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Abstract
In micro-electrical discharge machining (micro-EDM) using the non-hollow circular cross-section tool electrode with the 
side flushing technique, when the aspect ratio of machined micro-hole is expected to be further increased, the discharge 
debris expelling speed and the working fluid renewal efficiency are weakened, which hinders the improvement of machin-
ing efficiency and accuracy with increased machining depth. In order to reveal the flow behavior of the working fluid in the 
micro-EDM gap, so as to realize the high-precision and high-efficiency machining of micro-hole with high aspect ratio, a 
three-phase flow simulation model of fluid, bubble, and debris is established in Fluent under the ideal assumption that the 
spark discharges occur continuously to generate high-pressure bubbles. The simulation results show that when the boundary 
condition of the flushing pressure at the side gap entrance is set to 0, the pressure wave emitted when the high-pressure bubble 
expands, which is formed by the instantaneous gasification of the working fluid between electrodes under high temperature, 
is the source of pneumatic force that drives the working fluid flow at the micron scale. Affected by the gap flow channel 
structure and the viscous resistance from inner wall, the flow velocity direction of the fluid dragging the discharge debris to 
rise up and expel will change, forming a dynamic alternation process of flowing into and out of the side machining gap entry. 
As the machining depth increases, due to the energy attenuation of the pressure wave propagating from the bottom gap to 
the side gap entrance, the expelling speed of the discharge debris decreases exponentially at the side gap entrance, resulting 
in the reduced machining efficiency and accuracy. However, when the simulated bubble generation frequency is increased 
to the megahertz level, the expelling efficiency of debris has a step-like improvement. The continuous and high-frequency 
generation of high-pressure bubbles can maintain a high pressure gradient in the bottom gap, and the discharge debris is 
able to continuously move upward without falling back to accumulate in the bottom gap, which is beneficial to the stable and 
smooth machining process, realizing the high-precision and high-efficiency machining of micro-hole with high aspect ratio.
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1 Introduction

With the rapid development of advanced manufacturing 
technology and the intensification of competition in the 
manufacturing market, products tend to be miniaturized, 
micro-sized, and precision-oriented, and the requirements 

for machining accuracy are becoming increasingly higher. 
The application demand for micro-hole structural compo-
nents is showing a significant growth trend in fields such as 
vehicles, biomedical, precision instruments, micro-parts and 
molds, and aerospace [1–3].

EDM is one of the effective methods for micro-hole 
machining. When the diameter of machined micro-hole is 
less than about 200 μm, the EDM process transits to micro-
machining scale, and the general flushing method of the 
hollow tool electrode with internal flushing to remove the 
discharge debris is no longer applicable. The micro-EDM 
process often uses the drawing technique or the online 
WEDG to fabricate micro-electrodes, and the solid micro-
electrodes with circular cross-section are economically 
applicable [4]. In micro-hole EDM process using the solid 
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micro-electrodes with circular cross-section, the interelec-
trode dielectric condition, namely, the inflow of fresh work-
ing fluid and the outflow of discharge debris, has a signifi-
cant impact on the smooth progress of machining.

Additional rotation or vibration of the electrode is condu-
cive to the normal progress of the micro-EDM process. The 
rotation of the tool electrode drives the circulating flow of 
the working fluid through the viscous resistance exerted to 
the working fluid from the rough wall of the tool electrode 
[5, 6]. The auxiliary high-frequency vibration of electrodes 
can promote the circulation of the working medium through 
a pumping effect [7]. On the other hand, the size of the side 
machining gap in micro-EDM is small, and the effect of the 
commonly used external flushing decreases rapidly with the 
machining depth. Li and Natsu [8] designed a high-pressure 
vertical flushing device to avoid the deflection and vibration 
of the tool electrode caused by unbalanced forces exerted on 
both sides of the tool electrode. Liao and Liang [9] adopted 
the method of inverted workpiece and inclined feeding tool 
electrode to promote the outflow of debris.

The experimental results of micro-hole EDM process 
show that generally, when the machining aspect ratio is less 
than or equal to 5:1, the machining efficiency and the dimen-
sional consistency are preferable. With the above-mentioned 
techniques of working fluid renewal and discharge debris 
expelling, the micro-hole with an aspect ratio of 10:1 can 
be machined in a certain machining efficiency and accuracy. 
However, if the aspect ratio of micro-hole is expected to be 
further increased with acceptable machining efficiency and 
accuracy, a technical bottleneck is encountered.

Preliminary experimental studies have found that the 
micro-hole machined by EDM generally appears to have a 
“waist drum” shape with a large diameter in the middle and 
small diameters at both ends [10]. The reason is that when 
the machining depth reaches a certain value, due to the poor 
debris removal efficiency, the lateral secondary discharge 
occurs between the tool electrode and debris, which leads 
to the reduction of machining efficiency and accuracy. In 
the actual machining experiments, it is also observed that 
the process is smooth at certain machining depth. At this 
time, the working fluid at the exit of the machining gap is 
mixed with not only discharge debris but also the generated 
bubbles.

According to the experimental phenomena, it can be rea-
sonably assumed that the working fluid in the machining gap 
is a gas–liquid-solid three-phase flow, which leads to more 
in-depth thinking: while the high temperature produced from 
the instantaneous discharges gasifies the working fluid to 
form high-pressure bubbles, the high-pressure bubbles may 
exert pneumatic force to drive the working fluid flow at the 
micron scale.

Li et al. [11] used the transparent SiC plate to directly 
observe the expansion and contraction process of bubbles 

generated by single-pulse discharge in micro-EDM. They 
found that the continuous accumulation of gas-phase volume 
resulted from the longer time required for bubble contraction 
than expansion, and bubbles tended to stay in the gap when 
the machining depth reached a certain value, which led to 
spark discharges in gas medium. Yin et al. [12] used the weak 
conductive solution as the working fluid so that the spark dis-
charge process was accompanied by the electrochemical reac-
tion. A large number of hydrogen and oxygen bubbles were 
generated, and the micro-hole with high aspect ratio and high 
dimensional accuracy was obtained.

