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In electrical discharge machining (EDM) process, the debris removed from electrode material strongly affects the machining
efficiency and accuracy, especially for the deep small hole machining process. In case of Ti alloy, the debris movement and removal
process in gap flow between electrodes for small hole EDM process is studied in this paper. Based on the solid-liquid two-phase
flow equation, the mathematical model on the gap flow field with flushing and self-adaptive disturbation is developed. In our 3D
simulation process, the count of debris increases with number of EDM discharge cycles, and the disturbation generated by the
movement of self-adaptive tool in the gap flow is considered. The methods of smoothing and remeshing are also applied in the
modeling process to enable a movable tool. Under different depth, flushing velocity, and tool diameter, the distribution of velocity
field, pressure field of gap flow, and debris movement are analyzed. The statistical study of debris distribution under different
machining conditions is also carried out. Finally, a series of experiments are conducted on a self-made machine to verify the 3D
simulation model. The experiment results show the burn mark at hole bottom and the tapered wall, which corresponds well with
the simulating conclusion.

1. Introduction

Titanium (Ti) alloy is an excellent candidate for aerospace,
biomedical applications and ocean development owing to
the high specific strength and excellent corrosion resistance.
In a traditional hole drilling the high tensile strength and
low thermal conductivity of Ti alloy can result in a large
machining force, high machining temperature, high tool
wear, and poor accuracy, especially for deep small hole
machining.

EDM could remove the material by spark erosion, which
produces the local high temperature to melt and vaporize
the material at the workpiece surface. During EDM process
[1], the tool electrode does not contact the workpiece, which
results in the tiny machining force. Therefore, the deforma-
tion is small and the machining accuracy is excellent, which
is suitable to manufacture the deep small hole on Ti alloy. In
general, a lot of debris is generated during EDM process in
small deep hole.The debris could affect the dielectric strength
of gap and discharge stability during EDM process, which

results in the concentrated discharge and low machining
efficiency [2]. The debris is also likely to form secondary dis-
charge between the tool and wall, which results in the tapered
side wall of hole. Even though the flushing is introduced to
remove the debris from the machining gap, because of the
nonthoroughness of debris removal, it is difficult to obtain
satisfactory machining accuracy [3]. So the debris removal
process is one of the most important challenges for EDM
application in deep small hole machining.

There are many researchers studying the debris removal
mechanism in EDM process for deep small hole. Koenig
et al. built a mathematical model of bottom gap flow field
with flushing and calculated the pressure and velocity field
[4]. Masuzawa et al. simulated the flow field with flushing
and the debris distribution in the gap [5]. Takeuchi and
Kunieda simulated the velocity field of debris and took
the dielectric movement and bubble expansion into con-
sideration [6]. Allen and Chen investigated the material
removal for micro-EDM onmolybdenum by using a Matlab-
based thermonumerical model, which simulated single spark
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Figure 1: Schematics of tool movement model.

discharge process [7]. Wang et al. simulated the flow field
in EDM machining, and debris aggregated at the corner
increased the concentrated discharging, which destroyed the
edge of tool [8]. Xie et al. simulated the holes array with
ultrasonic assisted in EDM and concluded that the ultrasonic
vibration of tool had influence on the debris exclusion from
discharge gap [9]. Cetin et al. investigated the effects of
electrode jump parameters on machining speed and depth
experimentally in linear motor equipped electrical discharge
machining [10]. Wang et al. made researches on the debris
and bubble movement with Fluent and summarized that
the bubble generated at the bottom was the main factor to
expel the debris. But the expelling effect became weak when
the bubble reached the side gap [11]. Kong et al. simulated
the motion of debris with bubbles under with and without
ultrasound [12]. Mastud et al. conducted simulations on
computational modeling of the debris motion and its interac-
tion with the dielectric fluid under low-amplitude vibrations
imparted via a magnetorestrictive actuator [13]. Mullya and
Karthikeyan analyzed the fluid flow along the narrow gap of
microelectrodischarge-milling process for different machin-
ing conditions by computational fluid dynamics simulation
[14].

For above available results, most researchers only devel-
oped the single discharge machining models. Actually, the
debris is continuously generated in EDM process. Besides,
the flow disturbation generated by the movement is not
considered. So the debris movement process for multicycle
discharge with tool movement in EDM is not fully under-
stood.

This paper develops a mathematical model that considers
tool movement in solid-liquid two-phase gap flow field and
a 3D model to simulate the tool movement and debris
generation when the tool electrode conducts self-adaptive
movement. Besides, the debris is generated continuously in
the gap between the tool and workpiece. Such simulation is
much closer to the real machining process.

