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Abstract. Based on the comprehensive analysis of the heat sources of the motorized spindle system, the thermal loads,
including the heat generation of bearing friction and the electromagnetic loss of the built-in motor, are carried out for
a machining center motorized spindle system. And then, the convective heat transfer coefficients of the whole spindle
system are analyzed. The thermal characteristics of the motorized spindle system are calculated by finite element
analysis. The steady state temperature field distribution of the motorized spindle is obtained. It provides some
references for improving the thermal characteristics of the motorized spindle and reducing the difficulty of thermal
error compensation.

1 Introduction

2.1 Heat calculation of built-in motor

The motorized spindle system will produce deformation
due to stress in the process, in addition to large amounts
of heat, which can generate thermal deformation. These
thermal deformations can not only short the working life
of the spindle, but also affect the processing accuracy of
the machine tool. A large number of studies have shown
that in the factors that affect the accuracy of machine tool,
the thermal error caused by external environment and
internal heat sources are the largest error source of
precision machining machine such as CNC(Computer
Numerical Control) machine tools, which accounts for
40-70% of the total manufacturing error [1, 2].
Therefore, it is necessary to analyze the temperature
field of the motorized spindle system and grasp the
thermal characteristics of the motorized spindle system,
so as to find a way to effectively reduce the temperature
rise of the spindle, and reduce the thermal errors of the
spindle system.
In this paper, a machining center’s motorized spindle
system was taken as an example to study its heat and
cooling mechanism. Using finite element software
ANSYS, the steady temperature field of the motorized
spindle system were obtained.

The heat generated by the motor in the motorized spindle
system can be divided into heat generation of rotor and
heat generation of the stator. The power of the motorized
can be
spindle system from the input power
calculated by Eq.1
P1  3U1 I1cos1
(1)
where, U1 is phase voltage of stator winding, I1 is phase
current of stator winding, cos1 is power factor of stator
winding.
After motorized spindle system take power P1 suction,
one part is consumed on the stator winding resistance ( r1 ),
i.e. copper loss PCu1 which canbe calculated from

2 Calculation of the thermal load of the
motorized spindle system
There are two main sources of heat source in the
motorized spindle system, including the heat due to loss
of the built-in motor and the heat due to friction of the
spindle-bearing.

PCu1  3I12 r1
(2)
Another part is consumed on the stator iron core, i.e.
iron loss PFe which canbe calculated from

PFe  3I 02 rm

(3)
So the total power loss of the stator ( Pd ) is PCu1 and
PFe .
The heat generation rate of the stator [3]
P
(4)
qd  d
Vd
where, Vd is the volume of the stator.
In addition, the rest of the power is transferred from
the stator to the rotor through the electromagnetic
induction, which is called the electromagnetic power PM
can be calculated by Eq.5
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power of the rear bearings, V f is the volume of the front

(5)
PM P1  PCu1  PFe
Due to the low frequency of the rotor in normal
operation, the iron consumption of the rotor is very small,
usually negligible, so the rotor power loss Pz can be
equivalent to the copper consumption of the rotor.Thus
the heat generation rate of the rotor is
P
(6)
qz  z
Vz

bearing, Va is the volume of the rear bearings.

3 Calculation of the thermal boundary
condition of the motorized spindle
system

where, Vz is the volume of the rotor.

3.1 Convective heat transfer coefficient between
stator cooling water jacket and cooling water

2.2 Calculation of heat for bearing

The stator outer ring of the motorized spindle system has
a rectangular spiral cooling water jacket to cool the stator
and the outer shell. The Nusselt criterion equation, under
forced convection, convective heat transfer coefficient
can be alculated by Eq.11

According to Eq.7 [1], the friction moment of the bearing
is mainly composed of two parts: the viscous friction
moment and the load friction moment, and the calculation
formula as following

Nu  
(11)
L
where,  is the thermal conductivity of the ambient fluid,
Nu is Nusselt number, L is the equivalent length of spiral
cooling water jacket.
The Nusselt number of cooling water in laminar state
can be calculated by Eq.12
1
0.14

3 
 Nu  1.86  Re Pr D   f 



L   w 

(12)

v1·D

R e  v
f


2

a

(7)

