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Abstract
For single-lip drills with small diameters, the cutting fluid is supplied through a kidney-shaped cooling channel inside the tool. 
In addition to reducing friction, the cutting fluid is also important for the dissipation of heat at the cutting edge and for the 
chip removal. However, in previous investigations of single-lip drills, it was observed that the fluid remains on the back side 
of the cutting edge, and accordingly, the cutting edge is insufficiently cooled. In this paper, a simulation-based investigation 
of an introduced additional drainage flute and flank surface modifications is carried out using smoothed particle hydrody-
namics as well as computational fluid dynamics. It is determined that the additionally introduced drainages lead to a slightly 
changed flow situation, but a significant flow behind the cutting edge and into the drainage flute cannot be achieved due to 
reasons explained in this paper. Accordingly, not even a much larger drainage flute with unwanted side-effect of a decrease 
tool strength is able to archive a significant improvement of the flow around the cutting edge. Therefore, major changes to 
the cooling channel, like the use of two separate channels, the modification of their positions, or modified flank surfaces, are 
necessary in order to achieve an improvement in lubrication of the cutting edge and heat dissipation.

Keywords  Geometry modification · Deep-hole drilling · Single-lip drill · Cutting fluid · Computational fluid dynamics · 
Smoothed particle hydrodynamics

1  Introduction

Deep hole drilling is used for manufacturing in numerous 
areas. Which type of deep hole drilling method is used 
depends on the required borehole properties, but in par-
ticular also on the borehole diameter, as well as the desired 
length-to-diameter (L/D) ratios. For the single-lip deep 
hole drilling (SLD), the length-to-diameter ratio is up to 
L/D = 900 and the diameter is D = 0.5…80 mm. SLD is used 
for the production e.g. of diesel injection nozzles in the auto-
motive industry and is characterized by a high surface qual-
ity and residual compressive stresses in the hole bottom [1]. 
When drilling without cutting fluid, very high temperatures 
occur in the cutting zone. These are also dependent on the 

material to be machined. For example, they are between 
T = 600 °C and 800 °C for 42CrMo4 [2] and even higher for 
materials such as Inconel 718. To ensure workpiece quality, 
to reduce tool wear, and to improve process productivity, it 
is therefore necessary to use a cutting fluid [3]. In SLD, the 
cutting fluid is usually fed to the cutting zone through cool-
ing channels located inside the tool. The shape and number 
of cooling channels depend on the bore diameter and the tool 
diameter. If the diameter is D < 10 mm, the tool usually has 
only one kidney-shaped cooling channel [4]. However, the 
efficiency of the cutting fluid in the cutting zone cannot be 
determined experimentally due to the inaccessibility during 
deep drilling. For the analysis, it is therefore important to 
use simulations, to deepen the understanding of the process 
and to initiate optimization measures based on the results.

Smoothed particle hydrodynamics (SPH) is a method for 
the description of fluids by moving interpolation points, the 
so-called particles. Therefore, the Navier–Stokes equations 
describing the fluid movement are represented by weighted 
sums over a set of neighbor particles [5]. Its Lagrangian 
and meshfree nature allows SPH to describe arbitrary and 
moving surfaces and interfaces. Its areas of application 
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are especially when non-regular, moving free surfaces or 
dynamic fluid/structure interaction are present.

The use of computational fluid dynamics (CFD) for inves-
tigations is in the field of machining still not very common. 
However, to get progress in this field, it is very important to 
develop solutions for demanding applications efficiently [6]. 
The application of CFD is complicated due to the definition 
of the physical conditions (fluid mechanics), the modelling 
of the internal flow field (fluid modelling), the definition 
of boundary conditions, the meshing strategy and meshing 
of the inflation layer, the correct choice of the turbulence 
model to be used, and the handling of the actual simulation 
software in complicated situations.

The understanding of the complex fluid-dynamics in 
combination with mechanical effects is very important to 
improve machining processes. The design of machining 
tools can be optimized with detailed knowledge of the cut-
ting fluid and the complex interactions. In [7], a combined 
approach shows for SLD that the mass exchange of the cut-
ting fluid close to the cutting edge is far too low in order 
to guarantee the required cooling effect. The simulation of 
an SLD [8] shows a great potential for optimizing the tool 
geometry.

Earlier investigations of the fluid flow of single-lip drills 
show that the fluid gets trapped on the backside of the cut-
ting edge [9]. As shown in Fig. 1, these investigations of 
different designs show that a large drainage flute diverts 
a significant amount of the cooling fluid flow in direction 
of the backside of the cutting edge. Accordingly, it can be 
assumed that the transport of the heat which is generated 
by the cutting process has great potential for improvement.

