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Abstract

Electrical Discharge Machining is a non-traditional machining process that is

widely used in the tool and die-making industry, automotive, and aerospace in-

dustries due to its ability to produce complex three-dimensional geometries with

good accuracy and surface finish. Despite the aforementioned advantages, the

consumption of a large quantity of dielectric (especially hydrocarbon oils) poses

a significant health and environmental hazard including respiratory and skin irri-

tation issues. Further, the disposal of waste dielectric that contains a significant

amount of metal particulates poses safety concerns. In order to comply with envi-

ronmental safety standards, extensive filtration and treatment systems capable of

handling huge amounts of dielectric waste need to be set up for their safe disposal.

This leads to an increased energy consumption and hence higher operating cost

for the machining process. Thus, there is a need to reduce the consumption of

oil-based dielectrics without compromising their superior machining performance.

Several techniques including dry and near-dry EDM have been developed to reduce

the consumption of dielectrics. However, they have poor debris flushing capabil-

ity. This research seeks to develop a technique that minimizes the consumption of

dielectrics and also improves the flushing of debris from the inter-electrode gap.

A novel method of using atomized dielectric spray in EDM (Spray-EDM) to

reduce the consumption of dielectric is developed in this study. The atomized

dielectric droplets form a moving dielectric film up on impinging the work sur-

face that penetrates the inter-electrode gap and acts as a single-phase dielectric

medium between the electrodes. It also effectively removes the debris particles

from the discharge zone. Single-discharge EDM experiments are performed using
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three different dielectric supply methods, viz., conventional Wet-EDM (electrodes

submerged in dielectric medium), Dry-EDM and Spray-EDM in order to com-

pare the processes based on material removal, tool electrode wear and flushing

of debris from the inter-electrode gap across a range of discharge energies. It

is observed that Spray-EDM produces higher material removal compared to the

other two methods for all combinations of discharge parameters used in the study.

The tool electrode wear using atomized dielectric is significantly better than Dry-

EDM and comparable to that observed in Wet-EDM. The percentage of debris

particles deposited within a distance of 100 µm from the center of EDM crater is

also significantly reduced using the Spray-EDM technique.

In order to understand and improve the debris flushing phenomenon in Spray-

EDM, a model based on Computational Fluid Dynamics (CFD) is developed in

this research. The debris flushing in Spray-EDM is investigated by developing

models for three processes, viz., dielectric spray formation, film formation and de-

bris flushing. The dielectric spray model developed to study droplet atomization

and dielectric spray formation is based on the Discrete Phase Modeling (DPM)

approach that solves the force-balance equations of the dielectric droplets in a

Lagrangian reference frame. The range of spray system parameters including gas

pressure and impingement angle that ensure formation of dielectric film on the

surface are identified using this model. The film formation model makes use of

the Eulerian Wall Film (EWF) approach to facilitate the mass and momentum

transfer from the dielectric droplets to the film formed on the machining surface.

This model is especially used, to determine the characteristics of the dielectric film

including thickness and velocity. The debris flushing model utilizes the DPM ap-

proach to predict the trajectory of the EDM debris in the inter-electrode gap. The

flushing ability in conventional EDM with stationary dielectric and Spray-EDM

processes is investigated. It is observed that the characteristics of the dielectric

film, viz., film thickness and velocity play a significant role in removing the debris

particles from the machining region.
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Chapter 1

Introduction

1.1 Background and Motivation

Electric discharge machining (EDM) is one of the most extensively used non-

traditional machining process. It has been successfully employed in aerospace,

automobile, and other industries for shaping, cutting, deburring and finishing [36,

37]. Due to its complex shape generation it has rapidly earned its place among

many nontraditional machining processes. The process is based on material re-

moval using electrical discharges between tool and workpiece that are submerged

in dielectric, predominantly hydrocarbon oils. This leads to a significantly large

amount of dielectric usage in comparison to the effective dielectric that plays a role

in the discharge process, which is nearly equal to the volume of the inter-electrode

gap. While the gap sizes in EDM are in the range of 1-50 µm, typical EDM ma-

chines use several gallons of dielectric during the operation. The consumption

of oil-based dielectrics ranges from 160 to 3500 liters per year based on the size

of the machine [38]. Oil-based dielectrics that are commonly used in EDM pose

severe environmental hazards resulting from the disposal of such large amount of

dielectric waste containing particulates of metals [5, 39, 40]. In addition, bacte-

