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Our laboratory has been exploring the development of
tools for drilling holes in glass plates, and the drilling
techniques to be adopted for it. A devised tool shape
that could prevent the occurrence of cracks at the exit
holes achieved high quality through hole drilling of
100 holes or more using only the drilling cycle. How-
ever, crack-free drilling beyond this number of holes
cannot be performed. This is due to the adhesion of
the residual chip on the tool surface when the number
of holes increases. Therefore, further improvement of
chip discharge is needed to achieve crack-free drilling.
In this report, we consider that chip discharge results
from the flow of the machining fluid. To investigate the
cause of chip discharge, we analyzed the flow of the
machining fluid in the hole using computational fluid
dynamics and the supposed chip discharge conditions.
The results obtained in this study are summarized as
follows. (1) In the case of a cylindrical tool, the ZZZ-axis
directional flow of the machining fluid did not occur in
the hole. This is because the tool does not have bumps
to agitate the fluid on the side, and the gap between
the tool and the inner surface of the hole is narrow.
(2) The plate side widened the gap between the tool
and inner surface of the hole. Therefore, the fluid was
likely to flow in the ZZZ-axis direction in the hole. (3) For
the tool with the plane side bit, the flow entered the
hole from one plane side and exited the hole from the
other plane side. (4) When the tool end is spherical,
the ZZZ-axis directional flow of the fluid occurs at the
tool end. (5) The fluid flow of the devised tool weak-
ened as the drilling depth increased. To improve the
chip discharge performance of the designed tool, the
ZZZ-axis directional flow of the machining fluid must oc-
cur in an area deeper than 2 mm.
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Fig. 1. Schematic diagram of the designed tool bit.

1. Introduction

When a cylindrical grinding wheel mounted on a shaft
is used for drilling holes in a glass plate, the pores be-
tween the grains act as chip pockets, but the pocket vol-
ume is small. In addition, the gap between the grinding
wheel and the inside surface of the hole is narrow, and
there is almost no escape for the chip. Therefore, it is dif-
ficult for the chip to discharge out of the hole and it tends
to adhere to the tool as the machining progresses. Drilling
by the tool of chip adhesion causes deterioration of the
machining quality and tool breakage. Therefore, the chip
discharge method is crucial. In general, the chip discharge
method is a step-machining method and an ultrasonic vi-
bration method [1–12]. However, these methods have dis-
advantages, such as lower machining efficiency and capi-
tal investment costs.

In our laboratory, we have been exploring the develop-
ment of tools for drilling holes in glass plates to achieve
high machining quality, high machining efficiency, and
low machining cost, as well as the drilling techniques to
be adopted for it [13–16]. Fig. 1 shows the shape of the
designed tool. The tool end of the cylindrical shaft, made
of cemented carbide, is hemispherical. The thrust force
when the tool penetrates the glass plate decreases slowly,
thereby preventing cracking. In addition, two plane sur-
faces are placed opposite to each other on the cylindrical
surface of the shaft, creating a large chip storage space
between the plane surface and the inside surface of the
hole. The unique feature of the tool is the spontaneous
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(a) Left side face (b) End face (c) Right side face

Fig. 2. Chip adhesion condition on the designed tool after
drilling.

Table 1. Model of tool bit shape.

discharge of the chip from the chip storage space, and
chip discharge is performed without the general measures
mentioned above. However, the chip adhered to the tool
as the number of holes increased, as shown in Fig. 2. One
of the causes of chip adhesion is the material properties of
the machining fluid [17–19]. We considered other factors
also.

In this study, we consider that chip discharge results
from the flow of the machining fluid. To investigate the
cause of the chip not being discharged, we analyzed the
flow of the machining fluid in the hole using computa-
tional fluid dynamics (CFD) and the supposed chip dis-
charge conditions.

