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Abstract In the motorized spindle system of a computer

numerical control (CNC) machine tool, internal heat

sources are formed during high-speed rotation; these cause

thermal errors and affect the machining accuracy. To

address this problem, in this study, a thermal resistance

network model of the motorized spindle system is estab-

lished based on the heat transfer theory. The heat balance

equations of the critical thermal nodes are established

according to this model with Kirchhoff’s law. Then, they

are solved using the Newmark-b method to obtain the

temperature of each main component, and steady thermal

analysis and transient thermal analysis of the motorized

spindle system are performed. In order to obtain accurate

thermal characteristics of the spindle system, the thermal-

conduction resistance of each component and the thermal-

convection resistance between the cooling system and the

components of the spindle system are accurately obtained

considering the effect of the heat exchanger on the tem-

perature of the coolant in the cooling system. Simultane-

ously, high-precision magnetic temperature sensors are

used to detect the temperature variation of the spindle in

the CNC machining center at different rotational speeds.

The experimental results demonstrate that the thermal

resistance network model can predict the temperature field

distribution in the spindle system with reasonable accuracy.

In addition, the influences of the rotational speed and

cooling conditions on the temperature increase of the main

components of the spindle system are analyzed. Finally, a

few recommendations are provided to improve the thermal

performance of the spindle system under different opera-

tional conditions.

Keywords Motorized spindle system � Thermal resistance

network model � Temperature field � Cooling system

1 Introduction

In recent years, high-speed machining technology that

integrates the advantages of high efficiency, high quality,

and low consumption has drawn increasing attention. As a

new technology that combines the motor with the spindle

of the machine, the motorized spindle has also come into

being and become a key part of high-speed machining

technology. Moreover, owing to its structural characteris-

tics, the large amount of heat generated by the spindle

system at high speed is an important cause of the total

thermal error [1]. The thermal deformation during the

operation of the spindle system generally results in thermal

errors in the machining process of the CNC machine, thus

affecting the machining accuracy and hindering the further

improvement of machining accuracy. To compensate for

the thermal error accurately, one of the urgent problems to

be resolved is the accurate prediction of the temperature

field distribution of the main components under high-speed

operation of the motorized spindle system.

At present, there are mainly two methods for solving the

temperature distribution of the spindle system: one is

analytical calculation, and the other is numerical analysis

including finite element method (FEM) and finite differ-

ence method (FDM). For these two methods, domestic and

international scholars have conducted numerous meaning-

ful research works. Zhu et al. [2] proposed a two-

& Yang Liu

liuyang1982@mail.neu.edu.cn

1 School of Mechanical Engineering and Automation,

Northeastern University, Shenyang 110819, Liaoning,

People’s Republic of China

123

Adv. Manuf. (2018) 6:384–400

https://doi.org/10.1007/s40436-018-0239-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s40436-018-0239-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40436-018-0239-4&amp;domain=pdf
https://doi.org/10.1007/s40436-018-0239-4


dimensional thermal model of the spindle that considered

axial and radial heat transfer. Similarly, Yang and Ni [3]

used the simulation of one-dimensional spindle and two-

dimensional machine structure thermal deformations to

illustrate the modeling process. Jiang et al. [4] studied the

variation of the heat dynamic characteristics of one-di-

mensional spindle. Xie et al. [5] proposed an improved

one-dimensional model and derived the temperature dis-

tribution function of the spindle system based on the

transient heat transfer equation and boundary conditions.

With the rapid development of computer science, certain

commercial computing softwares such as ANSYS and

ABAQUS are also applied for analyzing the thermal

characteristics of the spindle [6–10]. Based on the quasi-

static model and FDM, Than and Huang [11] proposed a

unified method for predicting the nonlinear thermal char-

acteristics of high-speed spindle bearings. Bossmanns and

Tu [12, 13] proposed a power flow model and established a

thermal analysis model of the high-speed spindle using

FEM. Zverev et al. [14] established a model of heat gen-

eration and heat transfer using FEM, for estimating spindle

temperature. The temperature field of the spindle system

can also be obtained by the thermal resistance network

method. Huang et al. [15] and Liu et al. [16] used thermal

nodes to represent different components in the shaft system

and obtained the temperature distribution of the system by

solving the heat balance equations. Liu et al. [17] estab-

lished the thermal resistance network model of a spindle-

bearing pedestal based on fractal and the Hertz contact

theory. Wu and Tan [18] studied a mathematical model of

the temperature field of a spindle according to the theory of

heat transfer and analyzed the influence of the cooling

system on the temperature distribution. Xu et al. [19] and

Ma et al. [20, 21] proposed applying a finite element

analysis model to analyze the temperature field of the

spindle system. The thermal resistance model and FEM

were combined to obtain the calculation model of the large

gradient temperature field.

According to the above literature, there has been a large

amount of research on the thermal characteristic of

motorized spindle system in the past. However, few studies

consider the cooling condition to a significant extent.