rial growth on the walls of the dielectric tank both in oil-based and water-based

dielectrics can be hazardous to the operator when he comes in contact with the

bacteria-laden dielectric [41]. Also, prolonged exposure to the vapors of dielectric

produced during machining causes ataxia, drowsiness and convulsions [38]. Their

use in conventional die-sinking EDM requires chillers for controlling the tempera-

ture of dielectric and extensive filtration systems for removing metal particulates,
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further increasing the energy consumption of the process [40]. The energy uti-

lized in the spark that removes material is typically less than 20% of the total

electric energy input but the energy consumed by the dielectric system is as high

as 50% [5]. Clearly, there is a need for techniques to reduce the dielectric usage

in EDM and make it a clean and sustainable process.

In order to make EDM environmental friendly and less hazardous, Dry-EDM

is often proposed. In Dry-EDM, liquid dielectric is replaced by a high velocity

gaseous dielectric such as helium, argon, oxygen, nitrogen and air [42, 43, 44].

However, the major limitation of the process is its very low material removal

rate [45]. Also, the debris re-attachment and odor of burning are other serious

drawbacks of Dry-EDM [46]. To get both high material removal rate and good

surface finish, a combination of liquid-gas (mist) dielectric has also been used

by researchers [8, 47]. However, while the surface finish was seen to be slightly

improved, the material removal could match with Wet-EDM (in which tool and

workpiece are submerged in dielectric) only at very low discharge energies.

Irrespective of the dielectric used, the small inter-electrode gap also makes it

extremely difficult to flush the debris. This ineffective removal of debris leads to

arcing and abnormal discharges that makes flushing system an essential compo-

nent of EDM process. With regard to flushing out the debris in EDM, techniques

such as pressure flushing and jet flushing are commonly employed [48, 10]. Debris

removal by passing dielectric through a hollow electrode to the inter-electrode

gap has also been used in drilling holes [49]. In addition, techniques such as ul-

trasonic vibration of tool or workpiece [50] and application of magnetic field in

the vicinity of inter-electrode gap [51] have recently been proposed to efficiently

remove the debris. However, the use of such techniques requires an additional

set-up for the operation of Electro Discharge machines. Also, there is possibility

of tool electrode deflection due to the force exerted by the dielectric fluids with

the jet flushing methods, especially for wire-EDM and micro-EDM applications.

This compromises the accuracy of machining and also has a negative effect on the

surface finish obtained.
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The use of atomized dielectric in EDM is a viable and innovative solution both

to reduce the consumption of dielectric and to efficiently flush out the debris.

This idea stems from the recent investigations on the use of spray atomization for

supplying cutting fluids in machining applications [24, 26]. Droplet impingement

on a solid surface leads to the formation of a thin film. This thin film of cutting

fluid penetrates the tool-chip interface improving the cooling and lubrication ca-

pabilities. This results in lower cutting forces and temperature compared to dry

machining and flood cooling techniques. An improvement in tool life of about

40% is also observed [26]. Also, enhanced evacuation of chips from the machining

region is observed with the atomization-based cutting fluid system. The concept

of thin film formation due to spray atomization could also be exploited in EDM.

The proposed method is different from the near-dry EDM technique in that the

dielectric is made of only a single-phase (liquid) in the form of a thin film. On the

contrary, in the near-dry EDM process, a mixture of liquid and gas that has lower

viscosity and heat removal capability compared to a liquid dielectric is used. The

lower viscosity of the dielectric does not constrain the expansion of the plasma

channel, thereby resulting in lower explosion force during the discharge. This

results in reduced material removal and flushing ability in near-dry EDM. While

retaining the original single-phase dielectric properties, the use of a thin dielec-

tric film that penetrates the inter-electrode gap to effectively flush the debris is

a unique characteristic of the proposed Spray-EDM process compared to other

existing EDM techniques.

The knowledge-base developed for the spray systems in traditional machining

applications, however, cannot be directly applied to the EDM process. This is

because for turning and micro-milling applications, the primary focus is to im-

prove the cooling and lubrication properties of the cutting fluid via thin film

formation. In Spray-EDM, the objective is to ensure the formation of a thin di-

electric film that fills the inter-electrode gap completely since the presence of an

air-gap adversely affects the discharge process and reduces the volume of mate-

rial removed [8]. Also, the film must have sufficient velocity to effectively flush
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the debris from the discharge region. The effect of spray parameters including

dielectric flow rate, size of droplets, gas pressure and the distance between spray

unit and machining surface on the film characteristics needs to be investigated for

developing an efficient and sustainable Spray-EDM process.

