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Abstract Thermal error of the spindle is one of the primary
contributors of the inaccuracy of the precision machine tools.
In order to study the thermal characteristics of the spindle, finite
element analysis has been widely used. However, the accuracy
of numerical simulation is highly dependent on the boundary
conditions especially the coefficients of convection heat transfer.
In this paper, the inverse heat conduction theory is introduced
and used for optimizing the coefficients of convection heat trans-
fer. Then, the temperature field and thermal error of the spindle
are simulated in ANSYS. Based on the simulation results, a new
method called mean impact value is proposed to select the ther-
mal key points in the spindle system. Finally, the verification
experiments are conducted on a precision horizontal machining
center. By comparing the simulation results with the experimen-
tal data, the correctness and effectiveness of the heat convection
coefficient optimization are verified. In addition, the results of
thermal error modeling based onmultiple variables including the
temperatures of the thermal key points show that the result of the
thermal key point selection is satisfying.

Keywords Thermal error . Coefficients of convection heat
transfer . Thermal key point . Inverse heat transfer . Mean
impact value

1 Introduction

Besides the geometric error, kinematic error, and errors in-
duced by cutting force, tool wear, and chattering, the errors
induced by heat which are named as the thermal error are
detrimental to the performance of the spindle and the whole
machine tool [1–3]. According to the research of Peklenik
from Birmingham and Mottu from Geneva, the percentage
of the thermal error lies between 40 and 70 % [4].

Spindle is the main component of the machine tool. Its
thermal characteristics have great impact on the machining
accuracy [5]. In general, there are three ways to reduce the
spindle thermal error. These strategies are named as thermal
error avoidance, thermal error control, and thermal error com-
pensation [6]. The purpose of thermal error avoidance method
is trying to minimize the heat generation or the thermal defor-
mation. Some examples of this method are using symmetric
structure and thermally insensitive materials. Thermal error
control strategy is supposed to reduce the amount of heat
transferred into the spindle system [7, 8]. For example, by
placing a layer of thermal insulation material between the
bearings and the shaft of the spindle, the heat flowing into
the spindle is decreased [9]. Thermal error compensation tends
to reduce the thermal error by adjusting the position of the tool
and the work piece manually. The first two kinds of methods
for reducing the spindle thermal error are always implemented
during the designing or assembling phase while the thermal
error compensation can be conducted at any phase of the ma-
chine tool development even after it has been built.

In order to find out the heat source, to learn the trend and
the amount of the temperature change and thermal deforma-
tion, and to install the sensors for testing and compensating the
spindle thermal error, the spindle thermal characteristics
should be analyzed and studied. As the geometric structure
of the spindle is three dimensional and the mechanisms of
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the heat transfer and the thermoelasticity are complex, it is
difficult to obtain the accurate analytical solution of the tem-
perature distribution and the thermal error. It is also a
hard, tedious, and time-consuming work to collect
enough data from experiments although the practical and
real-time thermal performance of the spindle can be obtained
through testing. Therefore, numerical analysis is becoming a
popular way to investigate the spindle thermal behavior.

Finite element analysis (FEA) is one of themost widely used
numerical analysis methods. With help of some commercial
FEA software, such as ANSYS, ABAQUS, COMSOL, Marc
& Mentat, etc., thermal characteristics of the spindle can be
easily obtained [10, 11]. For example, by using ANSYS (work-
bench module), Creighton [7] simulated the thermal perfor-
mance of a NSK high-speed micro-milling spindle.
According to the FEA results, the temperature of the spindle-
motor junction was the highest and the thermal growth of the
spindle was 6 μm at the rotation speed of 50,000 RPM. Chen
[12] and Zhang [13] also used ANSYS to predict the spindle
temperature field and thermal deformation in both steady and
transient state. In [14, 15], the thermal performance of the spin-
dle system in a precision boring machine was studied with
ABAQUS software. The simulation results indicated that after
11,000 s the spindle reached to the thermal steady state when it
was running at 3500 RPM. And the highest temperature of the
front bearing and the maximum thermal extension of the spin-
dle were about 53 °C and 35 μm, respectively.

