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The reduction of metalworking fluid (MWF) in machining
processes allows the reduction of costs and energy consump-
tion. However, the process reliability, especially for deep-hole
drilling, is influenced significantly by the MWF and its ability
to evacuate the created chips out of the borehole. This work in-
vestigates the application of Smoothed Particle Hydrodynamics
(SPH) in investigating the reduction of MWF for the drilling
process. First results will be presented and an outlook on the
further investigations will be provided.

I. INTRODUCTION

The trend towards reducing costs and achieving more sustainable
production continues. According to [4], cutting machine tools
account for 1 to 3% of the global electrical energy demand.
Applying metalworking fluid contributes significantly to energy
consumption in production [3]. Depending on the machining
center, the MWF supply accounts for up to a quarter of the
total energy demand [4]. Accordingly, the reduction of MWF
consumption is an obvious target.

In deep-hole drilling processes, the MWEF supply significantly
influences the chip evacuation, as shown in earlier investigations
[11, [9], [10]. Deep-hole drilling is applied for drilling holes with
a length-to-diameter ratio larger than ten [2]. The applications
are in the automotive, aerospace, and medical industries, as well
as machine fabrication for the food industry. Different deep-hole
drilling methods are available, ranging down to diameters less
than one millimeter. All methods are characterized by the high-
quality hole and the high level of productivity archived [12].

This work focuses on a single-lip drill shown in Figure 1. The
cutting head has a single asymmetrical cutting edge resulting in
large asymmetrical cutting forces countered by guide pads on
the drill’s backside. Thus, the guide pads constantly burnish the
created hole, contributing to the high-quality surface [13].

Furthermore, deep hole single-lip drilling is performed using
high feed rates in a single pass [13]. Therefore, chips must be
removed by the MWF, which is pumped under high pressure
through an internal cooling channel to the cutting head. The
MWEF flushes the chips through the chip flute, which runs along
the tool shank.
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Fig. 1. Geometry of a single-lip drill.

In industry, the maximum MWF supply pressure is often
applied to achieve a reliable chip evacuation and cutting process.
Studies [5] suggest that the energy demand can be significantly
reduced by applying a flow rate control for the MWF supply
without negatively affecting the workpiece quality or the tool
life.

This work investigates the modeling of complex processes like
reducing the MWF supply considering a reliable evacuation of
the chips using Smoothed Particle Hydrodynamics. Therefore,
a coupled SPH/DEM simulation models the chip evacuation
process. SPH is applied to model the motion of the metalworking
fluid, whereas the Discrete Element Method (DEM) is used to
describe the motion of the solid bodies such as chips, drill,
and workpiece. The Lagrangian and mesh-free nature of SPH
allows it to describe arbitrary moving surfaces and interfaces.
Its application areas are especially when non-regular, moving
free surfaces or dynamic fluid/structure interactions are present,
like in the case of modeling deep-hole drilling.

In the following section, the modeling of the deep-hole
drilling process is described before first results of the simulation
with reduced MWEF are presented. Finally, conclusions are drawn
on the ability of SPH to model such complex processes, and
future research questions will be presented in the talk.

II. MODELING
As readers are assumed to be familiar with the basic SPH
formulation, only a brief summary of selected topics is offered
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in the following. The weakly-compressible SPH formulation is
applied, which relates pressure and density by the equation of
state. Therefore, no pressure boundary condition for the inflow
can be applied. Instead, a finite volume simulation with the
inflow pressure boundary condition of 100bar [9] is carried
out beforehand to evaluate the inflow velocity. Accordingly, a
nominal velocity of 69m/s is assigned to the inflowing SPH
particles. The effect of gravity is insignificant compared to the
fluid’s inertia. Therefore, gravity is neglected here.

