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Abstract
The thermal deformation has a significant effect on the processing precision of the machine tool. In this paper, a simulation model
and an experimental method of the thermal performance were proposed for a roll grinder. The calculation methods of thermal
boundary conditions including the heat power caused by the spindle motor with water cooling, headstock motor with air cooling
and hydrodynamic bearings, the convective heat transfer coefficients of the rotating surface at different spindle speeds, and
machine tool contact resistance were provided to establish a high-precision FEM model. Based on the achieved key temperature
points in the simulation, thermal characteristic experiments were carried out at different spindle speeds with 18 temperature
sensors and three displacement sensors. The experimental results of the temperature field and thermal displacement were then
compared with the simulation results to verify the effectiveness of the constructed finite element model. Finally, three kinds of
optimization schemes of the roll grinder structure were discussed to further improve the thermal performance. The simulation
results indicated that the thermal deformation of the spindle decreased in the X- and Y-axis directions.

Keywords Roll grinder . Finite element method . Thermal characteristics . Structure optimization

1 Introduction

Thermal error in roll grinding is caused by the thermal defor-
mation of the machine structure induced by the change of the
temperature field via internal and external heat sources. The
thermal error becomes a more significant contribution in the
overall error of the machine as the roll grinder accuracy im-
proves [1]. The roll grinder is a specialized machine tool de-
manding high accuracy for roll grinding, where the roughness
of a surface processed by an ordinary roll grinder is 0.2 μm.
Therefore, thermal deformation cannot be neglected.

Large numbers of investigations have been carried out on
the thermal error of the machine tool, where the studies can be

mainly classified into two categories of machine hardware
optimization and thermal error compensation. The optimiza-
tion of machine hardware has included the use of low-
expansion-coefficient materials such as steel-fiber-reinforced
concrete as the machine structural components [2]; optimizing
the cooling system structure or parameters [3, 4]; using ther-
mal symmetry structures [5] and cell structures [6]; and reduc-
ing the contact surface area between the heat sources and the
structural parts [7]. However, modification of the machine
structure is expensive and time consuming, so studies have
tended toward the second category of thermal error compen-
sation. This establishes a relationship between the thermal
deformation and the temperatures of the essential points, the
spindle speeds, the ambient temperature, and other factors [8].
This has been accomplished through mathematical modeling
and by conducting compensation through the built-in compen-
sation function of the computerized numerical control (CNC)
system [9], modifying the programmable logic controller pro-
gram [10], or using external devices to send the pulse signals
to the CNC system [11].

The two fundamental problems encountered by thermal er-
ror compensation are the optimization of the location and num-
ber of the temperature-measurement points, and establishing
the thermal error prediction model. Many studies have been
reported on the optimization of temperature measurement
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points, including fuzzy c-means clustering (FCM) [12],
fuzzy clustering [13], correlation analysis [14], and gray
relational analysis [15]. Numerous thermal error model-
ing methods have been proposed, including multiple re-
gression analysis [16], a variety of neural networks [17],
adaptive neural fuzzy inferring system [18], state space
theory [19], and projection pursuit regression [20].
Various search algorithms have been used in many stud-
ies to get the best parameters of the structures [21]. In
recent years, more studies have been done using a va-
riety of intelligent algorithms for thermal error model-
ing, such as ant colony algorithm, artificial fish swarm
algorithm [22], particle swarm algorithm [23], cuckoo
search algorithm [24], metaheuristic algorithm [25], ge-
netic algorithm [26], and imperialist competitive algo-
rithm [27]. Different optimization algorithms have been
compared and investigated [28, 29]. In addition, many
hybrid optimization algorithms have been proposed and
applied in structural design optimization [30, 31]. All
these studies were able to obtain satisfactory compensa-
tion results.

The roll grinder, however, is different from a general
processing machine tool in three aspects. (1) For higher
rotation accuracy and stability, the roll grinder generally
uses hydrodynamic bearings to support the spindle owing
to the oil film homogenization effect of hydrodynamic
bearings. (2) Even when the stroke of the Z-axis of the
roll grinder is the greatest, users are more concerned with
the movement accuracy of the X-axis rather than that of
the Z-axis. (3) In addition to cooling and lubricating, the
oil-cooled recirculation system of the roll grinder is used
to support the rotation of the spindle. Because of the ex-
cessive length of the circulating oil passage length owing
to the machine tool structure, the oil temperature fluctu-
ates greatly and causes the machine tool thermal deforma-
tion to also fluctuate greatly.