EDM is a process influenced by many factors. In addition 
to the materials of electrodes, the pulsed power supply, and the 
servo control of the machining gap, the most critical factors 
are the expelling of discharge debris and the renewal of work-
ing fluid. This requires a deep understanding of the discharge 
erosion process and the three-phase flow mechanism in the 
machining gap, so as to derive a feasible technical path for 
high-precision and high-efficiency machining of micro-holes 
with high aspect ratio.

This study focuses on the flow of the working fluid between 
electrodes and simplifies the effect of the plasma discharge 
channel on the surrounding working fluid into generating 
instantaneous high-temperature and high-pressure bubbles. 
The characteristics of gap flow field in micro-EDM are ana-
lyzed from the perspective of computational fluid dynamics. 
Under the ideal assumption that the spark discharges occur con-
tinuously to constantly generate bubbles, the models of fluid, 
bubble, and debris are respectively established in the software 
Fluent. Based on the calculation results of the pressure loss of 
flushing along the narrow machining gap, the boundary condi-
tion of the entrance pressure at the side gap is set to 0, so as to 
reveal the influencing factors and characteristics of the gap flow. 
As the basic research on the flow mechanism, the phenomenon 
of bubble stagnation in the machining gap under the micro-
scale effect is studied. Meanwhile, the influence of the pressure 
waves emitted by the expansion and contraction of bubbles on 
the pressure and velocity distribution of the surrounding work-
ing fluid is analyzed, which explains the driving force source 
to expel the discharge debris. A special phenomenon of the 
dynamic alternation process of the working fluid flowing into 
and out of the side machining gap entry is discovered, which 
reveals the nature of the working fluid circulation. In addition, 
the influence trend of different bubble generation frequencies 
on the debris removal efficiency is studied. Verification experi-
ments are conducted in the final section.

2  Simulation model

The Volume of Fluid (VOF) model in Fluent, which is able 
to simulate two-phase immiscible fluid, is used to simulate 
the movement of bubbles in the dielectric fluid. Combined 
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with the Discrete Phase Model (DPM) in Fluent, which 
can simulate the movement of discrete-phase debris in 
the flow field, the gas–liquid-solid three-phase simulation 
is realizable. Considering that the interelectrode micron-
scale gap in micro-EDM causes a large loss of flushing 
pressure, the reason for setting the flushing pressure in 
boundary conditions to the atmospheric pressure is ana-
lyzed through numerical calculation in Section 2.4.

2.1  Model of fluid

The continuity Eq. (1) containing the volume fractions of 
p-phase αp and q-phase αq is solved in the VOF model to track 
the moving interface between liquid phase and gas phase, and 
thus, the shape change of bubbles is captured [13]:

where �p + �q = 1 . The materials of p-phase and q-phase are 
designated as water-liquid and water–vapor respectively, in 
order to simulate the process of the deionized water as die-
lectric fluid gasified under high temperature to generate 
high-pressure bubbles. The property of water-liquid is set to 
compressible so that the effect of gas-phase pressure change 
on the surrounding liquid-phase flow velocity is taken into 
account [14], though the compression factor of water-liquid 
is as small as 0.0485  m2/N. The Euler implicit scheme is 
used to discretize the continuity Eq. (1), which allows obser-
vation and analysis of the entire movement process of bub-
bles rather than a final state. The volume fraction of q-phase 
at the n + 1 time step �n+1

q
 is iteratively solved by that at the 

n time step �n
q
:

The momentum Eq. (3) is solved where the value of 
each variable is shared by different phases:

Equation  (3) includes the effect of surface tension: 
F� = ��nv , where the surface tension coefficient σ is 
0.0728 N/m.

The process of dielectric fluid absorbing heat from the 
discharge channel and generating bubbles involves heat 
transfer and mass transfer. Therefore, the energy Eq. (4) is 
used to simulate the actual physical process and improve the 
solution accuracy:
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where the mass transfer mechanism of the source term Sh is 
set as evaporation–condensation, which can imitate the evap-
oration of dielectric fluid and the condensation of bubbles. 
Sh is equal to ṁpqLe when liquid p-phase evaporates into gas 
q-phase, while Sh is equal to −ṁqpLe when gas q-phase con-
denses into liquid p-phase. Among them, the mass transfer 
rate ṁqp is calculated using the Lee model:

where the initial value of saturated vapor pressure psat is 
assigned 4 kPa ( Tsat = 303K ), and in subsequent time steps, 
the program will automatically reassign psat according to the 
temperature calculated in real time.

The viscous model is determined through calculating the 
Reynolds number of the fluid in bottom and side machining 
gaps respectively. The Reynolds number of the fluid in bot-
tom machining gap is calculated in Eq. (6):

where the initial bubble expansion velocity vb is 10 m/s [15], 
the machining gap width lg in micro-EDM is 10 μm, and the 
kinematic viscosity υ of deionized water is 1 × 10−6m2∕s . 
As a result, Reb = 100< 2300 , which signifies the laminar 
flow regime of fluid in bottom machining gap. Similarly, 
the Reynolds number of the fluid in side machining gap is 
estimated in Eq. (7):

Due to the kinetic energy loss from the viscous resistance 
of fluid, the flow velocity vs in the side machining gap is much 
smaller than the initial bubble expansion velocity vb in the 
bottom machining gap. The cross-section of the side machin-
ing gap along the electrode diameter direction can be simpli-
fied as a ring, whose equivalent diameter de =

4AS

�
= 20μm , 

where the flow area AS =
�d2

2

4
−

�d2
1

4
 and the wetted perimeter 

� = �d1 + �d2 . As a result, Res < Reb< 2300 , which signifies 
the identical laminar flow regime of fluid also in side machin-
ing gap.