1.2 Research Objectives, Scope, and Tasks

1.2.1 Research Objectives

The goal of this research is to develop a fundamental knowledge base that will

enable the design and implementation of a Spray-EDM system that minimizes

the dielectric consumption and improves flushing of EDM debris from machining

region. To accomplish this, the specific objectives of the research are:

1. To understand the phenomena in Spray-EDM process including dielectric

spray formation, spray-surface interaction and dielectric film formation on

machining surface through computational modeling approach.

2. To study the flow characteristics of dielectric film on machining surface and

its effect on the flushing of EDM debris from inter-electrode gap.

3. To design and develop a Spray-EDM test bed using the knowledge-base cre-

ated with the aforementioned modeling studies and assess the performance

of the Spray-EDM process.

In order to study the Spray-EDM process through Computational Fluid Dy-

namics (CFD) approach, three models, viz., (i) dielectric spray model, (ii) film

formation model and (iii) debris flushing model are developed. The dielectric

spray model is used to determine the velocity of the carrier gas and the dielectric

droplets at various distances from the nozzle exit along its axis.The model is then

validated by comparing carrier gas velocity against the experimental measure-

ments obtained for a range of distances from the nozzle exit. Using the results
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from the dielectric spray model, the range of impingement angles and distances

from nozzle exit that ensure the droplet-surface interaction is within the spreading

regime are estimated. The film formation model is developed using the Eulerian

Wall Film (EWF) approach to estimate the film characteristics. The model is then

validated by comparing film thickness against the experimental measurements ob-

tained for a specific combination of spray system parameters. Using the validated

film formation model, a three-dimensional profile of film is obtained and thickness

and velocity for different combinations of gas pressure, impingement angle and dis-

tance from nozzle exit are determined. The debris flushing model is developed to

predict the trajectory of debris by taking into account plasma pressure and ra-

dius, non-uniform debris size distribution, debris velocity, properties of workpiece

material and actual topography of the machined crater. The trajectory of debris

particles is computed using the Discrete Phase Model (DPM) that is based on

solving force-balance equations of the individual debris particles in a Lagrangian

reference frame. The model is then validated by comparing the distribution of

debris around the crater with experimental measurements obtained from SEM

images of the machined surface. The validated flushing model is used to evaluate

the effectiveness of debris flushing using Spray-EDM for different combinations of

spray system parameters.

Using the range of spray parameters identified through the aforementioned mod-

els, single-discharge EDM experiments are carried out for the Spray-EDM process

and the performance is compared with Dry-EDM and Wet-EDM in terms of the

volume of material removed, tool electrode wear and the distribution of debris

around the EDM crater.

1.2.2 Scope of Research

This research focuses on the modeling and experimental investigation of the

Spray-EDM process. Spray systems for machining applications typically involve

droplets in the size rage of few microns to about 50 µm and this research will only
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consider droplets within this range. Single-discharge experiments are considered

in this research to eliminate variability associated with multiple discharge EDM

experiments. Only the die-sinking EDM process is investigated in this research.

The work material used throughout this research is Stainless Steel since it is has

several engineering applications. The study is limited to using tungsten wire as

the tool electrode since it is widely used and the focus of experimental research is

to compare the performance of EDM process with different dielectric supply meth-

ods, viz., Wet-EDM (stationary liquid dielectric), Dry-EDM and Spray-EDM. The

dielectric media used in the study are Chem Finish EDM 3001 LiteTM and air.

The dielectric film used in Spray-EDM is only a few microns thick which is small

compared to the lateral dimensions of the film. Hence, the spray-surface interac-

tion and the dielectric film formation models in this research are based on thin

film theory that is applicable to fluid films of thickness less than 300 µm [52].

1.2.3 Research Tasks

The objectives of this research are accomplished in three phases detailed below.

Phase I: The focus is to develop a physics-based model to understand the

effect of parameters including dielectric fluid properties, droplet size, carrier gas

pressure, distance of spray nozzle from machining surface and angle of impinge-

ment with respect to machining surface on dielectric film formation. This is

achieved by the following sequence of tasks:

1. Develop the dielectric spray model to determine the velocity of dielectric

droplets propagated by the carrier gas.