2. Debris Generation and Tool
Movement in EDM

EDM as a nontraditional machining method uses the elec-
trothermal effect of pulsed spark discharge between tool and

workpiece to remove the material in dielectric fluid. When
the distance between the electrodes is reduced to 102 𝜇m, the
electric field intensity between electrodes becomes greater
than the strength of the dielectric. The voltage applied
breaks down the dielectric and induces the plasma channel
between two electrodes. Then the power supply instanta-
neously releases the energy through the channel, which
generates the temperature of about 1 × 104∘C and a very high
pressure in a local minimal area [15]. Consequently, a small
quantity of metal is directly molten or even vaporized due to
the heat effect. Once the voltage stops, the spherical debris
is removed, and microdischarging craters appear on both
tool and workpiece surfaces. Simultaneously, the insulating
property of dielectric is restored.

As the process going on, a certain amount of material will
be removed and the debris will be generated continuously.
The accumulative debris can influence the break down
process and machining efficiency. During the small hole
machining process, the debris is regularly swept away from
the machining region by flow of flushing. However, in a deep
small hole machining, the flushing effect on debris at the
bottom of the hole becomes weak. In addition to the flushing,
the tool motion could facilitate the debris removal. As the
operation progresses, the servo mechanism controls tool to
make self-adaptive movement and maintains a proper gap.
Meanwhile the servo movement of tool generates the distur-
bation to the gap flow. When the tool moves up, a negative
pressure zone forms at the bottom and fresh dielectric is
drawn into the gap, which lowers the concentration of debris,
as shown in Figure 1(a). On the contrary, a positive pressure
zone forms when the tool moves down, just as shown in
Figure 1(b), the debris spreads to the surroundings, and a little
debris is carried away with the fluid into the fresh dielectric.
During the debris removal process, the major factor to drive
debris is the drag force, for the gap flow can be seen as a solid-
liquid two-phase flow.

3. Gap Flow Mathematical Model of
Solid-Liquid Two-Phase Flow

3.1. Drag Force Analysis. In solid-liquid two-phase flow field,
the drag force of particles 𝐹𝑑 is the most basic form of
interaction between particles and fluid. In order to obtain the
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Figure 2: Schematics of interelectrode gap.

drag force equation of solid-liquid two-phase flow, this paper
assumes the conditions as follows:

(1) The particle is considered to be spherical.
(2) The particle reflects back when colliding with the wall

or other particles.
(3) The ambient temperature and machining region

temperature are considered as a constant, no heat
exchanges.

(4) The fluid field is considered to be infinite, inviscid,
and uncompressible.

(5) There is no friction con the inner wall of hole.

Figure 2 shows a partial view of the side gap.The tool and
workpiece are considered as two parallel plates. Only the tool
moves during simulation.Therefore, the velocity difference is
generated in the gap, which results in the pressure difference
along the depth (y-axis) changes. V𝑇 and V𝑓 are the tool speed
and liquid speed, respectively.

Naviers-Stokes equation can be simplified as follows:

−1𝜌
𝑑𝑝
𝑑𝑦 + 𝜆

𝑑2V𝑓
𝑑𝑧2 = 0, (1)

where 𝜌 is the fluid density, p is the fluid pressure, 𝜆 is
coefficient, and V𝑓 is the fluid velocity along 𝑦-axis. The
pressure 𝑝 along the 𝑦-axis declines uniformly, which can be
presented as

𝑑𝑝
𝑑𝑦 = −Δ𝑝𝑙 , (2)

whereΔ𝑝 = 𝑝1−𝑝2. When the tool moves down, V𝑇 points to
the positive𝑦-axis andΔ𝑝 is less than 0.When the toolmoves
up, V𝑇 points to the negative 𝑦-axis and Δ𝑝 is greater than 0.
By combining (1) and (2), we get the equation

𝑑2V𝑓
𝑑𝑧2 = −

Δ𝑝
𝜇𝑙 , (3)

where 𝜇 is dynamic viscous coefficient of fluid. By integrating
(3), we get the fluid speed as

V𝑓 = −Δ𝑝2𝜇𝑙𝑧2 + 𝐶1𝑧 + 𝐶2, (4)

where 𝐶1 and 𝐶2 are coefficients; given that the tool has a
speed of 0.01m/s, finally the boundary conditions are listed
as follows:

𝑧 = 𝜀,
V𝑓 = 0.01,
𝑧 = 0,
V𝑓 = 0,

(5)

where 𝜀 is the 𝑧-axis position. 𝐶1 and 𝐶2 can be solved by
combing (4) and (5).