2.2  Model of bubble

The requisite thermal energy for liquid gasification to gener-
ate bubbles is derived from the electrical energy of the pulsed 
power supply, which can be calculated by the Gaussian heat 
source model [16]:
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where the empirical formula for calculating the discharge 
channel radius is R(t) = 1.2 ∙ 10−3 ∙ I(t)0.43 ∙ t0.44

on
 . The 

smaller distance from discharge center r means the larger 
Gaussian heat q(r,t). This Gaussian heat is transferred to the 
liquid to boil, forming the gas nucleus [17], whose initial 
radius rbi is estimated through Eq. (9):

where rbi = 5μm as the initial radius of generated spherical 
bubbles. The instantaneous gasification process of liquid 
results in much larger internal pressure of generated bub-
bles than the pressure of surrounding liquid. Therefore, the 
initial pressure inside bubbles is set to 200 MPa [18] through 
the user-defined function (UDF).

In the actual machining process, one macroscopic discharge 
process observed from an oscilloscope contains several syn-
chronous discharges at different locations on the electrode sur-
face, generating several bubbles at the same time [19]. There-
fore, the number of discharges per unit time is determined by 
calculating the material removal rate (MRR) of workpiece; 
then, the number and time interval of bubble generation are 
confirmed:

where the MRR of entire machining process MRR is 
assumed to be equal to the MRR over a period of time 
MRR(t) ; that is, the machining process is considered to be 
smooth and uniform. During the unit time Δt, the material 
removal volume ΔV is deemed to be equal to the number 
of discharges N multiplied by the volume of a single dis-
charge crater Vcrater, which is simplified as a hemisphere 
for calculation: Vcrater=

2

3
�R(t)3 . When substituting the 

variable with the actual value of micro-EDM at low effi-
ciency: MRR = 7.85 × 10−12m3∕s , the number of discharges 
N reaches 4 per 2.5 × 10−5s , while when substituting the 
variable at high efficiency: MRR = 2.36 × 10−11m3∕s , the 
number of discharges N reaches 3 per 6 × 10−6s . The fol-
lowing comparative analysis of the simulation results is 
mainly based on these two bubble generation modes: under 
low discharge frequency condition, 4 bubbles are generated 
at random positions in the bottom machining gap per 25 
μs; under high discharge frequency condition, 3 bubbles are 
generated at random positions in the bottom machining gap 
per 6 μs. The random positions of bubble generation are 
implemented by UDF.
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2.3  Model of debris

Electro erosion debris is thrown out from each electrical 
discharge position on electrode surface, leading to a complex 
distribution of initial velocity direction and magnitude. In 
order to simplify the calculation, the initial velocity of debris 
vp is assumed to be 0; that is, only the tractive effect exerted 
on debris from flow field velocity caused by bubble motion 
is studied. The numerical range of the spherical debris 
diameter conforms to the Gaussian function and is set as the 
Rosin–Rammler distribution: dp = 0.5 ∼ 0.75 ∼ 1 × 10−6m 
[20]. The relational expression of the volume of discharge 
crater Vcrater and the volume of single debris Vdebris is 
Vcrater = n ∙ Vdebris , where n= 30 is calculated, signifying 
the number of debris released at one discharge. The debris 
is set to be released synchronously and randomly with bub-
bles. The density of workpiece material nickel-chrome alloy 
steel �p = 8.4g∕cm3 is used and the mass flow rate of debris 
1.1e − 7 kg/s is calculated.

The kinematic velocity of debris mainly resulted from the 
forces exerted by the surrounding fluid [21]:

Equation (11) indicates that the forces exerted on debris 
consist of two aspects: the gravity and the buoyancy, and the 
forces exerted by the surrounding fluid: the pressure gradi-
ent force Fpressure, the drag force Fdrag, and the Saffman lift 
force Fsaffman, all of which can be configured in DPM-related 
options combined with UDF settings. Due to the tiny mass 
of debris, the gravity and the buoyancy are hardly enough 
for debris to break loose from the forces exerted by the sur-
rounding fluid. As a result, tiny debris tends to follow the 
flow field streamline to move [22]. The specific formula of 
the pressure gradient force is

where the term − �p

�l
 indicates that Fpressure points from the 

high-pressure region to the low-pressure region in flow field. 
The aforementioned bubble model regulates that the high-
pressure bubbles are only generated in the bottom machining 
gap, while the side machining gap is connected to the outside 
atmosphere with much smaller atmospheric pressure. Con-
sequently, Fpressure tends to point from the bottom machining 
gap to the side machining gap entry, which assists in driving 
the debris to migrate out of the bottom machining gap. The 
drag force Fdrag and the Saffman lift force Fsaffman are related 
to the velocity difference between debris and fluid:
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where Fdrag and Fsaffman are both proportional to v − vp . It 
means that the greater the fluid velocity, the larger the forces 
exerted on static debris and the easier the debris is dragged 
to move. The direction of Fdrag is parallel to the motion 
direction of debris, which helps debris overcome the viscous 
resistance of fluid and increase the movement speed. The 
direction of Fsaffman is perpendicular to the motion direction 
of debris, pointing from the low-speed region to the high-
speed region in flow field, which controls the steering of 
debris. The combined action of these multiple forces makes 
the movement of debris in the flow field quite complicated.