However, the accuracy and the reliability of FEA are close-
ly relied on whether the spindle model is finely meshed and
whether the boundary conditions are well defined [16]. In this
paper, based on the heat inverse conduction theory, the coef-
ficient of convection heat transfer which is the primary bound-
ary condition is optimized using response surface methodolo-
gy (RSM). The optimized convection heat transfer coeffi-
cients are then applied for simulating the thermal performance
of the spindle system in a precision horizontal machining cen-
ter. The simulation results after and before the optimizations
are compared and verified by experiments. In addition, a new
thermal key point selection method called mean impact value
(MIV) is proposed. Based on the FEA results, the optimized
number and positions of sensor for temperature testing are
determined. The experimental data of those thermal key points
can be further used for building the spindle thermal error
model. According to the modeling results, the correctness of
the thermal key point selection is verified.

2 Boundary conditions optimization based on inverse
heat conduction theory

When simulating the thermal characteristics of the spindle, the
accuracy of the results is highly dependent on the boundary
conditions. The boundary conditions of FEA include the

power of heat sources, coefficients of convection heat transfer,
fluctuation of environmental temperature, and so on. Among
them, the coefficient of convection heat transfer is always
considered as the primary one and it is normally calculated
according to the traditional functions. In this paper, based on
the inverse heat conduction theory, the coefficients of convec-
tion heat transfer are firstly optimized and then used to numer-
ically simulate the temperature field and the thermal error of
the spindle system.

2.1 Inverse heat conduction problem (IHCP)

All heat transfer problems are focused on the “cause-effect”
relationship between the object studied and the environment.
Boundary conditions, thermal parameters, initial conditions,
and the heat source, etc. are considered as the “causal charac-
teristics.” The thermal performance, such as the temperature
field is categorized as the “effect.” The classical problems of
heat transfer, known as the direct problem, are aiming at spec-
ifying the cause-effect relationships while the inverse heat
transfer problem tends to investigate the causal characteristics
from the temperature field information. According to the three
main forms of heat transfer, the inverse heat transfer problems
are also divided into three groups: inverse heat conduction
problem (IHCP), inverse heat convection problem, and in-
verse heat radiation problem [17].
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Fig. 2 Simplified geometrical model of the spindle
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Inverse heat conduction theory has been widely applied
in the field of aerospace, nuclear, chemistry, astrophysics,
etc. For example, when the space vehicle was reentering
into the atmosphere, the surface temperature of it was too
high to be measured directly. By testing the internal tem-
peratures, the heat flux on the surface could be recovered
based on the inverse heat conduction theory. It would help
engineers to design the shield reasonably [18, 19].

Generally, the spindle system in the machine tool is
simplified as the one-dimensional model which is showed
in Fig. 1. In the 1-D model, the left end (x = 0) is fixed and
the other end can be expanded freely when the spindle is
heated. It is assumed that the heat (Q(t)) flows into the
shaft from the left end and then causes the rise of temper-
ature. Meanwhile, the cooling fluid is flowing at the right
end and through the heat convection (qconv), the spindle is
cooled. The temperature of the cooling fluid is Tf. Due to
the heat effect, the spindle is expanded from L to L+△L.

The heat diffusion equation of this model is given by:

∂2T
∂x2

¼ 1

α
∂T
∂τ

ð1:1Þ

where T(x, τ) is the temperature distribution of the 1-D spindle
at moment τ; α is the thermal diffusivity.

Supposing the initial temperature of the spindle is T(x,
0) = T0, the boundary conditions of this problem are showed
as follows.

T ¼ T 0 τ ¼ 0

−λ
∂T
∂x

¼ Q
A

x ¼ 0

−λ
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¼ h T−T f
� �

x ¼ L

8>>><
>>>:

ð1:2Þ

where λ is the thermal conductivity; A is the cross-section area
of the spindle shaft; h is the coefficient of heat convection.