Nevertheless, practically, the temperature of the coolant is

significantly influenced by the heat exchanger. Based on

the models established by the predecessors, the motorized

spindle system of CNC machining center is considered as

the research object in this study. Based on Kirchhoff’s law

and the principle of conservation of energy, the improved

thermal resistance network model of the system is estab-

lished, and the steady and transient temperature charac-

teristics of the motorized spindle system are obtained by

the Newmark-b method. The influence of the radial and

axial thermal-conduction resistance and thermal-

convection resistance between the cooling system and the

components of the spindle system on the temperature rise is

considered in this model. Furthermore, in order to improve

the accuracy and practicality of the calculation results of

this model, the influence of the heat exchanger on the

temperature variation of the coolant is also considered. In

addition, the temperature increase experiments of the

motorized spindle at different speeds, in conjunction with

the above experiments, verified that this model could

accurately predict the temperature distribution and tran-

sient temperature variation of the system. Certain impor-

tant factors that affect the temperature variation of the

system are also analyzed to compensate and correct the

thermal error under different operating conditions more

reasonably.

2 Thermal resistance network model of motorized
spindle system

2.1 Structure and heat transfer mechanism

of the system

As the core component of high-end CNC machine tools,

the motorized spindle system includes the shaft, bearings,

motor, and rack as the four main components; of these, the

spindle-bearing system is the most critical. To a consid-

erable extent, the size parameters and fit condition of the

spindle-bearing system exert a significant impact on the

cutting speed and machining accuracy of the spindle sys-

tem. The structure diagram of the motorized spindle system

investigated in this study is shown in Fig. 1. It comprises

the front bearings, lubrication circuit, rotor and stator of the

built-in motor, cooling slot, rear bearing, shell and flange

cover, etc. Two sets of ‘‘face-to-face’’ angular contact

bearings are used at the front of the motorized spindle

system, and a cylindrical roller bearing is used as an aux-

iliary support at the rear of the system. The motor stator is

cooled by an oil–water circulation heat-exchange system.

The heat generation in the motorized spindle system of

high-end CNC machine tools is generally non-constant and

complex. In the machining process, the heat sources that

affect the machining accuracy of the machine tools can be

divided into two major categories: internal heat sources and

external heat sources [22, 23]. For the center-mounted

motorized spindle system in this study, the internal heat

sources are mainly the motor and bearings. The external

heat sources are mainly external environmental factors or

heat radiation. In this study, the external temperature is set

to room temperature, and the temperature difference, sun-

light, lighting, etc., are excluded.

In addition to considering the heat sources of the spindle

system, the cooling mechanism should be considered.
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According to the theory of heat transfer, there are three

fundamental modes of heat transfer: conduction heat

transfer, convection heat transfer, and radiative heat

transfer. Because the effect of heat radiation in the heat

dissipation process is marginal, this paper mainly discusses

the first two modes. The heat dissipation mechanism of the

spindle system is shown in Fig. 2. There are two main heat

dissipation modes of the spindle system: the heat generated

by the built-in motor is absorbed and carried away by the

coolant of the oil–water heat exchange cooling system; the

heat generated by the bearings is absorbed by the lubri-

cating fluid in the oil–air lubrication system. Moreover, the

heat convection between the spindle system and the

ambient air is included.

2.2 Establishment of the thermal resistance network

model

Based on the above structure of the motorized spindle

system, a thermal network model of the main components

of the spindle system is established by using the thermal

resistance network method. The thermal resistance network

method is a numerical method with thermoelectric analogy,

which can address complex heat-transfer problems.

Therefore, considering the thermal-conductive resistance

and thermal-convection resistance, a thermal resistance

network model of the spindle system is established.

Simultaneously, the heat balance equation of each thermal

node is established according to the law of conservation of

energy to obtain the temperature of each thermal node. The

distribution position diagram of the thermal node of the

spindle system is shown in Fig. 3.

Based on the distribution of the thermal nodes in Fig. 3

and the heat transfer and dissipation mechanism of the

motorized spindle system, the thermal resistance network

model of the whole system can be obtained, as shown in

Fig. 4, which shows that there are 32 thermal nodes

including the coolant and ambient. Further details are listed

in Table 1. In addition, the thermal resistance between the

nodes, including the thermal-conduction resistance and

thermal-convection resistance, is also shown in Fig. 4.

2.3 Establishment and solution of heat balance

equations

It is assumed that each of the thermal nodes is linked to the

others through thermal resistance Ri,j, where i and j are the

indices of the linked nodes. Then, according to Kirchhoff’s

law and the law of conservation of energy, for each node i

in Fig. 4, the following heat balance equation is established

Xn

j¼1

tj � ti

Ri;j
þ _Qi ¼ miCi

oti

os
; i ¼ 1; 2; � � � ; n; ð1Þ

where ti the temperature of node i, mi the mass of node i, Ci

the specific heat capacity, Ri,j the resistance between nodes

i and j, and _Qi the heat generated per unit time for node i (If

there is no internal heat source, this term should be omit-

ted). Moreover, n = 32 in this model. Then, the matrix form

arranged based on the above heat balance equations is as

follows

RT þ C _T ¼ Q; ð2Þ

where R the thermal resistance coefficient matrix, C the

heat capacity matrix, Q the heat flow matrix, and T the

node temperature matrix. The specific expressions of each

matrix are as follows

Fig. 1 Structure of the motorized spindle

Fig. 2 Heat dissipation mechanism of the spindle system
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..

