the motor speed, and the servo motor and the motor
controller were connected through the feedback line; (2) The power line. The servo motor
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was connected to the 380 V power supply through the power line; (3) The temperature-
sensor connection line. The inspection instrument obtained the temperature of key positions
through temperature sensors attached to the motor, reducer, and water-cooling plate. After
the test platform was assembled and tested in the atmospheric environment to ensure
normal movement, the abovementioned connecting lines were connected to the power
supply, the host computer, and the inspection instrument, respectively, through the two
aviation plugs reserved in the vacuum chamber. In addition to the cable wiring, the cooling
water channel and the air extraction port were also connected to the water cooler and
the air-extraction machine through the interface reserved in the vacuum chamber. The
connection of the vacuum chamber is shown in Figure 7c. In order to provide load for
normal operation of the machine tool, the motor-reducer system test device uses friction
torque limiter to provide load for the motor reducer. By adjusting the friction force of the
torque limiter, the load change of the machine tool under actual working conditions was
simulated. According to the motor output torque read from the servo motor feedback data,
the pre-tightening nut of the torque limiter was adjusted until the output torque was equal
to the driving torque design index of the large motion platform.

During the construction of the test platform, the location of the temperature sensor
directly affects whether the test results are accurate and sound. As the two heat sources of
the test platform, the motor and the reducer have a high overall temperature. It is necessary
to arrange a sensor at the outer casing of the motor and the casing at the right angle of the
reducer to monitor their temperature. The temperature of the water-cooling plate is greatly
affected by the cooling water. A sensor was arranged on each of the two water-cooling
plates. The sensor on the water-cooling plate of the motor was located at the cooling
water inlet, and the sensor on the water-cooling plate of the reducer was located in the
middle of the entire flow channel. Its value can be used as the average temperature of the
water-cooling plate. The housing of the motor and reducer used a chip sensor to collect the
housing temperature, and the water-cooling plate adopted a spring-loaded sensor, which
can measure the internal temperature of the water-cooling plate. The placement of the
sensor is shown in Figure 8.

water-cooling water-cooling plate
plate of the motor of the reducer

outer casing of
the motor

the casing at the
right angle of the
reducer

Figure 8. Sensor placement position of the test platform.

3.2. Preliminary Determination of Heat-Transfer Coefficient

In order to obtain the heat-transfer coefficient accurately, two sets of test conditions
need to be selected in combination with the motor performance and the actual processing
conditions. For the motor speed part, the designed maximum speed is 2500 r/min, and the
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average speed when the equipment is in use is 1250 r/min; the cooling water temperature
was uniformly set to room temperature. According to the test, when the cooling water
flow rate is 3.33 x 107> m3/s, the design requirements are met, and when the flow rate is
greater than 6.67 x 107> m3/s, the system has no further cooling effect. In summary, in the
selected working condition 1, the motor speed is 2500 r/min, the cooling water temperature
is 26 °C, and the flow rate is 3.33 x 10~° m3/s; in working condition 2, the motor speed is
1250 r/min, the cooling water temperature is 26 °C, and the flow rate is 6.67 x 107> m3/s.
The specific parameters are shown in Table 6.

Table 6. Comparison table of working condition parameters.

Cooling Water Cooling Water Ambient

Motor Speed (rpm) Temperature (°C) Flow Rate (m3/s) Temperature (°C) Load (N-m)
working condition 1 2500 26 333 x 107° 28.5 4
working condition 2 1250 26 6.67 x 107° 29 4

A pre-test was conducted to measure the temperature increase of the motor-reducer
system. During the test, the average temperature of the vacuum chamber was 28.8 °C,
and the temperature increase test of the motor-reducer system was carried out under the
condition of working condition 1. The temperature of the sensor was recorded every 5 min,
and the actual temperature increase is shown in Figure 9a. When the system ran for about
40 min, the temperature of the system tended to be stable. At this time, the temperature
of the motor shell was 42.2 °C, the temperature of the reducer shell was 37.2 °C, and the
temperature of the water-cooling plate was 26.2 °C and 26.5 °C.