For the 1-D spindle model, the “direct problem” is try-
ing to obtain the temperature field when the cooling fluid
temperature (Tf), the initial temperature (T0), the heat gen-
eration of the bearing (Q(t)), and the coefficient of heat
convection (h) are all specified. In practical, Tf and T0 are
often constant which can also be measured. For certain
type of bearing, when its running speed is given, Q(t) is
determined. However, h is hard to determine because it is
always changed with the temperature and related to the
characteristic length (L).

In this paper, the “invers problem” is estimating the coef-
ficients of heat convection according to the measured temper-
ature of some certain positions on the spindle.

2.2 Optimization of convection heat transfer coefficients

In this paper, response surface methodology (RSM) is applied
for optimizing the coefficients of convection heat transfer.
RSM is a collection of statistical and mathematical techniques
which is popular for optimization studies in the field of chem-
ical, biochemical, medical, andmechanical industries in recent

Table 2 Material properties of the spindle [23]

Material Density
(kg·m−3)

Modulus of elasticity
(GPa)

Poisson’s
ratio

Specific heat
(J·Kg−1·°C−1)

Thermal conductivity
(W·m−1·K−1)

Thermal expansivity
(°C−1)

38CrMoALA 7800 208 0.28 465 32.6 1.17 × 10−5

HT300 7600 140 0.25 470 39.2 1.1 × 10−5

GCr15 7800 208 0.28 460 40.1 1.3 × 10−5

Steel #45 7850 200 0.3 434 60.5 1.2 × 10−5

Table 1 Results of convection heat transfer coefficients computation and optimization

Spindle speed (r·min−1) Coefficients of convection heat transfer (W·m−2·K−1)

Cooling jacket Spindle shaft Outer sleeve Inner sleeve Encoder Spindle box

2000 Before optimization 267.60 56.60 39.50 54.00 60.90 5.00

After optimization 256.33 63.64 36.09 45.11 63.08 6.08

3000 Before optimization 267.60 74.23 54.87 75.85 79.76 5.00

After optimization 257.65 56.33 41.93 67.01 68.00 4.66

4000 Before optimization 267.60 89.92 69.38 95.62 96.62 5.00

After optimization 202.90 43.90 31.22 101.86 93.91 4.79
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years [20]. Assuming xi (i = 1, …, n) are the independent
variables and y is the response variable. The relationship be-
tween them can be written as:

y ¼ f x1; x2;…; xnð Þ þ ε ð1:3Þ

where ε is the random error.
If the expected response is represented by E(y) = η, the

surface denoted by η = f(x1, x2, …, xk) is defined as the re-
sponse surface [21]. In general, the RSM models are divided
according to the order of the polynomial of the model. The
commonly used model is the second order model, which is
showed as follows:

η ¼ β0 þ
Xn

i¼1

βixi þ
Xn

i¼1

βiixi
2 þ

Xn

1≤ i≤ j≤n
βijxix j ð1:4Þ

where β0, βi, βii, and βij are regression coefficients for inter-
cept, linear, quadratic, and interaction coefficients, respectively.

Figure 2 shows the simplified geometrical model of
the spindle system in a precision horizontal machining
center.

In the spindle system, three sets of bearings are the main
heat sources. The air and cooling fluid flows along different
components in order to control the temperature rise through
heat convection. The effects of radiation are neglected. The
coefficients of heat convection are computed according to
Eq. 1.5 as follows [22]:

h ¼ Nu⋅λð Þ
.
l ð1:5Þ

where Nu is the Nusselt number; l is the characteristic dimen-
sion related to the structures of different components. For
simplicity, the coefficient of heat convection between the sur-
face of the spindle box and environment is assumed as con-
stant. The value is 5 W/(m2·K).

Then, the coefficients of heat convection between
different spindle components and surroundings are opti-
mized using RSM. The computation and optimization
results under different working conditions are showed
in Table 1.

Applying these optimized convection heat transfer coeffi-
cients for simulating the thermal characteristics of the spindle,
the accuracy of FEA could be improved. The process and
results of the numerical simulation are introduced in
Section 3.

