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ABSTRACT 

In this paper, considering the effects of the characteristics of the three-phase flow dielectric 
in the discharge gap flow field on the discharge channels in the ultrasonic vibration and 
magnetic field assisted low speed WEDM, the model of discharge channel including discharge 
position and size of discharge channel is established and analyzed. Firstly, given working 
conditions of cutting workpiece with large thickness, a mechanism of bubble-particle bridging 
breakdown was proposed. Then a prediction model of the discharge point position in USV-MF 
assisted WEDM-LS under three-phase flow dielectric characteristics based on the breakdown 
mechanism was performed, and FEM software COMSOL was used to simulate and analyze this 
model. By comparing with the experimental results of discharge point position captured by high 
speed camera, the accuracy of the prediction results of discharge point position in USV-MF 
assisted WEDM-LS was verified, showing that this model can more accurately explain the 
dielectric breakdown in cutting workpiece with large thickness. Next, the model of radius of 
discharge channel including magnetic field intensity, electric field intensity, medium pressure 
and surface tension of discharge channel was established, and the influence of ultrasound and 
magnetic field on the size of discharge channel was analyzed theoretically. The radius of 
discharge channel in USV-MF assisted WEDM-LS was obtained by solving the partial 
differential equation in MATLAB. According to discharge point position and radius of the 
plasma discharge channel, surface morphology of workpiece was simulated by COMSOL. 
Finally, the experiment of photographing the discharge channel in USV-MF assisted WEDM-
LS was carried out to verify the above model. It shows that the trend of the simulated results of 
discharge channel position is the same as that of the experimental results, and the error between 
the peak height value of the simulated surface morphology of workpiece and that of the 
experimental surface morphology of workpiece is within 6%. 

Keywords: three-phase flow; USV-MF assisted; WEDM-LS; discharge channel; 
workpiece with large thickness 

1. Introduction 

WEDM is a non-traditional machining technology, in which a continuously 
moving electrode wire is used as tool electrode to produce spark discharge heat between 
electrode wire and workpiece to melt materials. It plays an important role in the field 
of precision manufacturing, as reported by Abbas et al. [1] However, traditional WEDM 
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can no longer meet the increasingly high requirements for machining. It is rather 
difficult to cut workpiece with large thickness and the machining efficiency is low. 
Therefore, a processing method of USV-MF assisted WEDM-LS is presented in this 
paper to improve the processing performance. 

In the aspect of complex processing technology, an ultrasonic vibration assisted 
EDM technology was developed and compared with traditional EDM. The results 
showed that the Ra value was reduced by 14% in the center of the workpiece machined 
area and 20% in the borders [2]. Chen et al. [3] studied the motion trajectory of electron 
beam and debris in magnetic field assisted WEDM. And it indicated that additional 
(extra) constant magnetic field can increase the discharge crater volume and the expel 
efficiency of charged debris, which improved the machining quality. Wang et al. [4] 
found that the machining efficiency and the surface quality of workpiece are 
significantly increased by USV-MF assisted WEDM-LS. In the aspect of discharge 
channel, Dhanik et al. [5] developed a mathematical model of discharge channel in the 
deionized water during micro-EDM. In addition, the distributions of temperature and 
pressure in the discharge channel as well as the time-varying radius of discharge 
channel were calculated under given conditions. Chu et al. [6] investigated the law of 
discharge channel expansion in micro-EDM considering the effect of magnetic field 
generated by the discharge current, and a time-varying plasma channel expansion 
model of micro-EDM was established. However, many scholars tend to describe the 
effects of bubbles and debris on discharge conditions in discharge gap during discharge 
process macroscopically without explaining the reason and mechanism for this 
phenomenon microscopically. Besides, there is no related research in theoretical 
calculations of the radius of discharge channel in USV-MF assisted WEDM-LS. 

In this paper, starting from the three-phase flow dielectric in the discharge gap, the 
influence of the three-phase flow dielectric on the distortion of the electric and magnetic 
fields between two electrodes is obtained through theoretical calculation and simulation 
analysis, and then the influence of the three-phase flow dielectric on the discharge 
channel was analyzed. Firstly, a mechanism of bubble-particle bridging breakdown 
suitable for WEDM-LS machining workpiece with large thickness is proposed. Based 
on the breakdown mechanism, a prediction model of the discharge channel under that 
condition was established. Then the discharge channel location was obtained by 
COMSOL and MATLAB. The time-varying radius model of discharge channel in USV-
MF assisted WEDM-LS was built and the influence of ultrasonic vibration and 
magnetic field on the radius and size of discharge channel was analyzed. The 
mechanism of USV-MF assisted WEDM-LS was explained from the view of discharge 
channel and micro level. Finally, an experiment of photographing the discharge channel 
in the USV-MF assisted WEDM-LS of workpiece with large thickness was 
accomplished, and the results show that the discharge channel characteristics in USV-
MF assisted WEDM-LS of can be predicted well by the above model. 



3 
 

2. Principle of USV-MF assisted WEDM-LS 

 

Fig. 1 Schematic of USV-MF assisted WEDM-LS system 

The schematic of USV-MF assisted WEDM-LS is shown in Fig.1. The ultrasonic 
device consists of an ultrasonic generator, an energy conversion device, and an 
amplitude amplifier pole. When the ultrasonic device is activated, high-frequency 
mechanical vibration is generated by the transducer and amplified into a certain 
amplitude by the pole. The end of the pole is in contact with the electrode wire, 
transmitting high-frequency vibration to the electrode wire, which makes the electrode 
wire vibrate at high frequency. On the one hand, the vibration of the electrode wire is 
changed. On the other hand, the high-frequency vibration of the electrode wire causes 
severe disturbance to the discharge gap flow field. The bubbles generated by the 
discharge in the discharge gap are broken because of the disturbance of the electrode 
wire, which reduces the phenomenon of abnormal discharge during the WEDM-LS. 
The magnetic field device consists of two cylindrical electromagnets with parallel ends 
to ensure that a uniform magnetic field is generated in the processing area. The 
magnetic field strength can be changed by changing the current flowing through the 
coil. During the WEDM-LS, the charged particles in the discharge channel are affected 
by the magnetic field, which leads to the change of the shape and position of discharge 
channel. 
3. Discharge model based on a bubble-particle bridging breakdown mechanism 