2.4  Boundary condition

The simulation zones are shown in Fig. 1. During the actual 
machining process, when further increasing the aspect ratio of 
machined micro-holes, the efficiency and accuracy cannot be 
maintained, and the problem of the frequent retraction of the 
tool electrode is inevitable. In order to explore the reason, the 
simulation geometric model dimension is designed based on 
the actual machining process of micro-holes with the aspect 
ratio of 10:1 at the critical depth of 60%. Since the bubbles are 

(13)Fdrag=mp
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only generated in the bottom machining gap, the mesh of the 
bottom machining gap model is densified with the minimum 
mesh size as low as 1.5 μm in order to improve the solution 
accuracy. A certain volume of external flow domain at the 
side machining gap entry is built, where the motion mode of 
discrete phase is set to escape, so that the influence of lateral 
flushing pressure on the fluid movement in machining gap is 
taken into consideration. The surface roughness Ra of elec-
trodes is set at 0.4 μm for considering the influence of surface 
recast layer and microcrack that exist in actual machining pro-
cess on the motion of debris and bubbles, where the motion 
mode of discrete phase is set to reflect.

The simplified model for calculating the lateral flushing 
pressure loss when machining micro-holes of high aspect 
ratio is shown in Fig. 2. The fluid flowing downward along 
the narrow side machining gap is affected by the viscous 
resistance τ from the rough inner wall. As a result, the 
velocity vf and the pressure pflush of flushing fluid decrease 
sharply, which is hardly enough to expel the debris from the 
bottom machining gap. Assuming the flow mode of lateral 
flushing liquid in the side machining gap as the steady tube 
flow of incompressible viscous fluid, the pressure drop of 
the flushing liquid ΔP can be calculated using the Darcy-
Weisbach formula [23]:

(15)ΔP = �
ld

de

�v2
f

2

Fig. 1  Geometric model

Fig. 2  Lateral flushing pressure 
loss along machining depth
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where the loss coefficient λ of laminar flow along the narrow 
side machining gap is only related to the Reynolds number: 
�=

64

Res
 . When substituting the variables with the actual 

machining values, such as the lateral flushing speed 
vf = 3m∕s , the gauge pressure drop ΔP is estimated to be 
1.44 atm. Compared to the generally used lateral flushing 
pressure pf lush= 0.2 atm in micro-EDM, the flushing pres-
sure is too small to compensate for the pressure loss along 
the narrow gap. The gauge pressure only relying on the lat-
eral flushing technique reaches p0 + pf lush − ΔP < 0 , which 
cannot have any effect on debris expelling. Therefore, other 
crucial factors dominating the expelling of debris need to be 
explored. In addition, this model does not include the local 
pressure loss such as the low-pressure vortex region caused 
by the sudden contraction of cross-section at the side gap 
entrance, and the actual total flush pressure loss is greater 
than the calculation result. Since the lateral flushing pressure 
has little effect on the debris expelling, also based on the fact 
that the immersion micro-EDM technique without flushing 
is feasible, the pressure boundary conditions of the side gap 
entrance and exit are set to atmospheric pressure, as shown 
in Fig. 1. Therefore, the interference of the lateral flushing 
pressure is eliminated, and the crucial factors affecting the 
debris expelling can be explored.

3  Simulation results and analysis

Without the effects of the lateral flushing pressure and the 
initially assigned debris motion speed, the debris expelling 
mainly depends on the action of the high-pressure bubbles. 
The following sections firstly analyze the kinetic character-
istics of bubbles, based on which the mechanism of bubbles 
on debris expelling and the essence of dielectric fluid cyclic 
renewal are revealed, providing guidance for future optimiza-
tion and innovation of processing technologies.

3.1  Kinetic characteristics of bubbles

Figure 3 shows the simulation results of bubble distribution 
under the low-frequency and high-frequency bubble generation 
cases respectively. Rather than rising rapidly under the action 
of buoyancy, the bubbles firstly accumulate in the bottom gap, 
in which situation the debris is difficult to be driven out of the 
machining gap. Figure 4 depicts the changing curve of the vol-
ume fraction of vapor phase in the machining gap under the 
low-frequency and high-frequency bubble generation cases 
respectively. The volume fraction of the vapor phase increases 
faster under the high-frequency bubble generation case, reach-
ing three times that of low-frequency bubble generation case at 

0 μs 60 μs 120 μs 250 μs 500 μs 1 ms

1 2
34

1 2
3

0 μs 60 μs 120 μs 250 μs 500 μs 1 ms

(a) Low frequency

(b) High frequency

Fig. 3  Cloud diagram of gas phase at different bubble generation frequencies
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1 ms, which is consistent with the aforementioned setting of the 
bubble generation frequency. In addition, the curves in Fig. 4 
occasionally fall during the steady rise, indicating the situation 
of bubble collapsing or condensation [24].

The dimension of narrow micro-EDM machining gap lg 
is smaller than the capillary length lc of the used dielectric 
fluid: lg = 10μm < lc =

√
𝜎

𝜌g
= 2.73 × 10

−3m . Therefore, 

such scale effect causes the contact liquid film between 
bubbles and inner wall to produce a large viscous resist-
ance, which counteracts the effect of buoyancy and pre-
vents the bubbles from floating [25], as shown in Fig. 5. 
This viscous resistance is formed by the disjoining pres-
sure Fdisjoin and the surface tension Fσ:

where the calculated bubble rising speed vup is approaching 
nanometers per second, that is, almost stagnant [26]. The 
aforementioned fluid model concerns the effect of surface 
tension, and the simulation results reflect the influence of 
viscous resistance on bubbles motion to a certain extent. In 
summary, the bubbles generated in micro-scale EDM tend to 
adhere to the inner gap wall surface, firstly gathering in the 
bottom gap and then gradually accumulating to rise, which 
is different from the simulation results of large-scale EDM 
that generated bubbles rapidly float attached with debris out 
of the machining gap [27].