3 Finite element analysis and thermal key point
selection

3.1 Numerical simulation of the spindle temperature field
and the thermal error

The finite element analysis of the temperature field and ther-
mal error of the spindle is conducted in ANSYS 14.0
(Workbench Module). Firstly, by using sweeping, patch
conforming, and automatic method, the simplified spindle
model is meshed into 52,469 elements. Then referring to
[23], the material properties of the spindle shaft

680

24675

Bearing shaft Bearing #1 Bearing #2 Cooling jacket Gear Bearing #3

302

Fig. 3 Locations of bearings in
the spindle system

Table 3 Parameters and forces loaded on the bearings in the spindle system

Bearings no. 1# 2# 3#

Type Angular contact bearing (15°) Angular contact bearing (15°) Deep groove ball bearing

Model S71922CD/HCPA9A S71922CD/HCPA9A SKF 6015-2R51

Inner ring diameter (mm) 110 110 75

Outer ring diameter (mm) 150 150 115

Width (mm) 20 20 20

Axial force (Fa) (N) 1034.2 −1034.2 0

Radial force (Fr) (N) 416.6 −744.4 −0.4
Basic static loading rating (N) 72,000 33,500 72,000
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(38CrMoALA), the spindle box (HT300), bearings (GCr15),
and other components (steel #45) are set according to Table 2 .

As shown in Fig. 2, there are three sets of bearings. 1# and
2# bearings are angular contact bearings, and 3# is the deep
groove ball bearing. Figure 3 illustrates the locations of these
bearings. Parameters of bearings and the force loaded on them
(calculated using ROMAX software) are listed in Table 3.

Due to the friction between the balls and races, temperature
rises of those bearings are very high. The bearings are consid-
ered as the main heat sources in the spindle system. The heat
generations of these bearings when the spindle is running at
2000, 3000, and 4000 r/min are computed [24] according to
Eq. (1.6). The computing results are showed in Table 4.

H f ¼ 1:047� 10−4nM ð1:6Þ

where Hf (W) is the heat output of the bearing which is the
main heat source; n (r/min) is rotational speed of the bearing;
M is the friction torque (N·mm).

The heat generations of bearings are taken as the heat loads.
Together with the coefficients of heat convection obtained
before, they are applied for numerically simulating the spindle
temperature field. In the process of analyzing, the effects of
thermal contact resistances are neglected. Figure 4 shows the
simulated spindle temperature field in the steady state at
2000 r/min.

From Fig. 4, it can be concluded that compared with other
two sets of bearings, temperature of 3# bearing in the steady
state (53.9 °C) is higher. This is because that close to 1# and
2# bearings, there are cooling fluids flowing in the cooling
jacket, which prevent bearings and the spindle from
overheating. But 3# bearing is placed at the end of the spindle
system and there is no cooling system. Besides, the tempera-
ture of the encoder which is close to 3# bearing is also high.
The temperature distribution of spindle box is uniform and the
temperature change is not obvious.

The simulation results of the temperature distribution are
then applied for static structure FEA to predict the thermal
error of the spindle. Figure 5 shows the expected thermal error
of the spindle in different directions under the speed of 2000 r/
min.

Table 4 Heat generations of the bearings under different spindle speeds

Spindle speed (r·min−1) Heat generation of the bearings (W)

1# bearing 2# bearing 3# bearing

2000 279.8 280 105.8

3000 364 364.2 138.7

4000 439.1 439.4 168

(a) section view (b) side view   

(c) front view (d) rear view 

Fig. 4 Simulated temperature
field of the spindle at 2000 r/min
(steady state)
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From Fig. 5, we know that in the steady state the thermal
errors in both Y and Z are 14.758 and 11.127 μm. Compared
with those radial thermal errors, the thermal growth of the
spindle (in X direction) is much bigger (38.271 μm).

3.2 Thermal key point selection

Thermal key points are defined as the points of which the
temperature changes are closely related to the thermal error
[6, 25]. The results of thermal key point selection are usually
used as the guideline for placing the temperature sensors. And
the temperatures of those points are often taken as the inputs
of thermal error model. In order to find out the optimal points,
kinds of methods such as the correlation analysis [26, 27], the
group searching [28, 29], the gray system theory [30, 31], etc.

are applied. In this paper, a new approach called mean impact
valued (MIV) is proposed and used for selecting the thermal
key points of the spindle system.