Because workpiece with large thickness in WEDM-LS is considered in this paper, 
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the debris removal condition will be greatly affected by the thickness of workpiece, 
which causes some erosion products enter the discharge channel with bubbles generated 
by discharge. The air bubbles and the erosion products in the dielectric undergo 
ionization under the action of the electric field, and the ionized positive and negative 
charges are arranged in the discharge channel along the direction of the electric field 
line, which is equivalent to reducing the electrode gap. In addition, the presence of tiny 
debris will also cause distortion of the inter-electrode electric field, and dielectric 
breakdown is most likely to occur at the place with the local maximum field strength, 
forming a discharge channel. 

Therefore, the single bubble mechanism is not suitable for the dielectric 
breakdown phenomenon in the WEDM-LS process, a mechanism of bubble-particle 
bridging breakdown is proposed in this paper. Under this mechanism, the breakdown 
of the dielectric in the initial state of the discharge is dominated by the bubble 
breakdown mechanism. As the discharge machining proceeds, the concentration of 
bubbles and erosion products generated by the discharge increases, and the bubble 
breakdown mechanism is no longer applicable. The dielectric breakdown under this 
working condition can explain more accurately by the mechanism of bubble-particle 
bridging breakdown. 
3.1 Electric field strength under bubble breakdown mechanism 

During the WEDM-LS process of workpiece with large thickness, a pulse voltage 
is applied between the electrode wire and the workpiece, and the inter-electrode field 
strength is continuously enhanced with the feed of the electrode wire. As the inter 
electrode distance decreases, the abrupt changes in the macro curvature of the contour 
of the workpiece and the micro unevenness on the surface of the electrode wire will 
increase the non-uniformity of the electric field intensity distribution between the 
poles. Based on the field-electron emission theory, some free electrons will pass 
through the potential barrier on the electrode surface forming electron emission under 
the effect of the tunneling effect, and then a pre-discharge current before breakdown 
occurs as shown in Fig.2.  

 
(a) Pre-breakdown state     (b) Initial state              (c) Balance state 

Fig. 2 The formation process of the discharge channel under the bubble 
breakdown mechanism 

The current density due to cathode electron emission can be expressed by the 
Fowler and Nordheim equation [7]. 

2 expP

P

D
j CE

E
                             (1) 
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Where, j  is the current density, P
E  is an enhanced electric field, C  and D   is a 

constant. 
It can be known from Eq. (1) that the current density is related to electric field 

strength and the higher the electric field strength, the higher the current density. 
Considering the geometry of the micro peaks on the electrode surface, the electric field 
strength at the micro peaks can be expressed as: 

p 0.75 0.25
t g

U
E

r l
                            (2) 

Where, tr is the tip radius of the micro peak, U  is the inter-electrode voltage, 

and gl  is the discharge gap. Since g t
l r , P

E  will be significantly larger than the 

average electric field strength
g

a

U
E

l
 . Therefore, the breakdown of inter polar 

dielectric will first appear at the micro peak. According to Eq. (2), the electric field 
strength at the micro peak of the nearest point between the electrode wire and the 

workpiece under the bubble breakdown mechanism can be obtained. When 0PE E  

(the electric field strength when the liquid dielectric breakdown occurs), bubbles are 
generated at the micro peaks and the discharge breakdown process begins. 
3.2 Electric field strength under the particle bridging breakdown mechanism 

In the WEDM-LS, the metal particles eroded by the discharge and the high-
temperature air bubbles generated during the discharge erosion cannot be removed from 
the discharge gap in a short time. These metal particles and air bubbles will cause a 
distortion effect on the electric field in the discharge gap and affect the liquid 
insulativity in the discharge gap, leading to the change of discharge point position 
eventually. Fig. 3 shows the process of the discharge channel formation under the 
particle bridging breakdown mechanism. 

 

(a) Pre-breakdown state        (b) Initial state          (c) Balance state 

Fig. 3 The formation process of the discharge channel of the "particle" bridge 
breakdown mechanism 

From Fig. 3, it can be known that due to the existence of particles in the discharge 
gap, the formation position of the discharge channel is no longer the nearest point 
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between the electrode wire and the workpiece. The particle bridging causes the 
dielectric breakdown, and then the discharge channel is generated. This is because in a 
narrow discharge gap, the particles cause an increase in the electric field strength, and 
the presence of the particles reduces the dielectric insulation. According to the principle 
of dielectric breakdown, it can be concluded that the possibility of discharge breakdown 
is most likely to occur there. In order to better explain the above situation, a model of 
discharge gap electric field distortion is established in this paper. Fig. 4 is a schematic 
of the electric field distortion in the discharge gap. 

 
Fig. 4 Schematic of electric field distortion 

As shown in Fig. 4, solving the Lagrangian equation in the spherical coordinate 
system, the distribution of electric field inside and outside the bubble under a uniform 
electric field can be obtained. Let the radius of the bubble be a, the voltage inside and 
outside the ball are 𝑉1 and 𝑉2, and the dielectric constant of the liquid dielectric is 𝜀1, 
the dielectric constant of the particle is 𝜀2. Due to the symmetry of the problem, the 
voltage 𝑉 has nothing to do with the azimuth angle φ and is only a function of r and θ. 

