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Abstract:- Electrical discharge machining (EDM) is one of the most useful machining methods and widely 

used especially in a mold manufacturing field. EDM is a thermal process that is caused by discharged plasma 

generated between a tool electrode and a workpiece. The heat flux from plasma melts a part of workpiece [1], 

and then a portion of melted workpiece is removed from the workpiece body by several effects [2]-[5] such as 

super heating [4], [5]. In usual EDM, the tool electrode and the workpiece are submerged in dielectric oil during 

the machining process. The effects of machining conditions on machining characteristics, such as material 

removal rate, surface roughness, and tool electrode wear, have been well studied so far. However, the influence 

of dielectric oil between tool electrode and workpiece on machining process has not been fully understood. 

In this study, focusing on the melting process of EDM, a new parameter, named flow conductance, 

about the oil flow between tool electrode and workpiece was derived from hydrodynamical point of view to 

investigate the effect of dielectric oil on the process. As a result, the fact that the flow conductance affects the 

melt volume of workpiece became clear. 
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I. INTRODUCTION 
Since electrical discharge machining (EDM) is one of the most useful machining methods to machine 

the complex cavity form, it is widely used especially in a mold manufacturing field. EDM is a thermal process 

caused by pulsed discharges generated between the tool electrode and the workpiece that are submerged in 

dielectric oil. The machining process of EDM consists of two essential processes. One is a melting process of 

the workpiece, and the other is a removal process of a portion of melted workpiece. In the melting process, the 

heat flux generated by discharge plasma between electrodes (tool electrode and workpiece) melts a part of the 

workpiece. The heat flux to the workpiece Qw is calculated by eq. (1) [6]; 
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where r is a coordinate in radial direction, Fw is an energy fraction to the workpiece, I is a discharge current, V is 

a discharge voltage, I∙V means a thermal energy generated by the plasma per unit time, and Rh is a heat input 

radius on the workpiece surface. 

 Fig.1 shows a single pulse discharge phenomena observed by high speed video camera, which is 

ignited between needle shaped copper electrode and carbon steel workpiece. Electrodes were submerged in the 

dielectric oil like usual EDM. In Fig. 1, the evaporation of dielectric oil generates an expanding bubble right 

after the dielectric breakdown. Fig. 1 also shows that the plasma column is covered with the bubble. In actual 

EDM process, the repetitions of discharge as shown in Fig.1 machine the workpiece into inverted form of the 

tool electrode shape. 

 Authors [7] investigated about the melt depth of workpiece and the removal efficiency, a ratio of 

removed depth to melt depth, using nine types of commercial dielectric oil. Fig. 2 shows variation in melt 

volume (=melt depth × machined area) between oils and Fig. 3 shows variation in removal efficiency between 

oils. The melt volume varies from 7.6×10
4μm

3
 to 11.2×10

4μm
3
 depending on oil type in Fig. 2, while the 

removal efficiencies are almost the same in Fig. 3. 

 Since the melt volume of workpiece is unquestionably affected by the heat flux shown in eq. (1), the 

heat input radius has an effect on the melt volume of workpiece. Several literatures [1], [8], [9] reported about 

the heat input radius or the plasma diameter that is directly related to the heat flux. One of authors [1] reported 

that the different type of dielectric oil causes the different heat input radius at the workpiece surface. Kunieda 

[8] studied that the plasma diameter in air completes its expansion within 2µs after dielectric breakdown. On the 

other hand, Kojima et al. [9] observed the plasma expansion in oil by means of high speed video camera and 

reported that the plasma expansion speed in oil is much slower than the expansion speed in air. These literatures 

[1], [8], [9] mean that the dielectric fluid around the plasma column, such as oil or air, probably suppresses the 
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plasma column expansion due to its hydrodynamical damping effect. In the case of dielectric oil is used, the oil 

suppresses the bubble expansion, suppressing the plasma column expansion.  

 

         
 

         
 

         
 

Fig. 1: Single pulse discharge phenomenon with the passage of discharging time 

observed by high speed video camera 
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Fig. 2: Variation in melt volume per pulse ‒ workpiece (cathode) material: steel, tool electrode material: copper, 

discharge current: 10A, discharge duration: 250μs, pulse interval time: 250μs, machining time: 4min. 
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Fig. 3: Variation in material removal efficiency ‒ workpiece (cathode) material: steel, tool electrode material: 

copper, discharge current: 10A, discharge duration: 250μs, pulse interval time: 250μs, machining time: 4min. 