2. Conduct experiments to evaluate gas velocity to validate dielectric spray

model.

3. Use the validated dielectric spray model to identify the combination of gas

pressure, distance from spray nozzle and impingement angle that ensures
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spreading of droplets on machining surface.

4. Understand the effect of spray parameters on film characteristics such as

film thickness and film velocity by developing a model based on Eulerian

Wall Film approach.

5. Validate film formation model by performing optical measurements of di-

electric film formed on machining surface.

Phase II: The aim of the following set of tasks is to identify the effect of

spray parameters on the flushing of debris particles from the machining region

and also evaluate the performance of the Spray-EDM process.

1. Develop a physics-based model to simulate the movement of debris particles

in the inter-electrode gap in EDM

2. Perform single-discharge EDM experiments to gather input data for debris

flushing model and validate the model by analyzing SEM images of machined

surface.

3. Use the validated debris flushing model to understand the effect of film

thickness and film velocity on the motion of debris particles and compare

with results from conventional EDM that uses stationary dielectric fluid.

4. Evaluate the performance of Spray-EDM process through single-discharge

experiments and compare with conventional Wet-EDM (stationary liquid

dielectric) and Dry-EDM techniques in terms of material removal, tool wear

and flushing of debris particles.

1.3 Overview of Thesis

The remainder of the thesis is organized as follows. Chapter 2 presents a thor-

ough literature review of topics relevant to this research including the mechanics of
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macro and µ-EDM process and its applications, current techniques to improve the

process efficiency and their limitations, Atomized Cutting Fluid (ACF) systems

for machining applications, droplet impingement dynamics, modeling of dielectric

fluid sprays and film formation, and modeling the flushing of debris from inter-

electrode gap in EDM. Finally, the gaps in knowledge for developing Spray-EDM

process are summarized.

Chapter 3 presents the fundamental concepts of the Spray-EDM process

including the working principle and spray system components. A physics-based

model to understand the formation of dielectric spray and its interaction with the

machining surface is developed. First, the dielectric spray model is developed and

validated to identify the combination of spray parameters for spreading regime.

The spatial distribution and velocity of the dielectric droplets are determined us-

ing the Discrete Phase Model (DPM) approach. Then the film formation model

is developed using the Eulerian Wall Film (EWF) approach. The validated model

is used to determine the dielectric film thickness and velocity for different com-

binations of spray system parameters. The debris flushing model is developed to

study the trajectory of debris particles in the Spray-EDM process using the DPM

approach.

In Chapter 4, the validation of debris flushing model through single-discharge

EDM experiments is discussed. Also, the range of spray parameters for enhanced

debris flushing with Spray-EDM technique is determined. The performance of the

Spray-EDM process is then evaluated through single-discharge experiments and

compared with conventional Wet-EDM and Dry-EDM processes in terms of vol-

ume of material removed, tool wear and flushing of EDM debris from machining

zone.

Chapter 5 presents the conclusions reached through the current research.

The potential areas of future work in this field are also suggested.
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Chapter 2

Literature Review

The overarching objective of this research is to develop a novel EDM technique

that not only reduces the consumption of dielectric fluids but also improves the

performance of the EDM process. In this regard, it is important to understand the

mechanics of the EDM process including material removal mechanisms and debris

flushing. Also, the current techniques used to improve the process performance

and efforts taken to make the EDM process more sustainable need to be discussed.

The contents of this chapter have been organized to facilitate a thorough under-

standing of the aforementioned topics. Section 2.1 discusses the fundamentals of

EDM process including its advantages, limitations and applications. Section 2.2

provides a review of the current techniques used to reduce consumption of dielec-

tric fluids along with the limitations of each method. The significance of debris

flushing in EDM and available literature on modeling this phenomenon are dis-

cussed in Section 2.3. Section 2.4 discusses the fundamentals of atomization-based

spray systems and its applications in micro-machining and machining Titanium

alloys. In order to understand the interaction between dielectric spray and the

machining surface in EDM, a brief overview of spray impingement dynamics and

film formation is also provided in Section 2.4. This is followed by a summary

of existing experimental and modeling approaches to study the film formation

phenomenon in Section 2.5. The final section identifies the gaps in knowledge to

develop an efficient Spray-EDM process.
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2.1 Mechanics of the EDM Process

Electrical Discharge Machining is a complex process that involves several phe-

nomena such as dielectric breakdown, plasma generation and discharge, melt-pool

formation, and ejection of work material in the form of debris particles. A number

of parameters affect the performance of the EDM process. Figure 2.1 shows the

critical parameters in EDM and how they affect the process performance. In order

to develop a novel EDM technique that aims to improve process performance, it

is pertinent to understand both the material removal mechanism and the flushing

of debris particles. The flushing of debris deals with how the material is removed

from the inter-electrode gap to prevent short-circuiting [1].

