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Abstract
During milling operation, the position of the tool centre point (TCP) is affected by structural displacements, which are
caused by force loads and heat input inside the machine as well as machining induced thermal loads. These thermal loads
result in considerable thermal deformations of tool holder, tool, and accordingly the TCP position. They can be summed up
to about tens of microns and compromise the dimensional accuracy. The objective was to develop an integrated, numerical
simulation-based approach for future TCP correction for a milling process using characteristic diagrams. For this, a complex
Fluid-Structure-Interaction (FSI) simulation model predicts the uni-axial displacement in the longitudinal direction of the
TCP due to a specified process heat source at the tool tip. As a partial result, the simulation has reached its performance
limits, under the restriction of a reasonable simulation time in order to produce characteristic diagrams for application
on a milling machine. The calculated thermally induced displacement can be further processed with the aid of Design of
Experiments (DoE) and response surface methodology (RSM), depending on the thermal process load and coolant volume
flow rate. That results in characteristic diagrams for the displacement as a function of process parameters. In this study the
calculated value for thermally induced TCP displacement covers a span from 10�m to 80�m, with a strongly nonlinear
behaviour. Subsequently, this forms the basis for a future implementation of characteristic diagrams in the machine control
system for online correction of thermal tool errors.
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Gekoppelte Simulation der Fluid-Struktur-Wechselwirkung für die Korrektur der thermischen
Werkzeugdehnung zur Verbesserung der Präzision in der Fräsbearbeitung

Zusammenfassung
Im Verlauf der spanenden Fräsbearbeitung wird die Position des Tool Centre Points (TCP) durch strukturelle Verformun-
gen beeinflusst, welche zum einen durch die Prozesskräfte zum anderen aufgrund der prozessinduzierten Wärmelasten
verursacht werden. Diese Verformungen können im Bereich von Zehntelmillimetern liegen und die Fertigungsgenauigkeit
negativ beeinflussen. Ziel dieser Arbeit war die Entwicklung einer ganzheitlichen numerisch basierten Methode, die mittels
charakteristischer Diagramme die prozessinduzierten TCP Verlagerungen korrigiert. Für diesen Zweck wurde ein kom-
plexes Fluid-Structure-Interaction (FSI) Simulationsmodel konzipiert, das die einachsigen TCP Verschiebungen in Werk-
zeuglängsrichtung berechnet, welche aus einer spezifischen Prozesswärmequelle an der Werkzeugspitze resultieren. Hierbei
reizte das Simulationsmodell die Leistungsgrenze aus, unter der Randbedingung einer vertretbaren Simulationsdauer, um
die charakteristischen Diagramme für die betrachtete Fräsmaschine zu erzeugen. Die berechneten thermisch induzierten
TCP Verschiebungen können mittels Einsatz der statistischen Versuchsplanung (DoE) und der Response Surface Methode
(RSM) weiterverarbeitet werden, um die Abhängigkeit von der thermischen Prozesslast und dem Kühlmittelvolumenstrom
darzustellen. Daraus resultieren charakteristische Diagramme für die Verschiebung als Funktion der Prozessparameter. In
dieser Untersuchung reichte die Spanne der thermisch induzierten TCP Verschiebung von 10�m bis 80�m und wies dabei
ein hochgradig nichtlineares Verhalten auf. Diese Erkenntnisse bilden die Grundlage für eine zukünftige Einbindung der
charakteristischen Diagramme in die Maschinensteuerung, für die online Korrektur des thermischen Fehlers.

1 Introduction

The increasing demands on quality and dimensional accu-
racy of machining require a profound understanding of the
machining process. This includes the mechanical process
of chip removal as well as an extensive understanding of
the thermal processes in the cutting zone, which addresses
an essential role in machining accuracy. In a milling pro-
cess, involving the use of cooling lubricants, multiple heat
sources and sinks must be considered. A significant amount
of heat is produced in the chip formation process, besides
the forming due to plastic material deformation, by friction
at the contact of the cutting tool, chip and workpiece. These
thermal loads cause thermo-elastic deformations of the tool.
Such result in a displacement of the tool centre point (TCP)
which influences the machining precision [1].

Furthermore, while milling an additional heat flow from
the spindle contributes to the thermal load of the tool holder
and the tool. It is introduced by heat transfer at the tool
interface into the tool holder and contributes to the TCP
displacement [2].