The general solution of Laplace equation for axisymmetric problems in spherical 
coordinates is shown in Eq. (3) [8]:  V(r, θ) = ∑ (𝐴𝑛𝑟𝑛 + 𝐵𝑛𝑟𝑛+1)𝑃𝑛(𝑐𝑜𝑠𝜃) 𝑛                   (3) 

Where, 𝑃𝑛(𝑐𝑜𝑠𝜃)is the Legendre function, 𝐴𝑛and 𝐵𝑛 are the coefficients. 
The definite solution conditions of this problem are: 
(1) The electric field is still uniform far away from the bubble:  𝑉1 = −𝐸0𝑟𝑐𝑜𝑠𝜃                           (4) 
(2) The potential on the sphere is continuous: 𝑉1 = 𝑉2                              (5) 
(3) There is no free charge on the surface of the bubble, and the normal component 

of the electric field strength on the sphere is equal: 𝜀1 𝜕𝑉1𝜕𝑟 = 𝜀2 𝜕𝑉2𝜕𝑟                             (6) 

(4) When r = 0, V ≠ ∞. 
The electric field strength in the r direction outside the bubble can be obtained: 𝐸𝑟1 = 𝜕𝑉1𝜕𝑟 = [1 + 2𝑎3𝑟3 ( 𝜀2−𝜀1𝜀2+2𝜀1)] 𝐸0𝑐𝑜𝑠𝜃                  (7) 

The electric field strength in the θ direction outside the bubble can be obtained: 𝐸𝜃1 = 𝜕𝑉1𝑟𝜕𝜃 = [1 − 𝑎3𝑟3 ( 𝜀2−𝜀1𝜀2+2𝜀1)] 𝐸0𝑐𝑜𝑠𝜃                  (8) 
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So the electric field strength at the position of particles can be calculated as shown 
in Eq.9: 𝐸𝑧2 = − 𝜕𝑉2𝜕𝑧 = 𝐸0 3𝜀1𝜀2+2𝜀1                       (9) 

In general, 𝜀1>𝜀2. According to the above formula, the electric field strength in the 
bubble is uniform and enhanced. The enhancement factor of electric field strength is 
related to the dielectric constants of the liquid dielectric and the bubble, and has nothing 
to do with the electric field strength outside the bubble. 
3.3 Electrode wire vibration model in USV-MF assisted WEDM-LS 

In this paper, the magnetic induction line of the applied magnetic field is 
perpendicular to the electrode wire. During the machining process, the current passes 
through the electrode wire, and it can be known that the electrode wire is subjected to 
the Ampere force according to Ampere's law, which causes the vibration response of 
the electrode wire to change. Vibration response of the electrode wire during a single 
discharge under the action of magnetic field 𝑈𝑒,(𝑥, 𝑡) can be expressed as [9]: 

𝑈𝑒′(𝑥, 𝑡) = 2𝐿 ∑sin (𝜔𝑖𝑐 𝑥)𝜌𝑙𝜔𝑖2𝐴∞
𝑖=1 sin (𝜔𝑖𝑐 𝜆) 𝐹𝑒′[𝑛𝑒𝑛𝑡sin𝐴𝑡 + 𝐴(1 − 𝑒𝑛𝑡cos𝐴𝑡)] 

+𝑒𝑛𝑡 sin (𝜔𝑖𝑐 𝑥) [cos𝐴𝑡 − 𝑛sin𝐴𝑡𝐴2 ] ∫ 𝑈0(𝜂)sin (𝜔𝑖𝑐 𝜂) 𝑑𝜂 + [𝑒𝑛𝑡 sin(𝜔𝑖𝑎 𝑥)sin𝐴𝑡𝐴2 ] ∫ 𝑉0(𝜂)sin (𝜔𝑖𝑐 𝜂) 𝑑𝜂𝐿0𝐿0      (10) 

where 𝑎 =  √Ts 𝜌𝑙⁄  , 𝑇𝑠  is the tension of the electrode wire, E is the elastic 

modulus, 𝜌𝑙 is the linear density of the electrode wire, 𝜆 is the discharge position on 
the wire electrode, 𝜔𝑖 is the natural frequency of the wire，𝑖  is the frequency of order，𝑭𝒆 is the resultant force which consists of discharging force, electrostatic force and 
Ampere force, 𝑛 is the damping factor and equals to −𝜓𝜔𝑖𝜓 , 𝜂 is the span of the 
electrode wire, 𝑈0  and 𝑉0  are the initial displacement and the initial speed of the 
electrode wire, respectively. 

The vibration response 𝑈𝑢(𝑥, 𝑡) of the electrode wire under ultrasonic excitation 
can be expressed as 

{  
   
    
 𝑈𝑢(𝑥, 𝑡) = 𝐅𝟎𝑙𝜌𝑙 ∑ sin(𝜔𝑖𝑎 𝑥)sin(𝜔𝑖𝑎 𝜂)𝜌𝑙 {𝐴𝑛 + 𝐶𝑛 + (𝐵𝑛 + 𝐷𝑛) [cos𝜔𝑡 − 𝑒𝑛𝑡cos(√𝜔𝑖2 − 𝑛2)𝑡]}∞𝑖=1𝐴𝑛 = 𝑛(𝑒𝑛𝑡 sin(√𝜔𝑖2−𝑛2)𝑡−sin𝜔𝑡)𝜔2−2𝜔√𝜔𝑖2−𝑛2+ 𝜔𝑖2                                                  𝐵𝑛 = √𝜔𝑖2−𝑛2−𝜔𝜔2−2𝜔√𝜔𝑖2−𝑛2+𝜔2                                                       𝐶𝑛 = 𝑛(𝑒𝑛𝑡 sin(√𝜔𝑖2−𝑛2)𝑡+sin𝜔𝑡)𝜔2+2𝜔√𝜔𝑖2−𝑛2+ 𝜔𝑖2                                                  𝐷𝑛 = √𝜔𝑖2−𝑛2+𝜔𝜔2−2𝜔√𝜔𝑖2−𝑛2+𝜔2                                                       

   (11) 

where 𝑙 is the span of the electrode wire and 𝜂 is the position where the ultrasonic 
excitation is applied on the electrode wire. 