However, these modifications are made purely from 
a fluid-dynamics point of view without considering the 
stresses and the limits of manufacturability of these addi-
tional drainage flutes. Similar modifications have been made 

to the flank face design of twist drills [10], which show an 
improved cutting-fluid flow around the cutting edges and 
reduce the tool wear. Furthermore, a combination of both 
ideas, an additional introduced drainage flute together with 
a modification of the flank face design, might be beneficial 
for the fluid flow around the cutting edge.

The novel contribution of this paper is the simulation-
based investigation whether an additional drainage flute and 
flank face modifications considering also the manufactur-
ability point of view can divert the fluid flow around the 
cutting edge. Therefore, SPH and CFD analyses of three 
modifications are carried out. These modifications show one 
way how an additional drainage flute could be realized as 
well as in combination with modifications of the flank face 
design, where the size of the modifications are chosen based 
on technological aspects.

2 � Geometric modifications of the single‑lip 
drill

The SLD considered in this work has a diameter of as little 
as D = 2 mm and a single kidney-shaped cooling channel. 
The small diameter was chosen because the machining of 
miniaturized industrial components requires high process 
reliability. The extremely high strength, the strong ten-
dency to work hardening, and the low thermal conductivity 
make the drilling machining of nickel-based alloys such as 
Inconel 718 very demanding. With regard to deep drilling, 
the pronounced ductility poses further challenges in terms 
of chip formation as well as process-safe chip evacuation, 
which are primarily influenced by the cutting fluid flow. 
When deep drilling with the smallest diameters, the lim-
ited dimensions are an additional factor. Micro deep drilling 
in particular is one of the critical key processes here and 
is used widely e.g. in the medical technology, textile, and 
automotive industries. The introduced drainage flute has 
a circular shape with a radius of r = 0.2 mm and a depth 
of d = 0.07 mm to be machined by a grinding wheel. This 
would allow simple machining of existing drills for experi-
mental validation in the case of a successful predictive simu-
lation result. The drainage is placed as close as possible to 
the cutting edge while ensuring that the tool structure is not 
weakened. Additionally, the flute is placed on the opposite 
end where the cutting fluid flows into the chip flute to redi-
rect the flow around the back of the cutting edge into an area 
where almost no flow occurs, as later shown for the reference 
design (V0). Thereby, fresh cutting fluid could better absorb 
the dissipated heat behind the cutting edge and the borehole 
ground directly after the material removal. Furthermore, a 
larger radius or depth while maintaining the minimum dis-
tance extends the drainage further away from the cutting 
edge, which does not improve the desired lubrication of the 

Fig. 1   Fluid analysis of a large drainage flute which diverts a signifi-
cant amount of flow along the cutting edge [9]
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cutting edge. The second modification is a direct channel 
in the flank face from the outlet to the drainage flute. The 
geometries of all investigated variants are shown in Fig. 2.

The geometries were investigated by SPH and by CFD 
in combination of both methods. The respective simulation 
models have different assumptions as SPH starts with an 
empty borehole in a transient simulation while CFD meshes 
the complete fluid domain, thereby assuming a completely 
filled borehole that is statically simulated. Consequently, 
both methods supplement each other in modelling the highly 
turbulent and dynamic cutting-fluid flow. The SPH simula-
tion uses the weakly compressible formulation for which 
no pressure boundary condition needs to be applied. The 
influx velocity is selected as v = 69 m/s. This choice leads 
to the same outflow velocity in the chip flute as if a pressure 
boundary condition of p = 100 bar for the CFD simulation 
is applied. The properties of the fluid and further boundary 
conditions are listed in Table 1.

The simulation models used in both numerical methods, 
CFD and SPH, were validated for the reference design in 
earlier studies [11] by tracking via high-speed camera analy-
sis micro-particles, which were added to the cutting fluid. In 
contrast to earlier studies [11], a drilling oil, which proper-
ties are listed in Table 1, is used instead of water.

3 � Simulation results

As the results of the reference simulation (V0) show, the 
fluid gets trapped behind the cutting edge as shown by the 
absence of streamlines in this area and by the low fluid 
velocity. In this area, as well as on the cutting edge itself, 
higher temperatures can be expected due to the chip forma-
tion. Thus, major improvements in the cutting fluid flow 
and thereby in the heat transportation are required. Figure 3 
shows the streamline plots of the reference solution in com-
parison to the investigated drill modifications. For the SPH 
simulations (V0, V1, V3), an empty borehole at the begin-
ning of the simulation is used as starting point and the fluid 
flow is investigated after a time of t = 0.2 ms when the flow 
around the cutting edge is nearly static. The CFD simulation 

(V0, V1, V2) starts with an initially completely filled bore-
hole and assumes a static flow. The comparison of CFD and 
SPH analyses for the reference design (V0) and the drain-
age flute (V1) show a good agreement in their results as in 
previous works [11].