. ..
. ..

. . .
. ..

.
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; ð4Þ

Q ¼ Q1 Q2 Q3 � � �Qn½ �T; T ¼ T1 T2 T3 � � � Tn½ �T: ð5Þ

When solving Eq (2), the thermal resistance Ri,j is con-

sidered to be infinite if there is no heat transfer between nodes

i and j. T32 represents the ambient air, and T32 = 23 �C.

Furthermore, the temperature of the coolant T30 and T31

simulate the temperature variation during the actual opera-

tional process. That is, the heat exchanger is set to start

operating when the coolant outlet temperature attains 22 �C
and stops working when the coolant is cooled to 19 �C. Then,

the temperature curve is obtained by using the orthogonal

least square method, as shown in Fig. 5.

The temperature curve of each node can be obtained by

solving the above heat balance equations using the

Fig. 3 Diagrammatic sketch of heat nodes distribution

Fig. 4 Thermal resistance network model

Table 1 Description on nodes arrangement

Node Description

1,6,11,16,21,25 Different positions on the shaft

2,7,12,17 Inner ring of the front bearings

26 Inner ring of rear bearing

3,8,13,18 Roller of front bearings

27 Roller of rear bearing

4,9,14,19 Outer ring of the front bearings

28 Outer ring of the rear bearing

22,23 Rotor and stator

5,10,15,20 Different positions of front bearing chamber

24 Shell

29 Rear bearing chamber

30 Coolant of bearing cooling system

31 Coolant of stator cooling system

32 Ambient air
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Newmark-b method. Then, the temperature variation and

other thermal characteristics of each component of the

motorized spindle system can be analyzed. The calculation

of the other parameters involved in the equations is

described in the following sections.

3 Calculation of heat generation and thermal
resistance

3.1 Heat generation of the heat sources

The internal heat sources of the motorized spindle system

are the build-in motor and bearings. Approximately one

third of the motor’s heat generation is generated by the

motor rotor, and the remaining two-third is generated by

the motor’s stator. The bearings B7014-C-T-P4S and

N1012-K-M1-SP are selected for the front and rear bear-

ings, respectively. The bearing parameters are presented in

Table 2.

According to experience and related research, the main

factor influencing bearing heat generation is the friction of

the high-speed ball bearings. Therefore, the main factors

affecting the heat generation of the bearing are the rota-

tional speed and friction moment. The method of calcu-

lating the heat generation of the bearing in unit time is

illustrated by

Q ¼ 1:047 � 10�4 nM; ð6Þ

where n is the rotational speed and M is the total friction

torque of the bearing.

Based on the measurement results of the friction torque

of the bearing, Palmgren [24] proposed the total friction

torque of the bearing comprises two items, as explained by

M ¼ Ms þMl; ð7Þ

where Ms is the torque related to the type of bearing, the

speed, and the properties of the lubricating oil, Ml the

friction torque related to the load on the bearing. Ms reflects

the hydrodynamic loss of the lubricant, and it can be cal-

culated by

Ms ¼ 10�7f0 mnð Þ2=3
D3

m; mn[ 2000;
1:6 � 10�5f0D

3
m; mn� 2000;

�
ð8Þ

where Dm is the average diameter of the bearing, f0 the

factor related to the type of bearing and the lubrication

mode, and m the kinematic viscosity of the lubricant at the

operating temperature.

Ml reflects the friction loss of the elastic hysteresis and

the local differential sliding, which can be calculated by

Ml ¼ f1P1Dm;

P1 = max 0:9Fa=tana� 0:1Fr;Frð Þ;
ð9Þ

where f1 a factor related to the type of bearing and the load,

and it can be obtained from Ref. [25]. P1 is the equivalent

load applied on the bearings, and Fa and Fr denote the

bearing’s axial and radial loads, respectively.

Figures 6 and 7 are the variation curves of the friction

torque and the heat generation rate of the bearings,

respectively, with respect to the rotational speed. It is

evident that the rotational speed exerts a highly significant

effect on the heat generation rate of the bearing. As the

friction torque of the bearing increases with the increase in

the rotational speed, the heat generation rate of the bearing

under the high-speed condition is higher than that under the

low-speed condition. Table 3 presents the heat generation

rate of the main heat source of the motorized spindle sys-

tem at 10 000 r/min.