In order to study the influence of bubble motion on the 
velocity and pressure of surrounding flow field, five initial 
bubbles are set to be generated at fixed positions in bottom 
machining gap, and thus, the interference of random bub-
ble generation in previous model is eliminated to facilitate 
observation and analysis, as shown in Fig. 6. In the first 
100 μs, bubble 1 and bubble 2 in this bubble cluster merged 
together, while bubbles 3, 4, and 5 experienced the process 

(16)
d3lf

dl3
+

1

�

dFdisjoin

dlf

dlf

dl
=

3�vup

�

lf − c

l3
f

of expansion and then gradually collapsing and disappear-
ing. In order to analyze the influence of different bubble 
behavior types on the surrounding fluid, the velocity stream-
line diagrams of the bottom gap surface at 10 μs and 15 μs 
are extracted respectively, as shown in Fig. 7. Bubble 3 and 
bubble 4 gradually shrank during 10 ~ 15 μs with the velocity 
direction of surrounding fluid radially inward, while bub-
ble 5 continued to expand at 10 μs with the velocity direc-
tion of surrounding fluid radially outward and also began to 
shrink at 15 μs. In other words, the volume of bubbles went 
through the process of reciprocating oscillation because of 
the difference between the internal pressure of bubbles and 
the external pressure of surrounding fluid [28]. As shown in 
Fig. 8, the initial high pressure assigned to bubbles in the 
aforementioned model drives bubbles to expand. With the 
volume of bubbles becoming larger, the internal pressure 
decreases until it is equal to the pressure of surrounding 
liquid. Affected by the inertial force exerted from liquid, 
the bubble boundary will continue to move outward for a 
certain distance before rebounding, when the internal pres-
sure of bubbles will be less than that of surrounding liquid 
and the opportunity for bubbles to collapse will be created 
[29]. The pressure changing curves in Fig. 8 show that the 
internal pressure of bubble 5 was less than that of surround-
ing liquid by about 100 Pa at 15 μs when the volume has 
increased to the maximum. Thereafter, it was compressed 
to collapse by the surrounding liquid and experienced one 

Fig. 4  Volume fraction of vapor phase under different bubble genera-
tion frequencies

Fig. 5  Force model of bubble stagnation in narrow gap
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oscillation process. By contrast, the internal pressure of bub-
ble 1 and bubble 2 is higher than that of surrounding liquid 
from beginning to end, and they only undergo the process 
of expansion and fusion. To verify the simulation results, 
the simulation parameters of bubble 5: p0 − pq = 100Pa , 
rbi = 5μm , are substituted into the Rayleigh-Plesset equa-
tion of the spherical bubble dynamics considering viscous 
force and surface tension [30]:

where the solution for the duration time of bubbles from 
contraction to collapse is tc ≈ 0.921rbi

√
�

p0−pq
 . The calcula-

tion result and the simulation result of tc are both several tens 
of microseconds.

3.2  Effect of bubbles on debris motion

The debris distribution in the machining gap at different 
bubble generation frequencies is shown in Fig. 9. Since the 
total number of released debris is quite large, the Tecplot 
post-processing software is used to only display a fixed per-
centage of particles for easy observation. Compared with 
the case of low-frequency bubble generation, although the 
number of debris increases under high-frequency bubble 
generation, the debris disperses faster in the bottom gap and 
rises higher in the side gap, which contributes to improved 
material removal efficiency. Figure 10 depicts the rising 
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Fig. 6  Evolution process of a bubble cluster at fixed position
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Fig. 7  Streamline diagram of flow field velocity in bottom gap sur-
face at different times

Fig. 8  Changing internal pressure curves of bubbles
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heights of bubbles and debris measured at the same time 
under different bubble generation frequencies. The rising 
height of debris at high frequency is higher than that of low 
frequency, while the rising heights of bubbles have little 
difference at different frequencies. The changing shape of 
bubble makes its rising height fluctuate over time. However, 
the rising height of debris increases almost linearly over 
time, which is related to the effect of continuously gener-
ated high-pressure bubbles on the velocity of surrounding 
fluid. In addition, regardless of the low-frequency or high-
frequency bubble generation conditions, the final rising 
height of debris is always higher than that of bubbles, as 
shown in Fig. 11. This indicates that the bubble rising is not 
the critical factor that drives debris out of the machining 
gap; other force source affects the debris to move upward 
preceding the rise of bubbles.

The newly generated high-pressure bubbles will transmit 
pressure waves to the surrounding liquid when expanding, 
causing the debris to move away from bubbles, as shown in 
Fig. 12a. This process is similar to the sudden movement of 
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Fig. 9  Debris distribution at different bubble generation frequencies

Fig. 10  Rising heights of bubbles and debris under different bubble 
generation frequencies
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the piston in a circular tube at velocity dv to the right. The 
layer of liquid close to the right side of the piston is firstly 
compressed; then, the liquid is compressed layer by layer 
and a compressional pressure wave with velocity cwave is 
formed and spread to the right in turn. Since the aforemen-
tioned fluid model sets the liquid phase as compressible, that 
is, dρ ≠ 0 , the propagation velocity of pressure waves in 
liquid phase can be estimated as cwave =

(
dρ

dp

)−1∕2

 [14]. After 
the transmission of pressure waves, the pressure p+ dp , the 
density � + dρ and the temperature Te + dT of surrounding 
liquid are all higher than that before the transmission. How-
ever, due to the energy loss during transmission, the ampli-
tude of pressure waves will be attenuated to Al=A0e

−�l at 
distance l from the wave source [31], so that the pressure 
increment dp cannot be maintained and a pressure gradient 
field distribution is formed around the high-pressure wave 
source, as shown in Fig. 12a. The redder the color of fluid 
around the bubble, the greater the pressure. Based on the 
aforementioned debris model that the direction of the pres-
sure gradient force exerted by surrounding fluid on debris is 
from high-pressure region to low-pressure region, the debris 

tends to move away from bubbles in the flow field under the 
action of high-pressure compressional waves, which also 
explains the reasons that only with initial high-pressure bub-
bles the debris can move from the bottom gap to the side gap 
in flow field. Therefore, the methods of increasing high-
pressure bubbles generation are significant. In addition, 
Fig. 12b correspondingly describes the rarely occurring situ-
ation of the pressure field distribution in surrounding fluid 
and the movement trend of debris when bubbles collapse, 
which is similar to the previous analysis process.