The results of both the CFD and SPH simulation show 
that the cutting fluid flow is not improved significantly by 
the geometric changes compared to the reference design 
V0. The CFD simulation uses an outflow velocity of 
approximately v = 80 m/s for the geometric modifications 
of V1 and V2 in the center of the kidney-shaped cool-
ing channel. However, in all designs, the flow slows down 
to approximately v = 55 m/s in the chip flute, similar to 
the reference design. In contrast to V1, the additionally 
modified flank face channel in V2 and its modification in 
V3 achieve a considerably better diversion and the fluid 
behavior shows to be better influenced. Nevertheless, the 
impact on the velocity and thereby volume flow around the 
cutting edge are minor.

Fig. 2   Investigated geometries: 
reference design (V0), drainage 
flute (V1), additional flank face 
channel (V2), and modified 
flank face channel (V3)

Table 1   Boundary conditions and material properties for the investi-
gation

Fluid material properties

Density �f = 857 kgm−3

Dynamic viscosity � = 0.01714 kgm−1s−1

Boundary conditions
Inlet velocity (SPH) vinlet

z
= 69ms−1

Inlet pressure (CFD) pinlet = 100 bar

Outlet pressure (CFD) poutlet = 1 bar

Initial particle distance (SPH) xdist = 2 ⋅ 10−5 m  
Smoothing length (SPH) h = 3 ⋅ 10−5 m  
Number of SPH particles 440 000 ~ 640 000
Inflation-layer (CFD) IL = 1.5 ⋅ 10−3 mm  
Angular velocity 𝜔̇ = 500 rad ⋅ s−1  
Turbulence model RANS k-ω-SST
Wall roughness (workpiece/fluid) L = 0.016 mm
Wall roughness (fluid/tool) smooth (free-slip)
Temperature T = 298.15 K
Number of CFD elements ca. 15.88 million
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The fluid flow inside the drainage flutes is shown for 
the modification V3 in Fig. 4. It can be seen that the flow 
inside the drainage flute is laminar, which also applies to 
the other modifications. The flow is accelerated due to the 
throttling effect at the entrance to the drainage flute and 
flows at a speed of between 20 and 30 m/s within for modi-
fication V3. However, the volume flow rate in the drainage 
flute is negligible as it is about two orders of magnitude 
smaller than in the chip flute.

Despite the low flow rate in the drainage flute, it might 
create additional vortices behind the cutting edge, which 
benefit the heat conduction by distributing fresh cooling liq-
uid. For the analysis of the distribution of the fluid and the 
vortices, the Q-criterion identification method [12] is used. 
This describes the local balance between rotation and shear in 
all spatial directions. As soon as the vorticity outweighs the 
shear, vortices are generated. The Q-criterion is determined 
with the rotation tensor and the rotation of the vorticity

Figure 5 shows the calculated Q-criterion with an iso-
surface. Due to the meshless characteristics of SPH, a 
Delaunay triangulation is performed before calculating 
the Q-criterion for the SPH results. The visualization is 
carried out based on the same threshold value for all SPH 
results. Larger visible areas correspond with larger areas 
where more vertices occur, which benefit the intermixture 
of the cutting fluid and thereby improved heat transport. 
The comparison of the results for the designs V1 and V2/V3 
shows that the additional flank face channel in V2 and in V3 
results in more vortices around the cutting edge as shown 
by more highlighted areas. This results in a better mixture 
of the fluid layers around the cutting edge and consequently, 
in a better cooling and lubrication around the cutting edge.

While all modifications show some fluid flow through 
the additional drainage flute, the total fluid volume flow-
ing through the second flute is small. Therefore, the modi-
fications have little influence on the chip evacuation which 
depends highly on the cutting-fluid flow for single-lip 
drills. Especially, the additional flank face channel leads to 
a slightly improved flow into the drainage flute. Further-
more, the orientation parallel to the cutting edge leads to a 
higher amount of fluid flowing around the area as well as an 
improved mixture of the fluid layers behind the cutting edge, 
which should improve the cooling in this area. However, the 
changes in the fluid distribution introduced by modifications 
are quite small and are not yet sufficient for a better flow 
with higher velocities around the cutting edge. Furthermore, 
the small improvement of the flow behind the cutting edge 
does not improve the tool life in a factor to compensate or 
outweigh the introduced weakening of the cutting edge by 

(1)Qij =
1

4

(

2R2

ij
− �2

ij

)

.