Figure 2.1: Schematic of EDM parameters [1].
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Material removal in EDM

In EDM, the material removal is due to controlled erosion of work material by

the use of electrical discharges. The volume of material removed in a single spark

ranges from 10−6 to 10−4 mm3 and is repeated for about 10000 times per second,

resulting in considerable material removal over time [2]. The material removal in

EDM is schematically described in Fig. 2.2. The electrically conductive electrodes

(workpiece and tool) are separated by a very small distance, typically of the order

of few tens to hundreds of microns, with a dielectric medium between them. A

high voltage (around 200 V) is applied between the electrodes. Break down of the

dielectric medium occurs when the resulting electric field across the gap given by

E = V/dgap is greater than the dielectric strength of the medium, which is about

38 MV/m for deionized water [53]. The breakdown produces heating, melting of

the electrodes and subsequently results in material removal.

Figure 2.2: Schematic of material removal in EDM [2].

In order to comprehend the mechanism by which the breakdown of dielectric
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medium occurs, it is important to understand the concept of streamer. A streamer

is a narrow channel of weakly ionized medium. A positive streamer originates from

the anode while a negative streamer starts from the cathode. These two types

vary significantly in terms of their structure and speed of propagation, especially

in high density media such as liquid dielectrics [2]. The positive streamer(Fig. 2.3)

has a filamentary appearance and the negative one has a thicker structure. The

propagation speed of the former is about 1 to 10 km/s while that of the latter is

around 100 m/s. Figure 2.4 shows the mechanism of streamer formation within the

inter-electrode gap. The discharge process begins with the formation of a streamer

from a primary avalanche of electrons and ions. This avalanche is created in a

lower density region (such as a bubble) within the inter-electrode gap since the

high density of the liquid dielectric prevents the propagation of electrons in the

liquid phase. The primary avalanche within the bubble heats the liquid dielectric

in front of it which results in the growth of the bubble and also formation of new

bubbles. These bubbles in turn promote the formation of secondary avalanches

and the cycle of vaporizing liquid dielectric and growth of avalanche results in

the formation of a streamer within the inter-electrode gap. The width of the

ionized channel increases when the streamer reaches the other electrode, thereby

resulting in a spark discharge between the electrodes. This process is accompanied

by intense emission of light.

The formation of the highly ionized plasma channel from the streamer is fol-

lowed by a drastic reduction in the voltage across the gap and sudden spike in the

current. The bombardment of the ions from the plasma channel on the electrodes

results in intense heat generation on their surfaces. This heat is sufficiently high

to vaporize some of the material and also melt the material in the regions close

to the plasma channel, creating a molten pool of metal on the surfaces (Fig. 2.5).

However, the fraction of total material removed by vaporization is only about 1.15

to 4.1 % and the material is predominantly removed by melting [54]. The size of

the melt pool increases with time as the radius of plasma channel keeps increasing

during the discharge process. When the voltage between the electrodes is turned
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Figure 2.3: Shadowgraphs of negative and positive streamers in oil [3].

Figure 2.4: Mechanism of streamer formation [2].

off, the plasma channel implodes due to the pressure exerted by the surrounding

dielectric medium. This is followed by the ejection of molten metal from the melt

pool by a complex process that involves forces from electrodynamics, thermody-

namics, and hydrodynamics [55]. The ejected metal solidifies on contact with the

dielectric medium in the form of globules. At the end of this process a crater is

formed on both the electrode surfaces, the size of which depends on EDM pa-

rameters such as discharge energy. The selection of the tool and work material

and their polarity during EDM process can be tailored such that the amount of

material removed from the workpiece is significantly higher than that removed

from the tool electrode.
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Figure 2.5: Schematic of the melt pool formed during the EDM process [4].