Since the electrode wire is a linear system, the vibration response of the electrode 
wire under the combined effect of ultrasound and magnetic field is obtained as the 
vector sum of Eq. (10) and Eq. (11). 
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�⃑⃑� = 𝑈𝑒,⃑⃑ ⃑⃑  ⃑ + 𝑈𝑢⃑⃑ ⃑⃑                               (12) 

Define f (x, y) as the model of single-discharge etch pit, and g (x, y) as the 
expression of the surface morphology of the workpiece. a, b are the relative positions 
of the discharge points on the workpiece surface. Therefore, the surface morphology of 
the workpiece after each discharge can be expressed as: 𝑔(𝑥, 𝑦) =  𝑔(𝑥, 𝑦) − ∑ 𝑓((𝑥 − 𝑎𝑖), (𝑦 − 𝑏𝑖))𝑛𝑖=1                 (13) 

Define 𝑙𝑔as the shortest distance between the electrode wire and the workpiece 
during processing, so 𝑙𝑔 can be expressed as: 𝑙𝑔 = min (|𝑔(𝑥, 𝑦) − 𝑈(𝑥, 𝑡)|)                     (14) 

3.4 Bubble trajectory simulation 

3.4.1 Governing Equation 

In this paper, the level set method is used to track the bubbles generated by the 

discharge. The level set function ( , , )r z t  is defined in the entire calculation domain 

to describe the interface between the bubbles and deionized water [10]. 
 Bubble

nterf

0.5, ; 

( , , ) 0.5,  I  ace

Deionized wate0.5,   r

r z t ；

；

                  (15) 

The governing equation of the level set function is as follows. 

(1 )
| |t

u                (16) 

st
T

p
t

u
u u u u g F             (17) 

0u                             (18) 
Where, u   is the fluid velocity, and   are the re-initialization parameters, 

determines the number of re-initialization,   is a parameter that determines the 
thickness of the interface, usually half of the maximum grid size,   is the global 
density, p   is the global pressure, and t   is Time, g   is the gravity term in the 

momentum equation, and stF   is the surface tension component, which can be 

expressed by Eq. (19). 

st
T

F I nn                    (19) 

Where σ  is surface tension coefficient, I  is unit matrix, n  is interface unit 
normal vector which can be defined by Eq. (20), and δ is Dirac delta function defined 
by Eq. (21). 
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| |
n                              (20) 

6 | (1 ) || |                        (21) 

Because the level set function is continuous in the entire domain and is a smooth 
step function, it can also be used to determine the global density and dynamic viscosity 
with the following formula. 

w wa                       (22) 

 w wa                       (23) 

Where, w   and w   represent the density and viscosity of water, a   and a  

represent the density and viscosity of the gas in the bubble. 
3.4.2 Initial and boundary conditions 

In order to facilitate photographing the discharge channel of WEDM-LS, immersed 
machining method is used in this paper. The analysis shows that the model has a high 
degree of symmetry, so the three-dimensional space model can be converted into a two-
dimensional plane model for the sake of simplifying calculation. Fig. 5 shows the 
calculation area and boundary conditions of bubble tracking. 

 
Fig. 5 Schematic diagram of bubble tracking calculation 

As shown in Fig. 5, the AB boundary is the workpiece, the CD boundary is the 
electrode wire, AD is the open boundary, and BC is the closed boundary. The boundary 
equation of each boundary is shown in Fig. 5. The entire model calculation area is the 
discharge gap between the electrode wire and the workpiece. Where 𝜙 < 0.5 
represents air bubbles, 𝜙 > 0.5 represents deionized water, 𝜙 = 0.5 represents the 
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interface between air bubbles and deionized water. The following assumptions are made 
to simplify the model: 

1. Only one bubble is generated per discharge; 
2. The radius of the bubble does not change during the movement of bubble; 
3. When the bubble breaks under the action of ultrasound, the bubble disappears. 
In the traditional WEDM-LS, although there is free vibration of the electrode wire 

at the CD boundary, the disturbance of the free vibration to the region can be ignored. 
So the boundary equation of the CD boundary in the traditional WEDM-LS is 0u . 
When the ultrasonic vibration acts on the electrode wire, the electrode wire vibrates 
violently, which has a huge impact on the discharge gap flow field and cannot be 
ignored. The boundary conditions of the CD boundary under ultrasonic excitation can 
be set as: 

cos(2 )ftu A                          (24) 

Where, A   is the amplitude of the ultrasonic vibration, f   is the frequency of the 

ultrasonic vibration, t is time, and  is the phase angle. 
Because the bubble tracking model involves the Navier-Stokes equations in fluid 

mechanics, the complex partial differential equations need to be solved. The calculation 
is implemented in the Live MATLAB module of Comsol Multiphysics software, and 
the Projection method is used as solution algorithm [11]. It is divided into two steps: 
firstly, the intermediate velocity that does not meet the continuity condition is calculated 
without considering the pressure gradient, and then the accurate pressure field is 
obtained; secondly based on the obtained pressure field, the intermediate velocity is 
projected into the non-divergent velocity vector space to obtain an accurate speed field 
at next moment. Then the speed and pressure solved are iterated into the level set 
function, and finally the distribution of the level set function at this time step is obtained. 
The solution process is shown in Fig. 6. 
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Fig. 6 Flow chart of bubble tracking calculation 

3.5 Calculation of discharge point position 

During the WEDM-LS, the place where the discharge breakdown occurs is 
definitely the place with the largest electric field strength. Therefore, when the inter-
electrode electric field strength is greater than the minimum breakdown electric field 
strength of deionized water, at this time, a breakdown discharge occurs between the 
electrode wire and the workpiece and electrical discharge processing begins. But it is 
different when there are bubbles in the discharge gap. The breakdown discharge occurs 
when either the electric field strength between the electrodes or the distortion electric 
field strength at the position of the bubble is greater than the minimum breakdown 
electric field strength of the deionized water. 