These multiple thermal loads cause thermo-elastic defor-
mations of the tool and the workpiece. The present tendency
to achieve accurate and precise machining is contrary to re-
cently described thermo-elastic deformations in the milling
processes. In some machining cases 75% of geometric er-
rors of the workpiece are caused by thermal influences [3].
The results of a recent survey state that on average, 62% of
the total error is thermally induced according to estimations
of machine tool manufacturers [4].

2 State of the art

In the context of the challenges of modern production in
the border areas of manufacturing, also correction of TCP
displacement is necessary to meet the ever-increasing qual-
ity requirements. In this context, it is necessary to dovetail
simulation and production to achieve the set goals.

The quantification of a cutting process heat load de-
pends on a wide range of influences. Several researchers
developed different approaches to predict the ratio of heat,
which is dissipated into tool, chips and workpiece [5–9] .
The statements regarding the size of partition are widely
divergent and the precise share is dependent on the ap-
plied cutting parameters. The relevant heat partition, which
is causing the heat flow into the tool, varies between 1 to
20% [5]. With increasing cutting speed the partition of heat
into the chips rises and the heat dissipation into the tool and
the workpiece is decreasing [10–12]. Another thermal load
on the tool is induced in form of heat flow from the spindle
interface and contributes to the temperature increase of the
tool-tool holder system [13].

Several researchers considered the thermal structural de-
formation of the entire machine tool, excluding the process
induced heat flow into the tool and the tool holder and
the resulting interaction with cooling media and their im-
pact on the TCP displacement [14–16]. The influence of
a single-phase air flow on the thermo-elastic behaviour of
the tool and tool holder was thoroughly investigated in [17]
and [18]. They developed a simulation model to describe the
temperature behaviour of the tool-tool holder system under
the influence of a cooling air jet fed by a nozzle. The inves-
tigation showed that the temperature of the coolant has only
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Table 1 Regression analysis

Nomenclature and Acronyms

˛ in 1=°C Thermal expansion coefficient

ˇ in ... Regression coefficient

� in ° Angle

b"th in – Strain tensor

E in MPa Young modulus

� in Pas Dynamic viscosity

� in °C Temperature

�� in °C Temperature difference

��error in °C Absolute temperature error

�i in °C Local temperature

�ref in °C Reference temperature

�sim in °C Simulated temperature

�qss in °C Steady-state temperature

�
Nx in °C Mean steady-state temp.

� in W=mK Heat conductivity

� in – Poisson ratio

	 in s Time constant


 in kg=m3 Density

CI in °C Confidence interval

CSF in N Continuum Surface Force

cp in W=kgK Specific heat capacity

DoE in – Design of experiments

FSI in – Fluid-Structure-Interaction

Fc in N Cutting force

n in – Sample size

Pc in W Cutting power

Pind in W Inductive power
PQcut in W Heat proportion of the tool

sx in °C Standard deviation

SER in �m2 Standard error of regression

SSE in �m2 Sum of squares explained

t in s Time

tv in – Value of t distribution

T 1 − T 4 in – Temperature sensors

T CP in – Tool center point

�TCP in �m TCP displacement

�bT CP in �m Predicted TCP displacement

R in – Correlation coefficient

RMSE in �m Root mean squared error

vc in m=min Cutting speed
PVcool in l=min Coolant flow rate

x in mm Distance in x

Nx in °C Mean temperature

y in mm Distance in y

a small impact on the temperature distribution compared to
the air velocity. Subsequently, the simulation models were
further developed to take a liquid cooling phase and tool ro-
tation into account regarding the calculation of the tool and
tool holder temperature field [19]. The simulation showed

a reduced heat exchange of the tool with the coolant fluid if
the tool was rotating. To narrow the gap between simulation
and reality, a multiphase CFD simulation model was devel-
oped, which allows the simulation of dispersed coolant flow
around the rotating tool and holder surface [20]. Optical
comparisons of the flow field led to a good agreement with
the flow field at the testing rig. Following this, the Compu-
tational Fluid Dynamics CFD simulation was coupled with
a structural-mechanical model in order to calculate the re-
sulting TCP displacement of tool and tool holder due to the
thermal boundary conditions [21]. In recent times, the ma-
chining investigations using FSI concentrated especially on
chip formation and the thermo-mechanical conditions under
the influence of cutting fluid. These models include mostly
chip formation and are situated in micro- or mesoscale [22].