 

 In this study, a new parameter that means flowing ability of oil between electrodes was derived first 

from the hydrodynamical point of view. In the next place, experiments were carried out to calculate actual value 

of the derived parameter, using three types of dielectric oil (oil A, G, and I). Finally, the relationship between 

new parameter and the melt volume of workpiece was discussed. 

 

II. DERIVATION OF NEW PARAMETER 
A. Oil Flow around the Bubble 

As described in chapter I, the bubble is generated around the discharge point right after the dielectric 

breakdown, beginning to expand radially. This means the oil around the bubble flows radially also. In this 

section, the considering result of how oil flows is described. 

(a) Just before breakdown (b) 20μs after breakdown (c) 40μs after breakdown 

(d) 60μs after breakdown (e) 80μs after breakdown (f) 100μs after breakdown 

(g) 120μs after breakdown (h) 180μs after breakdown (i) 240μs after breakdown 
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Hayakawa et al. [10] carried out the single discharge experiment to observe the bubble expanding 

behavior with discharge current of 30A and discharge duration of 200µs. In the experiment, the parallel flat gap 

space was composed of a metal rod electrode and a transparent plate in which a metal wire electrode was 

inserted. Hayakawa et al. [10] observed expanding bubble behavior through the transparent plate using high 

speed video camera to measure the time variation of expanding bubble diameter. 

The bubble expanding model, to calculate the oil flow velocity around the bubble using the data of 

Hayakawa et al. [10], is shown in Fig. 4. In the bubble expanding model, two assumptions are employed. One 

assumption is that the bubble is column-shaped, and the other is that the bubble expands concentrically, moving 

the oil only to the radial direction. 

 
 

Fig. 4: Bubble expanding model 

 

In Fig. 4, the oil flow around the bubble, caused by the bubble expansion from rb to rb + Δr, is expressed as 

follows; 
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where F is a flow volume of oil, rb is a bubble radius, Δr is an increment of a bubble radius, h is a distance 

between electrodes, vb is a bubble expanding velocity in the radial direction. Since the oil flows only to the 

radial direction, the flow velocity of oil at r=rx (>rb) is expressed as follows; 

 dtvrh2dtvrh2 xxbb           (3) 
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b
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where vx is oil flow velocity at r=rx (>rb). 

 The flow velocity of oil, near the bubble-oil interface, calculated using eq. (4) is shown in Fig. 5. In 

this figure, the oil flow can be considered as a steady flow until 200µs after ignition because the time variation 

in flow velocity are small. At 250µs after ignition, the flow velocity decreases rapidly. Therefore, the oil flow 

between electrodes is considered as a steady flow from at least 50µs after ignition until the discharge is 

terminated. 
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Fig. 5: Flow velocity of dielectric oil arround the bubble ‒ workpiece (cathode) material: steel rod, tool 

electrode material: copper wire, discharge current: 30A, discharge duration: 200μs, discharge gap: 10-30μm 

 

 Moreover, literature [10] shows that the bubble diameter expands to several millimeters concentrically 

in 100µs, which is two-digits larger than the distance between electrodes, therefore, the oil flow in z-direction 
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and θ-direction can be ignored. As a result of consideration, the oil flow between parallel plane electrodes is 

considered as a steady and laminar flow to the radial direction. 

 

B. Flow Conductance 

Ignoring external forces such as gravity, the forces that act on a volume of flowing oil are a pressure 

and a viscous frictional force. As described in section II.-A., the oil flow between parallel plane electrodes is 

considered as a steady and laminar flow to the radial direction. In the steady and laminar flow, the forces in the 

radial direction (pressure force and viscous frictional force) are balanced. 

Fig. 6 shows the oil flow model between parallel plane electrodes. In this model, the balance of the 

forces in the radial direction is expressed as follows; 
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where y is coordinate in discharge gap direction, r is coordinate in radial direction, θ is coordinate in 

circumferencial direction, p is pressure, τ is shear stress. 

 

 
 

Fig. 6: Radial force equilibrium model of dielectric oil between electrodes 

 

As Hinduja et al. [11] noted, the oil flow between parallel plane electrodes is considered as Poiseuille 

flow that has a parabolic distribution of flow velocity along vertical direction. In Poiseuille flow as shown in Fig. 

6, the boundary conditions of flow velocity in radial direction at y=0 and y=h can reasonably be taken as zero. 