Based on the above-mentioned discharge breakdown mechanism, the calculation 
process of discharge point position is shown below: Firstly, the shortest distance 
between the electrode wire and the workpiece is determined by calculating the vibration 
response of the electrode wire. The electric field strength there is obtained based on the 
voltage and the shortest distance at this time, then the position of the discharge point of 
the first discharge can be obtained. Set this position as the initial position of the bubble, 
and then the level set function is used to solve the bubble trajectory. In addition, the 
electric field strength at the position of the bubble can be calculated according to the 
electric field distortion formula. The calculated maximum electric field strength at the 
position of the bubble and the electric field intensity at the nearest point are compared 
with the breakdown electric field strength, and then the position of the discharge point 
can be determined and output. This is a time step. Afterwards, the solution is repeated 
until the last time step is solved, all the discharge point positions are output, and the 
calculation is finished. The schematic of the calculation of the discharge point is shown 
in Fig.7. 
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Fig. 7 Schematic of the calculation of discharge point 

4. The Model of discharge channel 
In this paper, a mathematical model is established to calculate the radius of the 

discharge channel. As shown in Fig. 8, a partial differential equation on the radius of 
the plasma channel can be obtained according to Newton's second law. From Eq. 25, it 
can be known that the radius of the discharge channel follows the movement state of 
electron in the discharge channel, the magnetic field around discharge channel, the 
internal and external pressure of the discharge channel, and surface tension at the 
interface [12]. 

 
Fig. 8 Schematic diagram of the discharge channel 

2

2
0

(2 ) (2 ) (2

2
 

2 )s in out

on

e B P rd P rdd r eq r d

rd m m m m mdt
       (25) 

Where, r is the radius of the discharge channel, on
t  is the duration of the pulse, 

e   is the charge of the electrons, q   is the charge of the charged particles in the 
discharge channel, d  is the discharge gap distance, 0  is the vacuum permittivity, 
and m  is the mass of the particles in the discharge channel,  is the drift speed of 
charged particles in the discharge channel, s

B   is the surrounding magnetic field 
generated by the movement of charged particles in the discharge channel, inP is the 
pressure in the discharge channel, outP  is the external pressure of the dielectric liquid 
on the discharge channel, and   is surface tension at the interface between the 
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discharge channel and deionized water. 
The pressure of deionized water on the discharge channel in Eq. (25) can be 

expressed as Eq. (26). 

out 0P P gh                            (26) 

Where, 0P is the standard atmospheric pressure,  is the density of deionized 

water, g   is the gravitational acceleration, and h   is the distance of the discharge 
channel from the water surface. 

Under the action of ultrasound, the pressure of the deionized water on the 
discharge channel can be expressed as Eq. (27).  

'
0sinout acP P t P gh                    (27) 

Where, ac
P   is the pressure disturbance of deionized water caused by the 

ultrasonic vibration, and ac
P  is defined as Eq. (28). 

2ac sP fA C                          (28) 

Where, f  is the frequency of ultrasonic vibration, A   is the amplitude of 
ultrasonic vibration,  is the density of deionized water, sC  is the speed of sound 
in deionized water. 

The surrounding magnetic field generated by the motion of the charged particle in 
the discharge channel in Eq. 25 is calculated as follows. Assuming that the radius of the 
discharge channel is a  , the current density in the discharge channel is ( )j r  , the 
magnetic induction intensity is ( )B r , the pressure distribution in the discharge channel 
is P( )r  , and 0   is the magnetic permeability, then Maxwell's equation can be 
expressed in the cylindrical coordinate system as [13]: 

0

1 d
[ ( )] ( )

d
rB r j r

r r
                        (29) 

By solving Eq. (29), the magnetic field distribution in the discharge channel is 

0

0
( ) ( )d

r

B r r j r r
r

                        (30) 

Since the discharge channel is very narrow, it can be assumed that the current 
density j inside the channel is uniformly distributed, and the magnetic field distribution 
in the discharge channel can be simplified as: 

0
2

( )
2

I r
B r

a
                             (31) 

The magnetic field strength outside the discharge channel can be regarded as the 
surrounding magnetic field generated by the energized wire, which is expressed as: 
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10 0

0
( ) ( )d

2

r I
B r r j r r

r r
                     (32) 

Magnetic field strength can be calculated as 

0
2

0

( )
2

  ( )
2

s

s

I r
B r a

a

I
B r a

r

                     (33) 

Under the external magnetic field, the discharge gap can be regarded as a crack in 
an infinitely large flat plate when calculating the actual magnetic field in the discharge 
gap. It shows that the external magnetic field can be distorted in the discharge gap flow 
field. Distortion caused by the external magnetic field is e

B  [14]. 

0

0 r

( 1)

4
e

B
B

G
                         (34) 

Where, 0B   is the applied external magnetic field, 0   is the permeability of 
deionized water, r  is the permeability of workpiece, and 、 、G  is the Lame 
parameter of the workpiece, The magnetic field strength around the discharge channel 
can be expressed as 

p e sB B B                               (35) 

Substituting Eq. (27) and Eq. (35) into Eq. (25), the model of the discharge channel 
under USV-MF assisted WEDM-LS is: 

2

2
0

'(2 ) (2
 

) (2 2 )

2
in out

o

p

n

e B P rd P rdd r eq r d

rd m m m m mdt
        (36) 

Namely： 

2

2
0

0

(2 )

2

sin (2 ) (2 2 )

in

on

a

e

c

se B B P rdd r eq

rd m m mdt

P t P gh rd r d

m m

                (37) 

According to Eq. (37), the partial differential equation is calculated in MATLAB. 

5. Simulation analysis 

5.1 The discharge position 

The discharge positions in the discharge channel was simulated by the Livelink 
Matlab module in COMSOL Multiphysics, and the module can perform joint 
calculations with Matlab. The number of discharges simulated in this paper is set to 500, 
and the simulation parameters are shown in Table 1. The simulation results are shown 
in Fig. 9. 
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(a) Traditional WEDM-LS ( on 15μs, =6AT IP ) 

(b)  

(c) USV-MF assisted WEDM-LS ( on 15μs, =6AT IP ) 

Fig. 9 The distribution of discharge position in discharge channel 
Fig. 9 is the distribution of discharge position in the machining area in the traditional 

WEDM-LS and the USV-MF assisted WEDM-LS under the same parameters. As 
shown in Fig. 9 (a), there are two areas where the discharge points are concentrated. 
This is because concentrated discharges are generated in two places on the workpiece 
surface due to the distortion of the inter-electrode electric field caused by bubbles in 
the traditional WEDM-LS. Concentrated discharge phenomenon causes the workpiece 
surface to be burnt, which has a great impact on the surface quality of the workpiece. 