Other researchers developed macro scale models of the
whole tool to analyse the coolant impact on the struc-
ture. Some aimed to utilized CFD to investigate the liq-
uid Nitrogen delivery system of an internal cooled end mill
and analysed the interaction between coolant and cutting
zone [23]. A significant impact of nozzle geometry, pro-
cess conditions, cavitation formation, coolant pressure, and
transport efficiency was highlighted. The simulation model
neglected the tool rotation. Others used an ANSYS Fluent
model to design a pressurized internal cooling milling cut-
ter for milling nickel based alloys [24]. Both studies can
hardly be transferred to external cooling, due to the focus
on the method of internal cooling and in case of the coolant
fluid [23]. The resulting TCP displacement was also ne-
glected.

Some investigations aimed to correct the thermal error,
the calculated values of the machine tool deformation form
the basis for correction via several methods to increase the
machining accuracy [25–27]. In particular, characteristic di-
agram method was intensively researched due to its suit-
ability for integration into the machine control system and
thus online correctability. The characteristic diagram can
be utilized to decouple fluid and thermo elastic simulations
in the context of heat transfer coefficient calculation [25].
The approximation of an characteristic TCP diagram based
on measured temperatures at two different points was in-
vestigated in [26]. This TCP displacement approximations
have been very accurate but they only considered a sin-
gle, fixed kinematic configuration of the machine tool. The
dependency of artificial intelligence based approaches on
the achievable prediction quality is influenced by the se-
lected input parameters for the characteristic diagram and
the training data was analysed in [27]. A new method devel-
oped for updating characteristic diagram based correction
models by combining existing models with new measure-
ments was presented in [28]. This allows the optimization
of the correction for serial production load cases without
the effort of computing a new model.

K



   31 Page 4 of 12 Forschung im Ingenieurwesen           (2024) 88:31 

Due to the causal relationship between the considered
input variables and the resulting TCP displacement, the
method of characteristic diagrams is particularly well suited
due to the clear mathematical structure of the regression
equation, which enables processing by the machine con-
trol system in real time with low latencies. For correction
of the tool elongation under cutting fluid influence a con-
siderably different model is needed, which translocates the
FSI in a macro-scale environment, calculates the tempera-
ture of the aggregated tool-tool holder structure and enables
a combination of the characteristic diagram method based
on thermally induced simulated TCP displacements with
the coupled FSI model.

Based on the state of the art, it can be concluded that the
interaction between the rotating milling tool and the cutting
fluid is a little noticed area of research by numerical meth-
ods in the field of thermally induced TCP displacement. It
is hypothesised that the behaviour of the thermally induced
TCP displacement is highly non-linear due to the inter-
actions with the coolant and can be described by means of
a regression function. This leads to the necessity for a more
intensive analysis using simulative coupled CFD and FEM
tools. An understanding of the thermal TCP displacement
would provide a partial contribution to the future develop-
ment of an online correction method, which would lead to
an improvement in the accuracy of milling operations.

3 Aims and approach

The aim of this work is to derive a characteristic diagram
dependent on the process parameters, such as coolant flow
rate, the cutting process heat load and the rotational speed,
which represents the displacement behaviour of the tool
and the tool holder to calculate the TCP displacement of
the tool–tool holder system. To achieve this goal, several
methods were utilised.

Initially, an unidirectional transient fluid-structure inter-
action FSI macro model of the tool Fig. 1 and the tool
holder for the application of cooling lubricant in the form
of full jet cooling was developed [21]. The reason for the
application of the FSI is the possibility to cover the thermo-
elastic behaviour of the TCP under full jet cooling, which
requires a coupled simulation approach of CFD and struc-
tural calculations. It combines a two-phase turbulence fluid
flow model of cooling lubricant around a rotating cutting
tool with the structural thermo-elastic simulation. The result
of this coupling will be a simulation of the TCP displace-
ment depending on the abstracted process-induced machin-
ing heat, rotational speed of the cooled cutting tool surface
and the applied volume of cooling lubricant flow. The cal-
culated temperature field of the tool and tool holder will

Fig. 1 FSI scheme of the coupled simulation approach

be finally compared with experimental data to verify the
model quality.