Role of dielectric fluid in EDM

Some of the commonly used dielectrics in EDM are water, hydrocarbon oils

such as kerosene, and gases such as oxygen, helium and argon. Though water has

the advantages of having low viscosity, fire resistance, and low cost, the control of

spark gap is effectively achieved by using hydrocarbon oils [56]. Hence oil-based

dielectrics are predominantly used in machining applications. The dielectric fluid

performs the following functions during the EDM process [2].

1. Ensures that a high pressure plasma channel is formed within the inter-

electrode gap which exerts greater force on the melt pool when the plasma

collapses at the end of discharge.

2. Reduces the temperature at the tool and workpiece surfaces.
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3. Solidifies the ejected molten metal from the electrodes into globule-shaped

debris particles.

4. Flushes the debris particles from the machining zone.

The role of the dielectric as discharge medium between the electrodes was dis-

cussed extensively in the previous section. Careful selection and circulation of

dielectric between the electrodes is necessary for control of electric spark and effi-

cient performance. The ability of the dielectric to flush away the debris particles

is critical to achieving the desired work surface finish and accuracy. The accu-

mulation of particles in the gap will increase the electrical conductivity of the

dielectric in the regions where the particles are concentrated. This leads to the

concentration of spark discharges in these regions leading to enhanced material

removal compared to the other parts of the work surface, thus resulting in poor

control over the material erosion process during EDM. The effect of debris on the

discharge is more significant in µ-EDM due to smaller gap distances employed

in the process compared to macro-EDM. Hence effective flushing of the debris is

crucial to improving the efficiency and stability of the EDM process [1]. It has

been determined that effective flushing of debris enhances the efficiency of the

process and reduces machining time by a factor of six [57]. Also,important EDM

performance measures such as tool wear, surface roughness, and depth of recast

layer are affected by flushing mechanisms adopted during machining [58, 59, 60].

In order to ensure stable and uniform material removal, the dielectric fluid must

have the ability to penetrate the inter-electrode gap and flush debris. Some of

the commonly used flushing methods are through-the-tool flushing, vacuum flow,

vibration-assisted flushing, jet flushing using nozzles, and flushing by imparting

relative motion between tool and workpiece [61].

However, the use of large quantity of dielectrics, especially hydrocarbon oils

has inherent disadvantages of having a harmful effect on the EDM operators.

The prolonged exposure to noxious smoke, aerosols and vapors of the dielectric

oil produced due to the high temperature in the discharge gap during machining
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causes severe respiratory and skin irritation issues [41, 62]. Also, the disposal

of these dielectrics along with metal particulates also has serious environmental

impact [5, 39]. Their use in conventional die-sinking EDM requires chillers for con-

trolling the temperature of dielectric and preventing a fire hazard [63]. In order to

comply with environmental standards extensive filtration and treatment systems

capable of handling huge amounts of dielectric waste need to be set up for their

safe disposal. This leads to an increased energy consumption and hence higher op-

erating cost for the machining process. In order to overcome the aforementioned

issues, several techniques have been developed to minimize the consumption of

dielectrics in EDM. These are thoroughly discussed in the next section along with

the disadvantages of each method.

2.2 Techniques to Minimize Consumption of Dielectric

Fluids in EDM

Some of the factors that influence the environmental aspect of EDM are en-

ergy consumption in the process, exposure to aerosols and consumption of large

quantity of dielectric [64]. These are schematically shown in Fig. 2.6. The con-

sumption of kerosene as dielectrics in medium and large EDM machines used for

manufacturing high precision automation parts was estimated to be roughly be-

tween 160 liters to 3500 liters per year [38]. This results not only in increased

operating costs for the industry but also in harmful environmental effects. Toen-

shoff. et. al (1996) [62] found that mineral oils produced hazardous fumes such

as polycyclic aromatic hydrocarbons, benzene and mineral aerosols. In order to

overcome these limitations, several techniques such as dry EDM, near dry EDM

and EDM using water have been developed to reduce consumption of hydrocarbon

oils as dielectrics and are discussed in detail in this section.
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Figure 2.6: Environmental impact of EDM process [5].