Considering the impact of flushing on fluid velocity, the
fluid velocity V𝑓 is shown as

V𝑓 = V𝑓 + V𝑡, (6)

where V𝑡 is the speed at a certain position in the case of
flushing and can be solved by unsteady flow equation (7) of
solid-liquid two-phase flow.

𝜕𝜌
𝜕𝑡 +

𝜕
𝜕𝑦 (𝜌V𝑡) = 0,

𝜌 (𝜕V𝑡𝜕𝑡 + V𝑡
𝜕V𝑡𝜕𝑦 ) = −

𝜕𝑝
𝜕𝑦 − 𝜌𝑔 cos 𝜃 −

𝑃
𝐴𝜏𝑤,

𝜕
𝜕𝑡 [𝜌(𝑒 +

V2𝑡2 )] +
𝜕
𝜕𝑦 [𝜌V𝑡 (ℎ +

V2𝑡2 )]

= 1
𝐴 (𝜕𝑞𝑒𝜕𝑦 − 𝜕𝜔𝜕𝑦 ) − 𝜌V𝑡𝑔 cos 𝜃,

(7)

where 𝑔 is acceleration of gravity, 𝜏𝑤 is the average shearing
stress of the wall, e is the thermal energy of unit mass, h is
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Figure 3: The schematics of 2D boundary conditions and 3D meshed model.

the enthalpy, 𝑞𝑒 is the heat transfer rate, and 𝜔 is the power.
Bruce et al. summarized an equation to get the drag force on
the particles, which can be presented as [16]

𝐹𝑑 = 6𝜋𝜇𝑟𝑝 (V𝑓 − V𝑝) 𝜎, (8)

where 𝑟𝑝 is the radius of particle, V𝑝 is the particle velocity,
and 𝜎 is the correction factor. Each step of V𝑝 can be solved
by iterating equations. Initially, the actual drag force equation
of solid-liquid two-phase flow considering the effect of tool
movement can be shown as follows:

𝐹𝑑0 = 6𝜋𝜇𝑟𝑝 [Δ𝑝02𝜇𝑙 (𝜀 ⋅ 𝑧 − 𝑧2) + V𝑡0 − V𝑝0] (9)

as 𝐹 = 𝑚𝑎, 𝑚 = (4/3)𝜋𝑟3𝜌, and the initial acceleration of
particle 𝑎𝑝0 can be presented as

𝑎𝑝0 = 9𝜇 [(Δ𝑝0/2𝜇𝑙) (𝜀 ⋅ 𝑧 − 𝑧2) + V𝑡0 − V𝑝0]
2𝑟2𝑝 ⋅ 𝜌𝑝 , (10)

where 𝜌𝑝 is particle density. After several iteration, the 𝑛th
time step of particle velocity V𝑝(𝑛) and moving distance 𝑆𝑝(𝑛)
can be solved as follows:

V𝑝(𝑛) = 𝑎𝑝(𝑛−1) ⋅ 𝑡,
𝑆𝑝(𝑛) =

𝑛∑
𝑖=1

𝑆𝑝(𝑖) =
𝑛∑
𝑖=1

V𝑝(𝑖)𝑡. (11)

From the equations above, we deduce that when the depth
of gap (𝑦) increases, the fluid velocity V𝑓 and drag force 𝐹𝑑
decline and the debris velocity V𝑝 and moving distance 𝑆𝑝
decrease. On the contrary, if flushing velocity V𝑡 increases,
the fluid velocity V𝑓 and drag force 𝐹𝑑 increase and the debris
velocity V𝑝 and moving distance 𝑆𝑝 increase.

3.2. Simulating Model for the Interelectrode Gap Field.
Figure 3 shows the simulation model for the interelectrode
gap flow field in EDM. The side and bottom gap are set to
0.2 and 0.1mm, respectively. The debris generated in single
pulse is distributed in a random position at the bottom with
the macrofunction provided by Fluent [17].

The boundary conditions are shown in Figure 3(a). The
interface boundary is applied, because the flushing tube and
working liquid need to exchange data. The upper boundary
condition is the pressure outlet and rest boundaries are the
walls as default. Figure 3(b) presents the 3D model, where
the flushing is ejected from the tube outlet into the gap.
In Figure 3(c), the machining zone is considered as a 3D
cylinder model, which is established and meshed in the
Gambit. The meshed model is imported into Fluent. The
secondary development interface UDF module is used to
simulate the debris removal process, because the shape of flow
field is constantly changing inwith the servomovement of the
tool.

