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Abstract

In electrical discharge milling (ED-milling), the flow field of the working medium plays an important role in the removal of
discharge eroded particles from the discharge gap. In this work, a flow field model between the electrode and workpiece was
established based on analysis of the moving path of the eroded particles in the discharge gap. The influence of the single-layer
cutting thickness and electrode diameter on the flow field and machining performance was studied via simulations and exper-
iments. Three kinds of new structure electrodes containing multiple holes were designed to improve the eroded particle removal
efficiency. The flow field and machining performance of ED-milling with these new electrodes were studied via simulations and
experiments. Through the design of multiple holes surrounding the electrode outer wall, the flushing flow field was more
conducive to the removal process of the eroded particles. By adopting the newly designed electrode, the ED-milling machining

efficiency was improved by 33%.
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1 Introduction

In sinking electrical discharge machining (EDM), the mate-
rials melted during the discharge process are ejected from the
discharge area depending on the expansion and contraction
movement characteristics of the gas bubble surrounding the
discharge channel [1, 2]. The ejected melted materials are
cooled and form eroded solid particles in the discharge gap,
which are expelled from the discharge gap via intermittent
electrode lifting movement. In wire EDM, eroded solid parti-
cles are removed from the discharge gap via movement of the
wire and flow of the working medium [3, 4].

In ED-milling, discharge eroded solid particles are re-
moved from the discharge gap mainly depending on the work-
ing medium flowing through the discharge gap [5—7]. The
removal efficiency of the discharge eroded particles is
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influenced by the flow velocity and volume of the working
medium flowing through the discharge area. The flow volume
influences the cooling effect and deionization effect of the
discharge gap, while the flow velocity influences the efficien-
cy of the removal of the eroded particles from the discharge
gap. In ED-milling, the flow field of the working medium is
the key to maintaining the stability of the machining process.
An insufficient flow field could lead to an unstable discharge
process, and the discharge eroded particles could readhere to
the workpiece surface. As a result, effective material removal
may not be realized. This could also result in instability of the
subsequent discharge.

Considering the important role of the working medium in
the eroded particle removal process, multiple working medi-
um have been tested for ED-milling purposes [8]. Shen et al.
[9] improved the maximum material removal rate of AISI 304
stainless steel to 5534 mm’/min by adopting arc discharge in
ED-milling with high-speed air as the working medium. To
address the difficulty of the removal of debris from the elec-
trode bottom in EDM machining via high-aspect ratio small
holes, Liu et al. [10] improved the machining performance by
adopting side flushing under ultrasonic vibration assistance.
Electrodes with new structures have been designed to improve
the ED-milling machining performance [11]. Wang et al. [12]
proposed a tool electrode with gas flushing inside the
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electrode and liquid flushing outside the electrode to improve
the machining performance of ED-milling, and their results
showed that this working medium flushing method improved
the debris expulsion capacity and discharge gap cooling per-
formance. To realize better debris exclusion from the kerf in
wire EDM, Okada et al. [13] investigated the flow field and
debris movement in wire EDM-processed kerfs and found that
based on the flow velocity variation over time, a reasonable
flushing position and direction facilitated the debris exclusion
process.

The simulation method has been adopted to study the
ED-milling process [14—16]. Wang et al. [17] established
a liquid-solid two-phase flow field model for inner-jetted
dielectric ED-milling, and they observed that the material
removal rate (MRR) and tool electrode wearing rate (TWR)
were proportional to the dielectric inlet pressure. Shabgard
et al. [18] studied the plasma channel flushing efficiency in
the EDM process via simulation, and plasma flushing effi-
ciency equations based on a regression model were
established to predict the cardinal parameter of the recast
layer thickness. Liao et al. [19] established a fluid dynamics
model characterizing the motion of a square-shaped elec-
trode, and their results indicated that the debris at the bot-
tom could be removed more easily by adopting an electrode
with a high jump speed.

It has been found that debris accumulation in the machin-
ing gap results in a low machining efficiency of the fast EDM
hole drilling process at the hole breakthrough stage. Wang
et al. [20] proposed a method of combined flushing involving
a high-pressure tube-inner dielectric and high-velocity tube-
outer dielectric configuration, which improved the machining
efficiency at the breakthrough hole stage by 89%. To study the
movement of bubbles and the location of discharge in the
discharge gap, Kunieda et al. [21] adopted a transparent SiC
single crystal as the tool electrode and observed the discharge
process with a high-speed video camera. They found that ra-
dial flow and a certain bubble oscillation difference resulted in
a higher material removal rate in water than that in oil owing
to the viscosity of the working medium.