Applying approximation of sin(dθ/2) ≈ dθ/2, Newton‟s law of viscosity (τ=μ∙du/dy), and the boundary 

conditions in Poiseuille flow to eq. (5), the radial flow velocity u is calculated as follows. 
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Since micro flow volume (dF) of oil at r is calculated by; 

 rudy2dF            (7) 

the flow volume F is calculated as follows; 
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where F is flow volume, and μ is viscosity. In eq. (8), Cf is calculated as follows. 
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In eq. (8), Cf means the ease of flowing of oil between electrodes, which is calculated by discharge gap h and oil 

viscosity μ. In this study, Cf is designated as „flow conductance‟. The oil between electrodes becomes difficult 
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to flow with decrease of flow conductance, suppressing the bubble expansion. This phenomenon causes the heat 

flux on the workpiece surface to increase, which further enhances the workpiece melting capability. 

 

C. Pressure Gradient 

Since eq. (8) includes the pressure gradient (dp/dr) term, the changes in the internal pressure of bubble, 

generated right after the dielectric breakdown, were also investigated in this study. Three oils of A, G, and I that 

are shown in Fig. 1 and Fig. 2 were used for the investigation. 

The oil around the plasma is evaporated in the instant of dielectric breakdown. Since the oil changes its 

phase from liquid to gas rapidly without enough time to expand its volume, high pressure of the gas is generated 

instantaneously. To estimate the value of this high pressure, the analyses of the components for respective oils 

by GC-MS (gas chromatograph mass spectrometer) were carried out. 

Fig. 7 show TIC (Total Ion Chromatogram) graphs measured by GC-MS equipment. The mass 

spectrum library search, which is a function of GC-MS equipment, revealed that the main components of oil A, 

G, and I are hydrocarbons of methane series (CH3(CH2)n-2CH3, n=11~19). 
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(a) Total ion chromatogram of oil A 
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(b) Total ion chromatogram of oil G 
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(c) Total ion chromatogram of oil I 

Fig. 7: Total ion chromatogram measured by gas chromatograph mass spectrometer 
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The gas pressures at the instant of oil evaporation for respective main components of oils were 

calculated on the assumption that the gasses are ideal. The results are shown in Fig. 8. This result shows that 

respective pressures are in the range of 14.5 to 18.2 MPa (16.35 MPa ±11.3%). These variations in pressure are 

insignificant to flow volume F in eq. (8) by comparison with variations in flow conductance described in the 

next chapter. The physicochemical properties used for the pressure calculation are shown in Table I. 
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Fig. 8: Gas pressure at boiling point of hydrocarbon of methane series CH3(CH2)n-2CH3 

 

Table I: Physicochemical properties of methane series CH3(CH2)n-2CH3 

n 
Boiling point, 

K 

Density at 

293K, g/cm3 

Molecular 

weight 

11 469 0.740 156.31 

12 489 0.749 170.33 

13 508 0.756 184.36 

14 527 0.763 198.39 

15 544 0.769 212.41 

16 560 0.773 226.44 

17 575 0.778 240.47 

18 589 0.777 254.49 

19 603 0.786 268.52 

 

 

III. CALCULATION OF FLOW CONDUCTANCE 
A. Oil Viscosity Measuring 

To calculate the flow conductance in eq. (8), oil viscosity and discharge gap were measured. The 

measuring results about the oil viscosity is described in this section and the measuring result about the discharge 

gap is described in next section. Fig. 9 shows the temperature characteristics of oil viscosity measured by tuning 

fork vibro viscometer. The oil viscosity decreases with increase of oil temperature.  
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Fig. 9: Temperature characteristic of oil viscosity 
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In the actual EDM process, the temperature at the bubble-liquid interface is approximately boiling 

point of the oil. The temperature distribution around the bubble-liquid interface was calculated by means of 

transient one-dimensional thermal conduction analysis. The results of the analysis are shown in Fig. 10. This 

calculated result shows that the oil temperature decreases rapidly with increase of distance from the bubble-oil 

interface (x=0). When 250µs elapsed after the dielectric breakdown, the oil temperature at the point where only 

15µm away from the bubble-liquid interface remains unchanged. 