Dry EDM

A thin-walled tube is used as the tool electrode and a gas such as air, oxygen or

argon is fed at high pressure through the tool into the inter-electrode gap. The gas

reduces the temperature in the machining region and also helps to remove debris

particles produced by the discharges. It is environmentally clean because there is

neither generation of hazardous gases nor waste from dielectric fluid. A schematic

of the Dry-EDM process is shown in Fig. 2.7. The process is characterized by

good material removal rate (only when oxygen is used), thinner white layer on

machined surface, absence of electrolytic corrosion of workpiece, smaller discharge

gap, smaller residual stresses on the machined surface, and compact size (due to

absence of a dielectric fluid tank) [65]. Dry EDM also results in better machining

accuracy, especially in the case of wire EDM because of the reduced forces on the

electrode wire compared to oil-based dielectrics that prevents excessive deflection

of tool. The material removal rate is lower compared to oil-based EDM except

when using oxygen because the lower viscosity of the gas phase generates lower

energy density per pulse and explosive force during the process [46].

Yu. et. al (2004) [66] studied the machining of cemented carbide using Dry-EDM
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Figure 2.7: Schematic of the Dry-EDM process [6].

milling, oil EDM milling and die-sinking EDM using a copper electrode. High

pressure oxygen was fed through the tool electrode as dielectric. It was observed

that the work material removal rate in case of Dry-EDM was about six times

that of oil EDM for the same discharge energy and they attributed the enhanced

material removal to the oxidation reaction that occurs at the inter-electrode gap

during the discharge process. The thermally-activated oxidation reaction at the

tool- workpiece interface causes the material to melt and vaporize explosively, a

phenomenon similar to that observed in plasma jet cutting process [7]. Precise

machining is difficult when oxygen is used since the explosive oxidation reaction

in the gap cannot be controlled by the electrical energy supplied across the elec-

trodes. In order to overcome this limitation, Kunieda et. al. (2003) [7] explored

the possibility of using a quasi-static explosion mode that has material removal

rate in between the normal discharge and explosive mode but offers much bet-

ter control over the process. These modes are schematically shown in Fig. 2.8.

The material removal increased when the discharge energy density exceeded a

threshold value and was comparable to that achieved during high speed milling

of quenched steel by milling machine. The machining accuracy improved when

the gas was sucked through the tool electrode instead of being jetted out since it

controlled the diffusion of plasma in the radial direction within the gap.
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Figure 2.8: Mode transition observed in Dry-EDM [7].

Dry-EDM was also employed to drill holes in hard-to-machine materials with a

tubular copper electrode using argon or helium as the dielectric [67]. Kao. et. al.

(2006) [46] used air as dielectric to machine thin workpieces of brass and aluminum

with wire EDM process and compared the performance with water-based EDM.

The material removal rate using water was about 14 mm3/min and that observed

in Dry-EDM was only 3.8 mm3/min.

The increased material removal in Dry-EDM is not observed for all work ma-

terials and dielectric gas combinations and is limited to machining steel with

oxygen [6]. Also, in Dry-EDM and the machined surface has a higher roughness

compared to oil EDM due to the poor flushing of debris which makes them re-

adhere to the surface after removal [47]. This is because the molten debris move

with an almost constant velocity in air and do not re-solidify until they come in

contact with the electrode-surface. On the contrary, in oil-based EDM the debris

are decelerated due to the bubbles and solidify into a spherical shape due to sur-

face tension [68] and are flushed from the gap. Dry EDM is also not very effective

when large depth of cuts are employed or in finishing operations since there is no

sufficient flow of gas in the side gaps between the machining surface and tool(see
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Fig. 2.9). Dry-EDM is also characterized by frequent short circuiting since the

gap distance is small and this has a significant effect on the productivity of the

process [45]. In the case of dry-wire EDM, Kunieda and Furudate (2001) [69]

observed lower material removal rate compared to oil-based EDM and also a large

number of streak marks on the finished surface. This was caused by the wire feed

turning back and forth frequently due to short-circuiting. Li et. al. (2004) [70]

observed that positive polarity of electrodes resulted in better machining perfor-

mance in Dry-EDM and that a high pressure must be imparted to the dielectric

gas in order to strengthen the de-ionizaton process in between the discharges.

This is not suitable for certain machining applications such as µ − EDM where

excessive pressure might damage either the tool or the machined features.

Figure 2.9: Scenarios in which Dry-EDM is not effective [7].

Near-dry EDM

Recently, a ’near-dry’ EDM process has been developed that utilizes a com-

bination of liquid and gas (mist) dielectric medium [8, 47]. An MQL-type fluid

dispenser is used to generate a liquid-gas mixture as the two-phase dielectric

medium that is supplied to the discharge zone by a high-pressure air stream

through a nozzle system.