Considering the differences mentioned above, this paper
proposes a modeling and experimental method of the thermal
characteristics to solve the special requirement of the roll

grinder. First, a thermal-structure coupling finite element mod-
el (FEM) is established based on the analysis of the thermal
boundary condition, and a series of simulations with different
operating condition parameters is carried out to find out the
weakness of thermal performance of the entire machine.
Second, thermal balance experiments at different spindle
speeds are conducted to verify the reliability of FEM simula-
tion by comparing the simulation results with the experiment
results. Finally, on the basis of the above, the optimized ma-
chine structure is developed, where the simulation results
show that the optimized machine structure can decrease the
thermal deformation in the X- and Y-axis directions.

2 Modeling and simulation of the roll grinder
thermal characteristics

2.1 Structure of a typical roll grinder

As shown in Fig. 1, a typical roll grinder consisted of an upper
wheel frame, lower wheel frame, carriage, bed, headstock,
tailstock, bracket, and other components. The lower wheel
frame moved along the X-axis relative to the carriage, while
the carriage moved along the Z-axis relative to the bed. The
upper wheel frame rotated around the C-axis relative to the
lower wheel frame. The spindle system was equipped with
hydrodynamic bearings, where the normal and maximum
speeds of the spindle were 700 and 1200 r/min, respectively.

2.2 The roll grinder thermal boundary conditions

2.2.1 Thermal physical parameters of the machine tool
material

The materials comprising the main parts of the machine, the
hydrodynamic bearings, and the spindle were Q250, ZQSn6-
6-3, and 38CrMoAL, respectively. The external environment
was the natural convection of air, and the lubricating oil was
L-FC15 spindle oil. Awooden board was inserted between the
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Fig. 1 Photograph (left image) and schematic (right image) of a typical roll grinder
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spindle motor and the upper wheel frame for isolation
purposes, and considering the low thermal conductivity
of the board, it was necessary to consider the thermal
insulation effects thereof. The thermal properties of the
materials used herein according to the material manuals
are shown in Table 1.

2.2.2 Heat source analysis

The heat sources of the roll grinder include the heat loss of the
spindle motor, the heat loss of the headstock motor, the fric-
tion heat of the hydrodynamic bearings, the friction heat be-
tween the workpiece and the bracket, the power loss of the
pulley, and the grinding heat. The roll grinder machine was
idle in the experiment, so the grinding heat was 0.

The spindle motor (Siemens 1PH8135-1DF20-2DA1) had
a spindle speed of n and a pulley drive ratio of 1.52, with a
resulting spindle motor speed of 1.52n. According to the
speed of the spindle motor, the output power of the spindle
motor Ps and the efficiency hs = 85% can be obtained in the
spindle motor manual. The thermal power of the spindle mo-
tor is given as Psh = Ps(1 − hs)hs

−1. The spindle motor is
equipped with a water cooling system, and the heat power
taken away by cooling water can be calculated by

Pcool ¼ QρcΔt; ð1Þ
where Pcool is the cooling power; Q is the flow rate of the
cooling water; ρ is the density of water; c is the specific heat
of water; and Δt is the temperature rise of the cooling water.

The actual heating power of the spindle motor is given as Pt =
Psh − Pcool.

A headstock motor (Siemens 1FK7086-7AF71-1DG2)
was used whose rated power was PhN = 5.7 kW, efficiency
factor was ηhs = 93%, and which used natural air cooling.
The head motor thermal power (Phs) calculation formula is

Phs ¼ PhN 1−ηhsð Þ=ηhs: ð2Þ

A planetary reducer (STOBER PH721F0070ME,
Pforzheim, Germany) was used as the headstock reducer
whose efficiency was ηg ≤ 93–96% (given by the STOBER
company technical manual). The heat of the planetary reducer
(Pgs) can be calculated as

Pgs ¼ PhN 1−ηg
� �

; ð3Þ

Calculation of the power loss of the headstock synchronous
belt (Pds) can be calculated as

Pds ¼ Phsηg 1−ηdð Þ; ð4Þ
where ηd is the efficiency of the headstock synchronous belt.