As shown in Fig. 9 (b), the distribution of discharge position becomes uniform 
under the application of ultrasonic vibration and external magnetic field, and the 

Table 1 Parameters used for simulation 

parameters Values 

Magnetic field intensity(T) 0.1 

Frequency of ultrasonic vibration (KHz) 20 

Amplitude of ultrasonic vibration(μm) 10 

Span of electrode wire(mm) 150 

tension force of wire(N) 12 

Diameter of electrode wire (mm) 0.2 

Damping factor 0.01 
Discharge voltage(V) 50 

Air permittivity(C2/(N·m2)) 1.02 

Water permittivity(C2/(N·m2)) 78.02 

Density of the electrode wire(kg/m) 7.0*10-5 
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previous concentration area disappears. It shows that the bubbles in the discharge gap 
are broken by the effect of ultrasonic vibration, which reduces the distortion of the inter-
electrode electric field. The discharge between the electrode wire and the workpiece is 
mostly determined by the shortest distance discharge principle. 
5.2 The time-varying radius of discharge channel  

The partial differential equation in the model of the discharge channel was 
calculated in Matlab. The initial radius of the discharge channel 0

R   and the initial 
pressure 0

P  can be obtained by reference [15], and the calculation step is set to 0.001 
us. The results are shown in Table 2. 

Table 2 Results of the radius of discharge channel  
(a) Traditional WEDM-LS               (b) USV-MF assisted WEDM-LS 

( on 15μs, =6AT IP )                        ( on 15μs, =6AT IP ) 

Time
（μs） 

Radius
（μm） 

Pressure 

(MPa) 
 Time 

（μs） 

Radius
（μm） 

Pressure 

(MPa) 
0.000 0.081 6.11  0.000 0.0915 6.031 

0.001 0.1075 5.50  0.001 0.1575 5.232 

0.010 0.2605 2.02  0.010 0.4105 1.954 

0.100 0.731 1.02  0.100 1.231 0.982 

1.000 2.6155 0.962  1.000 3.6155 0.950 

2.000 4.264 0.842  2.000 6.264 0.825 

5.000 7.1075 0.752  5.000 11.799 0.743 

10.000 9.628 0.642  10.000 13.551 0.521 

13.000 10.7645 0.385  13.000 15.6195 0.365 

14.000 11.128 0.385  14.000 16.1265 0.365 

15.000 11.2665 0.385  15.000 16.6065 0.365 

It can be seen from Table 2. (a) and Table 2. (b) that when the radius of discharge 
channel achieve equilibrium, the radius of discharge channel in USV-MF assisted 
WEDM-LS is 1.47 times that in traditional WEDM-LS, and the former takes longer to 
achieve equilibrium than the latter.  

This is because the external magnetic field generates magnetic field perturbations 
on the discharge channel itself, forming a relatively weak magnetic field pinch effect 
around the discharge channel, which makes the oscillation of discharge channel 
strengthened. Coupled with the cavitation effect of ultrasonic vibration on the gap flow 
field, the compression effect of deionized water on the discharge channel is 
correspondingly reduced, resulting in longer expansion time of the discharge channel 
and finally an increase in the radius of discharge channel at equilibrium. 
5.3 The surface morphology of workpiece 

The surface morphology of workpiece under continuous discharge was simulated 
in the finite element software COMSOL Multiphysics. In the moving mesh module, it 
was set that the workpiece material will be removed automatically when the 
temperature reaches the melting point. The heat source is loaded by a Gaussian heat 
source [16], and the heat source loading equation is shown in Eq. (39). 
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2

2 2
( ) exp

( ) ( )

k UI r
q r k

R t R t
                         (39) 

Where, ( )q r  is the heat flux density, k  is the heat flux concentration factor; 

 is the energy distribution factor; U  is the discharge breakdown voltage; I  is the 

peak discharge current; ( )R t  is the radius of the discharge channel.  

R(t) is selected through Table 2. The loading point of the heat source is set 
according to the discharge position coordinates in Fig. 9. The simulation results are 
shown in Fig. 10. 

 

(a) Traditional WEDM-LS( on 15μs, =10AT IP ) 

 

(b) USV-MF assisted WEDM-LS ( on 15μs, =10AT IP ) 

Fig. 10 Surface morphology of workpiece under continuous discharge machining 

6. Experiment details 

6.1 Experiment equipment 
In order to verify the correctness of the model, 12 sets of orthogonal tests were 

performed on SDK7625P machine tool. The test processing parameters are shown in 
Table 3. During the processing, the high-speed camera was used to capture the 
discharge points. When the oscilloscope detects that a current passes through the 
current loop, the oscilloscope sends a signal to the high-speed camera to start 
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shooting, and the high-speed camera starts to capture. Finally, the machined 
workpiece is inspected by the testing instrument. The experiment setup is shown in 
Fig. 11.  

(a) Global photograph                       (b) Partial photograph 

Fig. 11 Experimental setup 

 

Table 3 Experimental parameters 

Properties Value 

Material TiNi-01 

size/mm 5 3 50 

Magnetic field strength /T 0.1 

Ultrasound amplitude 
/μm 

10 

Pulse width /μs 15 

Shooting frequency /fps 10000 

Discharge current /A 6，8，10 

6.2 Experimental results and discussion 

6.2.1 The distribution of discharge points  

The shooting frame rate of the high speed camera was set to 10000 fps/s, and 
the captured images were sorted according to the shooting order as shown in Fig. 12 
and Fig. 13.  