2. Analysis Conditions

An analysis was performed on the commercial tool
shape and the invented tool shape. Table 1 lists shapes
of tool model. Two cylindrical tool models with different
end-face shapes were used in the analysis, as commercial
tools. For the invented tool, two tool models with different
end-face shapes with a straight face on the tool side were
used in the analysis. Based on this, the tool was named
a circle flat end (CF), circle ball end (CB), rectangle flat
end (RF), and rectangle ball end (RB). The first letter rep-
resents the first letter of the radial cross-sectional shape of
the tool. C indicates a circle and R indicates a rectangle.
The short sides of the RF and RB have curves but are con-
sidered straight lines. The second letter is the first letter of
the tool bit shape. F indicates a flat end and B indicates a
ball end. The machining fluid flow occurring by the four

(a) Vertical section

(b) Horizontal section (c) Horizontal section mesh

Fig. 3. Analytical model.

types of tools in the holes was analyzed.
In this study, fluid flow was analyzed using compu-

tational fluid dynamics software (Autodesk CFD 2021,
Autodesk). Fig. 3 shows the analytical model. The tool
end on the entrance hole side was fixed to the static region.
A rotating region that imitates the machining fluid is po-
sitioned to cover the tool. The static region was treated
as an incompressible fluid and had a water physical prop-
erty value at the water temperature of 293 K. The ana-
lytical conditions were set to provide an incompressible
fluid and k–ε turbulence model. The fluid flow when the
tool rotates at 30000 rpm was analyzed. The origin was
located at the center of the hole entrance. The analysis
interval was 1×10−4 s.

3. Tool Bit Shape and Machining Fluid Flow

3.1. Machining Fluid Flow by Tool Without Plane
Side Bit

Figures 4 and 5 show the distribution of flow velocity
and the Z-axis direction flow velocity in the radial cross
section for CF and CB respectively. The fluid in both
holes rotated in the same direction as that of the tool. The
farther away from the center of the hole, the faster is the
flow in the rotation direction. The numbers of revolutions
per minute of the fluid and tool were identical. The rel-
ative position of the fluid with respect to the tool does
not vary in the XY plane. In other words, the tool and
the fluid rotate together. By contrast, in the distribution
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Fig. 4. Distribution of flow velocity of CF.

of the Z-axis direction flow velocity, the Z-axis direction
flow did not occur in the entire hole. In CF and CB, the
fluid rotates with the tool but does not flow in the Z-axis
direction; thus, it stagnates at a certain hole depth. The
fluid did not circulate through the holes. This is because
CF and CB do not have bumps on their sides to agitate
the fluid. Furthermore, fluid flow in the direction of the
Z-axis does not easily occur in the hole because the gap
between the tool and the inside surface of the hole is nar-
row as the tool occupies most of the volume of the hole.
Therefore, for the CF and CB, it is difficult for the chip
to discharge out of the hole because the machining fluid
does not circulate in and out of the hole.

3.2. Machining Fluid Flow by Tool with Plane Side
Bit

Figures 6 and 7 show the analysis results for RF and
RB, respectively. The fluid rotated in the same direction
as the tool in CF and CB, and its velocity increased as
it moved away from the center of rotation. The number
of rotations of the fluid and tool matched. The relative
position of the fluid with respect to the tool does not vary

Fig. 5. Distribution of flow velocity of CB.

in the XY plane for the CF and CB. In other words, the
tool and the fluid rotate together. The Z-axis direction
flow occurred at a depth of 0–1.00 mm in the distribution
of the Z-axis direction flow for the RF. This flow entered
the hole from one straight side and exited from the other
straight side. The plate side widened the gap between the
tool and inner surface of the hole. For this reason, the
fluid is likely to flow in the direction of the Z-axis in the
hole. The fluid circulates at a depth of 0–1.00 mm due to
the Z-axis direction flow. Therefore, the machining fluid
circulated from a drilling depth of 0–1 mm. Furthermore,
this flow carried the chip out of the hole. On the other
hand, after the drilling depth of 1 mm, the Z-axis flow
of machining fluid occurred there is no flow in the Z-axis
direction, and the machining fluid does not circulate. The
deeper the drilling depth, the lower the circulation of the
machining fluid. It is likely that the machining fluid could
not discharge the chip outside the hole.

In the distribution of the Z-axis velocity for the RB,
the Z-axis direction flow occurred at a drilling depth of
0–2.00 mm. The Z-axis direction flow of the machining
fluid for RB was more active than that for RF, and the flow
area was wider. In addition, flow in the Z-axis direction
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Fig. 6. Distribution of flow velocity of RF.

also occurred at drilling depths of 2.75–2.90 mm. At this
depth, the outflow direction flow occurred near the plane
sides, and the inflow direction flow occurred near the in-
side surface of the hole. The Z-axis flow was conducive
to chip discharge. In the case of drilling with the RB, the
Z-axis machining fluid flow occurring at the tool end cir-
culated from the hole entrance to near the bottom of the
hole and discharged the chip. The tool shape designed in
our laboratory is advantageous for the chip discharge.

