www.czasopisma.pan.pl P N www.journals.pan.pl
Y

BULLETIN OF THE POLISH ACADEMY OF SCIENCES MECHANICAL AND AERONAUTICAL ENGINEERING, THERMODYNAMICS
TECHNICAL SCIENCES, Vol. 72(2), 2024, Article number: 148941
DOI: 10.24425/bpasts.2024.148941

Analysis of thermal characteristics with multi-physics
coupling for the feed system of a precision CNC
machine tool

Junjian ZHENG'®, Xiaolei DENG?2*, Junshou YANG?2, Wanjun ZHANG?, Xiaoliang LIN2, Shaofei JIANG?,
Xinhua YAO3, and Hongyao SHEN3

' College of Mechanical Engineering, Zhejiang University of Technology, Hangzhou 310023, China
2Key Laboratory of Air-driven Equipment Technology of Zhejiang Province, Quzhou University, Quzhou 324000, China
3 School of Mechanical Engineering, Key Laboratory of 3D Printing Process and Equipment of Zhejiang Province, State Key Laboratory of Fluid
Power and Mechatronic Systems, Zhejiang University, Hangzhou 310027, China

Abstract. The machining accuracy of CNC machine tools is significantly affected by the thermal deformation of the feed system. The ball screw
feed system is extensively used as a transmission component in precise CNC machine tools, responsible for converting rotational motion into
linear motion or converting torque into repetitive axial force. This study presents a multi-physical coupling analysis model for the ball screw feed
system, considering internal thermal generation, intending to reduce the influence of screw-induced thermal deformation on machining accuracy.
This model utilizes the Fourier thermal conduction law and the principle of energy conservation. By performing calculations, the thermal source
and thermal transfer coefficient of the ball screw feed system are determined. Moreover, the thermal characteristics of the ball screw feed system
are effectively analyzed through the utilization of finite element analysis. To validate the proposed analysis model for the ball screw feed system,
a dedicated test platform is designed and constructed specifically to investigate the thermal characteristics of the ball screw feed system in CNC
machine tools. By selecting specific CNC machine tools as the subjects of investigation, a comprehensive study is conducted on the thermal
characteristics of the ball screw feed system. The analysis entails evaluating parameters like temperature field distribution, thermal deformation,
thermal stress, and thermal equilibrium state of the ball screw feed system. By comparing the simulation results from the analysis model with
the experimental test results, the study yields the following findings: The maximum absolute error between the simulated and experimental
temperatures at each measuring point of the feed system components is 2.4°C, with a maximum relative error of 8.7%. The maximum absolute
error between the simulated and experimental temperatures at the measuring point on the lead screw is 2.0°C, with a maximum relative error of
6.8%. The thermal characteristics obtained from the steady-state thermal analysis model of the feed system exhibit a prominent level of agreement
with the experimental results. The research outcomes presented in this paper provide valuable insights for the development of ball screw feed
systems and offer guidance for the thermal design of machine tools.

Keywords: CNC machine tool; ball screw; feed system; module; thermal state characteristics; multiple physical field coupling; contactless.

1. INTRODUCTION for simulation to develop the data used to make technical de-
cisions, in the field of mechanical engineering. Modelling and
simulation reduce costs, improve the product and system qual-
ity, and document any conclusions drawn. Additionally, models
can be updated and improved using the results from real-world
experiments [2]. In a study conducted by Li et al. [3], they uti-
lized a combination of the finite element method and the Monte
Carlo method to investigate this area. Moreover, they proposed
an adaptive real-time model (ARTM) that demonstrates remark-
able effectiveness in predicting the transient distribution of tem-

Currently, Chinese, and foreign scholars are dedicating their  peratyre fields and thermal errors in ball screws. This model en-
research efforts to studying the modeling of thermal character- g, reg accurate estimation of thermal characteristics in real time.
istics and thermal errors in ball screw feed systems. Machine Additionally, Li developed a numerical prediction algorithm
modelling and simulation is the use of models as a framework  gpecifically designed for analyzing the thermal characteristics
of spiral shafts. The effectiveness of this algorithm was then
validated through experimental testing. Based on an analysis of
thermal generation and thermal transfer in the ball screw system,