The energy of pressure waves will be converted into the 
kinetic energy of fluid Ewave = ∫ (pq−p0)

2

�c2
1

dV when propagat-

ing in flow field [32]. The liquid will drag the debris to move 
along the flow field streamline, as shown in Fig. 13. The 
exponential decay of the pressure wave energy corresponds 
to the exponential increase of the kinetic energy of fluid, 
forming a large velocity gradient from the bottom machining 
gap to the side machining gap in flow field: the maximum 
velocity in the bottom gap is measured 24.2 m/s, while the 
minimum velocity in the side gap is measured 0.00836 m/s. 
This large velocity gradient makes the originally static 
debris subject to the drag force and the Saffman lift force 
exerted by surrounding fluid, which play an important role 
in expelling the debris. When the machining depth increases, 

Fig. 11  Vapor and discrete 
phases under high-frequency 
bubble generation at 1 ms
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Fig. 12  Effects of bubble motion states on pressure field distribution 
and debris motion trends in surrounding liquid
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the flow velocity at side machining gap entry will exponen-
tially decrease, resulting in more and more difficult expelling 
of debris and decrease in machining efficiency and accuracy. 
It is foreseeable that high-frequency bubble generation 
causes more high-pressure bubbles generated, and more 
pressure wave sources have more pressure wave energy. The 
fluid obtains greater kinetic energy per unit time, which is 
easier for debris to be forced out of the machining gap.

At the moment when the high-pressure bubbles are ini-
tially generated, the compressional pressure waves emitted 
to the surrounding flow field greatly increase the kinetic 
energy of fluid, which cause large fluctuations of flow veloc-
ity from the bottom machining gap to the side machining gap 
entrance. The mass flow rate at the annular plane of the side 
gap entrance and the average volume pressure at the bottom 
gap are extracted respectively under different bubble gen-
eration frequencies, as shown in Fig. 14, where the positive 
values of the mass flow rate represent that the fluid flows out 
of the side gap, while the negative values of the mass flow 
rate represent that the fluid flows into the side gap. It can be 
found that every time when high-pressure bubbles are gener-
ated, a large fluctuation of the mass flow rate will happen at 
the side gap entrance, which verifies the correctness of the 
foregoing analysis. It can also be found that the fluctuation 
of the mass flow rate slightly lags behind the change of the 
average pressure. This is because the aforementioned fluid 
model sets the compressibility of fluid, so that the transmis-
sion of pressure waves takes time. However, when the gap 
fluid is forced by the high pressure from bubbles, it does 
not necessarily move away from the high-pressure sources 
and flow out of the gap, or rather; the values of the mass 
flow rate alternate between positive and negative, forming 
a dynamic alternation process of flowing into and out of the 
side machining gap entry. This is because the fluid flow is 
affected by the machining gap channel structure and the vis-
cous resistance from inner wall, so that the velocity direction 
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Fig. 13  Vector diagram of flow velocity in machining gap at different times
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Fig. 14  Variation of mass flow rate at side gap entry corresponding to 
the average pressure at bottom gap under different bubble generation 
frequencies
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will change during the flow process, as shown in Fig. 13. 
Although the situation of flowing into the side gap exists, 
with the continuous accumulation of the gas-phase volume, 
the gap fluid flows out of the side gap entrance in overall 
trend; that is, the debris is driven out of the machining gap 
along the flow field streamline. To verify this point, the mass 
flow rate within 1 ms is integrated by trapz method, which 
is calculated as 6.13 × 10−17kg ∙ m−2 under low-frequency 
bubble generation and 1.97 × 10−16kg ∙ m−2 under high-fre-
quency bubble generation respectively. These two positive 
values demonstrate that the gap fluid flow is net outflow 
accompanied by alternate inflow, and the efficiency of debris 
expelling under high-frequency bubble generation is much 
greater than that under low-frequency bubble generation.

The above simulation results are based on two modes 
of bubble generation frequencies: the high frequency and 
the low frequency. In order to explore the influence of bub-
ble generation frequency on the debris expelling efficiency 
and guide the machining process, the simulation range of 
the bubble generation frequency is expanded. As shown 
in Fig. 15, according to the calculation method of bubble 
generation frequency in the aforementioned bubble model, 
three new cases of different bubble generation frequencies 
are simulated, namely, the medium bubble generation fre-
quency signifies 4 bubbles randomly generated every 14 
μs, the extra-high bubble generation frequency signifies 3 
bubbles randomly generated every 3 μs, and the ultra-high 
bubble generation frequency signifies 2 bubbles randomly 
generated every 1 μs. The curve variation trend in Fig. 15 
shows that with the continuous increase of the bubble gen-
eration frequency, the rising height that debris can reach 
per unit time is also increasing. This is because the number 

of high-pressure wave sources becomes larger, which sta-
bly maintains the high pressure gradient of the gap flow, 
increases the kinetic energy of fluid, and obtains a greater 
mass transfer efficiency. Especially under the ultra-high bub-
ble generation frequency situation, the expelling speed of 
debris is intrinsically increased, reaching the rising height 
of 213 μm per ms. This requires that the normal discharge 
occurs at different positions on workpiece within each 
microsecond. Therefore, in actual machining process, main-
taining interelectrode continuous and stable high-frequency 
discharge to keep high pressure in bottom gap is of vital 

