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Abstract Electrode jump has a significant influence on the
movement of debris and bubble in machining gap and further
affects the stability of electrical discharge machining (EDM).
Thus, an understanding on the mechanisms of debris and
bubble movement in the electrode jump of EDM is important.
However, these mechanisms have not been fully understood
because it is difficult to observe and simulate the debris and
bubble movement in the machining gap. This study proposed
a three-dimensional model of flow field with liquid, gas, and
solid phases for machining gap in the electrode jump of EDM.
Based on this model, the mechanisms of debris and bubble
movement in the machining gap in electrode jump were
analyzed. Debris and bubble movement in machining gap in
electrode jump was observed through experiments. The re-
sults showed that the proposed simulation model is feasible.
The bubble in the bottom gap moves into the side gap because
the flow field of the bottom gap is not centrosymmetric in the
electrode jump. The vortexes of EDM oil in the bottom gap
are generated during electrode jumping-up, which is the main
factor that the debris mixes with the EDM oil. With the proper
electrode jump height and speed, much debris and most of the
bubbles are excluded from the bottom gap.

Keywords Debris - Bubble - Simulation - Movement -
Electrical discharge machining (EDM)

J. Wang * F. Han (D<)

Department of Mechanical Engineering, Tsinghua University,
Beijing 100084, China

e-mail: hanfuzhu@mail.tsinghua.edu.cn

J. Wang - F. Han

Beijing Key Lab of Precision/Ultra-precision Manufacturing
Equipments and Control, Tsinghua University, Beijing 100084,
China

1 Introduction

Electrical discharge machining (EDM) has been widely used
to manufacture dies and molds as well as acrospace, automo-
tive, and surgical components. But, the accumulation of debris
and bubble in machining gap results in poor performance of
EDM [1-6]. As a measure of improving the machining con-
dition of EDM, electrode jump was used in most of the EDM
machine. It is necessary to understand the influence of elec-
trode jump on the debris and bubble movement to obtain a
good machining stability.

Cetin et al. [7] conducted the simulation of debris distribu-
tion in the electrode jump using the software Star-CD. The
results showed that when the electrode jump height was low,
the accumulation of debris was severe. Han et al. [8]
established a two-dimensional model of flow field with liquid
and solid phases for machining gap in the electrode jump. In
order to simplify the simulation model, both the researches
mentioned above have not considered the consecutive-pulse
discharge process and have neglected the bubble in machining
gap. Besides, these researches simplified the three-
dimensional model of flow field of machining gap as two-
dimensional, which was quite different from the actual situa-
tion. Wang et al. [9] observed the movement of debris and
bubble in machining gap in electrode jump. Qualitative con-
clusions were drawn from these observations, but the quanti-
tative analyzing of debris and bubble movement was difficult.
Literature [ 10] conducted the research for analyzing the move-
ment of debris and bubble in the electrode jump. But, the
bubble was added into the machining gap by air blowing,
which is quite different from the practical EDM conditions.

In this study, a three-dimensional and three-phase
flow model of the machining gap in the electrode jump
was established. Debris and bubble movement in this
process was analyzed based on this model. Observation
experiments were conducted to verify the simulation
model.
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Fig. 1 Schematic diagram of the
electrode jump motion
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2 Simulation model of debris and bubble movement
in electrode jump

The simulations in this study were conducted through
the FLUENT software. The geometric model of the
machining gap in the electrode jump was established
firstly. Figure 1 showed the diagrammatic sketch of
the electrode jump motion. To simplify the calculation,
the flow field outside the machining gap was
disregarded in this study. The geometric model of the
machining gap at the beginning of the electrode jump
should be established. In EDM, the consecutive-pulse
discharge and electrode jump alternate. The electrode
begins to jump when the period of consecutive-pulse
discharge is over. So, the initial status of the machining
gap in electrode jump was the same as the terminal
status of that in consecutive-pulse discharge. In this
study, the dimensions of the bottom gap and side gap
were assumed to be constant in consecutive-pulse dis-
charge. The machining conditions of the consecutive-
pulse discharge were shown in Table 1. The dimensions
of the bottom and side gap in consecutive-pulse dis-
charge were measured through experiments. The diame-
ters of the electrode and fabricated hole were measured;
the difference between these diameters was the dimen-
sion of the side gap. As a result, the dimension of the
side gap was 100 um. The dimension of the bottom gap