3.2 Calculation of thermal resistance

Heat transfer, a transfer process in nature, is similar to

other transfer processes in nature, such as electricity

transfer, momentum transfer and mass transfer. The com-

mon regularity of the various transfer processes can be

expressed in the following form [26]

Fig. 5 Coolant temperature curve

Table 2 Bearing parameters

Inner diameter/mm Outer diameter/mm Thickness/mm Contact angle/(�)

Front bearing 70 110 20 15

Rear bearing 60 95 18 15
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The amount of transfer in the process

¼ The power in the process

The resistance in the process

3.2.1 Thermal contact resistance

Owing to the mutual cooperation between the various

components in the motorized spindle system, a plurality of

the different bonding surfaces are formed, such as the joint

between the inner ring of the bearing and the shaft, and the

outer ring of the bearing and the bearing pedestal. More-

over, the heat transfer characteristics directly influence the

heat transfer of the heat source and the temperature change

of the system. Therefore, the influence of the heat transfer

characteristics of these joints on the temperature field of the

system cannot be omitted. The joint surfaces involved in

this system are all formed by the contact of two solid

surfaces that are uneven. Furthermore, the void is filled

with a medium with low thermal conductivity (such as air),

and the actual contact area is small. Therefore, the heat

transfer in the contact surface produces resistance, i.e.,

thermal contact resistance.

(i) The Hertz contact theory is used for calculating

the thermal contact resistance between the rolling

elements and the bearing rings in the system. The

thermal contact resistance per rolling element can

be expressed as follows

R ¼ 1

2kF1=3

2
pK1 ei; p=2ð Þ
3Di

4
I þ Jð Þ

� �1=3
þ

2
pK1 eo; p=2ð Þ
3Do

4
I þ Jð Þ

� �1=3

 !

ffi 1

pk
K1 ei; p=2ð Þ

ai

þ K1 eo; p=2ð Þ
ao

� �
;

ð10Þ

where k is the thermal conductivity of the bearing

material, F the contact force, K1 the first type of

complete elliptic integral, e eccentricity of ellipse,

a elliptic semi-major, and i and o represent inner

and outer rings respectively. D is diameter of

raceway, Di ¼ 2
AiþBi

1�t2

pE

� �
, Do ¼ 2

AoþBo

1�t2

pE

� �
,

where E and t are elastic modulus and poisson

ratio respectively, and A and B are the parameters

related to the curvature radius. For the contact

between the bearing roller and the inner ring,

Ai þ Bi ¼
1

2
� 1

r0i
þ 1

ri

þ 2

rb

� �
;

Ai

Bi

¼ 1=ri þ 1=rb

�1
	
r0i þ 1=rb

:

8
>><

>>:
ð11Þ

For the contact between the bearing roller and the

outer ring,

Fig. 6 Friction torque of front and rear bearings versus rotational

speed

Fig. 7 Heat generation rate of the front and rear bearings versus

rotational speed

Table 3 Heat generation of heat sources

Rotor Stator Front bearing Rear bearing

Heat generation/W 183.3 366.7 368.7 454.4
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Ao þ Bo ¼ 1

2
� 1

r0o
� 1

ro

þ 2

rb

� �
;

Ao

Bo

¼ �1=ro þ 1=rb

�1
	
r0o þ 1=rb

;

8
>><

>>:
ð12Þ

where b represent the rolling element, inner ring,

and outer ring, respectively. r and r0 are the radii

of curvature of the raceway and groove, respec-

tively. For the bearing inner ring and rolling ele-

ment contact, r0i [ 0; ri [ 0; rb [ 0. For the

bearing outer ring and rolling element contact,

r0o\0; ro [ 0; rb [ 0.

Furthermore,

e ¼ 1 � b=að Þ2
� �1=2

;

I ¼ 2
	
e2 K1 e; p=2ð Þ � K2 e; p=2ð Þð Þ;

J ¼ 2

e2

K2 e; p=2ð Þ
1 � e2

� K1 e; p=2ð Þ
� �

;

8
>>>><

>>>>:

ð13Þ

(ii) The approximate formulas for calculating the

thermal contact resistance between the bearing

inner ring and the shaft and that between the rotor

and the mandrel in the system (referring to the

Ref. [27]) are as follows

1

R
¼ 1

Rs

þ 1

Rf

; ð15Þ

where Rs is the heat transfer resistance between

the solid contact points. Rf is the heat transfer

resistance of the medium between the contact

points.

If the effective contact area of the joint surface is

Sc and the average surface area filled by the

intermediate medium is Sf ,

R ¼ 1

1
d

Sc

S
2k1k2

k1þk2
þ Sf

S
kf

� � ; ð16Þ

where d is the average thickness of the voids.

k1; k2, and k3 are the thermal conductivity of the

two objects and the medium, respectively. S is the

total area of the nominal contact.

(iii) The thermal contact resistance between the bear-

ing outer ring and the pedestal in the system is a

function of the air gap related to the temperature.