Fig. 15  Final rising heights of debris under different bubble genera-
tion frequencies

Table 1  Experimental parameters

Parameter Description

Tool electrode Cemented carbide (Φ100 μm)
Workpiece 18CrNi8 plate (thickness of 1 mm)
Dielectric fluid Deionized water
Machining polarity Positive electrode connected to workpiece
Pulsed power modes Tr-RC, with or without superposition
Open-circuit voltage (V) 140
Pulse width (μs) 2
Pulse interval (μs) 4
Capacitance (nF) 30
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Fig. 16  Discharge waveform of different material removal rates



5273The International Journal of Advanced Manufacturing Technology (2023) 128:5261–5276 

1 3

importance, which necessitates the high effective discharge 
ratio between electrodes with the pulsed power supply of 
ultra-high pulse frequency and the optimized interelectrode 
state detection and servo control strategy, keeping the gap 
fluid good dielectric properties.

4  Experimental verification

To verify the correctness of the above simulation analysis and 
conclusions, deep micro-hole EDM experiments were con-
ducted, and the experimental parameters are shown in Table 1. 
To investigate the effect of bubble generation frequency on 
machining results, the experimental setup used in the study 
employed a pulsed power supply with or without superim-
posed high-frequency oscillation waves to alter the bubble 
generation frequency [33]. As shown in Fig. 16a, the discharge 

waveform of the pulsed power supply without superimposed 
high-frequency oscillation waves had a lower discharge fre-
quency per unit time, resulting in a lower bubble generation 
frequency and lower material removal rate, which corresponds 
to the low-efficiency processing conditions described in the 
previous simulation analysis. In contrast, Fig. 16b shows the 
discharge waveform of the pulsed power supply with super-
imposed high-frequency oscillation waves, which had a higher 
discharge frequency per unit time, resulting in a higher bubble 
generation frequency and higher material removal rate, corre-
sponding to the high-efficiency processing conditions described 
in the previous simulation analysis.

The results of micro-holes machining are shown in 
Fig. 17. The aperture error of multiple micro-holes machined 
under the same condition is within 5 μm. Under the condi-
tion of high MRR, i.e., the condition of high-frequency gen-
eration of bubbles, the machining consistency of the inlet 
and outlet aperture is improved. Figure 18 shows the dis-
tance curve of the spindle servo feed in the downward direc-
tion. Under the condition of high MRR, i.e., the condition of 
high-frequency generation of bubbles, the debris expelling 
circumstance is improved, the phenomenon of obvious spin-
dle retreat caused by gap short-circuit is largely avoided, and 
the machining stability and efficiency are improved.

5  Conclusions

In order to achieve high-precision and high-efficiency 
machining of micro-hole with high aspect ratio in micro-
EDM and explore the mechanism of interelectrode working 
fluid renewal and discharge debris expelling, this research 
established a three-phase flow simulation model of fluid, 
bubble, and debris in Fluent based on the ideal assumption 
that bubbles are continuously generated at a set rate in the 
bottom machining gap. According to the calculation result of 
the flushing pressure loss along the narrow side machining 
gap, the boundary condition of the entrance pressure at the 

Fig. 17  Micro-hole inlet and 
outlet of different material 
removal rates

Fig. 18  Servo feeding distances of the Z-axis under different material 
removal rates



5274 The International Journal of Advanced Manufacturing Technology (2023) 128:5261–5276

1 3

side gap is set to 0. Through analyzing the results of simula-
tion and verification experiments, the main conclusions are 
drawn as follows:

(1) While the high temperature produced from the instan-
taneous spark discharges gasifies the working fluid to 
form high-pressure bubbles, the expansion of high-
pressure bubble emits compressional wave, which is 
the source of pneumatic force that drives the working 
fluid flow at the micron scale, thus promoting the expel-
ling of discharge debris so as to maintain preferable 
dielectric condition of the working fluid in the machin-
ing gap. When the machining depth increases, due to 
the energy attenuation of the pressure wave propagating 
from the bottom gap to the side gap inlet, the debris 
expelling speed and the working fluid renewal effi-
ciency are weakened.

(2) The narrow machining gap in micro-EDM creates the 
micro-scale effects, resulting in the bubble stagnation 
caused by the viscous resistance and surface tension of 
the thin liquid film on the contact gap wall. The gen-
erated bubbles firstly gather in the bottom machining 
gap and then gradually accumulate to rise up. When 
bubbles are just formed, they expand and emit pressure 
waves that make the discharge debris move away from 
the bubbles in the gradient pressure field. While the 
pressure wave propagates in the flow field, its energy 
is attenuated and converted into the kinetic energy of 
the fluid flow, forming a large velocity gradient from 
the bottom gap to the side gap. Therefore, the discharge 
debris is dragged by the fluid flow to move away from 
the bottom gap along the streamline.

(3) Affected by the gap flow channel structure and the vis-
cous resistance from inner wall, the moving direction of 
the discharge debris in the flow field changes, forming 
a dynamic alternation process of flowing into and out 
of the side machining gap entry. Due to the continuous 
accumulation of the gas-phase volume, the discharge 
debris is expelled out of the side gap entrance in overall 
trend.

(4) The bubble generation frequency is a key factor affect-
ing the debris expelling efficiency. When the bubble 
generation frequency is increased to the megahertz 
level, the debris expelling efficiency has a step-like 
improvement. Under the set bubble generation fre-
quency, since it is assumed that the high-pressure bub-
bles are generated constantly and uninterruptedly, the 
high pressure gradient in the machining gap is ensured 
to be maintained. Therefore, the discharge debris is able 
to continuously move upward without falling back to 
accumulate in the bottom gap, which is beneficial to the 
stable and smooth machining process.