The artificial speed of sound is set to ten times the inflow
velocity accordingly, so the density fluctuations remain less
than 1%, according to [6]. Furthermore, the SPH-corrections
of §-SPH, artificial viscosity, and artificial stress are applied to
improve the SPH approximation of the MWF. The SPH particle
size is chosen based on a simulation stability analysis while
allowing a suitable discretization of the inflow in the kidney-
shaped internal cooling channel. The particles are removed in
the chip flute near the drill’s end after they flow through the
cutting channel. The required computational effort is minimized
by discretizing the flow only from where it enters the drill tip
until it reaches the drill’s end. The simulation’s fluid properties
and SPH parameters are summarized in Table I.

TABLE I

FLUID PROPERTIES AND SPH PARAMETERS.
parameter symbol  value unit
fluid density (at 20°C) [7] Dt 8.45 x 102 kg/m3
dynamic viscosity (at 40°C) [7] u 8.45 x 1073 kg/ms
chip density [11] Ps 8.190 x 103 kg/m3
artificial viscosity factors « 0.2

B 0.3

artificial stress factor 5.0 x 1072
diffuse density factor ) 1.0 x 1071
artificial speed of sound co 6.9 x 10? m/s
CFL 7.5 x 107!
initial particle distance A 8.0 x 1075 m
smoothing length h 1.2x 1074 m
number of fluid particles Npf ~ 25,000
inflow velocity Vin 6.9 x 10! m/s
angular velocity ngD 5.0 x 102 radfs
chip influx velocity Uchips 2.5 m/s

Instead of performing a computationally expensive chip for-
mation simulation, the chips are modeled as rigid DEM bodies
and inserted from the borehole ground into the chip flute. The
forms are obtained by selecting typical chip forms from exper-
iments and digitizing them using an optical 3D measurement
system. The chips are only unilaterally coupled with the fluid
while inserted, which means that the chips deflect the fluid while
the fluid forces on the chips are neglected. Once the chips are
completely within the chip flute, they are released, and their
motion is described by the Newton-Euler equations. Then, a
bilateral coupling of the chips and the fluid is performed.

Due to the complex geometries of the chips, a repulsive force
boundary condition is applied for the fluid-structure interaction.
Therefore, the modified Lennard-Jones-Potential [8] is applied,

which calculates the interaction force based on the particle’s
distance to the surface of the rigid bodies, respective their
distance to each other.

The reduced MWF supply is modeled by a reduced inflow
velocity, which corresponds linearly to a reduced flow rate. The
analysis is carried out from a fluid dynamics point of view.
Thereby, other functions of the MWF, like lubrication or heat
transport, are neglected. However, the analysis provides a first
assessment for later experimental investigation.

III. RESULTS

Figure 2 presents some first results of the investigation of
reducing the applied MWF supply for the evacuation of the
chips. It shows the MWF flow for the different inflow velocities
at t = 1.5ms. The faster inflow velocity corresponds directly
with an increased flow rate and, thus, a higher fluid volume in
the simulation domain. This can be seen by the faster progress of
the inflowing MWF; for a higher inflow velocity, the fluid flows
further in the borehole at the same time point. After passing the
cutting tip, the flow velocity in the chip flute is also higher for
a higher inflow velocity.

Furthermore, the separation between the chips depends on
the inflow velocity. The chips have a larger distance and are
evacuated faster from the borehole for higher inflow velocities.
The chips come into contact with slower inflow velocities and
are pushed by the following chips.

IV. CONCLUSIONS

Smoothed Particle Hydrodynamics is applied to model the deep-
hole drilling process to investigate the reduction of MWF supply.
Reducing MWF in machining processes allows for reducing
costs and energy consumption. However, the evacuation of the
created chips, which is highly influenced by the MWF supply,
is a key point for process reliability. This work investigates the
ability to apply SPH for process modeling to investigate the
reduction of MWF supply. The first results show that SPH is well
able to capture the changing and dynamic interfaces between the
fluid and the evacuated chips. The results indicate that the MWF
supply can be reduced.
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Comparison of the flow for the different MWF flow rates at ¢ = 1.5ms. The view is perpendicular to the chip flute while the drill rotates. The chips

are colored red, and the MWF is partially transparent so that the chips can be recognized along the chip flute.
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