Establishing the accuracy of CNC machine tools heavily relies
on the thermal characteristics of the feed system. Among the
frequently employed elements for the feed system in machine
tools, the ball screw occupies a prominent position. As a key
component, the thermal deviation resulting from thermal defor-
mation in the ball screw is frequently the main contributor to the
positioning error of the feed system, thereby directly influencing
the overall precision of the machine tool [1].
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oped to accurately predict the thermal expansion phenomenon.
To verify the efficacy of the model, Yang conducted experiments
that confirmed its accuracy and reliability. Ma et al. [5] put forth
a prediction model for the contact thermal conductivity (TCC)
of solid joints. This model was developed by considering the
rough surface microstructure description and contact load dis-
tribution of the joints. Furthermore, Ma successfully enhanced
the precision of simulating the thermal characteristics of the ball
screw feed system by developing a dynamic thermal-structure
coupling model that accounted for the influence of thermal con-
tact conductance (TCC) on the accuracy of simulation results.
In order to examine the thermal deformation of ball screws,
Xia et al. [6] developed a dynamic characteristic analysis model
that employed the least square system identification theory. Fur-
thermore, they conducted an analysis to evaluate the impact of
varying thermal sources on the one-dimensional thermal trans-
fer in ball screws. The objective of this study was to gain in-
sights into how changing thermal sources affect the thermal
transfer process, ultimately influencing the thermal deformation
of the ball screw. In Liang’s research [7], the finite element
method was employed to examine the thermal characteristics
of the Y-type feed system in a particular gantry machine tool.
By utilizing this approach, valuable insights regarding the ther-
mal behavior of the system were gained. To ensure the accuracy
and reliability of their findings, Liang conducted experiments
and compared the results with those obtained from the finite
element analysis model. The experimental verification success-
fully confirmed the effectiveness of the finite element analysis
model in accurately predicting the thermal characteristics of
the Y-type feed system. Su et al. [8] introduced a thermal er-
ror modeling method for the ball screw feed system, utilizing
the finite element method. They incorporated a dynamic ap-
proach by altering the grid distribution at different time steps in
the finite element simulation. This allowed them to accurately
simulate the thermal source movement at the screw nut within
the model. To validate the accuracy and effectiveness of the
proposed model, Su conducted experimental tests under vari-
ous working conditions. The experimental results confirmed the
model accuracy and demonstrated its effectiveness in predict-
ing thermal errors in the ball screw feed system. ZAPLATA [9]
constructed a dedicated test platform for a ball screw assembly
that included an integrated temperature sensor. The primary ob-
jective of this setup was to assess the reliability and accuracy of
infrared measurement techniques when applied to ball screws.
By conducting experiments on the test platform, ZAPLATA
aimed to provide empirical evidence regarding the effectiveness
and trustworthiness of using infrared measurement methods in
the context of ball screw applications. Li ef al. [10] integrated
stochastic theory, genetic algorithm, and radial basis function
neural network to develop an inverse stochastic model capa-
ble of predicting thermal errors in a system. This innovative
approach considers the inherent randomness of various influ-
encing factors. By combining these methodologies, Li aimed
to accurately estimate thermal errors by considering the prob-
abilistic nature of the system. The proposed model provides a
comprehensive framework for predicting and mitigating thermal
errors while accounting for the uncertainties associated with in-

fluencing factors. Deng ez al. [11,12] constructed a multi-source
heterogeneous acquisition test platform, incorporating diverse
types of sensors, to capture diverse types of information and sig-
nals during the operation of CNC machine tools. After fusing
the collected data, Deng applied the multi-source heterogeneous
information to thermal error modeling. To optimize the selection
of temperature key points in thermal error modeling for differ-
ent CNC machine tools, a novel approach was proposed. This
method effectively reduces the number of temperature measure-
ment points while enhancing the accuracy of thermal error pre-
diction. Experimental studies conducted on multiple machine
tools validated the efficacy of this approach in improving the
accuracy of thermal error models while significantly reducing
the number of required sensors. A. Oyanguren et al. [13] in-
troduced a numerical simulation method for determining the
preload of a double-nut ball screw using the three-dimensional
finite element method. By employing this approach, they were
able to analyze and quantify the changes in preload as a result
of temperature elevation within the ball screw system. To val-
idate the obtained results, experiments were conducted under
diverse initial conditions. The experimental findings confirmed
the accuracy and reliability of the numerical simulation method
proposed by A. Oyanguren in predicting the variation of preload
with temperature rise in the double-nut ball screw system. Shi
et al. [14] developed a mathematical model for the axial thermal
expansion of the ball screw by analyzing the thermal genera-
tion and thermal transfer within the ball screw system. Regres-
sion analysis was employed to characterize the thermal error
observed in experimental data. Ultimately, the accuracy and ef-
fectiveness of the proposed approach were validated through
experimental verification.

This study introduces a comprehensive three-dimensional
analysis model for the ball screw feed system, incorporating
Fourier’s thermal conduction law and principles of energy con-
servation. This research aims to examine the thermal character-
istics of the feed system in an NC machine tool by conducting
comprehensive analysis and calculations on the thermal source
and thermal transfer coefficient of the ball screw system under
different operational conditions. The temperature distribution,
thermal deformation, thermal stress, and thermal equilibrium
state of the feed system are determined using finite element
analysis. Furthermore, an experimental setup is designed and
constructed to validate the accuracy of the analysis model and
investigate the thermal properties of the feed system in the NC
machine tool. Through a case study on a specific machine tool’s
feed system, the efficacy of the proposed analysis model is suc-
cessfully verified. The findings of this study offer valuable in-
sights for the future thermal design of CNC machine tools and
the enhancement of machining precision.