In order to achieve the goal of characteristic diagram
a statistical test plan and multi-variant regression will be
utilized. The DoE delivers the methodology to construct
test plan designs to gather data with a manageable amount
of runs and resource deployment. The developed FSI model
was applied to calculate the axial TCP displacement ac-
cording to the chosen experimental design, a full-factorial
design with 12 simulation runs. Finally, the multi-variant
regression will be used to process the calculated TCP dis-
placements. With the aid of a non-linear quadratic regres-
sion model a characteristic diagram will be generated. This
characteristic diagram will show the correlation of the heat
load of the tool and applied coolant.

4 Model for thermal FSI coupling

The first step is the definition of the heat source, which
represents the cutting process. Subsequently, the thermal-
fluid model of the FSI is calculating the body temperature
field due to conjugated heat transfer for the observed pa-
rameter set. Basis of the CFD is the applied homogeneous
Euler-Euler approach and the assumption that the differ-
ent phases are homogeneous. This kind of multiphase flow
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refers to the case where shared velocity fields and other
relevant fields exist for each fluid, they share also a pres-
sure field and the fluids are not interacting via inter-phase
transfer terms. The terminology “conjugated heat transfer”
describes a heat transfer process between a solid body and
a flowing fluid through forced convection [29]. Afterwards,
the calculated temperature field of the tool and tool holder is
transferred via unidirectional coupling between fluid analy-
sis and structural analysis as a thermal boundary condition.
A unidirectional thermal FSI is chosen, to transfer the body
temperature field of tool and tool holder to a structural FEM
model. The resulting displacement of the structure due to
impact of the coolant jet could be also transferred, because
of the low velocity (< 2m=s) no significant deformation
of the tool is expected and therefore only temperature data
is transferred. A continuous entering, leaving as well as
re-cooling of the coolant takes place. Therefore, a reverse
temperature data transfer was neglected. Because of the ex-
istent temperature gradients in the solid domain, the body
is expanding and therefore the TCP is changing its spatial
location. The subsequent calculation of the resulting TCP
displacement and thermal characteristics are completing the
introduced FSI methodology. The complete computational
fluid dynamics and thermal-structural boundary conditions
are illustrated in Fig. 1.

5 Experimental verification of the CFD
model

During machining, the heat load into the tool is largely con-
centrated in a small area. Additionally, the amount of heat,
which is introduced in the tool, depends on the process pa-
rameters. Without a sufficient definition of the heat source,
a verification of the FSI model is not possible due to the
lack of reasonable boundary conditions. The heat source
of the milling process was simplified and replaced by an
inductive heat source Pind, which is only present on the
end mill surface and a thin layer below. At the tool axis,
the value of the heat is approximately zero. Induction heat-
ing is physically based on Faraday’s law of induction. An
electromagnetic field simulation with ANSYSMaxwell was
conducted to quantify the volumetric heat loss distribution
induced in the end mill [30]. Subsequently, the verification
of the body temperature calculation via CFD simulation in
the developed FSI model for the TCP displacement was
conducted.

The metrological investigations were carried out on
a testing stand, which is predestined for thermal analyses
in particular [31]. It consists of a machine bed on which
a horizontally aligned motor spindle of type 2SP1253 from
the manufacturer Weiss is mounted (Fig. 2). An enclosure
shields the working space from the environment. The

Fig. 2 Testing stand for induction heating

tool, made of HSS-E, and the tool holder, made of hot
work steel, can be heated in the same way as in the real
machining process by a specially designed induction sys-
tem. Pt100 sensors were implemented along the axis of the
20mm diameter end mill tool to measure the temperature at
defined positions till the steady-state was reached. The four
Pt100 sensors are positioned at 10 mm (T1), 20mm (T2),
35mm (T3) and 55 mm (T4) distance to the tool tip on the
rotation axis of the hollow drilled end mill. The sensor data
is passed through the drill hole of the tool via wiring and
then the measuring signals are transmitted due to a slip ring
at the rear end of the spindle. From there, the measurement
signals are amplified and transferred to a PC for subsequent
storing and visualisation (Matlab/LabVIEW).