The heat-transfer coefficient between the contact surfaces was then obtained by para-
metric simulation in the simulation software. The simulation input parameters were set to
be the same as the abovementioned test conditions. The parameterized simulation input
parameters were as follows: the heat-transfer coefficient between the motor, the reducer,
and their respective water-cooling plates, and the value range was 0~1000 W /(m?-°C).
The value interval was 10 W/(m?-°C); the output parameter was the temperature of the
component, and the specific position in the 3D model corresponds to the temperature
sensor location. The simulation results are shown in Figure 9b, when the heat-transfer
coefficient between the motor and the motor’s water-cooling plate was 560 W /(m?2-°C),
and the heat-transfer coefficient between the reducer and the reducer’s water-cooling plate
was 510 W/ (m?2-°C); the error between the simulation results and the test temperature was
the lowest. At this time, the motor temperature was close to 41.8 °C, the reducer housing
was 37 °C, and the water-cooling plate temperatures were 26.2 °C and 26.5 °C, respectively.
Comparing the simulation results with the temperatures obtained from the test, as shown
in Figure 10, the maximum temperature difference between the two was 0.5 °C at the motor
housing, 0.3 °C at the reducer housing, and 0.4 °C and 0.5 °C for the water-cooling plate. It
is considered that the simulation result was close to the test temperature. Figure 11 shows
the simulation result of cooling water temperature of working condition 1. The temperature
at the inlet and outlet were 26 °C and 26.5 °C, respectively, and the difference between
the two was 0.5 °C. In order to further verify whether the value is the real heat-transfer
coefficient value, another set of working conditions (working condition 2) needs to be
selected for simulation and experiment.

3.3. Verification of Heat-Transfer Coefficient

Under working condition 2, the abovementioned thermal resistance value was used
for simulation. The results are shown in Figure 12. Under this working condition, the motor
temperature dropped to 33.7 °C, the reducer housing was 31.2 °C, and the temperature
increase of the water-cooling plate was stable at about 26.1 °C.
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Figure 9. The test and simulation results of working condition 1: (a) Test temperature increase
diagram; (b) The parameterized simulation results of working condition 1.
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Figure 11. Simulation results of the cooling water temperature of working condition 1.
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Figure 12. Simulation results of working condition 2.

In order to verify the accuracy of the abovementioned simulation results, the same
working conditions were used for the verification test and the sensor temperature was
recorded every 5 min. After about 25 min, the system temperature tended to be stable. At
this time, the temperature of the motor casing was 33.4 °C, the casing temperature of the
reducer was 31.1 °C, and the water-cooled plate 26.3 °C. The simulation results were com-
pared with the temperature obtained by the test. As shown in Figure 13, the temperature
difference between the two at the motor water-cooling plate reached a maximum value of
0.3 °C, the temperature difference between the motor casing and the reducer water-cooling
plate was 0.2 °C, and the reducer casing temperature difference was 0.1 °C.
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- The simulation temperature
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Figure 13. Comparison of simulated temperature in working condition 2 test.
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In this section, two sets of tests and simulations were carried out for the motor-reducer
system and a comparative analysis is carried out. Under the same working conditions, the
temperature difference between the two does not exceed 0.5 °C, and the heat exchange
between the motor reducer and its water-cooling plate is found. The coefficient values are
560 W/(m?-°C) and 510 W/(m?2-°C).

