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Abstract
Approaches for increasing the productivity of cutting machine tools often result in growing power densities in the main spindle and
feed axis. This leads to growing heat inputs affecting the machine’s accuracy. Because of its exposed position, the main spindle of a
machine tool plays a key role in this context. Due to their robust and simple design and relatively low production costs, externally
driven spindles can be found in many machine tools. Thus, this paper concentrates on investigating the thermo-mechanical behavior
of an externally driven spindle. On the one hand, the thermo-mechanical spindle characteristics that depend on the operational
conditions are focused metrologically. Therefore in this paper, an externally driven spindle is tested under varying rotational speed
as well as axial and radial forces on a spindle test bench. On the other hand, a simulation model is designed to predict previously
identified characteristics. A FEM-based thermic model is implemented to calculate instationary temperature fields inside the spindle
and coupled to a mechanical spindle simulation.
Machine tool, spindle, thermal simulation

1. Introduction and literature survey
In modern machine tools, measures to increase productivity
and approaches to improve the achievable accuracy are often in
conflict with one another. Growing heat inputs and decreasing
secondary times result in an elevated temperature level and
thus cause a complex deviation field due to thermal
deformation. One the one hand, this effect leads to tool center
point (TCP) deflections. On the other hand, relative deviations
inside feed axis components with roller elements like spindle
bearings result in changed bearing kinematics affecting the
components static and dynamic stiffness characteristics.
In this context, Gartung [1] analyzed thermal influences on the
static and dynamic spindle behavior on a test rig for different
bearing setups and preloads. Besides these metrological
approaches, authors have developed simulation models in order
to describe thermal and mechanical effects. In the field of
thermal modeling, Bossmanns [2] and Gebert [3] modeled
motorized spindles with the finite-difference-method (FDM) and
focused on a detailed modeling of boundary condition.
Furthermore, Jedrzejewski et al. [4] used a coupled FEM-FDM
approach to calculate transient temperature distributions
efficiently while Uhlmann [5] based the thermal spindle model
on the finite-element-method (FEM).
The kinematic relations inside angular contact bearings have
been analysed deeply in the course of time. A comprehensive
documentation can be found in [6]. The integration of an
analytical bearing model into FEM-based spindle models is
presented in [7]. The model allows calculating mechanical
properties of the spindle-bearing-system, but require an
iterative calculation due to nonlinear bearing stiffness
characteristics. Li developed a coupled simulation model in [8]
for changed dynamic operating conditions under thermal load.
In [9], Holkup et al. identified shifts of the first and second
eigenfrequency as a function of changed thermal states with a

combination of a thermal and a mechanical model. A
metrological validation was not conducted.
In case of the cited simulation approaches, detailed and
computationally intensive models were developed. However,
the ability to run a simulation model process parallel offers great
opportunities. This paper aims at developing an accurate
thermo-mechanical spindle model with high resolution and
short calculation times by combing a model order reduced
(MOR) FE-model with live spindle data.
2. Metrological investigations
2.1. Test rig
The test object used to validate the simulation model is an
externally driven spindle with two greased spindle bearings in a
rigidly adjusted O-arrangement. The spindle is mounted to a
massive flange that itself sits on a bed. A radial load unit is
located in front of the spindle. To measure thermo-mechanical
spindle characteristics, temperature sensors (thermo couples)
and displacement sensors (eddy current) are integrated.
Temperature information along the circumference of the first
spindle bearing’s outer ring and axial as well as radial
displacement information of the shaft are measured. Figure 1
shows the design of the test rig.
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Figure 1. Spindle test rig with applied sensors.

2.2. Test execution
Different sets of mechanical boundary conditions are defined
and for each combination, a long-term test is executed until
steady-state temperatures of the outer ring are reached. During
the tests, static stiffness and dynamic compliance are detected
frequently. As a result, changed static and dynamic properties
can be identified with rising temperature. Table 1 shows the
considered boundary conditions.
Table 1 Sets of boundary conditions

Test number
T1
T2

Spindle speed/min-1
4 000
6 000

Radial force/N
500
500

2.3. Results
Static stiffness
Figure 2 contains average outer ring temperatures of the first
bearing as well as the radial stiffness of the shaft, both plotted
over time. Raising the spindle speed from 4 000 to 6 000 min-1 at
a radial force of 500 N results in higher steady-state
temperatures. The time-stiffness curves show a characteristic
behavior: In the beginning, static stiffness rises drastically to
reach a peak after approximately 18 minutes followed by a
continuous decrease. In case of test 2 (T2), the effect emerges
much stronger compared to test 1 (T1). The effect can be
explained with the relatively higher thermal inertia of the
spindle shaft compared to the bearing rings. In the beginning,
the bearing rings warm up first resulting in a rising radial
pressing and stiffness on the one hand. Over time, heat flows
into the spindle shaft causing an axial elongation. This, on the
other hand, leads to a reduced preload in case of a spindle with
bearings in O-arrangement. Since both effects have different
thermal time constants, the displayed characteristic curve
follows.
In case of test 2, the stiffness shows a 30% increase after 18
minutes.

Figure 2. Static stiffness (Stiff) and average outer ring temperature
(Temp) for different tests (T1 and T2).

Dynamic compliance
In figure 3, the thermal influence on the radial frequency
response function (FRF) measured at the spindle shaft is plotted
for test 2. The previously described behavior in the
investigations of static stiffness can also be found in the dynamic
compliance. As a result, both, the eigenfrequencies as well as
the amplitude shift.