The workpiece was supported by two brackets that each
had two bushings, including side and bottom bushings, where
the angles between the two bushings and the vertical direction
were 90° and 14.91°, respectively. Through geometrical anal-
ysis, the ratio of the distance between the two brackets and the
centroid of the workpiece was found to be 1.2:1. Also, the
total frictional heat between the bushings and the workpiece

Table 1 Material thermal properties

ZQSn6-6-3 38CrMoAL Q250 Air L-FC15 spindle oil Wood board Water

Elastic modulus (MPa) 1.08 × 105 2.05 × 105 2.02 × 105 – – – –

Poisson ratio 0.35 0.34 0.26 – – – –

Linear expansion coefficient(1/°C) 1.73 × 10−5 1.23 × 10−5 1.2 × 10−5 – 3.48 × 10−4 – –

Thermal conductivity (W/m•K) 87.6 37.7 48 2.55 × 10−2 0.8 0.34 0.58

Specific heat capacity (J/kg•K) 377 435 460 1.0069 1880 2500 4.2 × 103

Density (kg/m3) 8800 7710 7850 1.1769 852 1000 1.0 × 103

Table 2 Heat power transfer via the frictional heat between the
bushings and workpiece

Brackets Bushings The friction
heat power (W)

Left bracket Side bushing 34

Bottom bushing 130

Right bracket Side bushing 28

Bottom bushing 109

Table 3 Frictional heat power of
dynamic bearings at different
spindle speeds

Rotating
speeds
(rpm)

Left
bearing
(W)

Right
bearing
(W)

695 625 256

795 775 317

900 939 384

1000 1087 445

1134 1310 536

1200 1349 552
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equals the mechanical power delivered to the workpiece by
the synchronous belt. Considering that 70% of the heat is
taken away by the oil gas lubrication and 80% of the remain-
ing heat is transferred into the workpiece, the heat into the four
bushings is found to be 302 W. Therefore, using the pressure
ratio, the frictional heat powers of the four bushings can be
calculated and are given in Table 2.

The heating power of the hydrodynamic bearings can be
calculated as [32]

P ¼ 1:5
n

1000

� �2 d3lη
h

; ð5Þ

where P is the frictional heat power (kW); n is the speed of the
spindle (rad/min); d is the diameter of bearings (cm); l is the
length of bearings (cm); η is the dynamic viscosity of the oil
(kg•s/m2); and h is the thickness of the lubrication layer
(μm).The thickness h can be calculated by

h ¼ h0 1þ εcosθð Þ; ð6Þ

where h0 is the radius gap (70 μm); θ is the bearing circum-
ferential angle; ε is the eccentricity changing with the speed.
According to the results of Ma and Taylor [33], the tempera-
ture of the side leakage of the bearing is close to the average

oil temperature of the bearing, and the heat taken away by the
lubricating oil accounts for 40 and 60% of the total heat at low
speed and high speed, respectively. The frictional heat powers
of the left and right bearings at different speeds are shown in
Table 3.

2.2.3 The convective heat transfer coefficient

The forced convective heat transfer coefficient between the
spindle and the air can be calculated using the Nusselt criteri-
on equation

α ¼ Nuair⋅λair

d
; ð7Þ

where α is the convective heat transfer coefficient between the
rotating surfaces and the fluid, λair is the thermal conductivity
of the fluid, Nuair is the Nusselt number, and d is the equiva-
lent diameter of the rotating body. When the fluid is air, Re <
4.3 × 105, and 0.7 < Pr < 670, the Nusselt number can be cal-
culated by

Nuair ¼ 0:133Re2=3Pr1=3; ð8Þ

where Pr is the Prandtl number and Re is the Reynolds num-
ber determined by

Re ¼ ωd2s
ν f

; ð9Þ

Table 4 Convective heat transfer coefficients of rotating surfaces at different rotation speeds

Rotating
speeds
(rpm)

Cylindrical surface of
spindle motor rotating
end (W/m2•°C)

Cylindrical surface of
spindle pulley end
(W/m2•°C)

Cylindrical surface of
spindle wheel end
(W/m2•°C)

Round face of spindle
motor rotating end
(W/m2•°C)

Round face of
spindle wheel end
(W/m2•°C)

Between the spindle
and the spindle oil
(W/m2•°C)