 
(a) 0-50fps 
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(b) 51-100fps 

Fig. 12 Distribution of discharge points in traditional WEDM-LS 

(a) 0-50fp   

 

(b) 51-100fps 

Fig. 13 Distribution of discharge points in USV-MF assisted WEDM-LS 

Fig. 12 are the distribution of discharge points in traditional WEDM-LS. Due to 
the distortion effect of bubbles on the inter-electrode field, discharge points are centrally 
distributed in a certain area on the workpiece surface, and a concentrated discharge 
phenomenon occurs there during the time of 0-100 frames. And in some frames of the 
picture, the discharge point was not captured, which means that the discharge was not 
successful at that moment. By sorting the results of the discharge points, the discharge 
success rate of traditional WEDM-LS was obtained 41.2%. Fig. 13 are the distribution 
of discharge points in USV-MF assisted WEDM-LS. In 0-100 frames, the discharge 
points are scattered on the workpiece surface, which reduces the occurrence of 
concentrated discharge and the discharge success rate was increased to 62.2%. It is 
shown that the USV-MF assisted WEDM-LS can reduce the occurrence of concentrated 
discharge during the WEDM and increase the discharge success rate. 
 The Christiansen uniformity coefficient U was used to evaluate the uniformity of 
discharge points, and it can be calculated as follows: 

             𝑈 = 100% × [1 − ∑ |𝑝𝑖−𝑝|𝑁𝑖=1𝑁𝑝 ]                           (40) 

Where N is the number of test areas, 𝑝𝑖 is the number of discharge points in the 
area i and 𝑝 is the average number of discharge points. 
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The captured pictures of discharge points in traditional WEDM-LS and USV-MF 
assisted WEDM-LS were divided into 10 areas along the Y axis, and the number of 
discharge points can be obtained in each area, respectively. The uniformity coefficient 
under different machining parameters can be calculated as shown in Fig.14. 

 
Fig. 14 The uniformity coefficient under different machining parameters 

It can be seen that under the same machining parameters, the uniformity 
coefficient in USV-MF assisted WEDM-LS is higher than that in traditional WEDM-
LS. Meanwhile, the uniformity coefficient changes little with the change of machining 
parameters. The uniformity coefficient in USV-MF assisted WEDM-LS is about 80% 
while that is about 22% in traditional WEDM-LS, it indicates obviously that the 
distribution of discharge points in USV-MF assisted WEDM-LS is more uniform. 
6.2.2 Analysis of discharge waveforms 

The discharge waveform of traditional WEDM-LS and USV-MF assisted WEDM-
LS are shown in Fig. 15.  

 
(a) Traditional WEDM-LS 
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(d) USV-MF assisted WEDM-LS 

Fig. 15 Discharge waveform 

It can be known from Fig.15 that there are many abnormal discharges in traditional 
WEDM-LS, which is significantly alleviated in USV-MF assisted WEDM-LS. The 
main reason is that the electrode wire is vibrated at a low frequency irregularly in 
traditional WEDM-LS, and the bubbles and corrosion products in the processing area 
cannot be expelled in time, leading to the failure of dielectric liquid to recover its 
dielectric properties in a short time, as a result, it is easy to cause abnormal discharge 
phenomena such as short circuit. However, the high-frequency sinusoidal vibration of 
electrode wire can increase the velocity of the working fluid and make the bubble burst 
in USV-MF assisted WEDM-LS. Thus, it improves the fluidity of the working fluid and 
speeds up the deionizing velocity of working fluid, which can avoid effectively the 
occurrence of abnormal discharge. 
6.2.3 Surface roughness value Ra 

The surface roughness of the workpiece was measured by a TAYLOR HOBSON 
roughness tester. The test results obtained are shown in Table 4. 

Table 4 Experimental data 

NO. ton 

(μs) 
toff 
(μs) 

Ip 

(A) 
Amplitude of 

ultrasonic 
vibration(μm) 

Magnetic 
field 

intensity(T) 

Ra  

(μm) 

1 15 25 6 0 0 3.21 

2 15 25 6 10 0 2.34 

3 15 25 6 0 0.1 2.84 

4 15 25 6 10 0.1 1.98 

5 15 25 8 0 0 3.32 

6 15 25 8 10 0 2.65 

7 15 25 8 0 0.1 3.01 

8 15 25 8 10 0.1 2.23 

9 15 25 10 0 0 3.62 
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Through a comparative analysis of the data in Table 4, it can be obtained that as 
the peak voltage (Ip) increases, the surface roughness value of workpiece increases 
when the other parameters are the same. From the 6 sets of tests, in which the ultrasonic 
vibration and the magnetic field are applied separately in Table 4, it can be seen that 
both the ultrasonic vibration and the magnetic field can reduce the surface roughness 
value of workpiece, meanwhile, the ultrasonic vibration has a greater effect on that. 
From the overall analysis, it can be seen that the simultaneous addition of ultrasonic 
vibration and magnetic field has a better effect on reducing the surface roughness value 
and improves the machining quality of WEDM-LS. 
6.2.4 Crater diameter 

3D Electron Microscope VHX-7100 was used to detect crater diameter of the 
machined workpiece, and the magnification was 3000 times. The crater diameter image 
was obtained as shown in Fig. 16. 

  

(a) Traditional WEDM-LS          (b) USV-MF assisted WEDM-LS  

Fig. 16 Crater diameter of workpiece( on 15μs, =10AT IP ) 

It can be seen from Fig. 16 that the crater diameter of Traditional WEDM is 
21.17μm and the crater diameter of USV-MF assisted WEDM-LS is 29.67μm under the 
same parameters. Comparing the calculated data in Table 2, the error between the 
simulated value and the measured value in Traditional WEDM-LS is 6.4%, and the 
error between the simulated value and the measured value in USV-MF assisted WEDM-
LS is 10.7%. Within a certain error range, it indicates the accuracy of the discharge 
channel model. 
6.2.5 3D Surface morphology of workpiece 

The burns on the workpiece surface can be clearly seen by observing the machined 
workpiece, as shown in Fig.17. 