4. Simulation Analysis and Verification of Thermal Characteristics of the
Whole Machine

The identified contact thermal resistance was introduced into the whole machine
simulation model, and the temperature distribution of the whole machine temperature
field and the temperature of key points on the Y-axis could be obtained by combining other
boundary condition values listed in Table 4, as shown in Figure 14. Figure 15 shows the
temperature field distribution of key components on the Y-axis. The maximum temperature
increase of the whole machine reached 3 °C, which appeared on the bearing on the motor
side. Since the motor water-cooling plate passes through the cooling water of 20.5 °C, the
overall temperature was not much different from the cooling water, which was within
0.1 °C. The temperature field analysis of some key components is as follows: (1) Different
from the atmospheric environment, the temperature of the motor-reducer system was about
20.5 °C under the cooling effect of the cooling water, and the temperature of the motor base
and the coupling was within 24.3 °C~20.5 °C; the temperature difference was large and
there was an obvious gradient change; (2) the maximum temperature increase of the nut on
the motor side was 3 °C, and the closer it is to the motor system, the lower the temperature;
(3) the maximum temperature increase of the nut was 1.7 °C; (4) the maximum temperature
increase of the slider was within 0.6 °C, and the minimum temperature increase was 0.3 °C.
According to the simulation results, it can be considered that sensors should be installed
at the following parts to monitor the temperature of the whole machine: (1) the highest
temperature point of the machine tool is the motor side bearing, so a sensor should be
attached to the bearing seat; (2) the temperature of the nut and slider also increased to a
certain extent, so it is necessary to attach a temperature sensor to the nut bracket and the
side of the slider; (3) as the main heat source, the motor and reducer should be attached
with a sensor on the shell to ensure that the temperature is within the applicable range
when the water-cooling plate is cooled; (4) a temperature sensor should be attached at the
inlet of the water-cooling plate to monitor the temperature of the cooling water. It can be
seen from the above analysis that the temperature measurement points of key components
of the feed system should be as shown in Figure 16.

The test was carried out under the same simulation boundary conditions as given
in Table 4; the Y-axis reciprocated at a speed of 10 mm/s, while the other axes remained
stationary, and the Y-axis water-cooling plate was fed with cooling water of 20.5 °C. The
temperature of the key components measured by the temperature sensor displayed on the
host computer during the whole machine test is shown in Figure 17.

The analysis of the three temperature sensors on the Y-axis showed that when the
temperature of the water-cooled plate was cooled at 20.5 °C, the temperature of the water-
cooled plate was 20.9 °C, which is slightly higher than the simulation result of 20.5 °C
by 0.4 °C, and the bearing seat test temperature was higher than the simulation result by
0.1 °C. Considering the test error and sensor accuracy error, it is considered that the setting
of simulation parameters in vacuum environment is reasonable.
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Figure 14. Temperature field of the whole machine in a vacuum environment.
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Figure 15. Temperature of the key components in a vacuum environment: (a) Motor side temperature
rise diagram; (b) Bearing set temperature rise diagram; (c) Nut temperature rise diagram; (d) Slider

temperature rise diagram.
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Figure 16. Positioning diagram of the temperature sensor of the Y-axis feeding system.
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Figure 17. Upper computer interface during the whole machine test.

5. Prediction of Thermal Characteristics of Machine Tools
5.1. Temperature of the Whole Machine under Different Cooling Water Flow Rates

When using the simulation software to predict the influence of different flow rates on
the temperature field of the whole machine, the range of cooling water flow rate was as
follows: 3.925 x 1075~3.14 x 10~* m3/s, and the other simulation boundary conditions
were as follows: motor speed: 2500 r/min, vacuum chamber temperature: 20 °C, cooling
water temperature: 20 °C. Since different flows only affect the motor-reducer system, and
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then there were temperature changes on the Y-axis motor side bearing, coupling, motor
base, and some beams, and there was no significant change on the temperature of other
shafting of the whole machine, only the temperature changes of some parts were analyzed.
Fitting the simulation results, the fitting functions of each temperature measuring point are
shown in Table 7, where x is the flow, y is the component temperature, and the temperature
fitting diagram is shown in Figure 18. It can be seen from the simulation results in Figure 16
that the temperature of parts had a turning point when the cooling water flow rate was
1.57 x 10~* m®/s, and there was basically no significant drop when the flow was greater
than 1.57 x 10~* m3/s, and the temperature difference between the water-cooled plate and
other parts was at least 2 °C.