It is observed from the above research results that the flow
field of the working medium plays an important role in the
removal of eroded particles from the discharge gap between
the electrode and workpiece. This research focuses on enhanc-
ing the ED-milling machining performance by improving the
flow field of the working medium. Owing to the limited space
of'the discharge gap and the presence of a high-pressure flush-
ing working medium, it is difficult to observe the flow field in
the discharge gap. The flow field between the electrode and
workpiece is studied based on simulations. The effect of the
single-layer cutting thickness and electrode diameter on the
machining performance is investigated. A new electrode
structure is designed to optimize the flow field in the discharge
gap based on the simulation results. A corresponding
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experiment is designed to verify the eroded particle removal
effect with the newly designed electrodes.

2 Establishment of the flow field model
in ED-milling

2.1 Analysis of the flow field between the workpiece
and electrode

In ED-milling, the desired product shape is realized with a
tubular electrode to mill the workpiece in layers. The working
medium flows into the discharge gap through the central hole
of the tubular electrode to cool the discharge area and remove
eroded particles. Rotation of the electrode uniformly wears the
electrode edge and promotes the removal process of eroded
particles from the discharge gap.

An illustration of ED-milling equipment and the flow field
between the electrode and workpiece is shown in Fig. 1. As
shown in Fig. la, the ED-milling equipment contains a ma-
chine body, computer numerical control (CNC) system, pulse
power supply, and working medium flushing system. The
feeding speed of the electrode is adjusted based on detection
of the discharge status. A pressure gauge is connected to the
inlet pipeline to measure the working medium flushing pres-
sure. Owing to the influence of electrode wear during the
discharge process, after a given period of ED-milling machin-
ing, the end of the electrode exhibits a uniform semicircular
chamfer shape, as shown in Fig. 1b. Figure 1c shows a 3D
model of the electrode and workpiece during the ED-milling
process. Figure 1d shows the flow field distribution along the
electrode feeding direction (the X direction). Electrical dis-
charge mainly occurs in the front semicircular area along the
electrode feeding direction, and most of the eroded particles
are primarily generated in this area. The discharge eroded
particles are largely washed away from the discharge gap
along the electrode feeding direction. The working medium
flowing along the direction opposite to the electrode feeding
direction imposes a limited effect on the removal of discharge
eroded particles from the discharge gap. Based on analysis of
the cross-sectional flow field between the electrode and work-
piece, it is observed that only the working medium flowing
through the front semicircular area along the electrode feeding
direction effectively removes eroded particles from the dis-
charge gap.

2.2 3D model of the flow field

Considering the influence of electrode wear on the flow field,
a three-dimensional flow field model was established, as
shown in Fig. 2. The diameter of the central hole was 6 mm.
The stable chamfer formed due to electrode wear was equal to
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Fig. 1 The ED-milling process. a Schematic diagram of ED-milling equipment. b Shape of the electrode after wear. ¢ Groove machining process via ED-

milling. d Cross-sectional illustration of the ED-milling flow field

the single-layer cutting thickness. The discharge gap between
the electrode and workpiece was 0.3 mm.

To facilitate analysis of the flushing effect, the working
medium outlet is divided into 3 areas, as shown in Fig. 2.
Since discharge primarily occurs in the front semicircular area
where the electrode is the closest to the workpiece, only the
working medium flowing from outlets 1 and 2 washes the

Outlet 1

Outlet
2

Outlet
2

&~

Outlet
3
Fig. 2 3D model of the ED-milling flow field

discharge area and removes discharge eroded particles from
the discharge gap, which is referred to as effective flushing in
this research. The working medium flowing from outlet 3 is
denoted as the auxiliary cooling working medium.

2.3 Mathematic model of the flow field

Fluid flow is divided into two states: laminar flow and turbu-
lent flow. The flow state is influenced by the flow velocity,
pipe diameter, dynamic viscosity, and fluid density. The
Reynolds number (Eq. (1)) is adopted to determine the flow
state of the working medium.

_ pVL
1

Re (1)
where p is the density of the working medium, V is the work-
ing medium flow velocity, L is the characteristic length of the
working medium flow pipe, and 1 is the dynamic viscosity of
the working medium.