The nozzle introduces the coolant in carefully dosed
amounts, which is a water-oil emulsion named Aerolan
2200 [32]. Relevant dimensions are the tool diameter 20mm
and nozzle related dimensions, like nozzle diameter 6 mm,
horizontal distance to tool tip x = 50mm, vertical distance
to the end mill surface y = 10mm, and the nozzle alignment
to the rotational axis of the tool is � = 90ı. All necessary
experimental measurements for the heated end mill under
coolant flow were replicated three times to gather certain-
ties of scattering of the measured temperature values. Due to
the sample size of measured steady-state temperature data
and in accordance to the central limit theorem in the prob-
ability theory the t-distribution was used to calculate the
confidence intervals for the temperature curve data for each
temperature sensor [33]. For the comparison of simulation
and experiment, the steady-state value of the transient tem-
perature curves was evaluated. The experimental plan of the
temperature measurements consists of one varied factor, the
heating power with four levels. The coolant flow rate and
the rotational speed were kept constant. The Eq. (1) cal-
culates the confidence interval [34], of the thermal stead-
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Table 2 Material properties of solid components

Properties HSS-E [41] Hot Work Steel [41]


 in kg=m3 8150 7780

cp in J=kgK 420 460

� in W=mK 27.4 25

E in GPa 230 215

� in – 0.28 0.3

˛ in 10−6 K−1 11.4 10.9

state for every sensor position for a defined confidence level
(98%) with the sample standard deviation sx , the number
of samples n and the t-score tv for the chosen confidence
level.

CI˙ = Nx ˙ tv
sxp

n
(1)

CI+ is referred to as the upper and CI− is designated
as the lower confidence interval. Based on typical values
for machining standard materials like AISI 1045 [35], the
range of values for the heat source to be applied in the FSI
model was determined with Eq. (2) [36].

PQcut = Pc � 0.1 = Fcvc � 0.1 (2)

For the milling of AISI 1045, the common values for cutting
speed and cutting force were obtained from [37]. According
to the obtained values, a reasonable span of heat energy in-
put was determined (25W, 75W and 100W). For the runs,
the rotational speed was set to 600 rpm and for the coolant
volume flow rate a value of 1 l=min was chosen. In accor-
dance to the experimental setup the same parameters were
applied in the FSI simulation to permit a direct comparison
of experiment and simulation. The initial temperature of
the fluid and solid domains is stated with 20°C, the taper
shank temperature is about 23°C and the cooling lubricant
had a temperature of 22°C which is delivered via nozzle
with a volume flow of 1 l=min. The initial volume fraction
of the coolant in the fluid domain was zero. All material pa-
rameters for the solids and the fluids are defined in Tables 2
and 3.

The FSI simulation domain consists of a multiphase re-
gion where two continuous fluids are coexisting as pre-
sented in Fig. 3, the environmental air and the cooling lu-
bricant.

In the simulation model, the heat load PQcut is applied
via volumetric heat source field at the tool tip (Fig. 4),
and is a mandatory thermal boundary condition in ANSYS
CFX to calculate the resulting body temperature field. Fur-
ther details regarding the process of the calculation of the
volumetric heat loss field can be found in [30]. The Eu-
ler–Euler approach was applied to model the two distinct

Table 3 Material properties of fluids

Properties Air [42] DAW AEROLAN
2200 [32]


 in kg=m3 1.185 940

cp in J=kgK 1004.4 4183

� in W=mK 0.0261 0.6

� in Pas 0.000018 0.009

˛ in K−1 0.000336 0.0007

fluids. This method assumes that the involved phases are
inter-penetrating, which is efficient when modelling macro
scale process [38].This includes an homogeneous flow field
with separate velocity and turbulence equations (k−! SST).
The coolant fluid is defined as the first phase and the sur-
rounding air as the second. Both fluids are treated as free
surface flow for tracking and locating the air-coolant in-
terface. In a real multiphase the air-coolant flow would be
immiscible and leads to a tensile force along the phase in-
terface, which is called surface tension force [39]. In the
presented CFD model this force is modelled using the Con-
tinuum Surface Force (CSF) method presented in [40]. The
CSF method incorporates an additional body force into the
momentum equation of the navier-stokes equations, applies
only for the cells in the inter-phase region [40] with a con-
stant surface tension coefficient of 0.072N=m. In the model,
tool holder, tool and the fluid domain surrounding the tool
rotate at the same speed (600 rpm), avoiding the resource-
intensive use of adaptive meshing for the area around the
rotating tool. The meshing of the rotating domain was car-
ried out using the inflation layer technique and included 10
layers with a total thickness of 0.1 mm. All other domains
were meshed with tetrahedral elements. The total number
of nodes was 512680. To find a appropriate time step, the

Fig. 3 FSI simulation domain in side and frontal view
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Fig. 4 Volumetric heat loss distribution as thermal BC

adaptive time-stepping method was utilized. More details
of the CFD model set-up can be found in [21].