Fig. 3   Streamline plots of the 
investigated drill modifications: 
reference design (V0) and drain-
age flute (V1) simulated with 
CFD and SPH, an additional 
flank face channel (V2, CFD) 
and modified flank face channel 
(V3, SPH)

Fig. 4   Side view on the drainage flute of modification V3 as stream-
line plot
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the channel parallel to it. Especially, for the modification 
design V3, created to lead more fluid to the cutting edge, the 
strength and tool life might be drastically reduced.

The observed fluid behavior can be explained by the 
stream filament theory [13]. As the cross-section does not 
significantly change by the additional modifications and the 
fluid flow is mostly driven by its momentum and follows the 
streamline, a significant streaming behind the cutting edge 
and into the drainage flute cannot be achieved. Therefore, 
significant changes to the design of the cooling channel and 
its outlet would be necessary to divert the cooling flow into 
the area behind the cutting edge. Furthermore, this effect is 
increased by the adhesion of the fluid molecules to the wall 
in the boundary layer and the creation of many small vertices 
at the inlet to the drainage flute.

As the presented modifications do not lead to major 
improvement of the cutting edge, a significant larger 
design change of the drainage flute was tested. There-
fore, a finite element-based parameter study was carried 
out, which showed that the torsional strength of the drill 

is not significantly reduced except for very large modifi-
cations. However, the deformation of the right-hand side 
of the cutting edge by the cutting forces increases rapidly 
with increasing size of the drainage flute. In the following, a 
larger modification was used which cutting edge deformation 
is already critical to get an idea about the upper limit achiev-
able by the given design of the drainage flute. Figure 6 shows 
the streamline plot and the iso-surface of the Q-criterion of 
the increased drainage flute with a radius of r = 0.336 mm 
and a depth of d = 0.158 mm.

The streamline plot shows that more fluid is diverted 
into the drainage flute compared to the smaller design of 
modification V1 and that higher flow velocities around 
the front into the drainage of about v = 20 m/s are reached. 
Furthermore, the Q-criterium shows higher vorticity in the 
region below the cutting edge which benefits the heat dis-
sipation. This makes clear that the flow can be influenced. 
However, as stated before, the increased size of the drainage 
flute still moves the flow away from the cutting edge. There-
fore, strongly improved flow around the cutting edge is not 

Fig. 5   Q-criterion, view of 
the front of the drill; reference 
design (V0, SPH) and drainage 
flute (V1, SPH), an additional 
flank face channel (V2, CFD) 
and modified flank face channel 
(V3, SPH)

Fig. 6   Streamline plot (left) 
and iso-surface plot of the 
Q-criterium (right) of the 
largely increased drainage flute 
simulated with SPH
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achieved and the increased vorticity is not sufficiently attrac-
tive compared to the major weakening of the tool strength. 
Consequently, it shows that even a larger modification of the 
presented design does not significantly benefit the cutting 
edge lubrication und heat dissipation.

4 � Conclusions

In this paper, the cutting fluid distribution in the SLD was 
analyzed using SPH and CFD simulation. In order to bring 
more cutting fluid closer to the main cutting edge of the tool, 
an SLD with a diameter of D = 2 mm was geometrically 
modified. The first modification V1 was a drainage flute and 
in the second modification V2 an additional flank face chan-
nel from the outlet to the drainage flute was introduced into 
the tool. Based on the reference model, both the SPH and 
CFD investigations showed that no significant improvements 
could be achieved with the very shallow additional drainage 
flute along the drill shaft (V1). The radius of r = 0.2 mm and 
the depth of d = 0.07 mm are geometrically limited by the 
required strength of the drill. With an additional flank face 
channel (V2), a better diversion of the fluid in the direc-
tion of the cutting edge could already be achieved compared 
to V1. However, the modification does not yet represent a 
satisfactory result, as it further weakens the cutting edge 
zone. In general, it is possible to influence the flow along the 
backside of the cutting edge; however, the three investigated 
modifications are not able to divert enough flow to provide a 
significant improvement. A largely increased drainage flute 
design, which already weakens the cutting edge, leads to an 
increased flow velocity into the drainage, but diverts the flow 
away from the cutting edge. Therefore, further geometric 
changes are planned for the future, such as a change in the 
kidney-shaped cooling channel, including the comparison 
with the use of two separate cooling channels and the modi-
fication of their position, to divert the cooling flow into the 
area behind the cutting edge.
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