In regard to pipe flow subject to a circular cross-section, the
critical Reynolds number is 2000. The flow field is laminar
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flow when the Reynolds number is smaller than 2000, and
turbulent flow occurs when the Reynolds number is larger
than 2000. The fluid used in ED-milling is a water-based
working medium of a 5% emulsion in water. Its physical
properties are similar to those of water. Therefore, the physical
properties of water are adopted inflow field simulation. The
characteristic length of the central inlet hole is 6 mm. In ED-
milling, the pressure of the working medium at the inlet tube is
1.5 MPa at a flow velocity of 12 m/s. According to Eq. (1), the
flow field in this research is turbulent flow.

Turbulent flow is characterized by a wide range of flow
scales containing a certain number of interacting irregular
vortices of various scales. The velocity and pressure at any
point of the flow field in the flow process change overtime.
The k-€ turbulence model is employed to analyze the flow
field. The kinetic energy k and dissipation rate € in the
turbulent model are determined by its transmission
equations.

The turbulence intensity is:

1=0.16 x (Re) /8 2)

The turbulent kinetic energy & is:
3 2
k= 5 X (VxI) (3)

The turbulent dissipation rate € is:

0.75 1.5
u P xk
=7 — 4)

The turbulent length scale is:

3/2
1=* (5)

e

The turbulent viscosity is modeled as:

Hr = PCM? (6)

where C,, is a model constant.
The transport equation for the turbulent kinetic energy is:

Ok
p S 4 puVk =V ( (u + ﬂ) Vk) + Py—pe (7)
ot O
where the production term is expressed as:
2 2\ 2
P = jip Vu x (Vu + (Vu) )—5 (Vo) ) =S pkVeu - (8)

The transport equation for the turbulent dissipation rate is:

O € g2
Po + pu-Ve = V((M + /;—:> Ve) + Ca %Pkfcszp? )
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Table 1 Values of the

constants in the turbulent Constant Value
model
c, 0.09
C, 1.44
c, 1.92
O 1.0
o 1.3

Values of the model constants in Egs. (6), (7), and (9) are
listed in Table 1.

3 Simulation and experimental study
of the flow field in ED-milling

3.1 Overall flow field distribution analysis

Simulation software COMSOL was employed to simulate the
flow field between the electrode and workpiece. In the simu-
lation model, the inlet pressure of the working medium was set
to 1.5 MPa, and the outlet pressure was set to 0.1 MPa. The
electrode diameter was set to 20 mm. The central tube diam-
eter was set to 6 mm, and the single-layer cutting thickness
was set to 2 mm. The global and cross-sectional (along the X
direction) flow velocities and pressure distributions of the
working medium are shown in Fig. 3.

The flow velocity decreases with increasing distance to the
inlet. When the working medium flows into the gap between
the electrode and workpiece through the central inlet, the
highest velocity occurs on the workpiece surface near the in-
ner wall of the electrode. The velocity of the working medium
flowing from outlet 1 is 22.57 m/s. The highest pressure oc-
curs at the center of the inlet tube, and the pressure of the
working medium decreases along the radial direction from
the center of the electrode. The flow velocity and pressure in
the discharge semicircular area between the electrode and
workpiece are relatively low.

The volume proportions of the working medium flowing
out of the discharge gap from outlets 1, 2, and 3 are shown
in Fig. 4. It is observed that most of the working medium
flows from outlet 3. This part of the working medium does
not flow through the discharge area, and it does not con-
tribute to the removal of discharge eroded particles from the
discharge gap. Only the working medium flowing from
outlets 1 and 2 could facilitate the eroded particle removal
process, which accounts for 53.88% of the total inlet work-
ing medium. The volume ratio of the working medium
flowing from outlets 1 and 2 is approximately 4:1, which
indicates that more eroded particles are removed from the
discharge gap through outlet 1.
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Fig.3 Flow field of ED-milling with a tubular electrode. a Velocity distribution of the flow field. b Cross-sectional velocity distribution of the flow field.
¢ Pressure distribution of the flow field. d Cross-sectional view pressure distribution of the flow field

3.2 The influence of the single-layer cutting thickness
on the flow field and machining performance

When setting the diameter of the electrode to 20 mm and the
flow pressure of the inlet working medium tol.5 MPa, the
influence of the single-layer cutting thickness on the flow field
and machining performance is shown in Fig. 5. With increas-
ing single-layer cutting thickness, the working medium vol-
ume flowing from outlets 2 and 3 increased, and the flow from

Outlet 3
2.316
469

0.5456,
11%

Fig. 4 Distribution of the working medium flowing from the different
outlets

outlet 1 decreased. Moreover, with increasing single-layer
cutting thickness, the proportion of the total working medium
volume flowing from outlets 1 and 2, which effectively
removes eroded particles from the gap, to the total inlet vol-
ume was lower than 50% when single-cutting layer thickness
larger than 2 mm. This can be explained by the growing radius
of the round chamfer at the bottom of the electrode due to the
wearing process, which inhibits the flow of the working me-
dium from the discharge gap through outlet 1, and more work-
ing medium flows from outlet 3 without passing through the
discharge area.