It can be calculated by the following formula

R ¼ hr

krA
þ hg � Tr � Thð Þarp

kaA
; ð17Þ

where kr and ka are the coefficients of the bearing

outer ring and medium, respectively; A is the

cylindrical outer surface area of the bearing outer

ring; hr; hg are the bearing ring’s thickness and

initial clearance, respectively; Tr; Tp are the tem-

peratures of the outer ring and bearing pedestal,

respectively; a is the linear expansion coefficient;

rp is the bearing pedestal radius.

3.2.2 Thermal-conduction resistance

The thermal-conduction resistance of the spindle system is

divided into the radial and axial thermal resistances. For

the radial thermal resistance of the system, the thermal

conduction of the single cylinder wall is considered, as

shown in Fig. 8. The inner and outer radii of the cylinder

wall are ri and ro, respectively. The temperatures of the

internal and external surfaces are ti and to, respectively.

Using cylindrical coordinates, this problem becomes a one-

dimensional heat conduction problem along the radial

direction. The heat transfer coefficient k of the material is

assumed to be constant. Moreover, the differential equation

of heat conduction is expressed

d

dr
r

dt

dr

� �
¼ 0; ð18Þ

and the corresponding boundary conditions are as follows

K1 e; p=2ð Þ ¼
R p=2

0

dn

ð1 � e2 sin2 nÞ1=2

¼ p
2

1 þ 1

2

� �2

e2 þ 1 � 3

2 � 4

� �2

e4 þ � � � þ 2n� 1ð Þ 2n� 3ð Þ � � � 3 � 1

2n 2n� 2ð Þ � � � 4 � 2

� �2

e2n

 !
;

K2 e; p=2ð Þ ¼
R p=2

0
ð1 � e2 sin2 nÞ1=2

dn

¼ p
2

1 � 1

2

� �2

e2 � 1 � 3

2 � 4

� �2

e4 � � � � � 2n� 1ð Þ 2n� 3ð Þ � � � 3 � 1

2n 2n� 2ð Þ � � � 4 � 2

� �2
e2n

2n� 1

 !
:

8
>>>>>>>>>>><

>>>>>>>>>>>:

ð14Þ
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r ¼ ri; t ¼ ti

r ¼ ro; t ¼ to

Thus, the radial temperature distribution is obtained as

t ¼ ti þ
to � ti

ln ro=rið Þ ln r=rið Þ: ð19Þ

It is apparent that the radial temperature distribution in

the cylinder wall is a logarithmic curve. Furthermore,

according to Fourier’s law, the heat flux through the

cylinder wall can be obtained after determining the

derivative of the above formula, as expressed by

q ¼ �k
dt

dr
¼ k

r

ti � toð Þ
ln ro=rið Þ : ð20Þ

Then, the heat flow through the entire cylinder wall is

expressed as

u ¼ 2plrq ¼ 2pkl ti � toð Þ
ln ro=rið Þ : ð21Þ

According to the definition of thermal resistance, the

thermal-conductive resistance through the entire cylindri-

cal wall can be obtained, which is

R ¼ Dt
u

¼ ln do=dið Þ
2pkl

; ð22Þ

where do is the outer diameter, di the inner diameter, and

l the width.

The determination of the axial thermal-conduction

resistance is also considered as a one-dimensional heat

conduction problem; its calculation method is similar to

that of the radial thermal resistance. Figure 9 shows the

schematic diagram. The conduction differential equation is

expressed by

d2t

dx2
¼ 0; ð23Þ

and the corresponding boundary conditions are as follows

x ¼ 0; t ¼ t1;

x ¼ l; t ¼ t2;

The axial temperature distribution is obtained according

to the above formula, as expressed by

t ¼ t2 � t1

l
xþ t1: ð24Þ

According to Fourier’s law, the expression for heat flow

can be obtained as

u ¼ kS t2 � t1ð Þ
l

: ð25Þ

The axial thermal-conduction resistance in the system

can be calculated by

R ¼ Dt
u

¼ l

kS
¼ 4l

pk d2
2 � d2

1

� � : ð26Þ

3.2.3 Thermal-convection resistance

According to the causes of flow, the convective heat

transfer can be divided into natural convection and forced

convection. In this study, the heat transfer in the oil–water

cooling system at the stator of the motorized spindle sys-

tem and that in the oil–gas lubrication cooling system at the

bearing belong to the latter category. The fundamental

formula for convective heat transfer is Newton’s law of

cooling, which is as follows

Fig. 9 Schematic diagram of axial heat conduction
Fig. 8 Schematic diagram of radial heat conduction
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q ¼ hDt; ð27Þ
u ¼ hADt; ð28Þ

where Dt is the difference between the temperature of the

wall and that of the fluid, which is always set to be positive.

h is the convection heat-transfer coefficient, and A is the

surface area of heat transfer. The thermal-convective

resistance can be calculated by

R ¼ Dt
u

¼ 1

hA
¼ 4l

phd2
; ð29Þ

The convection heat-transfer coefficient h changes with

the cooling conditions. The three cooling conditions in this

motorized spindle system are as follows: convection heat

transfer between the system and the surrounding air, con-

vection heat transfer between the end of rotor and the

surrounding air, and convection heat transfer between the

stator and the coolant in the cooling water jacket. The heat

transfer coefficients for the above three cases are calculated

as follows.