Table 7. Fitting function of temperature measurement points of each component under different flows.

Parts Fitting Function

bearing y = —3.17843 x 107°x% + 0.00117x? — 0.02727x + 25.76486
coupling y = —2.45494 x 1075x3 + 0.00177x% — 0.05388x + 23.24022
motor base y = —4.12138 x 107°x> 4 0.00382x2 — 0.11774x + 24.4957
reducer water-cooling plant y = —5.82275 x 10~ x> + 0.00486x% — 0.13735x + 21.4901
motor water-cooling plant y = —2.76009 x 107°x3 + 0.00259x? — 0.08168x + 20.93482
reducer y = —5.74011 x 10~5x3 + 0.00498x> — 0.14447x + 25.27424

motor y = 5.78025 x 1070x3 + 0.00106x> — 0.0694x + 25.95404

temperature of the test points(C)

cooling water flow(x10°m?/s)

B bearing ¢ motor water-cooling plate
® coupling reducer

4  motor base > motor

v reducer water-cooling plate

Figure 18. Effect of different flow rates on the temperature of the test points.

5.2. The Temperature of the Whole Machine under Different Cooling Water Temperatures

The simulation boundary conditions considering the influence of water-temperature
change on the temperature field of the whole machine were as follows: motor speed:
2500 r/min, vacuum chamber temperature: 23.5 °C, cooling water flow: 1.57 x 10~* m3/s,
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cooling water temperature: 18~24 °C. Similar to the previous section, only some parts
had significant temperature changes. Fitting the simulation results, the fitting function
of each temperature measuring point is shown in Table 8, where x is the cooling water
temperature, y is the component temperature, and the temperature fitting diagram is
shown in Figure 19. it can be seen that the bearing group was least affected by the water
temperature, and the temperature increase was within 2 °C; the temperature of the other
components was linearly related to the cooling water temperature. Except for the bearing
group, the temperature difference of the other components was within 1 °C and tended to
have the same temperature value.

Table 8. Fitting function of temperature measurement points of components under different cooling
water temperatures.

Parts Fitting Function
bearing y = —0.01189x2 + 0.68918x + 18.05243
coupling y = —0.01842x? + 1.54739x — 1.68198
motor base y = 0.00139x2 + 0.82632x + 3.37114
reducer water-cooling plant y = 0.00102x? + 0.98175x + 1.33856
motor water-cooling plant y = 3.92857 x 10~*x2 + 0.68918x + 0.224
reducer y = 0.00148x? + 0.9315x + 0.89602
motor y = —0.0022x2 + 0.89675x + 1.2279
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Figure 19. The effect of different water temperatures on the temperature of test points.

5.3. Temperature of the Whole Machine at Different Motor Speeds

When the motor speed was 250~2500 r/min, the vacuum chamber temperature was
23.5 °C, the cooling water flow was 1.57 x 10~* m3/s, and the cooling water temperature
was 20 °C. Fitting the simulation results, the fitting functions of each temperature measuring
point are shown in Table 9, where x is the motor speed, y is the component temperature,
and the temperature fitting diagram is shown in Figure 20. The analysis of the simulation
prediction values showed that the temperature difference between the motor-reducer
system and the rest of the whole machine was about 3 °C due to the cooling effect of
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cooling water; when the speed was greater than 1250 r/min, the heat generated by the rest
of the components except the nut was also absorbed. Part of the cooling water was taken
away, the temperature remained stable, and the contact surface of the screw nut maintained
a linear temperature increase.

Table 9. Fitting function of temperature measurement points of various components at different
motor speeds.