All thermal verification experiments were carried out us-
ing an extraction system, so the implementation of a corre-
sponding boundary condition, in form of an outlet velocity
(0.7 m/s measured) in the simulation model was consid-
ered, which represents the suction air flow in the simu-
lation domain. The FSI model calculates the conjugated
heat transfer between end mill, tool holder and surrounding

Fig. 5 Comparison of the thermal CFD simulation model

coolant. As an result, the steady-state temperature values
at the sensor positions were benchmarked. In the graph
(Fig. 5) the steady-state temperatures are displayed for the
analysed heating power levels.

The low heating power of 25W corresponds to finish-
ing operation and 100W to roughing operations. The dia-
gram shows the temperature of the thermal steady-state of
experiments and associated simulation for the four sensor
positions. Due to the variety of the experimental data the
upper and lower confidence interval for the thermal steady-
state are also shown, besides the measured and simulated
values. The Eq. (3) was utilized to calculate at each sensor
position the absolute error ��error of the simulated thermal
steady-state �sim compared to the mean steady-state temper-
ature � Nx of all conducted experimental runs at each sensor
position and specified in corresponding tables beside the
graphs.

��error = j�sim − � Nxj (3)

An analysis of the experimental temperature data shows
an significant increase in scattering with higher heating
power, which is noticeable in the widening of the confi-
dence interval. The qualitative temperature progression of
the experimental data is adequately covered by the sim-
ulation model. Except for the first sensor at the tool tip
(T1), for 25W power level, the simulation overestimated
the tool temperature for every sensor. A comparison of the
deviations between experiment and simulation shows that
the difference is large even at an increased distance from
the tool tip (T4), although the heat source is concentrated
on the front part of the tool tip. The maximum difference
��error, which is in sensor position T2, ranges from 2.3°C
for 25W to 6.6°C for 75W and 5.6°C for 100W heating
power. These temperature discrepancies are clearly identi-
fiable in the transient temperature graphs (Fig. 6), which
are of particular interest in the heating of the rotating tool.

Fig. 6 Time behaviour of the tool tip temperature for T1
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The transient behaviour is characterized by the thermal time
constant 	 in Eq. (4) [43].

�i = �ref + .�qss − �ref/e
−t=	 (4)

This constant is defined as the time required for the mate-
rial at a certain temperature to achieve 63.2% of the steady-
state temperature. In this equation, the variable �qss is the
steady-state temperature and �ref denotes the reference tem-
perature. The time constant was calculated via least square
regression of the transient temperature data for T1. A com-
parison of the time constants for the cases considered shows
that the time constants of simulation and experiment differ.
In case of the simulation (75W and 100W power level with
n = 600rpm and PVcool = 1 l=min), the ratio of 	exp=	sim is
about 2.37 and 1.96. For the sensor position T1, the time
behaviour shows that especially for higher evaluated power
levels the simulation reached a thermal stead-state within
the first 120 seconds (Fig. 6). If the heat input is 100W the
difference between simulation and experiment is smaller
then for 75W. In case of 100W heat load, the curves are
approaching. The reason for the slightly higher time con-
stant for 100W heat input can be explained by the effect of
the temperature ratio on the heat transfer coefficient. The
higher surface temperature of the heated tool could lead to
a minor increased heat transfer coefficient, because of the
influence of the thermal boundary conditions (e.g., dynamic
viscosity, density) on the grade of turbulence and therefore
the heat transfer coefficient (reduced time constant) [44].
The deviations of the simulated time constants compared to
the experimental can be explained by the inadequate trans-
fer of the thermal energy from the tool to the coolant, be-
cause the heat dissipation from the tool into the coolant is
undersized. As a result, the tool and tool holder reaches the
thermal steady-state faster in the simulation compared to
the experimental values. The resulting TCP displacement
has been calculated with 40.25�m and 57.41�m. The sys-
tematic overestimation of the temperature is based on a not
correctly captured heat transfer between liquid and solid,
due to a certain amount of heat energy remaining in the
solid. The main challenge in the FSI simulation of the ro-
tating end mill is the large scale of flow morphology and
the necessity to resolve the fluid boundary layer. The quality
of conjugate heat transfer is dependent on the mesh qual-
ity and element size of the boundary layer. Therefore, the
overestimation of the measured temperature indicates that
the heat transfer of the solids to the surrounding fluid is too
low. At the area of the tool holder, the flow is nearly con-
tinuous and therefore description via free surface model is
eligible, though in the area of the chip grooves, the coolant
is dispersed into small droplets. The Algebraic Interface
Area Density model AIAD could distinguish between the
different flow field morphologies if the mesh elements are