This paper assumes simulation cycle and discharge cycle
at 0.02 s and 20 𝜇s. 1000 discharges occur during the simu-
lation process. Only half of the discharges are effective. The
initial count of debris is 2550 at the bottom, which distributes
into three layers and each layer uniformly contains 850 debris.
During the simulating process, each discharge generates 30
debris in the random position, and the ratio of Ti alloy debris
to Cu debris is 2 to 1, of which Ti alloy and Cu debris are
in blue and red, respectively [18]. During the process, 17550
debris are generated. The simulating parameters are listed
in Table 1. Flushing velocity is obtained from the previous
experiment.

4. Simulation Results and Analysis

4.1. Impact of Tool Movement on Gap Flow Field without
Flushing. Without flushing, the simulation results of 1mm
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(a) After half a period (b) After one period

Figure 4: Gap flow field with 0.5mm deep hole.

(a) After half a period (b) After one period

Figure 5: Gap flow field with 2mm deep hole.

Table 1: Continuous discharge simulating parameters.

Parameter Description
Dielectric fluid Deionized water
Tool Copper
Workpiece TC4
Tool velocity 0.01m/s
Polarity Positive
Diameter (mm) 1, 2
Flushing vel. (m/s) 0, 2, 5
Depth (mm) 0.5, 2.0, 3.5, 5.0

tool diameter are shown in Figures 4 and 5. Figures 4 and
5 show the gap flow field with 0.5mm and 2.0mm deep
hole, respectively. In Figures 4 and 5, the tool initially moves

down from the top to the bottom and finally returns to the
original position. During the tool moving down process, a
positive pressure is formed at the bottom, which drives the
dielectric and debris at the bottom to the surrounding region,
as shown in Figures 4(a) and 5(a). But no debris is carried
out from bottom because the fluid velocity is low. In the next
half period, the tool begins to move up, which results in the
negative pressure at bottom.The negative pressure causes the
fresh dielectric drawn into the gap, which pushes the debris
to the center, as shown in Figures 4(b) and 5(b). From Figures
4 and 5, no debris is removed out of machining region. One
conclusion could be drawn that, without flushing, the depth
of the small hole has little influence on the debris distribution.
It should be noticed that the accumulative debris stayed at the
bottom increase the probability of concentrated discharges,
which could generate the burn marks.
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Figure 6: Schematics of gap flow field with flushing at 2m/s and 0.5mm deep hole.

4.2. Impact Analysis of Gap Flow Field with 1mm Tool Diame-
ter. In ordinary EDM machining, the flushing is introduced
to bring fresh dielectric fluid into the gap and lower the debris
concentration. In order to conduct the impact of flushing on
the debris distribution, the flushing is applied in simulation
model. In the model with flushing, a dielectric tube aimed at
the gap between tool and workpiece induces the flow through
the machining gap. Figures 6–13 show the simulation results
in the case of 1mm tool diameter after one period.

Figure 6 presents the gap flow field with flushing at 2m/s
and 0.5mm deep hole. As shown in Figure 6(a), the highest
fluid velocity of 2.3m/s appears at the wall opposite to
flushing direction. The fluid velocity at the bottom and right

side gap is large.The fluid velocity of right side outlet is lower
than that of left side inlet. The fluid velocity declines with the
increase of hole depth. The highest pressure 2520 Pa appears
at the inlet and the negative pressure zone also appears near
the inlet, as shown in Figure 6(b). In Figure 6(c), the debris
moves along the gap to the right side. Besides, a part of debris
escapes from themachining areas due to the effect of flushing,
as well as the hole with small depth. There is more debris left
at the right corner than those at the left, which corresponds
well with the velocity distribution in Figure 6(a).

Figure 7 presents the gap flow field with flushing at 5m/s
and 0.5mm deep hole. Compared with Figure 6, owing to
the higher flushing velocity, the values of velocity field and
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Figure 7: Schematics of gap flow field with flushing at 5m/s and 0.5mm deep hole.

pressure field increase abruptly, and the highest fluid velocity
and highest pressure reach 5.7m/s and 15700 Pa, respectively.
Compared with Figure 6, more debris is carried out of the
hole, which results in the fact that less debris remains at
the machining gap. The simulation results correspond well
with the mathematical model. For Figures 6 and 7, a low
fluid velocity zone appears at the lower right corner of tool.
More debris accumulates at the low fluid velocity zone,
which increases the probability of concentrated discharges
and blunts the edge of tool.

Figure 8 presents the gap flow field with flushing at 2m/s
and 2.0mm deep hole. Compared with Figure 6, the flushing

effect at bottom of hole becomes poor, which results in the
poor debris removal at bottom. Only tiny of debris is flushed
away, as shown in Figure 8(c). More debris is accumulated at
the right corner of bottom.