3.3. Consideration of the Cause of Machining Fluid
Flow in the ZZZ-axis Direction

Based on the analysis results in the previous sections,
no Z-axis flow occurred in the machining fluid in the CF
and CB of the cylindrical tools. In contrast, RF and RB,
which have straight planes on the tool sides, produced
flow in the Z-axis direction. The following is a discussion
of the causes. The Taylor vortex is considered the cause of
the Z-axis directional flow in the processing fluid. A Tay-
lor vortex is generated in a double cylinder with a rotating
inner cylinder [20]. The fluid near the inner cylinder flows
toward the outer cylinder owing to the centrifugal force,
thereby generating a vortex. The Z-axis flow of the ma-
chining fluid did not occur in the CF and CB. The gap

Fig. 7. Distribution of flow velocity of RB.

between the tool and hole is too small, which prevents
the Taylor vortex from being generated and the circula-
tion of the machining fluid from occurring. The Z-axis
flow of the machining fluid occurred in the RF and RB.
The straight plane of the tool side widened the gap be-
tween the tool and hole wall, and the machining fluid cir-
culated. Only for RB, where the tool end is curved, flow
in the Z-axis direction occurred near the tool end. Dif-
ferent tool end shapes have different hole bottom shapes.
The RF forms a cylindrical hole, and the bottom and sides
of the hole are perpendicular. The RB formed a hole with
a curve, at the bottom and surface. Because the shape of
the hole-side surface differs between RF and RB, the fluid
flowing to the hole-side surface owing to the rotation of
the tool shows different flows. In RF, the hole sides are
perpendicular to the flow; therefore, the flow that reaches
the sides of the hole is considered to be less likely to move
in the vertical direction of the hole. However, in RB, the
flow reaching the hole side is more likely to move toward
the vertical direction of the hole because the side of the
hole is curved, and vortexes are more likely to be gener-
ated. Therefore, in the RB, a Z-axis flow was generated
near the tool end.

Int. J. of Automation Technology Vol.17 No.1, 2023 35



Oyamada, T., Mizobuchi, A., and Ishida, T.

(a) 0th

(b) 50th

(c) 100th

(d) 150th

Fig. 8. Progress of chip adhesion of RB.

4. Chip Adhesion to Tool and Machining Fluid
Flow

The four tools were used to machine soda-lime glass
with a diameter of 1.0 mm and a depth of 3 mm. CF, CB,
and RF break during machining. Fig. 8 shows the chip
adhesion progress of RB as the number of drilled holes
increased. The drilling conditions were set to a cutting
speed of 47 m/min (spindle speed of 15000 rpm) and feed
rate of 1 mm/min. The analysis results in the previous
section showed that the RB tool had a shape that facili-
tated the chip discharge. However, the residual chip in
the hole adhered to the straight side of the tool along with
an increase in the number of holes. When the number
of drilled holes reached 100, chip adhesion occurred on
the tool-plane sides. More chips adhered to one side and
fewer chips adhered to the other. When the number of
drilling holes reached 150, chip adhesion occurred on the
tool-edge surface and plane sides.

Figure 9 shows the distribution of the Z-axis direction
flow velocity in the cross section parallel to the plane side
for the RB. The fluid flowed into the hole from one plane
and out of the hole from the other plane. If the flow of
the machining fluid governs the chip discharge, the chip
is more likely to be discharged from the plane side where
outflow occurs. We consider this to be the cause of the dif-
ference in the amount of chip adhesion on the two sides of

(a) A-A (b) B-B

Fig. 9. Distribution of flow velocity at the Z-axis direction.

the plane, as shown in Fig. 8. Then, as the number of ma-
chined holes increased, the chip adhered to the plane side
where fluid outflow occurred, and the chip blocked the
discharge destination. Consequently, the gap between the
tool and the inner surface of the hole became narrower,
as in the CB, making it difficult for the machining fluid
to flow, and the flow of the machining fluid inside the
hole became stagnant. The chip began to adhere to the
plane side, where the amount of chip adhesion was small.
The Z-axis directional flow of the machining fluid up to
a drilling depth of 2 mm was actively present in both the
inflow and outflow. However, after a depth of 2 mm, the
Z-axis direction flow of the machining fluid did not occur,
except at the end. The Z-axis direction flow at the tool
end was active at the tool end but became negative as it
approached the other end. The greater the drilling depth,
the poorer the chip discharge performance of the RB tool.
Next, deep-hole drilling is performed using the RB tool to
investigate the chip discharge conditions.