2. MULTIPHYSICS COUPLING MODEL

2.1. Fluid-temperature field coupling model

In the ball screw feed system, thermal generation primarily arises
from three sources: power loss in the motor, friction between the
screw and nut pair, and friction within the bearings. The amount
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of thermal generated by friction is influenced by factors such
as the feed rate, lubrication method, and assembly conditions,
all of which impact the temperature distribution along the ball
SCrew.

However, directly measuring the temperature of the ball screw
and screw nut pair can be challenging, often necessitating the use
of numerical simulations to determine the temperature distribu-
tion along the ball screw. In this particular study, a combination
of non-contact thermal imaging measurement techniques and
computer simulation is utilized to analyze the temperature field
of the ball screw. By integrating these methods, a more com-
prehensive understanding of the temperature distribution can be
achieved.

The finite element method is employed to calculate the tem-
perature distribution of the ball screw based on the following
assumptions [15-17].

1. The thermal generated by the reciprocating motion of the
screw nut through friction is uniformly distributed, and a
constant proportion of the generated thermal is transferred
to the screw.

2. When the temperature increase is small, thermal radiation
can be disregarded.

3. The thermal transfer between the solid structure and the
lubricant can be assumed to be negligible.

4. The convective thermal transfer coefficient remains constant
when the same feed quantity is in motion.

5. The lead screw nut and the bearing are simplified as hollow
cylinders, while the lead screw is simplified as a solid cylin-
der with a uniform thermal production rate. Furthermore,
the small structures within the ball screw system, such as
chamfering, rounded corners, threaded holes, and keyways,
can be reasonably simplified.

2.1.1. Differential equation of thermal conduction
in the feed system

By applying Fourier’s law of thermal conductivity and the law
of conservation of energy, we can derive the thermal conduction
differential equation for a three-dimensional steady-state tem-
perature field with an internal thermal source [18] as follows:

2 2 2 1224
a—T+a—T+a—T+q—V:0, (1)
axr  9yr 972 A
where: T = f(x,y,z) represents the temperature field distribu-
tion function related to position, A represents the thermal con-
ductivity of the material, g5, represents the intensity of the
internal thermal source, and x, y, z represents the Cartesian co-

ordinate.

2.1.2. The governing equations for fluid flow

The control equations for fluid flow can be divided into the mass
conservation equation, momentum conservation equation, and
energy conservation equation which are respectively expressed
as [19]:
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Jol (%+V~VV) =-Vp+uV?v+pg, )
pC((z—f+v-VT) =V-(kVT)+Q,

where: p represents the fluid density, v represents the fluid veloc-
ity, ¢ represents the time, p represents the pressure of the fluid,
u represents the kinematic viscosity of the fluid, g represents
the acceleration of gravity, C represents the specific thermal
capacity of the fluid, T represents the temperature of the fluid,
k represents the thermal conductivity of the fluid, and Q rep-
resents the thermal input to the fluid per unit volume per unit
time.

2.1.3. Thermal source calculation
A. Thermal flux calculation of servo motor
The thermal flux of the motor Q,,, [20] is:

M,n
9550

0n=algz5) 1-n), ®
where: 1 represents the working efficiency of the servo motor,
M, represents the output torque, its units are N-m, n represents
the servo motor speed, its units are r/min, and a represents the
thermal correction factor of the servo motor, which is usually
equal to 0.3.

B. Thermal flux calculation of ball screw nut pair

The formula for calculating the thermal flux of the ball screw
nut pair Q,, is as follows [21]:

0n =22 Min, @

where: n represents the speed of the ball screw, its units are

r/min and M is the friction torque of the ball screw pair, its units

are N-m. The calculation formula for the friction torque is as
follows [22]:

M =2z(M,+Myg)cosp, )

where: z is the number of rolling elements, M, is the friction
resistance moment, and M, is the cumulative sliding friction
torque. 3 is the spiral Angle of the ball screw raceway.

4F4
M, =mgy Uzrr, 6)
f-my | 16F}
My =0.08— ek 9]
8
v — (8)
1-p? 1-p2
3+ )

where: m, and mg represent the coefficients related to the ec-
centricity of the spherical contact deformation ellipse, F, de-
notes the radial pressure on a single sphere, f is the sliding
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friction coeflicient, p; and p, are the Poisson’s ratios of the ball
and raceway, E; and E, stand for Young’s moduli of the ball
and raceway, and )’ r represents the radius of curvature, and R
represents the radius of the screw [21].

C. Thermal flux calculation of bearing

According to Harris’s theory, the calculation for the bearing
thermal flux Qj, can be expressed as follows [9,21]:

0p =1.047x10™*n, M, )
My,=M+M,, (10)
where: ny, is the speed of the lead screw, M}, is the total friction
torque of the bearing, M; is the friction torque caused by the
applied load, and M,, is the friction torque caused by viscous
friction.
The friction torque caused by the applied load M, can be
calculated by the following formula [9,21]:
M= fi-Fg-dn,
Fg=max (0.9F,/tana —0.1F,, F,),

(1)
(12)

where: fi is the coeflicient related to bearing type and load, Fg
is the equivalent load applied to the bearing, d,, is the pitch
circle diameter of the bearing, F, and F, are the axial load
and radial load borne by the bearing, respectively, and « is the
contact angle of the bearing.