Figure 9 presents the gap flow field with flushing at 5m/s
and 2.0mm deep hole. With high velocity, more fluid is
injected into the deep gap, even at the bottom gap. So com-
pared with Figure 7, more debris is carried away by the fluid.
But compared with Figure 7, as the hole becomes deeper,
there aremore debris left at the bottom.The simulation results
correspond well with the mathematical model. In Figures 8
and 9, a lot of debris accumulates at the right side gap, which
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Figure 8: Schematics of gap flow field with flushing at 2m/s and 2mm deep hole.

increases the probability of secondary discharges between the
sides of tool and right wall of hole and then increases the
inclination of right wall of hole.

As shown fromFigures 10 and 11, 3.5mmdeep hole is con-
sidered with different flushing velocity. From the simulation
results, no flushing fluid is injected into the bottom gap of
hole with depth over 3.5mm.The pressure decreases sharply
at the bottom, where the velocity is close to zero and the fluid
velocity in this region is concerned with the tool movement.
As the disturbance induced by the tool movement is small, all
the debris stays at the bottom. In the case of 5mm deep hole
a similar result is obtained.

Compared with Figures 6–9, a conclusion can be made
that when the depth to diameter ratio exceeds 3, no debris
could be removed from the gap. The debris accumulates at
the bottom and may create concentrated discharges between
the workpiece and tool.

4.3. Impact of Tool Movement on Gap Flow Field with 2mm
Tool Diameter. Figures 12–19 are the simulation results in the
case of 2mm tool diameter. Figure 12 shows the gap flow field
with flushing at 2m/s and 0.5mm deep hole. The highest
velocity 2.75m/s appears at the wall opposite to flushing
direction, where a low pressure zone forms. The debris is
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Figure 9: Schematics of gap flow field with flushing at 5m/s and 2mm deep hole.

flushed to the right corner of bottom, and the debris is flushed
out from the right gap to unmachined area. Compared with
Figure 6, both velocity and pressure are much higher and
more debris is carried away. In case of Figure 12 the tool
diameter is twice of that in Figure 6, which increases the
curvature radius of gap. So the flushing fluid suffers the less
resistance during the flowing, which is positive for the debris
to be flushed out. However, with the increase of tool diameter,
the diameter of the bottom gap increases. Large bottom gap
increases the debris removal distance, which is negative for
the debris to be flushed out.

Figure 13 shows the gap flow field with fluid flushing
at 5m/s and 0.5mm deep hole. In Figure 13(a), the largest

velocity reaches 6.67m/s and the highest pressure increases
to 22800 Pa. There is sufficient pressure for the flushing
injecting into the gap and driving more debris to the right
side gap. Compared with Figure 12, less debris remains at the
machined area.

Figures 14 and 15 are the gap flow fields of different
flushing velocity with 2mm deep hole. Compared with
Figures 8 and 9, under the same machining condition, the
fluid velocity at the bottom becomes larger in the case of
a large tool diameter. More debris is flushed away and less
debris remains at the bottom. Besides, in Figures 14 and 15, the
debris is flushed out approximately in a line from the right gap
and then dispersed near workpiece surface. It is confirmed
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Figure 10: Schematics of gap flow field with flushing at 2m/s and 3.5mm deep hole.

that the fluid velocity at the bottom is low and a larger velocity
appears in the rightmost gap,which correspondswell with the
velocity field. When the fluid reaches the outlet, the velocity
suddenly increases, which results in the dispersion of debris.
A lot of debris accumulates at the right side gap, which
increases the probability of secondary discharges between the
tool and right wall of hole and then increases the inclination
of right wall of hole. The low velocity region also appears
at the right corner of bottom gap. The debris easily stays at
the low velocity region, which could cause discharge between
debris and workpiece. Then the burn mark could happen in
practical operation.

Comparing 3.5mm deep hole with 5mm, as shown in
Figures 16–19, the flushing liquid is injected into the gap and
there is sufficient pressure to remove the debris. The debris
can escape from 3.5mmdeep hole. On the contrary, in case of
5mm deep hole, the flushing liquid is hardly injected into the
bottom gap. Besides, the bottom velocity is only concerned
with the tool movement and no debris could be flushed out
from 5mm deep hole. In this situation, the discharge stability
decreases.

Combining the above analysis, one conclusion could be
drawn that, for the 2mm tool diameter, the flushing fluid
contains less resistance than those of 1mm tool diameter,
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Figure 11: Schematics of gap flow field with flushing at 5m/s and 3.5mm deep hole.

which results in the fluid with higher velocity. Finally, more
debris is taken away by the flushing fluid. On the contrary,
in situation with lower fluid velocity, the flushing fluid with
insufficient drag force could hardly bring the debris out of
bottom gap. Such phenomenon could be deduced for deep
hole with micro- or smaller diameter.