695 38.1 34.8 20.8 76.4 68.9 4154.4

795 41.7 38.0 22.8 79.8 71.7 4591.7

900 45.2 41.3 24.8 83.1 74.5 5041.6

1000 48.5 44.3 26.6 86.0 77.0 5462.6

1134 52.8 48.2 28.9 89.8 80.2 6016.9

1200 54.8 50.0 30.0 91.6 81.7 6286.4
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Fig. 2 Natural convection heat transfer coefficient of the high-
temperature zone

Table 5 Contact resistance values of the contact surfaces

Contact surfaces Contact resistance
(m2•°C/W)

Carriage-bed 1.738 × 10−3

Wheel frame-carriage 1.738 × 10−3

Brackets-bed 2.1 × 10−4

Headstock-bed 8.47 × 10−5

996 Int J Adv Manuf Technol (2018) 97:993–1004



where ω is the angular velocity of the spindle, νf is the kine-
matic viscosity of the air, and ds is the equivalent diameter of
the spindle such that

ds ¼ d1l1 þ d2l2 þ⋯dnln
l

; l ¼ l1 þ l2 þ⋯ln; ð10Þ

where di and li are the diameter and the corresponding length
of each section of the spindle, respectively. The equivalent
diameter of the pulley end (d1) and the average diameter of
the wheel end of spindle (d2) are 0.18 and 0.115 m, respec-
tively, and the wheel surface equivalent diameter d3 is 0.5 m.
According to the manual, the thermal physical parameters of
dry air at 20 °C are λair = 0.0259 W/(m•K), νf = 15.06 ×
10−6 m2/s, and Prair = 0.703.

When the fluid is spindle oil, whose physical property pa-
rameters are shown in Table 1, the thermal physical parame-
ters are a thermal conductivity of λoil = 0.8 W/(m•K) and a
kinematic viscosity of νoil = 15.16 × 10−6 m2/s. Further,
Prair = cpρoilνoil/λoil = 30.35, where the specific heat is cp =
1880 J/(kg•K) and the density is ρoil = 852 kg/m3.

Fig. 3 FEM mesh model of the roll grinder
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By analyzing the data above and the size of the rotating
body of the machine tool, the convective heat transfer coeffi-
cients of the rotating surface at different spindle speeds can be
obtained and are shown in Table 4.

Among the temperatures to be measured, that of the oil
between the spindle and hydrodynamic bearings is difficult
to measure, and was therefore inferred from the temperature
of the oil in the oil tank. The temperature of the oil in the oil
tank fluctuated between 34 and 37.7 °C, and the temperature
of the oil in the cave of the upper wheel frame fluctuated
between 39.1 and 41.3 °C. The oil cooler was initiated when
the temperature of the oil in the oil tank was detected to be
higher than 35 °C, so the oil into the bearing fluctuated be-
tween 25 and 34 °C, and the temperature of the oil between the
spindle and hydrodynamic bearings fluctuated between 33.4
and 35 °C.

The spindle oil flowed out through the hydrodynamic bear-
ing to form a layer in the cavity of the upper wheel frame.
Because the velocity of the flow was very low, the heat ex-
change between the oil and the upper wheel frame
corresponded to natural convection heat transfer, whose coef-
ficient is 41.48 W/(m2•°C) according to the formula of the
natural convection heat transfer coefficient [34].

For the other static surfaces that exchanged heat with the
air, according to engineering experience, most areas where
the temperature is not excessively high have a heat transfer

coefficient of αs = 9.7 W/(m2•°C). However, when the tem-
perature difference between the wall and the fluid is large, it
is not suitable to use a constant composite heat transfer
coefficient, according to the heat transfer convection formu-
la. Thus, for the higher-temperature surfaces (i.e., the head
motor and grinding wheel motor surfaces) the convective
heat transfer coefficient varied according to the temperature
difference between the ambient temperature and the wall.
The natural convection heat transfer coefficients of the
high-temperature zone with various temperature differences
were calculated and are shown in Fig. 2.

2.2.4 The machine tool contact resistance

According to the study in [35], the thermal contact resistance
has a great influence on the FEM simulation results, and many
of the factors that affect the contact resistance are non-linear.
The experimental formula for the thermal resistance is given
in the form of positive pressure, and the other factors are
expressed as fixed coefficients under certain contact condi-
tions, such that [36].

Rc ¼ aþ b=Pn; ð11Þ
where Rc is the unit-area contact thermal resistance; Pn is the
unit-area pressure of the contact surface; and a and b are fixed
coefficients determined by the experiment.