The friction torque caused by viscous friction M, can be
calculated by the following formula [9,21]:

{MU =107 fo- (won)*?-d3, von > 2000, 13

M, =160-10""- fy-d3, von < 2000,

where: fj is the coefficient related to bearing type and lubrication
method, and vy is the kinematic viscosity of the lubricating oil
at the operating temperature of the bearing.

2.1.4. Calculation of thermal transfer coefficient

A. Convective thermal transfer coefficient between lead
screw and air

The convective thermal transfer coefficient between the lead
screw and the surrounding airican be calculated using the fol-
lowing formula [22,23]:

(14)

where: Nu represents the Nusselt number, L denotes the charac-
teristic length, and A,;; signifies the thermal conductivity of the
ambient air.

From equation (14), it is evident that the convective thermal
transfer coefficient between the lead screw and the air can be
computed once the Nusselt number, represented by Nu, is de-
termined. The calculation of the Nusselt number varies for nat-
ural convection thermal transfer and forced convection thermal
transfer, employing different algorithms.

During the operation of the feed system, the rapid rotation of
the lead screw intensifies the thermal exchange and convection
between the lead screw and the surrounding air, leading to forced
convection thermal transfer. The Nusselt number, denoted as Nu,
is defined according to the following equation [10]:

Nu =0.133Re?3 pr! /3, (15)
.d?
Re= 2 =, (16)

where: Re represents the Reynolds number, Pr denotes the
Prandtl number, w signifies the angular speed of the screw shaft,
and v represents the kinematic viscosity of air.

B. Convective thermal transfer coefficient between other
components and air

The thermal exchange between the remaining components of the
feed system and the surrounding air takes place through natural
convection thermal transfer. The Nusselt number, denoted as
Nu, can be defined in the following manner [23]:

Nu = C(Gr-Pr)'/4, (17)
B-L3-AT
Gr= gﬁT’ (18)

where: C is the constant associated with the flow pattern and
thermal source when the heat exchange surface is vertical plane
and horizontal plane, C is 0.59 and 0.54, respectively. Gr rep-
resents the Grashof number, g represents the gravitational ac-
celeration, 3 represents the expansion coefficient of air, and AT
represents the temperature difference between the ball screw
feed system and the air.

2.2. Temperature-structure field coupling model

According to the theory of linear thermal stress, the total strain
of an elemental body is composed of two parts: one part is
caused by temperature changes, and the other part is caused
by stress. The generalized Hooke’s law for plane stress [24],
which expresses strain in terms of thermal stress and temperature
changes caused by stress, is:

1
&x=f [a‘x —u(oy +0'z)] +aAT,
&y = 1 [O'y —u(O'x+0'z)] +aAT,
E (19)
1
&2=¢ [O'Z —u(a'y+a'x)] +aAT,
Yxy = Txy/G, Yyz = Tyz/Ga Yxz = Txz/G,

where: £, €y, €2, ¥xy, Vyz> ¥xz represent the strains in the x-
direction, y-direction, z-direction, and shear strain, respectively.
Oy, Ox, Oy represent the thermal stresses in the x-direction, y-
direction, and z-direction, respectively. Tyy, Tyz, Tx; TEprEsent
the thermal stresses in the x—y plane, y—z plane, and x—z plane,
respectively. u, E, @ and G represent the Poisson’s ratio, elastic
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modulus, coefficient of thermal expansion, and shear modulus of
the material, respectively. Az represents the temperature change.

Based on equation (19) generalized Hooke’s law and elastic
mechanics theory, the equilibrium differential equation (dis-
placement equation) of thermoelasticity expressed by displace-
ment component and the deformation continuity equation (co-
ordination equation) expressed by stress component of thermoe-
lasticity can be obtained. The thermal deformation and thermal
stress caused by the temperature change of the feed system can
be calculated according to the displacement equation and the
coordination equation respectively [25].

The finite element equations for thermo-structural coupled
deformation [24] are as follows:

F
0

0 0
0 C

K 0
0 KT

it
T

u
T

) (20)

where: C represents the heat capacity matrix, u represents the
nodal displacement vector, ft represents the nodal velocity vec-
tor, K represents the stiffness matrix, F represents the force
vector, and @ includes the applied nodal forces and the forces
caused by thermal deformation.

Based on the above theory, the heat generated by each heat
source and the convective heat transfer coefficient between the
surface and the air of each component are calculated by formulas
(3) to (18). Then, the temperature field, thermal deformation,
and thermal stress of the feed system are simulated by the finite
element method based on the results obtained from the boundary
condition equation, thermal conduction differential equation (1),
fluid control equation (2), and thermodynamic coupling model
(19), (20).