MIV is the index to evaluate the impact of independent var-
iables on the dependent variables [32]. It is widely used in neural
network modeling and analysis. According to the absolute value
of MIV, inputs which are closely related to outputs of the neural
network can be obtained. The main steps of MIV computation
and variable selection are introduced as follows [33]:

1. The neural network is trained with original data.
2. The original input variables P are increased and decreased

of 10 % and two new samples P1 and P2 are obtained.
3. P1 and P2 are used as the inputs of well-trained neural

network model, and two outputs A1 and A2 are obtained.

(a) X direction

(b) Y direction                 (c) Z direction

Fig. 5 Simulated thermal error of
the spindle at 2000 r/min (steady
state)

4#

6#
12#

13#8#

7#

9#

3#

11#

1# 2#5#

10#

Fig. 6 Candidates of the thermal
key points in the spindle
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4. The difference between A1 and A2 are calculated and
named as the impact value (IV) of the input variables.

5. The impact values are divided by the number of samples
and mean impact values (MIV) are obtained.

6. According to the absolute value of MIV, the input vari-
ables are sorted and the input variables which have great
impact on the outputs are selected.

Based on the simulation results of the spindle temperature
and the thermal error obtained in Section 1, 13 points in the
spindle system are initially selected as the candidates. Their
positions are shown in Fig. 6. 1# ~ 3# points are placed on the
encoder as it is close to 3# bearing which has higher temper-
ature rise. 4# ~ 7# points represent the temperature of the top,
the bottom, the right, and the left surfaces of the spindle box.
8# point is located at the front end of the spindle. On the front
surface, we select one point (9#), but on the back surface we
select two points (10# and 11#). Because the temperature of
the bearings cannot be directly tested in practical, 12# and 13#
are placed at the points on the surface of the spindle nose. The
positions of 12# and 13# points are corresponded to the posi-
tions of 1# and 2# bearings, respectively.

Then, the MIV of these candidates are computed and
sorted (Table 5).

According to Table 5, we select the first four points (9#,
13#, 7#, and 1#) as the thermal key points. They are
renumbered as 1#, 2#, 3#, and 4# and their locations are
shown in Fig. 7.

4 Experimental verification

4.1 Experiment setup

In order to verify the optimization results of heat convection
coefficients and the results of thermal key point selection,
experiments are implemented on a precision horizontal ma-
chining center. Besides the 13 candidates mentioned in
Section 2.2 (Fig. 6), two more PT 100 temperature sensors
are installed on the motor and the bed. They are used to test
the temperature change of the motor (another heat source) and
the temperature fluctuation of the environment as they have
certain impacts on the temperature distribution of the spindle
system.

Table 5 MIV computation results and rank of candidate points

Candidate points no. MIV Rank

1 5.308429 4

2 2.425193 10

3 2.426116 9

4 3.294962 7

5 4.224264 6

6 4.433643 5

7 5.433654 3

8 1.490364 11

9 17.96691 1

10 0.195011 13

11 1.086334 12

12 2.818797 8

13 12.84348 2

2#

3#

1#

4#

Fig. 7 Positions of the thermal
key points

Displacement

sensor 1#

Displacement

sensor 2#, 3#

Fig. 8 Measurement of the thermal error of the spindle
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According to ISO 2303, a spindle thermal error testing
system including three displacement sensors is constructed.
This system is used to measure the axial and radial thermal
error of the spindle. But in this paper, only the thermal growth
is studied because the thermal errors in axial direction are
much bigger than the radial ones. Figure 8 shows the setup
of the spindle axial thermal error tests.

In this paper, three different tests numbered from 1 to 3
under different working conditions are conducted. In these
tests, the spindle is running at 2000, 3000, and 4000 r/min
until the temperatures and the thermal error reach to the steady
state.

4.2 Verification for the optimization of convection heat
transfer coefficients

In order to verify the results of convection heat transfer coef-
ficients optimization, the simulated temperature of the encoder
and the axial thermal error of the spindle before and after the
optimization are compared with the experimental data. The
measured encoder temperatures are 32.6, 38.4, and 45.8 °C,
while the tested axial thermal errors are 34.8, 62.6, and 93 μm

at 2000, 3000, and 4000 r/min, respectively. The comparison
results are listed in Table 6.