Table 1 Processing

conditions Parameters Values
Discharge voltage (V) 75
Discharge current (A) 9.8
Discharge duration (ps) 114
Pulse interval time (ys) 80
Electrode diameter (mm) 20.74
Electrode material Copper
Workpiece material Tool steel
Dielectric liquid EDM oil
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Bottom gap Bottom gap

was determined through the following steps: (1) the z-
coordinate was immediately recorded when discharge
occurred between the electrode and workpiece, (2) the
debris and EDM oil on the surface of the electrode and
workpiece were cleared, and (3) the z-coordinate of the
machine was recorded when the electrode came into
contact with the workpiece. The difference between the
two z-coordinates was the dimension of the bottom gap.
As a result, the dimension of the bottom gap was
447 um. Thus, a geometric model of the machining
gap at the beginning of electrode jump was established
(Fig. 2). The flow field domain was divided into a
certain number of cells through the GAMBIT software
and was imported into FLUENT.

In this research, the electrode jumped with the speed which
was shown in Fig. 3. The maximum speed of the electrode
was 1,900 mm/min and the electrode jump height was
4.0 mm. It can be seen from Fig. 1 that the dimension of the
bottom gap kept changing in the electrode jump. In order to
ensure the mesh adapts to the flow field deformation, Dynam-
ic Mesh technique of FLUENT was used for automatically re-
diving the flow field mesh in the electrode jump.

The consecutive-pulse discharge model proposed in litera-
ture [11] was used to calculate the initial flow field of

B\ottom gap

Side gap

Fig.2 The geometric model of the machining gap at the beginning of the
electrode jump
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Fig. 3 The curve of the electrode 2400
jump speed
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machining gap in the electrode jump. The time of one
consecutive-pulse discharge process was set as 0.65 s. The
simulation results at the moment 0.65 s were shown in Fig. 4.
In Fig. 4a, the unit of the time was second; the left column of
numerals corresponding to different colors represented the
volume fraction of gas. For example, the region of which the
number was “0” means that this region is full of EDM oil. In
Fig. 4b, the unit of the time was second; the left column of
numerals corresponding to different colors represented the
accumulated moving time of the debris.

In order to confirm the flow type of the flow field of the
machining gap (laminar flow or turbulent flow), the Reynolds
number was calculated according to the following equation:

vl
v

Re (1)

where Re is the Reynolds number of the flow field, v is the
average speed of the fluid through the cross section of the
machining gap, L is the characteristic length of the flow field,
and v is the kinematic viscosity of the fluid in the machining

gap.
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For the side gap, the characteristic length was con-
stant 0.2 mm; v was considered as the kinematic vis-
cosity of the EDM oil (2.4x107° m?/s); v was consid-
ered as the speed of the EDM oil in the side gap, which
can be calculated through the model shown in Fig. 5.
Assume that the electrode jumped up from height 0 to 4
with the maximum speed v, and the time consump-
tion of this process is ¢. Then, the volume of the bottom
gap will increase by AV,,, at the end of the process.
The AV, was calculated as T Umax'1,” Where r is
the radius of the electrode. According to the continuity
of the fluid, the EDM oil with the volume of AV; will
be simultaneously absorbed into the machining gap. The
AV,; was calculated as “w-(szrz)-v-t,” where R is the
radius of the fabricated hole. Since AV,,, equals to
AVyy, the v can be calculated and the result was
1.6341 m/s. Finally, the maximum Reynolds number of
the side gap in electrode jump was calculated and the
result was 136. This value is much smaller than the
critical value of 2,300. Thus, the flow in the side gap in
electrode jump is laminar flow.