The influence of the single-layer cutting thickness on
the machining performance was experimentally studied
based on the process parameters listed in Table 2. The
MRR and TWR were calculated with Egs. (10) and (11),
respectively. As shown in Fig. 5b, with increasing single-
layer cutting thickness, the MRR increased and the TWR
decreased. The working medium flowing through the dis-
charge area decreased with increasing single-layer cutting
thickness, which led to some of the eroded particles not
being removed from the gap and resolidifying on the
workpiece surface. The tool electrode material is graphite,
and its wearing process involves high-temperature
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sublimation. The reduction in the cooling effect owing to
the increase in the single-layer cutting thickness leads to
electrode wear increase.

MRR — [swsd

(10)

where / (mm) is the length of the machined groove, w (mm) is
the width of the machined groove, d (mm) is the depth of the
machined groove, and ¢ (s) is the machining time.

A Velectrode
TWR = —— 11
AVworkpiece ( )

where AVjectrode 1 the volume of the machined groove and
AViorkpicce 18 the volume of the machined groove.

3.3 The influence of the electrode diameter on the
flow field and machining performance

When the single-layer cutting thickness is 2 mm and the inlet
flushing pressure is 1.5 MPa, the influence of the electrode
diameter on the flow field and machining performance is
shown in Fig. 6. With increasing electrode diameter, the vol-
ume of the working medium flowing from outlet 2 decreased
and that flowing from outlet 3 increased. The change in

Table 2 Process parameters for the single-layer cutting thickness tests

Process parameters Setting
Electrode material Graphite
Workpiece material Ti-6Al-4V

Working medium Water-based emulsion

Pulse-on time (us) 2000

Pulse-off time (us) 100

Discharge current (A) 300

Electrode diameter (mm) Outer, 20; inner, 6
Flushing pressure (MPa) 1.5

Electrode rotation speed (rpm) 600
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(a) (b)

electrode diameter did not affect the volume of the working
medium flowing from outlet 1. With increasing electrode di-
ameter, the volume proportion of the working medium
flowing from outlets 1 and 2 decreased, and it decreased to
less than 50% when the electrode diameter was increased to
30 mm.

By setting the single-cutting layer thickness to 2 mm and
adopting the same process parameters, as listed in Table 2, the
influence of the electrode diameter on the machining perfor-
mance was experimentally studied. The result is shown in Fig.
6b. The highest MRR was realized when using an electrode
with a diameter of 20 mm. When the electrode diameter is
small, the eroded particles are concentrated in a limited area,
which makes them difficult to remove from the discharge gap.
When the electrode diameter is large, the drop in the effective
flushing working medium leads to a decrease in the MRR.
The TWR decreased with increasing electrode diameter owing
to the improvement in electrode heat conduction.

4 Improvement of the flow field in ED-milling
4.1 Improvement of the electrode structure

When the tool electrode with only a central hole was adopted,
the working medium flowing through the discharge area was
limited. To improve the flushing effect in the discharge gap, 3
types of electrodes with novel structures were designed, as
summarized in Table 3. In regard to electrode 2, 12 holes with
a diameter of 2 mm were designed around the central hole. In
regard to electrode 3, the central hole was removed based on
electrode 2. In regard to electrode 4, 20 holes with a diameter
of 2 mm were designed along the outer wall of electrode 1.
Adopting the same volume of the inlet working medium,
flow velocity simulation results for the 3 newly designed elec-
trodes are shown in Fig. 7. As shown in Fig. 7a, when using
electrode 2 as the tool electrode, the maximum flow velocity
in the flow field decreased, but the flow velocity of the work-
ing medium flowing through the discharge area was en-
hanced. When using electrode 3 as the tool electrode, the
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improvement of the flow field in the discharge area was lim-
ited over that depicted in Fig. 7a.