5. Impact of Machining Parameters on
Debris Distribution

In order to obtain the debris distribution in machining
region, the coordinate of each debris is exported for statistics.
For the convenience of analysis, the machining region is

divided into 5 zones, as shown in Figure 20(a). Zone S1 is the
left bottom gap, zone S2 is the right bottom gap, zone S3 is
the left side gap, zone S4 is the right side gap, and S5 is the
dielectric zone above the workpiece. Figure 20(b) shows the
bird view of themachining zone. In the following section, the
debris distributions under different parameters are analyzed.

5.1. Impact of Hole Depths on the Debris Distribution.
Figure 21 presents the debris distribution with different hole
depths. As shown in Figure 21(a), for the depth of 0.5mm,
S1–S5 contain the debris in 1.1%, 15.4%, 0.0%, 3.4%, and 80.1%.
The final inequation for the debris concentration is S5 > S2 >
S4 > S1 > S3. Most debris gets out from the machining zone.
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Figure 12: Schematics of gap flow field with flushing at 2m/s and 0.5mm deep hole.

For the debris remaining at machining zone, major part of
debris is distributed at the right bottom gap (zone S2). For the
0.5mm deep hole, the sufficient pressure at bottom gap could
flush most debris out of hole. The debris distribution of hole
with 2.0mm deep hole is similar to that of 0.5mm deep hole.
In case of the 3.5mm deep hole, most debris stays in zone
S2 (65.3%); secondly in zone S1 (17.9%), only a little debris
is distributed in zone S5 (4.8%); that is to say, a little debris
is removed from the gap; a little debris is in the process of
escaping (S4 (12.1%)). Most debris stays at the bottom (zones
S1 and S2) and right side gap (zone S4) of the machining
area. The reason of this is that as the hole is deep, the flush

of tube has a little impact on the gap near the bottom, and
a little dielectric is injected into this region. Compared with
0.5mm and 2mm deep hole, only a little debris is carried
away. However, in the case of 5mm deep hole, almost no
debris is carried away from the hole.

With the constant of tool diameter and fluid velocity
in 5m/s, the debris distribution is similar to that of fluid
velocity in 2m/s, except the debris distribution in S4 zone,
just as shown in Figure 21(b). In the shallow hole (0.5mm,
2mm) machining, there is more debris in the condition of
lower velocity than that of higher velocity, while, in the deep
hole (3.5mm, 5mm) machining, there is less debris in the
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Figure 13: Schematics of gap flow field with flushing at 5m/s and 0.5mm deep hole.

condition of lower velocity than that of higher velocity. The
reason is that, in a shallower hole, debris flushed fromS4 to S5
is less than that from S2 to S4; thus, S4 hasmore debris, while,
in a deeper hole, the situation is on the contrary. Comparing
Figure 21(a) with Figure 21(b), a conclusion can bemade that,
with a high velocity and a shallow hole, it is much easier for
the debris to be washed away.

5.2. Impact of Tool Diameters on the Debris Distribution.
Figure 22 presents the impact of different tool diameters
on the debris distribution with flushing velocity at 5m/s.

As shown in Figure 22(a), there is more debris in zones S1
(23.1%) and S2 (60.4%) than other zones in the case of 1mm
tool diameter; however most debris is swept to S5 (9.3%) in
the case of 2mm tool diameter. A large diameter is more
beneficial than small diameter for removing debris. It is
because, with a large diameter, the curvature radius is large,
the flushing can directly get into the gap with less resistance,
and the debris is easily washed away. However, with a small
diameter, the curvature radius is smaller, the flushing flows
against the wall, the velocity declines sharply, and there is
insufficient pressure to take away the debris. As a result, the
debris could hardly be removed from the gap.
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Figure 14: Schematics of gap flow field with flushing at 2m/s and 2mm deep hole.

Figure 22(b) presents a statistical result in a deeper hole.
As shown in Figure 22(b), most debris stays in S1 (50.9%) and
S2 (49.1%); almost no debris is carried away, as there is no
enough pressure for the dielectric flowing into the gap; debris
stays at the bottom. In the case of 1mm tool diameter, the
debris distributed in S1 and S2 is almost the same; however,
in the case of 2mm tool diameter, there is more debris in S2
than S1, which indicates that some debris in the left bottom
gap is washed to the right. The impact of tool diameters on
the debris distribution is proven again.