We have obtained data from a large number of ex-
periments of the thermal properties of the contact sur-
face. Substituting these experimental data into Eq. (11)
and fitting the data by the least squares method, the
thermal resistance database of the joint surface was
constructed.

Using the material properties and surface morphology
of the components on both sides of the joint surface,
the contact medium and the pressure, and substituting
these parameters into the thermal resistance database of
the joint surface, we could obtain the thermal resistance
at the critical joint surface. This is shown in Table 5.

2.3 Thermal performance FEM simulation

To determine the thermal performance of the roll grinder, a FEM
simulation was obtained in the ANSYSworkbench by importing
the geometric model established in the SOLIDWORKS as
shown in Fig. 3. For the regular parts, a hexahedral mesh was
generated; and for the irregular parts, a tetrahedral mesh was
generated. The FEM comprised 517,232 nodes and
179,632 units.

Substituting the thermal boundary condition parame-
ters obtained in Section 2.2 into the ANSYS work-
bench, the transient temperature field was obtained via
transient thermal analysis. Taking the spindle speed of
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Fig. 7 Displacement sensors used to measure thermal displacements
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1200 rpm as an example and taking the temperature
field obtained above as the load, the displacement field
was obtained through structural analysis, as shown in
Fig. 4. Further, the simulation curve of the thermal dis-
placements could be obtained, as shown in Fig. 5.

According to the temperature field shown in Fig. 4a,
16 spots were marked as the key temperature points,
which were used to determine the locations of the tem-
perature sensors for experimental investigations, by the
following principles: (1) Because the left and right hy-
drodynamic bearings of the spindle system have differ-
ent sizes, the friction heat powers of the left and right
hydrodynamic bearings are different. This creates an
asymmetric temperature field, for which the temperature
points were marked on both sides. (2) The heat sources
are mainly concentrated in the upper wheel frame, and
the locations of the upper wheel frame near the heat
sources are needed to select as the measuring points.
(3) The temperature measuring points are more intensive
in the components closer to the heat sources. Thus, the
number of temperature measuring points decreases in

the order of the upper wheel frame, the lower wheel
frame, and the carriage. (4) The temperature measure-
ment points herein are not used for the thermal error
compensation, but for a more accurate and comprehen-
sive understanding of the temperature field distribution
of the machine. (5) In addition to the temperature of
key components of the machine, the ambient tempera-
ture and oil temperature are also necessary.

3 Experiments on the thermal characteristics
of the roll grinder

3.1 Experimental setup

Referring to the marked key temperature points in the simu-
lation, the frictional heat between the hydrodynamic bearings
and the spindle is the main heat source, while the main
thermal deformation areas are the upper and lower
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Fig. 8 Schematic diagram of
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wheel frames. Therefore, 14 temperature sensors were
located on the surfaces of the upper and lower wheel
frames. The temperature of the lubricating oil between
the bearings and the spindle was difficult to measure,
and thus the temperature of the tank oil was measured
instead. Two temperature sensors were used to measure
the temperature of the carriage and one sensor for the
ambient temperature. Eighteen STT-F-type PT100 tem-
perature sensors (Sailing Technology Corp, Beijing,
China) in total were used to measure the temperature
change during the experiments, as shown in Fig. 6.
The temperature data was transmitted to a computer
through a temperature inspection device with a measure-
ment interval of 10 s.

Three LK-H020-type charge-coupled device laser dis-
placement sensors (KEYENCE Corp, Osaka, Japan)
were used to measure the X-, Y-, and Z-direction thermal
distortions of the machine tool spindle, with a measure-
ment interval of 1 s. The thermal displacement measure-
ment setup is shown in Fig. 7.

3.2 Experimental measuring scheme

Before installing the sensors, the machine was placed in a
downtime for one night to ensure that it was in a completely
cooled state. The experimental measurement setup is shown in
Fig. 8.

Because the heat powers of sources of the machine are
different at different speeds, the experiments were carried
out at six different speeds to study the temperature field and
thermal deformation of the machine under different spindle
speeds. During the experiment, the positions of the feed axes
of the machine and the spindle speed were constant. When the
temperature field curve tends to be constant, the machine can
be regarded as in thermal equilibrium. At this point, the ma-
chine was stopped, cooled, and measured for some time.