Both convective as well as radiative heat transfer occur

between the spindle system and the ambient air. This type

of heat transfer wherein radiation and convection occur

simultaneously is called compound heat transfer. Because

this situation is complicated and the radiative heat transfer

plays a minor role in heat dissipation, the radiation is

directly translated into heat convection in this study. When

the initial temperature of the ambient air is 20 �C, the

surface heat-transfer coefficient of the shaft and the

ambient air can be calculated by the Nusselt equation,

which is expressed as

hx

k
¼ 0:332

u1x

m

� �1
2 m
a

� �1
3

; ð30Þ

h ¼ 0:332
k
x

u1x

m

� �1
2 m
a

� �1
3¼ 0:332

k
x
Rex

1
2Pr

1
3; ð31Þ

where u1 the velocity of the fluid, k the thermal conduc-

tivity of the fluid, a the thermal diffusivity, m the kinematic

viscosity, Re the Reynolds number, Pr the Prandtl number,

and x the equivalent diameter.

A part of the heat generated by the high-speed rotation

of the rotor is transferred to the stator through the air gap;

part of it is directly transferred to the shaft and bearings;

part of it is transferred to the ambient air through the end.

The heat transfer coefficient of convection heat transfer

between the rotor end and the ambient air can be calculated

by Eq. (32). Furthermore, Fig. 10 is the variation curve that

changes with the speed.

hr ¼ 28 1 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:45

pnd
60

r !
: ð32Þ

For the flow problem of the oil–water heat exchange

cooling system of the stator, the flow of the coolant in the

cooling tank is limited by the internal surface [28]. First,

the concept of mean temperature tm should be introduced

for calculating such a heat transfer coefficient

tm ¼
R

Ac
qucptdAc

_mcp

¼ 2

umr2
o

Z ro

0

utrdr; ð33Þ

where Ac is the cross-sectional area of the coolant tank, q
density, cp heat capacity at constant pressure, and u the

mass average fluid velocity. Then, Newton’s law of cooling

can be expressed as

q ¼ h ts � tmð Þ: ð34Þ

An energy balance is applied to determine the variation

of the mean temperature tm with the position along the tube

and the relation between the total convection heat transfer

qconv and the difference in the temperatures at the tube inlet

and outlet. The fluid flows at a constant flow rate _m, and

convection heat transfer occurs at the inner surface.

According to the first law of thermodynamics, the energy

balance is as follows

qconv ¼ _mcp tm;o � tm;i

� �
; ð35Þ

where i and o are the indices of the inlet and outlet,

respectively. For the differential control volume of Fig. 11,

dtm

dx
¼ q00sP

_mcp

¼ P

_mcp

h ts � tmð Þ: ð36Þ

Fig. 10 Heat transfer coefficient hr versus the rotational speed
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By defining Dt ¼ ts � tm, Eq. (36) may be expressed as

dtm

dx
¼ � dDt

dx
¼ P

_mcp

hDt; ð37Þ

where P is the surface perimeter. Separating the variables

and integrating from the tube inlet to the outlet,

Dto
Dti

¼ ts � tm;o

ts � tm;i
¼ exp � PL

_mcp

�h

� �
; ts ¼ constant, ð38Þ

where �h is the average convection heat transfer coefficient

and L is the characteristic length. Eq. (35) can be expressed

as the following form

qconv ¼ _mcp ts � tm;i

� �
� ts � tm;o

� �� �
¼ _mcp Dti � Dtoð Þ:

ð39Þ

The rate equation can be obtained as follows by com-

bining Eqs. (38) and (39)

qconv ¼ �hAsDtlm; ts ¼ constant, ð40Þ

where As is the internal surface area of the coolant tank and

Dtlm is the log mean temperature difference

Dtlm � Dto � Dti
ln Dto=Dtið Þ : ð41Þ

Combining the energy balance equation (Eq. (35)) with

the rate equation (Eq. (40)), the average convection coef-

ficient is expressed as

�h ¼ _mcp

AcL

tm;o � tm;i

� �

Dtlm
: ð42Þ

Figure 12 shows the shift in the curve of the heat

transfer coefficient hs with change in the flow rate of the

coolant.

4 Temperature rise experiments for motorized
spindle

In order to verify the accuracy and effectiveness of the

calculated results of the temperature variation of each

component of the spindle system by the above thermal

resistance network model, temperature increase experi-

ments are carried out to detect the temperature of the

Fig. 12 Heat transfer coefficient hs versus the flow rate of the coolant

Fig. 13 Overall position of the sensors

Fig. 11 Control volume for internal flow in a tube
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spindle at different speeds. Five-channel magnetic high-

precision temperature sensors are used as the test equip-

ment; they have a precision of ± 0.1 �C. The ambient

temperature is set to be 23 �C.