Comparing Figure 22(a) with Figure 22(b), in the case of
1mm tool diameter, zone S1 has less debris than zone S2 (see
Figure 22(a)), whereas for the deeper hole (see Figure 22(b)),
the quantity of debris in zones S1 and S2 is similar. In the
case of 2mm tool diameter, most debris is swept away from
the hole (see Figure 22(a)), whereas for a deeper hole, the
diameter is of limited effect on the debris distribution.

A conclusion can also be made that, in the case of a
shallow hole, a larger diameter is conducive to remove more
debris, whereas in a deeper hole, the tool diameter has little
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Figure 15: Schematics of gap flow field with flushing at 5m/s and 2mm deep hole.

impact on the debris distribution, and debris can hardly be
removed.

5.3. Impact Analysis of Different Material Debris Distribution.
Figure 23 illustrates the impact of flushing velocities and tool
diameters on two kinds of debris distributions. As shown in
Figure 23(a), from the view of debris distribution of every
zone, the distribution rate of each zone for Ti toCu is basically
the same; Ti debris in each zone is approximately twice the
quantity of Cu debris that is in accordance with settings.
The quantity of removed Cu debris is a little less than that

of half of the Ti debris and the remaining Cu debris is a
little larger than that of half of the Ti debris. For instance,
in the case of 0.5mm deep hole, 2mm tool diameter, and
2m/s flushing, the quantity percentage of Cu debris in S4 and
S5 is 81.5% (S4 (2.5%); S5 (79.0%)), the quantity percentage
of Ti debris in S4 and S5 is 84.0% (S4 (2.3%); S5 (81.7%)),
and the probable reason is that the density of Cu is larger
than Ti. In the case of 5m/s, the removed percentage of Cu
debris is 90.5% and Ti is 90.8%, and the impact of debris
material is of limit with high velocity. The velocity impact to
Cu and Ti alloy debris distribution is of similar effects. Thus
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Figure 16: Schematics of gap flow field with flushing at 2m/s and 3.5mm deep hole.

the velocity has a bit influence on the debris distribution of
different materials.

Figure 23(b) presents the copper and Ti alloy distribution
with different tool diameters. As shown in Figure 23(b),
different material debris distribution between two different
tool diameters is not so obvious. For instance, in the case of
3.5mmdeep hole, 1mm tool diameter, and 2m/s flushing, the
quantity percentage of Cu debris in S1 and S2 is 94.4% (S1
(44.6%); S2 (49.8%)) and the quantity percentage of Ti debris
in S1 and S2 is 84.3% (S1 (44.2%); S2 (40.1%)). In the case of
3.5mm deep hole, 2mm tool diameter, and 2m/s flushing,

the quantity percentage of Cu debris in S1 and S2 is 93.7% (S1
(18.7%); S2 (75.0%)) and the quantity percentage of Ti debris
in S1 and S2 is 93.3% (S1 (18.2%); S2 (75.1%)). A conclusion
can be made that, in the case of a large tool diameter, the
quantity difference between Ti and Cu in S1 and S2 is around
10%,whereas, in the case of a small tool diameter, the quantity
difference between Ti and Cu in S1 and S2 is less than 1%.
The reason is that when the fluid flows through the gap with
a large diameter, it suffers less resistance and has sufficient
pressure to take away the debris from the gap.When the fluid
flows through the gap with a small diameter, it suffers large
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Figure 17: Schematics of gap flow field with flushing at 5m/s and 3.5mm deep hole.

resistance andhas insufficient pressure to take away the debris
from the gap.

6. Experiment Results and Discussion

The experiment is carried out on a self-made EDMmachine.
The detailed parameters applied are listed in Table 2. After
themachining, themicroscope is utilized to observe the cross
sections of machined hole. Experimental results are shown in
Figures 24 and 25.

Figures 24(a) and 24(b) present 0.5mm deep hole and
2mm deep hole without flushing. The cross section image

of hole is basically axial symmetric about the axis of the
hole. The burn marks can be seen clearly, just as shown in
the white cycle in Figure 24. The burn marks are generated
by large quantity of debris remained at bottom gap. The
existence of burn marks indicates that the fluid disturbance
induced by tool movement can hardly remove the debris
from the bottom gap, of which the concentrated discharge is
created between the debris and the workpiece repeatedly.The
concentrated discharge could cause the continuous melt and
recast, which results in no material removed from the work-
piece.The position of burnmarks locates at the bottom of the
hole, which corresponds well with the simulation results in
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Figure 18: Schematics of gap flow field with flushing at 2m/s and 5mm deep hole.

Table 2: Continuous discharge simulating parameters.