too large [45]. A finer meshing of the boundary layer could
also improve the model, as well as an enlargement of the
simulation domain. This calms the flow before reaching the
outlet of the domain and improves convergence. The con-
sideration of the inductor geometry in the CFD simulation
would improve the results. All approaches would increase
the simulation time and some could complicate the con-
vergence. Therefore an increase in computing performance
would significantly improve the accuracy of the method
presented. Referring to the assumption that the phase terms
do not interact, it must be mentioned that in the case of
temperatures at the tool surface equal or above the boiling
point, the evaporation of the coolant phase must be taken
into account. This would result in a non-negligible cooling
effect due to the the vaporisation enthalpy. Neglecting the
evaporation would lead to a massive overestimation of the
tool temperature.

6 Characteristic diagram

The presented method refers to the thermal steady-state
and the characteristic diagram is therefore only valid in
this state. In order to generate a meaningful characteristic
diagram, a representative parameter space has to be inves-
tigated. In the present work, two process parameters were
varied, the inductor power level and the supplied coolant
flow rate. A full factorial plan was chosen due to its high
resolution regarding higher level interaction and non-lin-
earity effects. For that the rotational speed parameter was
assumed to be constant at 600 rpm, process heat and coolant
volume flow were varied. All simulated parameter combi-
nations with four levels of process heat Pind and three in
coolant volume flow PVcool as well as resulting simulated
uni-axial displacements along the rotational tool axis are
shown in Table 4.

Table 4 Experimental design and resulting calculated TCP displace-
ment

Pind in W PVcool in l=min �TCP in �m

25 0 17.41

25 1 13.72

25 1.5 10.13

50 0 34.29

50 1 25.81

50 1.5 18.75

75 0 54.77

75 1 40.26

75 1.5 29.71

100 0 78.27

100 1 57.41

100 1.5 43.58
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Fig. 7 Mechanical FEM model

The power was varied in steps of 25W increments and
the coolant flow rate was varied in three steps from 0l=min
to 1 l=min and 1.5 l=min. The simulation model used com-
plies exactly to the one presented in Sect. 4, all material
data correspond to the values used in the verification sim-
ulations. All simulations were performed for a time span
of 180s to ensure that the thermal steady-state condition
occurs. After the resulting steady-state temperature fields
for tool and tool holder have been calculated, a transfer
to a structural mechanics model in the form of a thermal
boundary condition takes place. The static ANSYS me-
chanical FEM model consists of the bodies of tool and tool
holder and was meshed with 432094 tetrahedral structural
elements of the type SOLID187, which are well suited to
mesh complicated geometries. The shape of the tool and
the tool holder made it impracticable to use other types
of elements, such as structured hexahedral elements. The
tetrahedral structural elements are a sufficient compromise
between computational costs and model accuracy, without
the disadvantages of overly model stiffness [46]. A zero
external displacement in all spacial degrees of freedom was
the only applied mechanical boundary condition to fix the
taper shank of the tool holder (Fig. 7). The FEM model
calculates the resulting TCP displacement with the aid of
thermal strain induced by the temperature field (Eq. 5) and
provides the base for construction of a regression model in
form of a characteristic diagram [47].

b"th = ˛�� = ˛�.� − �ref/ (5)

Only the lengthwise displacement of the tool was eval-
uated, due to the necessity of absolute values for the TCP
correction via offset value. The determined displacement
values in longitudinal tool direction are subsequently used
in a non-linear regression model to determine a mathemat-

Table 5 Coefficients of regression

Coefficients

ˇ0 in �m 2.517

ˇ1 in �m=W 0.5305

ˇ2 in �mmin=l 6.304

ˇ3 in �mmin=Wl 0.002211

ˇ4 in �mmin2=l2 −0.2341

ˇ5 in �m=W2 −3.492

Fig. 8 Characteristic diagram for TCP displacement

ical function that describes the behaviour of the displace-
ment in the longitudinal direction.