For the bottom gap, the characteristic length was
varying as the electrode jumped and its maximum value

J ;
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Fig. 4 Simulation results of the flow field at the beginning of the electrode jump
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Fig. 5 Model for calculating the “Re” of the flow field of the side gap

was 4.0 mm; the fluid around the bottom gap had a
tendency of moving towards the center of the bottom
gap, resulting in the loss of the velocity of the fluid.
So, the velocity of the fluid in the bottom gap should
be much smaller than that in the side gap. Figure 6
showed the simulation result of the velocity distribution
of the EDM oil in the machining gap in electrode
jumping-up. The simulation assumed that the machining
gap was full of EDM oil, and the flow type was
laminar flow. In Fig. 6, the unit of the time was second,
and the left column of numerals corresponding to dif-
ferent colors represented the velocity of the EDM oil.
Figure 6 was the distribution of velocity of the EDM oil
when the electrode moved to the height of 2.0 mm. At
this moment, the speed of the electrode had reached the
maximum value. It can be seen from Fig. 6 that the
maximum velocity of the EDM oil in the bottom gap
was 0.258 m/s. Take the characteristic length 2.0 mm
and the velocity 0.258 m/s into the formula (1). As a
result, the Reynolds number was 215, which was much
smaller than the critical value of 2,300. Even when the

Fig. 6 Simulation result of the
EDM oil velocity
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Fig. 7 Simulation result of bubble and debris movement (H,=
0.2797 mm)

L got its maximum value 4.0 mm, the Reynolds number
was still much smaller than the critical value. Thus, the
flow in the bottom gap in the electrode jump was
laminar flow.

The movement of EDM oil and bubble was calculated by
the “volume of fluid model” of the software FLUENT.

N
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Fig. 8 Simulation result of
bubble and debris movement
(H,=1.2 mm)
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Simultaneously, the movement of the debris was calculated by ~ gap. In order to clearly observe the EDM oil and bubble
the “discrete phase model” of the software FLUENT. movement in the bottom gap, the top view of the flow

field was given in Fig. 7b. It can be seen that the EDM

oil and bubble had a tendency of moving towards the
3 Simulation results of debris and bubble movement center of the bottom gap, but the velocity vector of the
in electrode jump flow field in bottom gap was not centrosymmetric. With

such velocity, the bubble and debris in the side gap
The simulation results of the debris and bubble movement  moved into the bottom gap (Figs. 7c, d). Almost all of
in the electrode jump is shown in Figs. 7, 8, 9, 10, 11, the bubble and debris in the side gap moved into the
and 12. Figures 7-10 showed the debris and bubble  bottom gap when the H, was 1.2 mm (Fig. 8).
movement in electrode jumping-up. The height of the  Figure 9a showed the top view of the machining gap; it
electrode in electrode jumping-up was represented by  can be seen that as the electrode continued jumping up,
“H,.” Figs. 7a, b showed the simulation result of the clean EDM oil moved into the bottom gap and most
velocity of EDM oil and bubble when the H, was  bubble joined into one large bubble; and EDM oil vortex-
0.2797 mm. The unit of the time was second, and the es were generated at the corner of the machining gap
left column of numerals corresponding to different colors  (Fig. 9b) and stirred the debris in the bottom gap,
represented the velocities of the EDM oil and bubble in  resulting in the mixing of debris and EDM oil in the
the flow field. It can be seen from Fig. 7a that the EDM  bottom gap (Fig. 9c). Figure 10 presented the top view
oil and bubble in the side gap moved towards the bottom  of the machining gap; it can be seen that when the

Fig. 9 Simulation result of :
bubble and debris movement » EDM oil Bubble
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Fig. 10 The position of the bubble in the bottom gap (H,=4.0 mm)

electrode reached the top position, the large bubble had
moved away from the bottom gap center for a distance
because the velocity of the EDM oil in the bottom gap
was not centrosymmetric.

Figures 11 and 12 showed the debris and bubble
movement in electrode jumping-down. The height of
the electrode in electrode jumping-down was represent-
ed by “Hy.” It can be seen from Fig. 11a that the large
bubble kept moving away from the center of the bottom
gap; some debris in the bottom gap began to move into
the side gap (Fig. 11b). When the Hy was 0, almost all
of the bubble in the bottom gap was excluded from the
machining gap (Fig. 12a); most of the debris moved out

Fig. 11 Simulation result of
bubble and debris movement

(H4=3.1503 mm) EDM oil

Side gap
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Bottom gap
Fig. 12 Simulation result of bubble and debris movement (/;=0 mm)
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of the bottom gap, and much of them moved outside of
the machining gap (Fig. 12(b). Of debris, 88.03 % was
excluded from the machining gap by the electrode jump.