M 107 f0 (vn) 3 dm3  f1 Pd
1 m
where, M is the friction torque of bearings, f 0 is
depends on the type of bearing, v is motion viscosity of
lubricants at working temperature, n is rotating speed of
inner ring of bearing, d m is circle diameter of bearing,
f1 is coefficient related to bearing type and load, P1 is
calculation load determining the friction torque of
bearing.
In addition, the spin motion of the rolling body is an
important factor in heating. And the frictional moment in
the contact area between the rolling body and the inner
ring is [4]
3 Q a 
M Si  Si i i i
8
(8)

where, Pr is the Prandtl number,  f is fluid dynamic
viscosity,  w is dynamic viscosity of the fluid under the
cooling water jacket wall temperature, v1 is the flow rate
of cooling water, D is stereotyped size of geometric
features, v f is kinematic viscosity of fluid in qualitative

where,  Si is the friction coefficient of the rolling
element and the inner ring raceway, ai is Hertz contact
ellipse long axis of rolling element and the inner ring
raceway, Qi is the normal contact load of the rolling
element and the inner ring raceway,  i is the second
complete integral of Hertzian contact ellipse for rolling
element and the inner ring raceway.
The friction power is generated by the bearing as
following [5]
2 n1
H
M  Si M Si

(9)
60
where, n1 is the rotation speed of the spindle, Si is
spin angular velocity at the contact part between the roller
and the inner raceway.
The heat generation rate of the bearing is defined as
Eq.10 [6]
Hf

q f 
Vf

(10)

 q  Ha
 a V
a


temperature.
The calculation method of convective heat transfer
coefficient between the annular groove and the cooling
water of the front bearing block is the same as the method
above.
3.2 Convective heat transfer coefficient between
the cooling gas and the stator
The average speed of cooling gas between the rotor and
the stator is defined as follows


u
uax 2  urad 2
(13)
The average velocity of the axial cooling gas through
the air gap between the stator and rotor is defined as
follows
vg
vg
(14)
u

ax
Aax  d 2
2
 stator  d rotor 
4
where, vg is the volume flow rate of cooling gas, Aax is

where, q f is the heat generation rate of the front bearing,

the axial cross-sectional area of gap, d stator is the stator
inner circle diameter, d rotor is the rotor outer circle
diameter.

qa is the heat generation rate of the rear bearing, H f is

the friction power of the front bearing, H a is the friction

2
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In addition, the average velocity of the cooling gas is
subjected to the shear action of the circumferential
direction of the stator and the rotor, resulting in the
tangential mean velocity.
vsur rotor d rotor
u

(15)
rad
2
4
where, vsur is the velocity of the rotor surface.
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transfer coefficient,  s is compound heat transfer
coefficient.

4 Thermal analysis of motorized spindle
system
Taking one motorized spindle system as the research
object, the thermal characteristics of the spindle system
are analyzed according to the load and boundary
conditions calculated by the above thermal characteristic
models. It is known that the temperature of the external
environment is 22 oC, the spindle speed is 42000 rpm, the
cooling water flow is 1.07 L/min, and the gas supply
pressure of the oil lubrication system is 0.23 MPa. And
Ansys workbench software is employed to gain the steady
temperature field distribution of the spindle system, as
shown in Figure 1.As can be seen from figure 1, the
maximum temperature appears at the front bearing is
about 154.06 oC, and the maximum temperature of shaft
is about 140.38 oC.

3.3 Convective heat transfer coefficient of the
rotor end
When the spindle is running, the rotor end is mainly
convection and radiation heat transfer with the
surrounding cooling air. The compound heat transfer
coefficient is as follows [7]
  3 n1d a 0.5 
at 28 1  

(16)

  400  


where, at is the convection heat transfer coefficient at the
rotor end, d a is the average diameter of the rotor end.
3.4 Convective heat transfer coefficient between
bearing and lubricating gas
The heat transfer coefficient between the bearing and the
lubricating gas can be determined by Eq.17
(17)

  c0  c1u c2 
where, c0 , c1 and c2 are determined by the constant of the
test; u is the average velocity of the compressed gas in the
bearing.
The average velocity of compressed air in a rotating
bearing can be obtained by the axial and tangential air
flow.

Figure 1. The steady state temperature distribution of the
motorized spindle system

5 Conclusions

1
2

In this paper, a thermal load and boundary condition
calculation model of motored spindle system for one
machining center was established, and Ansysworkbench
was employed to simulate and solve. Through the
analysis, the steady state temperature distribution of the
motorized spindle system was gotten.The research in this
paper will provide some valuable reference for the
thermal structure design and thermal error compensation
of the motorized spindle system.

 V  2   d  2 
u  1    m  

(18)
 Aa   2  
where, V1 is the flow of the actual gas of the bearing;  is
the rotational angular velocity of the spindle, Aa is the
area when the axial air flow passes through the bearing,
d m is the average diameter of the inner and outer ring of
the bearing.
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When the motorized spindle system is running, the
natural convection heat transfer with the surrounding air
is caused by the surface temperature of the shell is higher
than the ambient air. Meanwhile, the spindle shell also
radiate heat with the surrounding air. The heat transfer
coefficient of the composite heat transfer is  s

c   r
(19)
s
where,  c is convective heat transfer coefficient which is
converted from radiation,  r is natural convection heat
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