3. COUPLING EXAMPLE ANALYSIS OF FEED SYSTEM
3.1. Global analysis model

The research object chosen for this study is the RP-41 CNC
machine tool ball screw feed system developed by a machine tool
factory located in Hangzhou, as shown in Fig. 1. The ball screw
feed system comprises several essential components, including
a table, ball screw (consisting of a screw nut and screw), motor,
bearings, and bed saddle. The ball screw adopts a support form
with one end fixed and one end moving. The lead screw material

is GCr15, the guide rail material is 45 steel, the bearing material
is Cr15Mo, and the bed saddle material is HT250. According to
the literature [26], the motor is a complex composed of a variety
of materials, and the material characteristics of the motor are
estimated according to the characteristics of each material and
its approximate proportion in the motor. The main attributes [27]
are shown in Table 1.

guide rail Y

=
e

A z X

=

workbench

Saddle —

- / N
Angular contact ball bearings/ ¥ ™ f
/;' / | I|

i / ] |
screw nut # ¥

P
/’/ \
deep groove ball bearing \

bearing housing

sCrew

Fig. 1. Schematic diagram of ball screw feed system structure

3.2. Boundary condition result

Through formulas (3) to (18), the convective heat transfer co-
efficient between the surface and the air of each component
in the feed system and the heat generated by each heat source
can be calculated. The thermal transfer occurring between the
table, bed saddle, guide rail assembly, and surrounding air in
the ball screw feed system is classified as natural convection
thermal transfer. The convective thermal transfer coefficient for
this process can be referred to in Tables 2—4, while the out-
comes of calculating other boundary conditions are presented
in Tables 5-8.

Table 2
Thermal transfer coefficients of each surface and air of the table
’ Plane position ‘ Top ‘ Front and back ‘ flank ‘
] h/(W-m~2.K~1) \ 16.3 \ 13.2 \ 12.6 \

Table 1
Material properties of main components
Coeflicient of ..
. . . _ . . . . Thermal conductivity | Young’s modulus
m™3 ’ 1
Unit Materials Density (kg-m™") | Poisson’s ratio meazleg??)nswn Wom-1K-1) (105MPa)
Ball screw GCrl5 7830 0.3 1.2 44 2.19
Saddle HT250 7280 0.156 0.82 45 1.38
Rail 45 steel 7890 0.269 1.17 48 2.09
Bearing Cr15Mo 7880 0.284 1.34 44 2.12
Motor Multi-material complex 3950 0.28 0.5 100 0.5
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Table 3
Thermal transfer coefficient between saddle and air

’ Plane position ‘ Front and back ‘ flank ‘

] h/(W-m~2.K1) \ 153 \ 12.8 ‘
Table 4

Thermal transfer coefficient of each surface and air of guide rail
’ Plane position ‘ Top and under ‘ flank ‘
] h/(W-m=2.K~1) \ 143 \ 135 \

Table 5
Thermal transfer coefficient of lead screw surface and air at each speed

| Rotational speed | 3000 /min | 4000 /min | 6000 rmin |

]h/(Wm*lK*')\ 26.4 \ 32.0 \ 417 \

Table 6
Thermal flux value of motor at each speed

| Rotational speed | 3000 t/min | 4000 /min | 6000 fmin |

| ThermalfxW | 96 | 147 | 216 |
Table 7
Bearing thermal flux value at each speed
Rotational speed 3000 r/min | 4000 r/min | 6000 r/min

Thermal ﬂu).c of angular 12 23 37

contact bearings / W

Thermal flux of deep

groove ball bearing / W 26 36 33
Table 8

Thermal flux value of screw nut pair at each speed

| Rotational speed | 3000 /min | 4000 vmin | 6000 rfmin |

’Thermalﬂux/W‘ 33.8 \ 36.1 \ 415 \

3.3. Simulation analysis of fluid-temperature field coupling

First, the three-dimensional model of the ball screw system was
established with SolidWorks software, and then the model was
imported into Ansys. In the simulation process, after increas-
ing the mesh density many times, the calculation results do
not change significantly. This result is used as the final sim-
ulation result in this paper. The parts of varied sizes were
divided by reasonable mesh size and division method, and
a total of 896116 nodes and 492545 grids were generated.
Three working conditions A: 3000 mm/min feed rate of 200 mm
stroke, B: 4000 mm/min feed rate of 200 mm stroke, and

C: 6000 mm/min feed rate of 400 mm stroke were selected

for analysis. The ambient temperature under the three working
conditions is 24.5°C, 20.0°C, and 22.0°C, respectively. Among
them, working conditions A and C are two typical working con-
ditions of minimum feed rate, minimum stroke, and maximum
feed rate and maximum stroke, respectively. In condition B, the
feed rate and stroke size are between the two. The steady-state
thermal finite element simulation of three working conditions
is completed by applying corresponding boundary conditions.
The simulation model of the ball screw feed system was used
to conduct a steady-state analysis, resulting in a contour plot
illustrating the distribution of the overall temperature field and
its components are shown in Figs. 2-5. According to the results,
the highest temperature of the feed system appears on the upper
surface of the motor housing, and its temperature value is about
33.5°C, 33.7°C, and 40.6°C, respectively, under the three work-
ing conditions of A, B, and C, and the temperature rise is about
9°C, 13.7°C, and 18.6°C, respectively. In other parts except for
the motor, the highest temperature appears at the screw nut,