The overall position of the sensors is shown in Fig. 13;

the specific positions of the sensors are presented in Fig. 14

and Table 4. After being attached to the designated posi-

tion, the high-precision temperature sensors are connected

to the data acquisition unit and the laptop through the USB

data cable. Then, the test software is opened for the tem-

perature test. Four sets of experiments are carried out at

four rotational speeds of 1 000 r/min, 4 000 r/min, 6 000

r/min, and 10 000 r/min, with the spindle operating for 4 h

and stopped for 3 h in each test set. This was done to ensure

that the spindle was in a cold state at the beginning of each

test.

5 Results and discussion

5.1 Analysis of temperature distribution

By solving the matrix equation (Eq. (2)), the temperature

variation of each thermal node in the thermal resistance

network model at a certain rotational speed can be

obtained. Simultaneously, the calculated results are verified

by comparing with the experimental results of the tem-

perature increase test described in Sect. 4. The comparison

results are shown in Fig. 15, wherein Fig. 15a shows the

comparison result of the spindle system at 6 000 r/min, and

Fig. 15b shows the comparison result at 10 000 r/min

The experimental results demonstrate that when the

rotational speed is 6 000 r/min, the temperature rises

rapidly in the initial stage of the operating process,

attaining the thermal equilibrium state at approximately 1

300 s. The thermal equilibrium temperatures at the shell of

the front and rear bearings are 21.3 �C and 22.3 �C,

respectively; when the rotational speed is 10 000 r/min, the

temperatures at the shells of the front and rear bearings

exhibit a relatively rapid upward trend, achieving thermal

equilibrium at approximately 1 500 s and temperatures of

Fig. 14 Specific position of the sensors

Table 4 List of the test positions

Position 1 Position 2 Position 3 Position 4 Position 5

The front bearing The rear bearing The lower end-face of headstock The upper end face of headstock Shaft
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21.8 �C and 23.1 �C, respectively. The results calculated by

the thermal resistance network method reveal that the

temperatures of the front and rear bearings exhibit a similar

trend, with a fluctuation of approximately 1.5 �C. This is

owing to the PID control of the heat exchanger in the oil–

water heat exchange cooling system of the stator in the

actual process. It is set such that the heat exchanger starts

to operate when the temperature of the coolant outlet

attains 22 �C and stops when the temperature reduces to 19

�C. The thermal equilibrium temperature of each node is

defined as the average of its steady fluctuations. Thus, the

thermal equilibrium temperatures of the front and rear

bearings are 20.8 �C and 20.5 �C, respectively, at 6 000

r/min. When the speed is 10 000 r/min, the thermal

equilibrium temperatures of the front and rear bearings are

20.8 �C and 22.5 �C, respectively.

Figure 16 shows the temperature variation of the rotor

and stator in the spindle system. It is evident that both the

rotor and stator heat up from an initial temperature of 18

�C. The rotor heats up more rapidly during the initial stage,

attaining a thermal equilibrium state at approximately 1

800 s with equilibrium temperatures of 41.1 �C and 45.0

�C, respectively, at these two operating conditions.

Meanwhile, the stator attains equilibrium at approximately

800 s, which is shorter than that for the rotor. The equi-

librium temperature at 6 000 r/min and 10 000 r/min are

24.9 �C and 25.1 �C, respectively. Figure 16 shows that the

equilibrium temperature of the stator is higher than that of

Fig. 15 Comparison between the experimental temperature and the calculated temperature

Fig. 16 Temperature variation of the rotor and the stator
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the rotor. This is because the stator, which is closer to the

cooling water jacket than to the rotor, exhibits a better heat

dissipation effect, whereas the rotor is located at the center

of the shaft. Figure 17 shows the temperature curves of the

other main components of the spindle system at the rota-

tional speed of 10 000 r/min, including the thermal nodes

on the inner and outer rings of the bearings, the rollers of

the bearings, and the shaft. Figures 16 and 17 indicate that

the temperature variation of each component exhibits a

similar trend; that is, the temperature rise is more rapid at

the initial stage, attaining the thermal equilibrium state at

approximately 800 s, and the equilibrium temperature

fluctuates marginally with the change in the temperature of

the coolant.

When the spindle system runs at a certain speed for a

period of time, the whole system attains a state of thermal

equilibrium; that is, the temperature of each component

increases to a stable value. For example, the equilibrium

temperatures of the thermal nodes in Fig. 4 when the

rotational speed is 10 000 r/min are shown in Table 5.

5.2 Analysis of influencing factors

The structure of the spindle system investigated in this

study has been described above. The maximum rotational

speed is 12 000 r/min, and the rated power is 11 kW. This

section mainly discusses the influence of certain main

parameters on the thermal characteristics of the spindle

system, including the rotational speed and cooling

conditions.