3.3 Experimental measurement results

Taking the spindle speed of 1200 rpm as an example, the
thermal displacements as a function of time in the X-, Y-, and
Z-axis directions are shown in Fig. 9, and the temperature
curves of the sensors on the upper and lower wheel frames
as a function of time are shown in Figs. 10 and 11, respective-
ly. The thermal deformation in the Z-axis is the greatest but

0 5000 10000 15000 20000 25000

24

25

26

27

28

29

30

(
e

r
ut

a
r

e
p

m
et

)

time(s)

 T11

 T12

 T13

 T14

 T15

 T16

Fig. 11 Temperature of the lower wheel frame

Table 6 Comparison of the
highest temperature of the
simulation and experimental
results

The location of temperature sensors Experimental
value (°C)

Simulation value
(°C)

Simulation
error (%)

The middle of the left surface of the upper wheel
frame (T2)

31.1 30.46 −2.1

The right of the left surface of the upper wheel
frame (T5)

37.3 34.92 −6.4

The left of the front surface of the upper wheel
frame (T7)

38.3 37.80 −1.3

The right of the front surface of the upper wheel
frame (T9)

35.3 35.78 1.4

The middle of the front surface of the upper
wheel frame (T8)

35.0 33.55 −4.1

The left surface of the lower wheel frame (T16) 28.1 28.50 1.4

The right surface of the lower wheel frame (T13) 29.2 29.20 0.0

Carriage (T1) 26.9 27.13 0.9

Table 7 Average thermal equilibrium displacements of simulation and
experimental results

Axis
Experimental
value (μm)

Simulation
value (μm)

Absolute
error (μm)

Relative
error (%)

X 12.3 13.95 1.65 13.4

Y 24.4 24.77 0.37 1.5

Z 70.1 66.64 3.46 − 4.9
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this direction has little effect on the processing quality of the
roll grinder, so the X- and Y-axes were selected as the research
targets.

3.4 Comparison of simulation and experimental
results

In the transient thermal analysis, we selected the positions of
the seven temperature sensors on the FEM, and the tempera-
ture field curves of these seven positions were obtained by
post-processing. The simulation and experimental results for
the highest temperatures at these seven points are shown in
Table 6. And, the comparison between the average thermal
equilibrium displacements of the simulation results and the
experimental results is shown in Table 7. Simulation errors
of the temperature and displacement showed that the proposed
simulation model has relatively high simulation accuracy.

4 Optimization of roll grinder structure

According to the simulation and experimental analysis, it can
be seen that the upper wheel frame has the greatest influence
on the thermal displacement. Therefore, based on the thermal

performance simulation method of the roll grinder proposed
above, three optimization schemes of the upper wheel frame
were discussed mainly aiming to reduce the thermal displace-
ments of the X- and Y-direction: (1) changing the position of
the mounting hole where the spindle is placed to be located at
the zero-thermal-deformation position of the upper wheel
frame; (2) increasing the heat dissipation area of the high-
temperature area; (3) adding a structure in the upper wheel
frame to absorb thermal distortion.

4.1 Changing the spindle position

As shown in Fig. 12, the spindle mounting hole is located on
the upper wheel frame. According to the FEM analysis, the
zero-thermal-deformation position where the upper wheel
frame is relative to the fixed point of the magnetic seat on
the carriage is located on the right and lower sides of the
spindle mounting hole, as shown in Fig. 13. By changing
the horizontal and vertical positions of the spindle mounting
hole, the relationship between the X-direction thermal defor-
mation and the position of the spindle mounting hole is ob-
tained by simulation. (1) The horizontal position has a greater
effect on the thermal deformation in the X-direction than the

Fig. 12 Contours of the thermal deformation in the X-direction (left) and Y-direction (right)
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vertical position. (2) The X- and Y-direction thermal deforma-
tions are reduced with the change of position of the spindle
mounting hole to the right and down.

4.2 Adding heat dissipation plates

According to the previous analysis, the main heat source that
causes thermal deformation of the upper wheel frame is the
dynamic pressure bearing; therefore, heat dissipation plates
are added on the upper wheel frame near the dynamic bear-
ings, as shown in Fig. 14.