Parts Fitting Function
nut y = —1.02993 x 10~7x% + 0.00199x + 23.43398
bearing set of the non-motor side y = —2.69382 x 10~7x2 + 0.00164x + 23.57475
bearing set of the motor side y = —2.96336 x 10~ 7x? + 0.0019x + 22.7983
slider y = —1.20641 x 1077x% — 9.451 x 10~ *x + 23.41525
reducer y = —3.25757 x 107%x2 + 5.16966 x 10~*x + 19.99224
motor base y = —2.44359 x 1078x2 + 3.44417 x 10~*x 4 20.33706
motor y = —1.86127 x 1079x2 + 2.26695 x 10~*x + 20.00162
water-cooling plate y =9.12714 x 10~%x2 4 4.63783 x 10~*x + 20.01032
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Figure 20. The effect of different rotational speeds on the temperature of test points.

5.4. Temperature of the Whole Machine under Different Ambient Temperatures

When the room temperature of the vacuum chamber was changed from 18 °C to 24 °C,
and the remaining boundary conditions were as follows: the motor speed was 250 r/min,
the cooling water flow was 1.57 x 10~% m3/s, and the cooling water temperature was
20 °C. Fitting the simulation results, the fitting function of each temperature measuring
point is shown in Table 10, where x is the cooling water temperature, y is the component
temperature, and the temperature fitting diagram is shown in Figure 21. Under the action
of cooling water, the temperature of the motor-reducer system was basically unaffected by
the ambient temperature; the temperature of other components was linearly related to the
temperature of the vacuum chamber.
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Table 10. Fitting function of temperature measurement points of each component under different
ambient temperatures.

Parts Fitting Function

nut y = —0.01114x2 + 1.42007x + 0.6085

bearing set of the non-motor side y = —0.00373x2 + 1.08354x + 3.25133

bearing set of the motor side y= —0.00849x2 + 1.01932x + 7.55288

slider y = —0.01614x? + 1.63007x — 4.26721
reducer y = 5.59524 x 10~*x? — 0.02154x + 20.33098

motor base y = —4.04762x? + 0.11979x + 17.86576
motor y = —7.14286 x 10~°x2 4 0.00293x + 20.031
water-cooling plate y = —5.95238 x 10~°x? + 0.00261x + 19.4756
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Figure 21. Effect of different environments on the temperature of the test points.

Considering the cooling water flow rate, cooling water temperature, motor speed, and
ambient temperature comprehensively, it can be seen that the cooling water temperature
and flow rate had a greater impact on the motor-reducer system, and the temperature of the
whole machine was relatively stable. There was a significant temperature gradient on the
surface; the motor speed and ambient temperature had a great influence on the temperature
distribution of the whole machine, and the two basically showed a linear distribution, and
the cooling effect of the motor-reducer by the cooling water had no significant change.

6. Conclusions

Aiming at the identification of key parameters of thermal characteristics, thermal field
analysis, and prediction of large machine tools under vacuum environments, this paper
established a thermal characteristics simulation and calculation model, carried out the
identification of key parameters based on experiments, completed the simulation analysis
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and verification of thermal characteristics of the whole machine, and provided the predicted
data of thermal characteristics of machine tools. Specifically:

(1) A new method for determining the heat-transfer coefficient was proposed. Through
the combination of parametric simulation and experiment, the parameters of the heat-
transfer coefficient were identified, and the heat-transfer coefficient between the motor
and the water-cooled plate was determined to be 560 W/ (m?2-°C); the heat-transfer
coefficient between the reducer and the water-cooled plate was 510 W/(m?2-°C).

(2) Through the simulation and test of the whole machine, the temperature field of the
large machine tool in the vacuum environment was determined. When the cooling
water temperature was 20.5 °C, the vacuum chamber temperature was 23.5 °C, and
the motor speed was 250 r/min; the maximum temperature increase of 3 °C was at the
bearing, the lowest temperature was at the water-cooling plate, and the temperature
difference with the cooling water was within 0.5 °C.

(8) The temperature increase prediction chart of the machine tool under different pro-
cessing conditions such as cooling water flow rate, cooling water temperature, motor
speed, and ambient temperature was provided. The chart can be used to determine
whether the processing conditions are met according to specific processing requirements.
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