5. Chip Discharge Condition of RB During
Deep Hole Drilling

The RB tool was used machine soda-lime glass with a
diameter of 0.5 mm and a depth of 5 mm. The drilling
conditions were set to a cutting speed of 47 m/min (spin-
dle speed of 30000 rpm) and a feed rate of 1 mm/min.
The tool broke when the second hole was processed. The
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Fig. 10. Relationship between drilling depth and thrust force.

following is a discussion of the state of the chip discharge
based on the behavior of the thrust force, referring to the
results of previous thrust force research [14]. Fig. 10
shows the relationship between the drilling depth and
thrust force. The thrust force increased gradually from
the start of machining to a drilling depth of 0.8 mm and
remained constant from 0.8 mm to 2.2 mm. This force
increased and decreased intensely from 2.2 to 3.2 mm
depth. When the depth reached approximately 3.2 mm,
this force increased and decreased rapidly, and then no
longer fluctuated. The tool broke, and the glass shattered.
The results obtained from our previous research [14] show
an intense increase and decrease in the thrust force owing
to residual chips in the hole. The chips were discharged
from the start of the processing to a depth of 2.2 mm. Be-
yond this depth, the chip was not discharged and adhered
to the tool, thereby inhibiting machining. In Fig. 9, this
depth is almost the same as the depth at which the flow is
stagnant in the Z-axis direction. The deeper the drilling
depth, the more difficult it is for the machining fluid to
flow, and the poorer is the chip discharge condition.

6. Improved Chip Discharge of the Devised
Tool

In the analysis in this study, the protrusion and distri-
bution of abrasive grains in the tool were not considered.
Therefore, the same flow as the analysis results did not
occur during machining. However, we infer that the flow
of the machining fluid is similar to that of the analytical
results for two reasons. (1) In Fig. 9, the fluid flows into
the hole from one straight face and out of the hole from
the other straight face. It is considered that chips tend
to be discharged from the straight face where flow in the
outflow direction occurs. Fig. 8 shows that the number
of chips that adhered to the tool differed between the two
straight surfaces. (2) In Figs. 9 and 10, the hole depth
where the Z-axis directional flow of the machining fluid
was less likely to occur matched the hole depth where the
thrust force began to shift intensely up and down. There-
fore, the analysis results were close to the actual flow
of the machining fluid without considering the protrusion
and distribution of the abrasive grains.

The analysis results show that the RB tool produced cir-
culation of the machining fluid in the region of 0–2 mm
hole depth and in the region of 2.75–2.90 mm hole depth,
which is the tool end. The chips are discharged from the
tool drilling area by circulation at the end of the tool. They
were then discharged from the machined hole by circula-
tion at hole depths of 0–2 mm. However, as shown in
Fig. 9, when the tool end reaches a hole depth of 2 mm
or greater, an area with no circulation occurs between the
two circulation flows, making chip discharge difficult. To
prevent chip adhesion to the tool and achieve higher ma-
chining efficiency, it is necessary to circulate the machin-
ing fluid even after a hole depth of 2 mm.

7. Conclusions

In this study, we considered that chip discharge re-
sults from the flow of the machining fluid. To investi-
gate whether the chip was not discharged, we analyzed
the flow of the machining fluid in the hole using compu-
tational fluid dynamics and the supposed chip discharge
conditions. The results obtained in this study are summa-
rized as follows.

(1) In the case of the cylindrical tool, the Z-axis direc-
tional flow of the machining fluid did not occur in the
hole. This was because the tool did not have bumps
to agitate the fluid on the side, and the gap between
the tool and the inside surface of the hole was nar-
row.

(2) The plate side widened the gap between the tool and
inner surface of the hole. Therefore, the fluid was
likely to flow in the Z-axis direction in the hole.

(3) For the tool with a plane side bit, the flow entered the
hole from one plane side and exited the hole from the
other plane side.

(4) In the case of the ball end, the Z-axis directional flow
of the fluid occurred at the tool bit.

(5) The fluid flow of the devised tool weakened as the
drilling depth increased. To improve the chip dis-
charge performance of the designed tool, it is neces-
sary for the Z-axis direction flow of the machining
fluid to occur in areas deeper than 2 mm.
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