T/°C

33.54
H 32.54
31.54
] 30.54

] 29.54
=1 28.53

H 27.53
26.53
I 25.53
24.53

33.77
31.68
39.01
28.25

(a) Working condition A

26.68
25.20
23.79
22.47
21.22

20.04

40.83
38.75

36.66

(b) Working condition B

| 34.57
| 32.49
—| 30.40
— 2831

26.23
24.14
22.05

Fig. 2. Contour plot of temperature field distribution in the feed system

(¢) Working condition C
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Fig. 3. Contour plot of temperature field distribution of system compo-
nents (Working condition A)
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Fig. 4. Contour plot of temperature field distribution of system compo-
nents (Working condition B)
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Fig. 5. Contour plot of temperature field distribution of system compo-
nents (Working condition C)
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whose temperature value is about 30.7°C, 27.4°C and 31.4°C
under the three working conditions of A, B, and C, and the
temperature rise is about 6.2°C, 7.4°C, and 9.4°C, respectively.

3.4. Simulation analysis of temperature-structure field
coupling

In this study, we specifically analyze the impact of thermal de-
formation on working condition C, which is highly susceptible
to such effects. To establish the temperature boundary condi-
tion for the ball screw feed system under operating condition
C, we utilize the temperature field distribution derived from
the previous section. Additionally, we account for the displace-
ment constraint conditions among the feed system components
and consider the influence of gravity. This leads us to conduct
a coupled analysis that encompasses both the temperature and
structural fields of the feed system. By integrating these factors,
we aim to achieve a comprehensive understanding of the inter-
action between temperature and structural behavior within the
feed system.

The axial deformation of the ball screw system has a di-
rect influence on the machining accuracy of the machine tool.
It encompasses various forms of deformation, including axial
compression deformation of the lead screw, deformation at the
bearing contact points, screw nut contact deformation, screw
torsion deformation, and axial deformation of the support seat
and nut seat. Among these, the axial deformation of the lead
screw contributes significantly to the overall deformation, as
highlighted in reference [28]. Figure 6 presents a thermal de-
formation diagram depicting the nodal points along the axis
of the lead screw. At the deep groove ball bearing installation
end of the lead screw, the maximum axial deformation occurs.
The X-directional axial thermal deformation is approximately
11.6 wm, while the deformations in the other two directions are
smaller compared to the X-directional thermal deformation.

— X-direction component,
12k —— Y-direction component
—— Z-direction component
— total deformation

Deformation/10"°m

0 200 400 600 800 1000 1200 1400
Dimm

Fig. 6. Axis direction deformation of the screw

@

Figure 7 displays the von Mises equivalent stress distribution
contour map of the lead screw. Without considering the ma-
chining of the workpiece, the stress changes in the feed system
were mainly caused by thermal deformation and displacement
constraints, so the stress concentration of the feed system ap-
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peared at the installation of the deep groove ball bearing, and the
maximum von Mises equivalent stress was about 133.42 MPa.
The reason for the maximum stress value at this position is that
the installation of the deep groove ball bearing is close to the
shoulder of the lead screw shaft. According to the literature [27],
the yield strength of GCr15 material is 518.4 MPa. If the safety
factor is 2, the maximum von Mises equivalent stress at the lead
screw under working condition C meets the strength require-
ments, and the maximum allowable stress is not exceeded under
other working conditions.

Equivalent stress/MPa

133.42
118.60
103.77
8RO5
7412
5930
4447
20.65
1483
0

Fig. 7. von Mises equivalent stress distribution contour plot of the screw

4. THERMAL CHARACTERISTIC TEST

This paper mainly conducted the research and analysis of the
thermal characteristics of the feed system under the condition of
thermal-fluid-solid field coupling. The focus was on obtaining
the thermal characteristics such as temperature field distribu-
tion, temperature rise, and heat balance time through analysis
and establishment of an experimental platform. The comparison
results verified the validity of the research content proposed in
this paper through comparison with simulation and experiment.
As for the mechanical properties of thermal stress and thermal
strain, this paper obtains them through finite element simula-
tion analysis and further deduces the consistency of mechanical
results according to the effective test results of temperature. Fig-
ure 8 demonstrates the hardware components of the experimen-
tal platform used for evaluating the thermal characteristics of
the CNC machine tool feed system. These components primar-
ily include the magnetic electric resistance temperature sensor
(temperature measurement resolution: 0.1°C, measurement ac-
curacy: 0.4°C, measurement range: 0—100°C), the Fluke thermal

(b) CNC machine tool

(c) Test and compensation instrument

Fig. 8. Numerical control machine tool thermal characteristics test
platform

imager (model number: FLUKE TiS50, resolution: 320 x 240,
measurement range: —20—-450°C, Thermal sensitivity (NETD):
< 0.08°C at 30°C target temperature), the thermal characteris-
tics testing and compensation instrument of the CNC machine
tool, and the machine tool body. The purpose of this test plat-
form is to assess and study the thermal behavior exhibited by
the feed system in CNC machine tools. The experimental data
are analyzed, collected, and processed by using the tempera-
ture sensor connected with the thermal characteristic test and
compensation instrument of the CNC machine tool. Due to the
challenges in placing temperature sensors directly on the ball
screw shaft, a thermal imager was chosen to collect temperature
data along the screw shaft, and then the image data collected
by the thermal imager is analyzed and processed by smart view
software.