The scheme not only increases the heat dissipation area in
the high-temperature region, thereby reducing the temperature
rise, but also changes the relative position between the spindle
mounting hole and the upper wheel frame. The relationship
between the thermal deformation in the X-axis direction and
the size and location of the heat dissipation plate is obtained
by simulation: (1) The width, thickness, and height of the heat
dissipation plate have a greater influence on the thermal de-
formation in the X-axis direction of the machining precision

than the other parameters. (2) With increasing width, thick-
ness, and height of the heat dissipation plates, thermal defor-
mation in the X-axis direction is reduced.

4.3 Adding gaps to absorb expansion

As shown in Fig. 15, gaps for absorbing expansion are sym-
metrically distributed on both sides of the upper wheel frame.
These gaps can absorb some of the thermal deformation,
thereby reducing the thermal distortion in the X- and Y-axis
directions.

The relationship between the thermal deformation in the X-
and Y-axis directions and the size and location of the gaps is
obtained by simulation: (1) The depth, horizontal position,
and length of the gaps have a greater influence on the thermal
deformation in the X-axis direction. (2) Increasing the depth,
horizontal position, and length of the gaps reduces the thermal
deformation in the X- and Y-axis directions. It is also found,
however, that the gaps can lead to a reduction of the static
stiffness of the spindle in the X- and Y-axis directions, so it is
necessary to balance the thermal deformation and the static
stiffness.

4.4 Comparison of before and after optimization

The allowable range of the positions and sizes can be obtained
by analyzing the interference condition of each of the above
schemes. Then, the optimal sizes of each optimization scheme
can be determined according to the relationship between the
size and location parameters and the thermal deformation in
the X-direction above, as shown in Table 8.

By replacing the upper wheel frame in the roll grinder
assembly and considering the effect of the new structural
changing, a comparison of the thermal displacement between
the non-optimized and optimized structures was conducted
based on the proposed simulation method, and the results
are shown in Table 9. It indicated that all these modifications
could better decrease the thermal deformation in the X- and Y-
axis directions. The thermal displacement in the Z-direction
became larger. The main reason was that we did not consider
its influence because the requirement of position errors along
the Z-direction was very low in this case. Moreover, the

Table 8 Optimum size for each scheme

Scheme The best sizes

Schemes 1 The position of the spindle mounting hole is
moved 50 mm right and down

Schemes 2 Adding ten heat dissipation plates with 5 mm
width, 5 mm interval, 275 mm length, and
50 mm thickness on each side of the upper wheel frame

Schemes3 Adding gaps for absorbing expansion with 5 mm
width and 150 mm length on both sides

spindle mounting 

hole

Upper wheel 

frame

gaps for absorbing expansion

Fig. 15 Location of gaps for absorbing expansion

Table 9 Reduction of the thermal displacement after optimization

The thermal displacement (μm) Relative reduction (%)

X-direction Y-direction Z-direction X-direction Y-direction Z-direction

Scheme 1 10.31 21.88 86.77 − 26 − 12 30

Scheme 2 7.70 18.83 93.09 − 45 − 24 40

Scheme 3 12.99 19.15 86.29 − 7 − 23 29

Integrated schemes (combining 1~3 schemes) 10.83 21.52 87.27 − 22 − 13 31
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simulation results of integrated schemes indicated that it could
not improve the thermal performance.

5 Conclusion

To improve the thermal characteristics of a roll grinder, which
is different from a general processing machine tool in many
aspects, the following conclusions were obtained by FEM
simulation analysis and thermal equilibrium measurement
experiment:

(1) An FEM simulation model of the thermal performance
was established for a roll grinder by analyzing the ther-
mal boundary conditions. The proposed simulation
method considered the changing natural convection heat
transfer coefficient of a high-temperature zone with a
varying temperature as well as the cooling oil tempera-
ture fluctuation of the roll grinder, which caused the sim-
ulation to more closely reflect the actual situation.

(2) Thermal characteristic experiments on the temperature
field and thermal displacement were carried out at differ-
ent spindle speeds. The comparison between the average
thermal equilibrium displacements of the simulation re-
sults and the experimental results was then done.
Simulation errors of the temperature and displacement
showed that the proposed simulation model has relative-
ly high simulation accuracy.

(3) To further improve the thermal performance of the roll
grinder, three types of thermal structure optimization
schemes were proposed. The simulation results con-
firmed that the thermal deformation of the roll grinder
was reduced with these schemes. An optimized structure
combining these three schemes could not further reduce
the thermal displacement, signifying that the thermal
structure optimization is not linearly superimposed.
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