FromTable 6, it can be seen that the temperature simulation
results are satisfying; after heat convection coefficients opti-
mization, the errors between the simulated values and the
experimental data are less than 5 %. And after optimization
of heat convection coefficient, the errors between the simula-
tion temperature and experimental data (2000 r/min) are de-
creased from 2.89% to 0.76%.While about 72% errors of the
simulated temperature at 4000 r/min is reduced after optimi-
zation. It means that the accuracy of simulation has been
improved.

But there are big differences between the simulated and
tested thermal errors. This is maybe because that when simu-
lating the thermal error, the spindle system is considered as an
independent system. The back face of the spindle box is taken
as a fixed and reference surface. The spindle thermal error is
just related to the thermal deformations of components in the
spindle system. However, in practical, the spindle system is
connected to the skate and the column. When testing the ther-
mal error at the tool point, thermal deformations of the skate
and the column also have certain effects on the testing results.
By simulating, we know that the thermal deformations of the

Table 6 Comparison of the
simulation and testing results
under different working
conditions

Spindle speed
(r·min−1)

Optimization of heat
convection coefficients

Encoder
temperature (°C)

Error
(%)

Spindle thermal
error (μm)

Error
(%)

2000 No 33.541 2.89 38.271 9.97

Yes 32.353 0.76 37.636 8.15

3000 No 36.065 6.08 43.585 30.38

Yes 38.15 0.65 49.049 21.65

4000 No 38.06 16.90 47.476 48.95

Yes 43.624 4.75 64.402 30.75

0 10 20 30 40 50 60
-20

0

20

40

60

80

100

Observation No.

)
mµ(

rorrela
mrehtlaix

A

Measured Predicted Residual Error
Fig. 9 Results of BP modeling
after the thermal key point
selection
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skate and the column in the axial direction of the spindle are in
range of [0, 30 μm] and [0, 12 μm]. Although the accuracy of
the thermal error simulation is not perfect, it can also be con-
cluded from Table 6 that after the optimization, the accuracy is
improved.

4.3 Verification for the thermal key point selection

Referring to [34], the temperature of the thermal key points,
the spindle speed, the historical information, and the time lag
are taken as the input variables and axial thermal errors are
taken as the output. By using BP neural network, the spindle
thermal error models are developed. The modeling results are
shown in Fig. 9. By comparing the results of modeling before
and after the thermal key point selection (Table 7 and Fig. 10),
the correctness and effectiveness of the selection are verified.
MSE in Table 7 denotes the mean square errors.

According to Table 7 and Fig. 10, the residual errors be-
tween the experimental data and modeling results after the
thermal key point selection are in the range of −7 to 4 μm.
While before the thermal key point selection, the residual er-
rors lie between −8 and 8 μm. In addition, MSE of model 2 is
only about 37 % of model 1. It means that the model built on
the temperatures of the thermal key points has better accuracy.

5 Conclusions

The coefficients of convection heat transfer were regarded as
the primary boundary conditions when simulating the temper-
ature field and thermal error of the spindle system by finite
element analysis. Aiming at improving the FEA accuracy,
those coefficients were optimized based on the inverse heat
conduction theory by using response surface methodology. By
comparing the simulation results with the measured data
which were collected from a precision horizontal machining
center, it can be concluded that after optimization the FEA
accuracy was improved.

Based on the simulation results, a new method named
mean impact value was used for selecting the thermal key
points and four thermal key points were selected from 13
candidates. By using the temperatures of selected thermal
key points, the motor temperature, the environmental temper-
ature, the spindle speed, historical information, and the time
lag as the inputs, the thermal error model of the spindle on the
precision horizontal machining center was established. The
modeling result indicated that after the thermal key point se-
lection, the accuracy of the model was improved. In other
words, using the temperature data obtained from the thermal
key points for the thermal error modeling and compensation
would save the energy and guarantee the modeling accuracy at
the same times.
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