According to the symmetry of the structure of the guide rail,
workbench, bed saddle, and ball screw in the ball screw feed
system as well as the thermal sensitive points of the system,
15 measuring points (five on the workbench, three on the bed,
two on the guide rail, two on the bearing, one on the screw
nut, one on the motor, and one on the ambient temperature)
are selected, as shown in Fig. 9. The magnetic thermistor tem-
perature sensor was used in the experiment, and the data sam-
pling interval was 5 s. The temperature measuring points were
arranged as shown in Table 9. At the same time, Fluke ther-
mal imager was used to collect experimental data at the lead
screw, and the shooting interval was 2 minutes. Measurement
duration 3 hours from the start of feed system operation. Let
it cool completely before moving on to the next set of experi-
ments. The experiment collected a total of 3000 mm/min feed
rate 200 mm stroke, 3000 mm/min feed rate 400 mm stroke,
4000 mm/min feed rate 200 mm stroke, 4000 mm/min feed
rate 400 mm stroke, 5000 mm/min feed rate 200 mm stroke,
5000 mm/min feed rate 400 mm stroke, 6000 mm/min feed rate
200 mm stroke and 6000 mm/min feed rate 400 mm stroke ex-
perimental data under eight working conditions.

F: | EEENS ARea

Fig. 9. Layout of temperature measuring points
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Table 9
Layout of temperature measuring points
Sensor . . .
Temperature measuring point location
number

Ty Deep groove ball bearing seat

T, Inside the workbench (middle)

The contact between the right side of the workbench and

T the guide rail

Ty Inside the workbench (left)

Ts Inside the workbench (right)

Te Bottom left on the right side of the bed

T Bottom right on the right side of the bed

Tg Screw nut

Ty Motor housing

Tio | Angular contact ball bearing outer end cap

The contact between the left side of the workbench and

Tn the guide rail

T2 Bottom left on the left side of the bed

T3 Left side of the guide rail

Tig Right side of the guide rail

Tis Ambient temperature

The experimental data of working condition A: 3000 mm/min
feed rate of 200 mm stroke, working condition B: 4000 mm/min
feed rate of 200 mm stroke, and working condition C:
6000 mm/min feed rate of 400 mm stroke were selected for anal-
ysis. According to the two criteria for determining the thermal
balance time of machine tools based on the temperature-time
change law and the thermal displacement-time change law in
literature [29], when the temperature rise of the machine reaches
95% of the maximum temperature rise, the machine can be con-
sidered to be in a state of thermal balance. As shown in Fig. 10,
the ball screw system can be considered to have reached a state
of thermal balance after 180 minutes.

In order to verify the validity of the analysis model, four
measuring points (thermal sensitive points) with the most ob-
vious temperature change were selected as the main analysis
points according to the simulation results of the temperature
field mentioned in the previous section, including one on the
screw nut, one on the motor housing, one on the deep groove
ball bearing seat, and one on the outer end cover of the angular
contact bearing. The experimental data collected by the temper-
ature sensor after the thermal balance is reached are compared
with the simulation results of the steady-state temperature field
at the corresponding points in the analysis model, as shown in
Tables 10—12. The obtained results demonstrate that, under all
three operating conditions, there exists an approximate maxi-
mum absolute error of 2.4°C and a maximum relative error of
8.7% between the simulated results and experimental data. The
comparison between the simulation results and experimental

Bull. Pol. Acad. Sci. Tech. Sci., vol. 72, no. 2, p. e148941, 2024
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Fig. 10. Temperature change curve of each measuring point with time
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data indicates minimal disparity, suggesting the logical and ac-
curate nature of the multi-physical field analysis model utilized
for the feed system.

Table 10
Comparison between simulation results and temperature measuring
point experiments (Working condition A)

Experimental | Simulation | Absolute .
Sensor Relative
. data result error
point ©C) ©C) ©C) error
T 32.8 33.5 0.7 2.1%
Tg 29.3 30.7 14 4.8%
Ty 27.4 29.3 1.9 6.9%
Tio 23.6 25.3 1.7 7.2%
Table 11

Comparison between simulation results and temperature measuring
point experiments (Working condition B)

Experimental | Simulation | Absolute .
Sensor Relative
. data result error
point ©C) ©C) ©C) error
T, 33.1 33.7 0.6 1.8%
Tg 25.5 26.8 1.3 5.1%
Ty 26.1 274 1.3 5.0%
Tio 20.8 21.7 0.9 4.3%
Table 12