Figure 3. Dynamic compliance for different thermal states (Test 2).

3. Thermo-mechanical simulation
3.1. Approach
Besides metrological investigations, a thermo-mechanical
online simulation environment is developed (Figure 4). Due to
nonlinear boundary conditions and different requirements of
thermal and mechanical simulations, a co-simulation is
designed. For the thermal part, a model-order reduced FE-model
with linear tetrahedral elements is used while the mechanical
system is approximated by a Bernoulli-beam element structure
with integrated analytical bearing model based on Hertzian
theory. The co-simulation design allows combining simulations
with different solver settings. In case of the mechanical
simulation, the nonlinear bearing characteristics require an
iterative calculation of equilibrium.
Figure 4 displays the coupled thermo-mechanical simulation
and the considered interactions between both. External forces F
and the spindle speed n combined with an initial preload Fpre and
further parameters like the spindle geometry represent the
input values. On the right side of figure 4, the external load F, a
centrifugal force Fn, a thermal force Ftherm and the current
bearing stiffness kbearing lead to bearing contact forces, which are
used to update the actual bearing stiffness. As a result, for
equilibrium the process needs to be repeated iteratively. Once
convergence is achieved, the resulting contact forces of each ball
FC,i affecting the bearing’s frictional behaviour are used to
calculate the power losses. Here, a Palmgren-based model [10]
that was expanded by Harris [6] is implemented. Friction torque
of each ball element follows as a sum of a load-dependent part
MF,i and a load-independent part Mn,i. While FC,i feeds into the
first part, the spindle speed n mainly affects the second one.
Furthermore, the friction torque leads to the total frictional
power loss ∑PF,i warming up the structure, while convection (and
radiation) dissipate heat into the environment (Q̇ αK). Other
submodels describe the heat generation by dynamic air gaps and
heat transfer coefficients of solid as well as air gap contacts. This
leads to a transient field of temperatures T that in the end causes
thermal forces Ftherm closing the cycle.

Thermal simulation

on the convergence progress the solver automatically switches
between the two mentioned methods.
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For validation, measured temperature and stiffness are
compared with simulated data. Results for T2 are shown in
figure 5. The previously described effect of a rising temperature
on the static radial stiffness can be reproduced with the cosimulation. In addition, the excessive temperature of the outer
ring of the first bearing also matches the simulation. Due to the
structure of the thermo-mechanical simulation environment, a
process parallel application in thermal real time could been
achieved.

Figure 4. Co-simulation with considered interactions.

3.2. Thermal simulation
By combining an inverse Euler time discretisation with an
explicit integration of heat flux densities {ui-1 } a semi-explicit
system follows for the transient thermal analysis problem.
([C] + ∆t ∙ [K]) ∙ {Ti } = [C] ∙ {Ti-1 } + [B] ∙ {ui-1 }
To achieve short calculation times, thermal system matrices
(heat capacity matrix [C], conductivity matrix [K] and boundary
condition matrix [B]) are reduced with a block Arnoldi algorithm.
Dimension of system of equations (50 000 nodes) is reduced to
1 000 degrees of freedom (DoF).
Submodels deliver respective heat flux densities and heat
transfer coefficients. Bearing heat input caused by friction is
approximated with a Palmgren-Harris model to derive an
individual heat input for each roller element. As a result, the
effect of changed contact forces due to thermal deformation on
bearing friction is taken into account. The heat flux density
ubearing can be expressed as function of friction moment M,
angular velocity ω and friction area A.
𝑛

ubearing =

M∙ω ω
W
= ∙ ∑ (Mn,i + MF,i ) / 2
A
A
m
𝑖=1

Besides the coefficients f0 and f1 , lubricant viscosity ν, angular
velocity of each ball ωi , ball diameter di and the contact forces
Qi and Qmax are required for the following expressions for Mn,i
and MF,i (see figure 4).
2

Mn,i = 0.675 ∙ f0 ∙ (ν ∙ ωi )3 ∙ di 2 / Nm
1

FC,i 3
MF,i = f1 ∙ (
) ∙FC,i ∙ di / Nm
FC,max
Empirical models for radiation, natural as well as forced
convection, heat generation in air gaps and heat transfer
through solid contacts lead to the respective coefficients [11, 12
and 13].
3.2. Mechanical simulation
In order to take thermal effect into account, temperatures
coming from the linear tetraeder mesh of the thermal simulation
are mapped onto the beam element mesh of the mechanical
simulation. The interpolation of the mapping process can be
expressed as matrix multiplication. For a fast and stable
convergence into equilibrium of the iteratively solved
mechanical model, the iteration is proceeded with either
Newton-Raphson method or conjugate gradients method. Based

Figure 5. Comparison of measured (Meas) and simulated (Sim) static
stiffness (Stiff) and average outer ring temperature (Temp) for T2.

5. Conclusion
This paper describes a co-simulation based approach to
calculate the thermo-mechanical behavior of spindles
efficiently. The model is validated and can be used process
parallel. In future research, the co-simulation will be coupled to
an empirical compensation model to predict overall TCP stiffness
and deflection of an exemplary machine tool. Due to this
procedure, interactions between thermal and mechanical
domain occurring in the spindle can be considered and
embedded in a TCP error compensation.
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