The simulation result for electrode 4 is shown in Fig. 7c.
With 20 holes along the electrode outer wall, the working
medium flowing from these holes directly flushes the dis-
charge area. The main advantage of this electrode is its ability
to flush the discharge area when the electrode starts the ma-
chining process from the outside of the workpiece. In this

Table 3
Model

Details of the electrode structure
Details

Structure

Outer diameter: 20 mm;
Electrode 1 . ]
inner diameter: 6 mm

Outer diameter: 20 mm;

inner diameter: 6 mm;
Electrode 2 . .

diameter of surrounding

12 holes: 2 mm

Outer diameter: 20 mm;
Electrode 3 diameter of surrounding
12 holes: 2 mm

Outer diameter: 26, 20
mim;
Electrode 4 inner diameter: 6 mm;

diameter of surrounding
20 holes: 2 mm;

*e%e

(a) (b)

case, the working medium flows through the discharge area
and removes eroded particles from the discharge gap.

4.2 Comparison of the flushing effects of the different
electrodes

Based on calculated flow fields for the above 4 kinds of elec-
trode structures, a comparison of the volume and mean flow
velocity of the working medium flowing from the different
outlets is shown in Fig. 8. No obvious difference was found
for the different electrodes.

In the ED-milling process, discharge mainly occurs on the
front semicircular surface along the electrode feeding direc-
tion. The working medium flushing effect in this area plays a
vital role in the eroded particle removal process. The flow
velocity distribution on the front semicircular surface for the
above 4 kinds of electrodes is shown in Fig. 9. It is observed
that the different electrode structures result in obvious differ-
ences in the flow velocity distribution.

As shown in Fig. 9a, in regard to electrode 1 with only one
central hole, the lowest flow velocity of the working medium
occurred when the working medium was about to reach the
upper surface of outlet 1. The lowest flow velocity was distrib-
uted in a ring shape, which prevented the working medium
flow field in this area from being improved via electrode rota-
tion. The low flow velocity in this area caused high-temperature
eroded particles to easily readhere to the workpiece surface
when the working medium flowed through this area.

As shown in Fig. 9b, in regard to electrode 2 with multiple
holes around the central hole, the location of the lowest flow
velocity occurred in the same area as that for electrode 1.
However, the low-flow velocity area exhibited an intermittent
pattern. When electrode rotation was adopted, the flow veloc-
ity in the low-velocity ring-shaped area intermittently in-
creased and decreased, which was helpful to remove eroded
particles from the discharge gap.

As shown in Fig. 9c, in regard to electrode 3 with only
multiple holes distributed along the edge of the electrode,
the location of the lowest flow velocity occurred in the same
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Table 4  Process parameters for the flushing effect comparison

Process parameters Setting
Electrode material Graphite
Workpiece material Ti-6Al-4V

Working medium Water-based emulsion

Pulse-on time (ps) 2000
Pulse-off time (us) 100
Discharge current (A) 400
Single-layer cutting thickness (mm) 2
Workpiece polarity Positive
Flushing pressure (MPa) 1.5
Electrode rotation speed (rpm) 600

area as that for electrode 2, but the lowest-flow velocity area
was further reduced.

As shown in Fig. 9d, in regard to electrode 4 with multiple
holes surrounding the electrode outer wall, no significant low-
velocity ring-shaped area was observed on the semicircular
surface. This kind of flushing method was more conducive
to the removal process of eroded particles.

4.3 The influence of the different electrodes on the
machining efficiency

To study the machining performance of ED-milling for the
four different electrode structures, a machining experiment
was conducted using the process parameters listed in
Table 4. The MRR result is shown in Fig. 10. The MRR
was improved by the designed new electrode structure.
When applying electrode 4 as the tool electrode, the MRR
was 33% higher than that when applying electrode 1. This
demonstrated that the flow field formed by electrode 4 facili-
tated the eroded particle removal process.

10000 —

8000 —

D
S
S
S
l

4000 —

MRR (mm?*min)

2000 —

Electrode 2 Electrode 3 Electrode 4
Fig. 10 MRR comparison for the different electrodes

Electrode 1

5 Conclusions

1. In regard to the tool electrode with only a central outlet
hole, nearly half of the working medium flows out of the
discharge gap along the direction opposite to the feeding
direction, which does not flush the discharge area nor
remove discharge eroded particles from the discharge gap.

2. Increasing the single-layer cutting thickness results in a
deceased volume of the effective flushing working medi-
um, which is not conducive to the removal process of
eroded particles.

3. The diameter of the electrode influences the working me-
dium flow field. For fixed process parameters, the optimal
electrode diameter is experimentally found to yield the
highest MMR.

4. The occurrence of a ring-shaped area with a low flow
velocity on the front semicircular surface is the main prob-
lem for electrodes with only central hole. By designing 20
holes with a diameter of 2 mm surrounding the electrode
outer wall, the flow field in the ring-shaped area is im-
proved, and the MRR increases 33%.
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