Comparison between simulation results and temperature measuring
point experiments (Working condition C)

Experimental | Simulation | Absolute .
Sensor Relative
. data result error

point °C) °C) ©C) error
Ty 39.4 40.6 1.2 3.0%
Tg 29.0 30.7 1.7 5.9%
Ty 29.0 314 24 8.3%
Tio 22.0 23.9 1.9 8.7%

To ascertain the precision of the temperature field analysis
for the lead screw, a comprehensive evaluation was conducted
by comparing thermal images captured using a Fluke thermal
imager with the simulation results, as depicted in Fig. 11. Six dis-
tinct measuring points were selected on the lead screw, namely
a thermal sensitive point T16 near the nut, a thermal sensi-
tive point T21 near the right end bearing, and four equidistant
measuring points (T17, T18, T19, and T20) positioned between
them. The temperature values obtained from both the experi-
mental measurements and the simulation model for each mea-
suring point were meticulously compared. Detailed results for
each measuring point can be found in Tables 13-15.

10

T/°C
I 33.16
32.20
3124
— 3028
I 29.32
28.36
— 27.42
26.44
2548
2452

(a) Working condition A
T/°C
33.77
31.87

30.07
28.38
26.78
25.27
23.85
2251
21.24
20.05

(b) Working condition B
T/°C
40.83
38.75
36.66
34.57
32.49
30.40
28.31

26.23
24.14
22.05

(c) Working condition C

Fig. 11. Comparison of lead screw steady-state simulation analysis and
thermal image results

Upon analyzing the comparison results, it is evident that
the maximum absolute error and maximum relative error for
each measuring point are approximately 2.0°C and 6.8%, re-
spectively. These findings indicate a close agreement between
the simulation model analysis results and the measured val-
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Table 13
Comparison between simulation results and thermal image temperature
data (Working condition A)

. Experimental | Simulation | Absolute .
Measuring Relative
. data result error
point ©C) °C) CC) error
Ti6 30.8 31.7 0.9 2.9%
Ty 29.2 31.2 2.0 6.8%
Tig 294 30.9 1.5 5.1%
Tio 29.8 30.6 0.8 2.7%
Tao 29.6 30.3 0.7 2.4%
Toy 29.5 29.8 0.3 1.1%
Table 14

Comparison between simulation results and thermal image temperature
data (Working condition B)

Measuring Experimental | Simulation | Absolute Relative
point zioact:a) rfosgt f(:ir((:))r error
Ti6 27.6 28.3 0.7 2.5%
Ty 27.2 27.7 0.5 1.8%
Tig 26.6 275 0.9 3.4%
Ti9 26.4 273 0.9 3.4%
Too 26.4 27.2 0.8 3.0%
To 28.0 27.1 0.9 3.2%
Table 15

Comparison between simulation results and thermal image temperature
data (Working condition C)

Measuring Experimental | Simulation | Absolute Relative
o || |
Tie 30.5 31.2 0.7 2.2%
T17 30.9 30.2 0.7 2.3%
Tig 31.5 29.8 1.7 5.4%
Tig 30.8 29.8 1.0 3.2%
Too 30.8 30.1 0.7 2.2%
Try 31.6 30.6 1.0 3.2%

ues. Thus, affirming the reliability and accuracy of the simu-
lation model in capturing the temperature distribution on the
lead screw.

5. CONCLUSION

1. The innovation of this paper lies in the establishment of a
multi-physics coupling thermal analysis method for the feed
system. The model was developed based on the fundamen-
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tal principles of Fourier’s law of thermal conductivity and
the law of conservation of energy. By simulating the heat
transfer between components of the feed system, the con-
vective heat transfer between components and air, and the
thermal deformation of the feed system caused by tempera-
ture changes, the method calculates and obtains the temper-
ature field, thermal deformation, and thermal stress of each
component of the feed system. An experimental platform is
built, and the contact measurement and non-contact mea-
surement methods are combined. The thermal characteristic
data of the fixed component and the moving component of
the machine tool feed system are collected and compared,
and the effectiveness of the method is verified.

2. In this study, a dedicated test platform was devised and
constructed to examine the thermal traits of CNC machine
tools. Temperature data was collected from various compo-
nents, including the lead screw and ball screw, using thermal
imagers and temperature sensors. The results indicate that
the maximum absolute error and maximum relative error
between the simulated and experimental temperature field
outcomes of the feed system are approximately 2.4°C and
8.7%, respectively. This research presents a novel analytical
approach to predict the thermal behavior of the ball screw
feed system in CNC machine tools, offering a prompt and
efficient method to evaluate its thermal characteristics.

3. The feed system of a machine tool experiences a tempera-
ture rise during operation due to the influence of multiple
physical factors. Apart from the motor, the screw nut ex-
hibits the highest temperature increase. As the temperature
changes, the lead screw undergoes significant thermal de-
formation. Specifically, at a feed rate of 6000 and a stroke of
400, the lead screw can experience a maximum axial thermal
deformation of approximately 11.6 pm.
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