Parameter Description
Maintaining voltage (U) 15 V
Peak current (𝐼𝑝) 0.8 A
Dielectric fluid Deionized water
Tool material Red copper
Workpiece material TC4
Tool velocity 0.01m/s
Tool diameter 2 mm
Depth (mm) 0.5, 2.0, 3.5, 5.0
Flushing velocity (m/s) 0, 2

Figures 4 and 5. With the increase of hole depth, the proba-
bility of debris removal decreases, which increases the burn
mark area. Such results correspond well with the simulation
results in Figures 4 and 5.

Figure 25(a) presents the result of 0.5mm deep with side
flushing. Obviously, Figure 25(a) has no burn mark on the
machined surface, which means that the debris at bottom
gap could be effectively flushed out. The area of burn mark
in Figure 25(b) is smaller than that in Figure 24(b), which
indicates that the debris is easily carried away by the fluid
flushing. Besides, in the case of hole depth with 0.5 and
2.0mm, with and without flushing, both cross sections of
the walls are symmetric, which indicates that the debris
distributed at the bottom is uniform.
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Figure 19: Schematics of gap flow field with flushing at 5m/s and 5mm deep hole.
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Figure 20: Schematics of debris domain (moves from the top to the bottom).
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Figure 21: Impact of depths on the debris distribution.
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Figure 22: Impact of diameters on the debris distribution.

For 3.5mmdeep hole, the burnmark appears at the lower
right corner of the hole, which illustrates that most debris
accumulates at the lower right corner under the influence of
flushing, as shown in Figure 25(c). The accumulated debris
can increase the electrical conductivity of dielectric. So the

secondary discharges are easily created between the sides
of tool and right wall before the energy is fully reloaded,
which causes the burn marks at bottom of hole. Besides, the
inclination of right wall of hole is larger than that of left one.
During the process of debris flushed out from side gap, the
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Figure 23: Debris statistical distribution of Cu and Ti in different conditions.
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Figure 24: The cross section image of machined holes without flushing.

secondary discharge happens between the right side of tool
and wall, which causes the unsymmetrical wall, just as shown
in Figure 25(c). These experiment results correspond well
with the mathematical model and distribution simulation
results in Figures 16 and 17.

When processing 5mm deep hole with 2mm tool diam-
eter, as shown in Figure 25(d), the upper wall of the hole
has an obvious inclination on the right side, the reason is
similar as above, but the lower part of two walls is nearly
symmetrical. It is because the hole is too deep that nearly no

fluid is injected into the deep gap and debris is distributed
uniformly at the bottom. Therefore, the lower parts of walls
are evenly worn out. This phenomenon is in accordance
with the simulation results of Figures 18 and 19. In a word,
if the ratio of depth to diameter exceeds 2, side flushing
is not suitable for processing, as the debris removal rate is
of limited effect, which can result in a very low machining
efficiency; other flushing methods such as internal flushing
or rotating tool machining for small hole EDM are recom-
mended.
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Figure 25: The cross section image of machined holes with flushing.

7. Conclusions

This paper researches the effect law of machining parameters
to the gap flow field and debris movement. Besides the distur-
bation induced by self-adaptive movement on the gap flow is
considered. Based on the solid-liquid two-phase flow, amath-
ematicalmodel of fluid in gap flowfield and debrismovement
is derived.Themethods of smoothing and remeshing are also
considered. The real situation of continuous discharging and
debris generating is taken into account, a simulationmodel of
the small hole gap flow field in EDM and debris distribution
was established, 3D model simulates the influence of tool
movement, machining depth, flushing velocity, and tool
diameter on interelectrode gap flow field, and debris distri-
bution was analyzed; furthermore, the mathematical model

was verified by the experimental results. The conclusions are
listed as follows:

(1) During the machining, the self-adaptive movement
of tool can generate disturbance to the machining
region, which is positive for the debris removal.
However, in the case of deep hole machining, the
impact of flushing is of limited effect.

(2) The depth of the hole, flushing velocity and tool
diameter influence the gap flow field and debris
distribution. Normally, with the increasing depth of
machining hole, the fluid velocity declines at the
bottom gap, and the debris is not easily removed.
With the increase of flushing velocity, the fluid at
the bottom takes more debris away. A large diameter



Advances in Materials Science and Engineering 23

is beneficial for reducing the resistance of fluid and
debris removal. But when the depth of the machined
hole increases to a certain degree, whose depth to
diameter exceeds 3, the impact of flushing velocity
and tool diameter on debris removal reduces obvi-
ously, which results in a lot of debris at the bottom.
The side flushing is of limited effect.

(3) During the small deep hole machining process, the
cross section appearance of side walls as well as
positions of the burn mark is in accordance with the
simulating results of debris distribution and move-
ment, which proves the effectiveness of mathematical
model and simulation model.
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