This research reveals the flow behavior of the working 
fluid in the micro-EDM gap. It is undoubtedly that the key 
to smoothly machine the micro-holes with high aspect ratio 
by micro-EDM is to keep the high-pressure bubbles continu-
ously generated at high frequency and promote the inflow of 
fresh working fluid and the outflow of discharge debris. This 
has laid a theoretical foundation and clarified a feasible tech-
nical approach for us to further optimize the interelectrode 
gap servo control, improve the effective discharge ratio, and 
achieve high-precision and high-efficiency machining of 
micro-holes with high aspect ratio.

Nomenclature A0: Initial amplitude of pressure wave, m; Al: Amplitude 
of pressure wave after propagation distance l, m; AS: Flow area of side 
machining gap cross-section, μm2; c: Constant; c1: Sound velocity of 
liquid phase, m/s; cwave: Transmission velocity of pressure wave in 
liquid, m/s; d1:  Diameter of tool electrode, μm; d2:  Diameter of 
machined micro-hole, μm; dp: Change of fluid pressure, Pa; dT: Change 
of fluid temperature, K; dv: Change of fluid velocity, m/s; dV: Symbol 
of volume integral; dρ: Change of fluid density, kg/m3; dp: Diameter of 
debris, μm; de: Equivalent diameter of side machining gap cross-sec-
tion, μm; Ee: Energy in the energy equation, J; Ewave: Energy of pres-
sure waves, J; Fbuoy: Buoyancy on bubbles, N; Fdisjoin: Disjoining pres-
sure between bubble and contact wall, N; Fdrag: Drag force exerted on 
debris by surrounding fluid, N; Fpressure: Pressure gradient force exerted 
on debris by surrounding fluid, N; Fsaffman: Saffman lift force exerted 
on debris by surrounding fluid, N; Fσ: Surface tension of the fluid, N; 
g: Gravitational acceleration, m/s2; hv: Heat of vaporization, kJ/kg; 
I(t): Discharge current, A; Kqp: Factor of phase transition intensity; 
Keff: Effective thermal conductivity coefficient in energy equation; 
kG: Gaussian heat coefficient; Le: Latent heat of vaporization, kJ/kg; 
l: Distance between any two points in machining gap, μm; lc: Capillary 
length of the dielectric fluid, m; ld: Machining depth of micro-holes, 
mm; lf: Liquid film thickness between bubbles and contact wall, nm; 
lg: Machining gap width, μm; mp: Mass of debris, kg; ṁpq : Mass trans-
fer velocity from liquid phase to gas phase, kg/s; ṁqp : Mass transfer 
velocity from gas phase to liquid phase, kg/s; N: Number of initial 
generated bubbles; n: Number of particles released at one time; nv: Unit 
normal vector of fluid interface; p: Shared pressure of fluid phase, Pa; 
p0: Atmospheric pressure, Pa; pflush: Lateral flushing pressure, Pa; 
pq: Pressure of gas phase, Pa; psat: Saturated vapor pressure, Pa; 
q(r,t): Gaussian heat, J; Reb: Fluid Reynolds number in bottom machin-
ing gap; Res: Fluid Reynolds number in side machining gap; R(t): Dis-
charge channel radius, μm; r: Distance from discharge center, μm; 
rb: Bubble radius, μm; rbi: Initial bubble radius, μm; Saq: Source term 
in Continuity Equation, kg/m3-s; Sh: Source term in Energy Equation, 
W/m3; Te: Temperature in Energy Equation, K; Tnuc: Nucleation tem-
perature, K; Tsat: Saturated temperature, K; tc: Time of bubble collapse, 
μs; ton: Pulse width of the pulsed power supply, μs; ttotal: Total time of 
micro-hole machining, s; U(t): Discharge voltage, V; Vc: Volume of 
single grid cell, μm3; Vcrater: Volume of single discharge crater, μm3; 
Vdebris: Volume of single debris, μm3; Vn+1

f
: Volumetric flux on surface 

through normal velocity vector at n + 1 time step,  m3/s; Vtotal: Total 
volume of removed workpiece material,  m3; v: Shared velocity of fluid 
phase, m/s; vb: Initial expansion velocity of bubbles, m/s; vf: Lateral 
flushing speed, m/s; vp: Movement velocity of debris, m/s; vq: Move-
ment velocity of gas interface, m/s; vs: Fluid flow speed in side machin-
ing gap, m/s; vup: Rising speed of bubbles in narrow gap, nm/s; αq: Vol-
ume fraction of gas phase; �n

q
: Volume fraction of gas phase at n time 

step; �n+1
q

: Volume fraction of gas phase at n + 1 time step; ΔP: Pres-
sure loss along the side gap channel, Pa; Δt: Unit of time, s; ΔV: Mate-
rial removal volume per unit time,  m3; η:  Pressure wave energy 
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attenuation coefficient; ηG: Gaussian heat transfer coefficient; κ: Sur-
face curvature,  m−1; λ: Pressure loss coefficient along the side gap 
channel; μ: Dynamic viscosity of fluid, Pa·s; ρ: Shared density of fluid 
phase, kg/m3; ρp: Density of debris, kg/m3; ρq: Density of gas phase, 
kg/m3; �n

q
: Gas-phase density at n time step, kg/m3; �n+1

q
: Gas-phase 

density at n + 1 time step, kg/m3; σ: Surface tension coefficient of fluid, 
N/m; τ: Tangential stress, Pa; υ: Kinematic viscosity of fluid,  m2/s; 
χ: Wet perimeter of side machining gap, μm
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