Fig. 17 Temperature of other components at the speed of 10 000 r/min
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5.2.1 Analysis of rotational speed

As the rotational speed exerts a direct impact on the

bearing friction torque, affecting the bearing friction heat

generation rate, it is a major factor affecting the thermal

characteristics of the spindle system. The transient tem-

perature variation of the components at different speeds

under a similar condition is shown in Fig. 18. The curves in

Fig. 18 indicate that the higher the speed is, the more

rapidly the components heat up, and the higher the steady

state temperature is when heat balance is attained. Fig-

ure 19 shows the steady-state temperature of each com-

ponent at different rotational speeds under identical cooling

conditions. It is evident that with the increase in the rota-

tional speed, the temperatures of all the components of the

spindle system when heat balance is attained undergo

certain increase. As the speed increases from 2 000 r/min to

12 000 r/min, the temperatures at the outer rings of the

front and rear bearings increase by 61.2 �C and 52.4 �C
respectively, whereas the temperatures at the rotor and

stator increase by 7.2 �C and 1.2 �C, respectively. In

addition, from Figs. 18 and 19, it is also evident that the

effect of the rotational speed on the temperature of the

bearing is more significant than that of the rotor and stator.

This is because the rotational speed exerts an important

influence on the heat generation rate of the bearing. As the

speed increases, the heat generation rate and temperature of

the bearing increase significantly.

5.2.2 Analysis of cooling conditions

In the thermal model of the motorized spindle system, the

cooling conditions and heat generation simultaneously

affect the thermal characteristics of the system. Therefore,

the influence of the cooling system on the temperature

variation of the spindle system cannot be omitted. Fig-

ure 20 shows the temperatures at the outer rings of the

front and rear bearings under different coolant flow rates at

a certain rotational speed. It is evident that the temperature

increases with the increase in speed and decreases as the

coolant flow rate increases. Considering the temperature

for 10 000 r/min as an example, the temperature of front

bearing #2 is 83.7 �C when the coolant flow rate is 1 L/min;

meanwhile, at the flow rate of 3 L/min, the temperature is

78.0 �C, which is a relative decrease of 5.7 �C. However, at

2 000 r/min, the temperature of the nodes under each flow

rate is not significantly different, whereas there is a dif-

ference of 3–5 �C at 12 000 r/min. This indicates that the

effect of the coolant flow rate on the temperature variation

of the bearings is more pronounced at higher rotational

speeds.

Figure 21a shows the steady-state temperature of the

stator under different coolant flow rates. It is evident that

the coolant flow rate exerts a significant effect on the

cooling performance of the spindle system. For example, at

12 000 r/min and a coolant flow rate of 3 L/min, the

temperature of the stator is 27.4 �C, which is a decrease of

2.4 �C compared to the temperature at 1 L/min. Figure 21b

shows the steady-state temperature of the stator at different

coolant flow rates at the speed of 10 000 r/min. It is evident

from Fig. 21 that the temperature of the stator decreases

with the increase in the coolant flow rate. That is, a better

cooling condition can effectively improve the heat dissi-

pation efficiency and suppress the temperature increase of

the components.

Table 5 Steady-state temperature distribution of the spindle system

No. Temperature/�C

1 40.5

2 34.7

3 23.4

4 10.1

5 22.3

6 53.3

7 55.3

8 59.7

9 49.2

10 22.4

11 68.7

12 71.1

13 75.1

14 64.3

15 22.4

16 70.4

17 72.2

18 72.0

19 56.3

20 22.4

21 46.4

22 45.2

23 25.4

24 20.7

25 76.1

26 77.6

27 82.1

28 65.5

29 20.8

30 20.7

31 20.7

32 23.0
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Fig. 18 Transient temperature variation of the components at different speeds
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Fig. 19 Steady-state temperature of components at different speeds

Fig. 20 Steady-state temperature of components at different flow rates

Fig. 21 Temperature of the stator at different conditions
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6 Conclusions

In this study, the thermal resistance network model of the

motorized spindle system of a CNC machining center is

established to characterize the temperature field distribu-

tion of the spindle system. Unlike traditional models, this

improved model not only considers the thermal-conduction

resistance, thermal-contact resistance, and thermal-con-

vection resistance but also introduces the fitted curve of the

temperature variation of the cooling system. In order to

verify the accuracy of the model, the temperature increase

experiments of the spindle system are conducted at dif-

ferent speeds. A comparison of the calculated results of the

thermal resistance network model with the results of the

temperature rise experiment reveals that the model pro-

posed in this paper predicts the temperature variation of the

main components of the spindle system with certain

accuracy; this lays the foundation for the analysis of the

thermal performance of the system. Moreover, by applying

this improved model, the temperature distribution of the

motorized spindle system during the actual operating pro-

cess can be more accurately predicted; this exerts certain

positive influence on the improvement of the machining

accuracy of CNC machine tool.
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