10 15 25 10 10 0 2.95 

11 15 25 10 0 0.1 3.21 

12 15 25 10 10 0.1 2.51 
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   (a) Traditional WEDM-LS          (b) USV-MF assisted WEDM-LS 

Fig. 17 Workpiece surfaces machined in traditional WEDM-LS and USV-MF 
assisted WEDM-LS ( on 15μs, =10AT IP ) 

It can be seen from Fig.17 that the surface of the machined workpiece is seriously 
burned in traditional WEDM-LS because of the large thickness of workpiece, which 
affects the surface quality of the workpiece. However, there are almost no burned areas 
on the machined workpiece in USV-MF assisted WEDM-LS, which indicates that the 
compound machining can effectively improve the surface quality of the workpiece. In 
order to further analyze the influence of different machining conditions on the surface 
of the workpiece, the microstructure was analyzed and studied. 

VHX-7100 was used to detect the 3D surface morphology of the machined 
workpiece, and the magnification was 1000 times. The 3D surface morphology image 
was obtained as shown in Fig. 18. 

 
(a) Traditional WEDM-LS            (b) USV-MF assisted WEDM-LS 
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Fig. 18 3D surface morphology of workpiece ( on 15μs, =10AT IP ) 
It can be seen from Fig.18 that under the same parameters, the peak value of the 

surface morphology under USV-MF assisted WEDM-LS is 16.42 μm and the peak 
value of that under traditional WEDM-LS processing is 38.84 μm, which is 2.37 times 
the former. Through the section profile curve, it can be seen that there is a sudden 
change in the height direction of the curve under traditional WEDM-LS, while the curve 
under USV-MF assisted WEDM-LS changes within a certain range in the height 
direction. It is verified that the concentrated discharge on a part of the workpiece surface 
increases the amount of erosion in that area, which increases the peak value of the 
surface morphology and causes burns to the workpiece surface. 

 

(a) Traditional WEDM-LS            (b) USV-MF assisted WEDM-LS     
Fig. 19 Experimental and simulated surface peak values 

By comparing Fig.19 (a) and Fig.19 (b), it can be seen that the surface peak values 
of each group in traditional WEDM-LS is significantly larger than those in USV-MF 
assisted WEDM-LS and the maximum value of surface peak in traditional WEDM-
LS is 25μm, while the maximum value of surface peak in USV-MF assisted WEDM-
LS is 17um. The surface peak value increases with the increase of peak current. 
Because a large peak current means a large energy in a single discharge, the depth of 
crater produced by single discharge increases and the surface peak value obtained 
under continuous discharge also increases accordingly. It can be obtained from both 
Fig. 19 (a) and Fig. 19 (b) that the variation trend between the simulation value and 
the experimental value is the same in traditional WEDM-LS and USV-MF assisted 
WEDM-LS. The error between the simulation value and the experimental value in 
traditional WEDM-LS is 5.6% and that in USV-MF assisted WEDM-LS is 11.5%, 
which indicates that the surface roughness can be predicted precisely by the simulation 
model. 

7. Conclusion 

In this paper, the shape and position characteristics of discharge channel in USV-
MF assisted WEDM-LS are studied and compared with that in traditional WEDM-LS. 
The effects of ultrasonic vibration and magnetic fields on the discharge channel are 
analyzed. The contrast experiment of traditional WEDM-LS and USV-MF assisted 
WEDM-LS workpiece with large thickness is used to verify the proposed theoretical 
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model. The main conclusions are as follows: 
(1) The bubbles generated in the WEDM-LS process will distort the electric field 

between the electrodes, resulting in the phenomenon of concentrated discharge. 
In order to explain this phenomenon, a mechanism of particle bridging 
breakdown suitable for machining workpiece with large thickness is proposed, 
and based on this mechanism, a model for predicting the discharge position of 
plasma discharge channels is established. 

(2) From the results of the radius of discharge channel, it can be concluded that the 
radius of discharge channel in USV-MF assisted WEDM-LS is 1.47 times that 
in traditional WEDM-LS when it is at equilibrium. Considering that the erosion 
volume of a single discharge is the same, the diameter of the pits removed in 
USV-MF assisted WEDM-LS is large and the depth is shallow, and the surface 
quality of workpiece is significantly improved. Starting from the theoretical 
formula, the specific data of the discharge channel at each time point is of great 
significance for guiding the composite processing. 

(3) By comparing the experimental results with the simulation results, it can be 
concluded that the distribution of the discharge points obtained by the 
simulation is basically consistent with that recorded in the experiment. The 
error between the peak value of the simulated surface morphology of workpiece 
under continuous discharge and that obtained from the experiment is within 6%. 
It shows that the prediction model can well predict the surface morphology of 
workpiece with large thickness in USV-MF assisted WEDM-LS. 
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Figures

Figure 1

Schematic of USV-MF assisted WEDM-LS system



Figure 2

The formation process of the discharge channel under the bubble breakdown mechanism

Figure 3

The formation process of the discharge channel of the "particle" bridge breakdown mechanism

Figure 4



Schematic of electric �eld distortion

Figure 5

Schematic diagram of bubble tracking calculation



Figure 6

Flow chart of bubble tracking calculation



Figure 7

Schematic of the calculation of discharge point



Figure 8

Schematic diagram of the discharge channel



Figure 9

The distribution of discharge position in discharge channel



Figure 10

Surface morphology of workpiece under continuous discharge machining



Figure 11

Experimental setup

Figure 12

Distribution of discharge points in traditional WEDM-LS



Figure 13

Distribution of discharge points in USV-MF assisted WEDM-LS



Figure 14

The uniformity coe�cient under different machining parameters



Figure 15

Discharge waveform



Figure 16

Crater diameter of workpiece( Ton = 15μs, IP=10A)



Figure 17

Workpiece surfaces machined in traditional WEDM-LS and USV-MF assisted WEDM-LS (Ton = 15μs,
IP=10A )



Figure 18

3D surface morphology of workpiece (Ton = 15μs, IP=10A )

Figure 19

Experimental and simulated surface peak values