Since the temperature of most volume of the oil between electrodes keeps the initial temperature during 

discharge duration (250µs), oil viscosity at initial temperature (296K) was employed for the calculation of flow 

conductance in this study. 
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Fig. 10: One-dimensional analytical results of oil temperature around the bubble-liquid interface ‒ Analysis 

range: 0 to 5000μm, Δx: 1μm, Δt: 1μs, thermal diffusivity: 8.0×10
-8

m
2
/s, initial condition: 296K, boundary 

condition at x=0: 573K, boundary condition at x=5000μm: 296K 

 

B. Discharge Gap Measuring 

The servo reference voltage that is one of the machining conditions in EDM controls the discharge gap. 

Higher servo reference voltage causes wider discharge gap and lower servo reference voltage makes the 

discharge gap narrower in general. Two terms such as „distance‟ and „gap‟ are used in this section. The term of 

„distance‟ means raw data of a distance between electrodes measured by the method described in this section. 

The distance was measured five times for the same servo reference voltage. The term of „gap‟ means average 

value of five distance data. The discharge distance was measured with the laser displacement sensor to 

investigate the relationship between the servo reference voltage and the discharge gap. The setup for discharge 

distance measuring is shown in Fig. 11. 

 

 
 

Fig. 11: Measuring setup for inter-electrode distance 

 

 Before the discharge distance measuring, the tool electrode was moved toward the workpiece slowly 

while measuring electrical resistance between electrodes. The distance between electrodes was set to be zero 

when the electrical resistance had reached a minimum value. Then, the machining for displacement measuring 

was started with the machining conditions shown in Table II. During the machining, the displacement of the tool 

electrode was measured with the laser displacement sensor. The example of measured data is shown in Fig. 12. 

The mean value of displacement data from 0.9s through 1.3s was defined as discharge distance. The discharge 
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distance was measured five times for respective servo reference voltages shown in Table II, then the average 

value of five discharge distances was figured out as discharge gap. The relationship between servo reference 

voltage and discharge gap is shown in Fig. 13. 

 

Table II: Machining conditions for electrodes distance measuring 

Item Description 

Tool electrode material Copper 

Workpiece material Steel 

Open circuit voltage 90 V 

Discharge current 10 A 

Discharge duration 250 μs 

Pulse interval 250 μs 

Workpiece polarity Cathode 

Servo reference voltage 15, 20, 40, 60 V 

Dielectric oil Oil A, G, I 
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Fig. 12: Measuring example of distance between electrodes with passage of machining time 
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Fig. 13: Relationship between servo reference voltage and discharge gap 

 

C. Calculation of Flow Conductance 

Fig. 14 shows the flow conductance that is calculated by substituting the oil viscosity at 296 K (Fig. 9) 

and the discharge gap (Fig. 13) into eq. (9). The flow conductance increases with increase of discharge gap, and 

it decreases with increase of oil viscosity. In the following chapter, the relation between the flow conductance 

calculated here and the melt volume per pulse shown in Fig. 2 is given, and the mechanism of how the flow 

conductance affects the melt volume per pulse is discussed. 
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Fig. 14: Relationship between discharge gap, oil viscosity, and flow conductance 

 

IV. DISCUSSIONS 
The relationship between flow conductance and melt volume is shown in Fig. 15. It shows that the melt 

volume increases with decreasing of the flow conductance. Fig. 16 is the explanation of the effect of flow 

conductance. When the flow conductance decreases, the bubble expansion is suppressed, making the heat input 

radius smaller. As a result, the heat flux to the workpiece increases, which in turn increasing the melt volume of 

the workpiece. 
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Fig. 15: Relationship between flow conductance and melt volume per pulse (see Fig. 2) 
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Fig. 16: Explanation of the effect of flow conductance Cf ‒ In the case of Cf is smaller, the bubble expansion is 

suppressed, which makes the plasma diameter smaller. As a result of this phenomenon, the heat input radius 

decreases, causing the heat flux to workpiece increases, which in turn increases the melt volume of workpiece. 

 

V. CONCLUSIONS 
EDM consists of two main processes such as melting process and removal process. In this study, 

focusing on the melting process, the new parameter that probably affects the melting volume of the workpiece 

was derived from the hydrodynamical point of view. This new parameter is designated as „flow conductance‟ 

that is calculated by oil viscosity and discharge gap. The effect of flow conductance on the melt volume of 
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workpiece was experimentally proved in this study. As a result of this study, it has become clear that the smaller 

flow conductance causes larger melt volume of the workpiece. 

The flow conductance introduced in this study is an original idea. As far as authors know, there is no 

paper that investigates the effect of oil flow on the melt volume of workpiece quantitatively. Authors are 

confident that the effect of flow conductance contributes to progress EDM capability in the future. 
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