4 Observation of debris and bubble movement in electrode
jump

In order to verify the simulation model of debris and bubble
movement in the electrode jump, observation experiments
were conducted. The movement of debris and bubble in the
side gap and bottom gap was observed respectively using the
method proposed by literature [9]. The processing conditions
of the consecutive-pulse discharge were the same as Table 1.
The maximum speed of electrode was 1,900 mm/min.

Fig. 13 showed the debris and bubble movement in the side
gap in the electrode jump. The electrode jump height was
4.0 mm. There were bubble and debris in the side gap at the
beginning of electrode jump process (Fig. 13a); the bubble
and debris in the side gap began moving into the bottom gap
when the electrode jumped up (Fig. 13b); almost all of the
bubble and debris in the side gap moved into the bottom gap
when H, was 1.0 mm (Fig. 13c); as the electrode continued
jumping up, only clean EDM oil moved into the bottom gap
(Fig. 13c, d). Then, the electrode began to jump down. It can

Side gap /

Debris Bottom gap

ottom gap

3, dp, pons. dynamesh, vot. L



Int J Adv Manuf Technol (2014) 74:591-598

Fig. 13 Debris and bubble
movement in the side gap in the
electrode jump. (a) H,=0 mm. (b)
H,=0.3 mm. (¢) #,=1.0 mm. (d)
H,=4.0 mm. (e) H3=3.0 mm. (f)
Hy=0 mm
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be seen from Fig. 13e that some bubble and debris moved into
the side gap. When the electrode returned to the original
position, much debris and most of the bubble excluded from
the machining gap (Fig. 13f).

Figure 14 showed the debris and bubble movement
in the bottom gap in the electrode jump. The electrode
jump height was 2.4 mm. The bubble moved towards
the center of the bottom gap as the electrode jumped up
(Fig. 14a, b); most of the bubble joined into a large
bubble; the large bubble moved in the left direction;
and the debris mixed with the EDM oil (Fig. l4c, d);
the large bubble moved away from the bottom gap
center and finally moved out of the machining gap,
and much debris was exclude from the bottom gap
(Fig. l4e, 1).

The observation experimental results showed consist with
the simulation results on the debris and bubble movement. So,
the simulation model of debris and bubble movement in the
electrode jump was feasible.

Fig. 14 Debris and bubble
movements in bottom gap in
electrode jump. (a) H,=0 mm. (b)
H,=0.4 mm. (¢) H,=2.4 mm. (d)
Hy=2.0 mm. (e) H3=0.4 mm, (f)
Hy=0 mm
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5 Conclusions

The current research is an attempt of which the aim is to
propose a simulation model of debris and bubble movement
in the machining gap in the electrode jump. Observation
experiments were conducted to verify the proposed model.
Based on the simulated and experimental results with the
processing conditions of the current research, the following
conclusions were drawn:

1. The simulation results are in accordance with the
experimental results on the movement of the debris
and bubble in the machining gap, which demon-
strates that the proposed simulation model is
feasible.

2. In electrode jumping-up, bubbles in the side gap
move into the bottom gap and join into a large
bubble; the large bubble moves away from the bot-
tom gap center because the velocity of the EDM oil

Bubble '«
Debris”

Excluded bubble

Excluded Debris

N
Debris 3 1
~ /
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in the bottom gap is not centrosymmetric. Then, in
electrode jumping-down, the large bubble moves
into the side gap and finally moves outside of
machining gap following the EDM oil. Thus, with
the proper electrode jump height and speed, little
bubble is left in the bottom gap at the end of the
electrode jump.

3. In electrode jumping-up, clean EDM oil outside the
machining gap and the debris in the side gap are
absorbed into the bottom gap. The debris mixes
with the EDM oil in the bottom gap resulting in
the decrease of the debris concentration. Then, in
electrode jumping-down, much debris moved out of
the bottom gap. Thus, with the proper electrode
jump height and speed, a small part of debris is left
in the bottom gap at the end of the electrode jump.

In order to elucidate the mechanism how the elec-
trode jump height and speed affect the debris and bub-
ble movement in the machining gap, a follow-up study
should be conducted through combining the simulation
model proposed by the current research with observation
experiments.
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