The regression model used is non-linear in order to
map the expected curvature of the response surface, which
describes the uni-axial displacement, in the parameter
space [48]. By means of a non-linear quadratic regression
equation (Eq. 6), the expected TCP displacement can be
mathematically described as a function of the parameters
heating power and coolant flow rate.

�1T CP . PVcool; Pind/ = ˇ0 + ˇ1Pind + ˇ2 PVcool

+ ˇ3 PVcoolPind + ˇ4 PV 2
cool + ˇ5P

2
ind

(6)

The coefficients of the regression equation are listed in
Table 5. A graphical representation of the calculated TCP
displacement values over the parameter space shows the
expected non-linear correlation between the process heat
load, the coolant flow rate and the resulting uni-axial TCP
displacement in all spatial directions of the investigated pa-
rameter space (Fig. 8).

The simulated displacement values range from 78.27�m
to 10.13�m. For evaluation of the regression quality of lin-
ear models the R2 value is very common in data analysis. In
case of a non-linear regression, the R2 shows a low perfor-
mance to access the quality of the goodness of fit [49]. Al-
though a R2 of 0.9878 is significant high (Table 6), a more

Table 6 Regression analysis

Goodness of fit

SSE in �m2 1.3135

R2 in – 0.9878

Adjusted R2 in – 0.9558

SER in �m2 0.2189

RMSE in �m 0.4678
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appropriate statistical parameter for non-linear regression
has been used. The standard error of the regression SER
is the summed square of the deviation, by which the ob-
served values differ from the regression surface [48]. For
the applied model the SER is about 0.2189�m2. More suit-
able to access the quality of a fit is the Root Mean Square
Error RMSE, which is the standard deviation of the residu-
als. Residuals are a measure to quantify the distance to the
regression surface data points. Therefore RMSE is a quan-
titative absolute value which is significantly small.

For the characteristic diagram of the TCP displacement,
the regression surface values diverge on average from the
simulated by 0.4678�m. This indicates a reasonable qual-
ity of the regression model. The non-linear multivariate
quadratic model was identified as suitable for the construc-
tion of the characteristic diagrams. Based on the analysis
of the regression model, it was concluded that the quality
of the simulation model requires improvement to close the
gap between simulation and experimental reality.

7 Summary, Conclusion and Outlook

The thermally induced dimensional and form deviations
represent a major challenge for precision machining. For
the series production of components with narrow dimen-
sional and form tolerances, the thermally induced TCP dis-
placement during production should be considered. In some
cases, the dimensional tolerance is only a few �m large,
and the TCP displacement can be several tens of �m. This
leads to unintended machining errors. Numerical simula-
tion models and characteristic diagram method can support
to reduce the error. The coupled CFD-FEM simulation ap-
proach presented in this paper contains the calculation of
the steady-state axial TCP displacement of a heated rotating
end mill under the influence of coolant with the software
ANSYS Workbench. This model calculates the resulting
axial displacement values of the TCP at the thermal steady-
state under different thermal process conditions like pro-
cess heat and coolant flow rate. The progression of the tool
temperature along the axis of rotation is qualitatively in
good agreement reproduced by the simulation model. An
overestimation of the tool temperature due to the model can
be identified. Furthermore, the thermo-elastic behaviour of
the longitudinal TCP displacement is highly non-linear and
can be approximated with an quadratic regression model.
The maximum displacement is about 78.27�m (100W, dry)
and the minimum is 17,41�m (25W, 1.5 l=min). The de-
veloped method paves the way to derive characteristic di-
agrams as a function of process parameter values. High-
quality response surfaces with minimal numerical effort
could be derived with experimental plans based on Sobol
sequence [50]. A derivation of transient correction values,

outside the thermal steady-state would require a large num-
ber of characteristic diagrams at different times up to the
thermal steady-state to characterise the displacement be-
haviour in terms of time dependence. The necessary cal-
culation time for the CFD simulations depends on the tur-
bulence intensity of the flow field. The time required in-
creases exponentially with increasing coolant flow rate and
rotational tool speed.

A new method has been developed, which subsequently
allows the integration of a characteristic diagram into the
machine tool, in a similar way to Naumann et al. [28]. The
next required step would be the verification of the sim-
ulated TCP displacement by means of experimental data
and the subsequent integration of the resulting characteris-
tic diagram in the machine tool to improve manufacturing
precision.
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