Kao et. al. (2007) [8] compared the performance of dry, near-dry and Wet-

EDM processes for wire EDM and EDM drilling operations with Al6061 as work
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material. Compared to the flow rate of 107 ml/min used for the Wet-EDM,

only 21 ml/min was used in the near-dry EDM process. The MRR envelopes

for the three processes are shown in Fig. 2.10. The MRR for near-dry process

was found to be higher than that observed in Dry-EDM for all combinations of

discharge duration and pulse interval time, but it was still significantly lower than

Wet-EDM (where workpiece is submerged in a liquid dielectric) in the region of

high discharge energy (pulse interval time less than 250 µs). Also, the frequency

of wire breakage in near-dry process was higher than Wet-EDM because of the

reduced heat-removal capability of the water-air mixture compared to single-phase

liquid as dielectric. At high discharge energies, liquid dielectric generates larger

explosion force due to its higher viscosity compared to liquid-gas mixture that has

lower viscosity due to mixing with gas phase [70].

Figure 2.10: Comparison of MRR envelopes for three processes with gap current
of 25 A and gap voltage of 45 V [8].

The comparison of MRR for different flow rates of the liquid dielectric in near-
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dry EDM is shown in Fig. 2.11. It is observed that high water flow rate improves

the MRR due to better cooling, higher dielectric fluid viscosity and improved

debris flushing.

Figure 2.11: Comparison of MRR envelopes for different flow rates with gap
current of 25 A and gap voltage of 45 V [8].

The profile of EDM drilled holes using the three processes is shown in Fig. 2.12.

The time taken to drill a hole of depth 1.27 mm was found to be 428 s, 11 s and

13 s for the dry, wet and near-dry EDM processes, respectively. It is observed that

near-dry EDM produces straight holes with sharp edges compared to the other

two processes.

Despite the reduction in consumption of dielectric fluids in near-dry EDM, the

mixture of gas and liquid is less effective than single-phase liquid dielectric in

removing debris particles from the machining region, resulting in frequent short-

circuiting. Also, the electrode wear in the near-dry EDM is higher than that

obtained in the Wet-EDM process.
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Figure 2.12: Optical micrographs of holes with gap current of 10 A and gap
voltage of 60 V [8].

EDM using water

Pure water and water with additives (predominantly organic compounds) have

been explored to replace hydrocarbon oils as dielectrics in the past several years.

The idea stemmed from the research of Jeswani (1981) [71] where performance of

distilled water and kerosene was compared. It was observed that a higher material

rate was achievable using distilled water compared to kerosene, especially in the

range of high discharge energy 72− 288 mJ. This is because the water dipoles

directed into the electric field accelerate spark formation in water. The erosion

process in water-based EDM systems possess higher thermal stability and higher

discharge energy can be achieved. This is attributed to the fact that the specific

boiling energy of water-based dielectrics is about eight times higher than oil-based

ones and the boiling occurs at a lower temperature [72]. Also, the deposition of

the tool material on the machined surface was less with distilled water. Lower tool

wear ratio and good surface finish were also observed but the machining accuracy

was poor. However, distilled water as a potentially effective dielectric medium
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is restricted only to high discharge energy conditions. In the case of electrodes

immersed in a tank of water, energy is wasted due to the leakage of charges from

electrodes to surrounding dielectric. This is a significant issue with EDM circuits

having a relaxation type pulse generator.

Chen. et. al. (1999) [9] observed that distilled water resulted in higher material

removal compared to oil in machining Ti-6Al-4V. The decomposed carbon from

the hydrocarbon oil formed TiC on the surface and reduced material removal since

TiC has a higher melting point. However, the average size of debris particles was

greater when distilled water was used compared to kerosene. This can have a

profound impact on the process since the frequency of short-circuiting in EDM

increases with the debris concentration, especially when an ineffective flushing

mechanism is employed. Also, the density of micro-cracks on the machined surface

was higher with water-based EDM which decreases the fatigue strength of the

machined parts. This will severely limit the part’s functionality(see Fig. 2.13).

Kranz. et. al. (1990) [73] observed severe toughness losses for high-strength tool

steels after machining with water-based dielectrics due to the combined effect of

changes in the micro-structure of the work material and micro-cracks.

Konig and Jorres [74] studied the feasibility of adding organic compounds with

large molecular weight such as ethylene glycol, glycerine, polyethylene glycol,

dextrose, and sucrose with water. The increase in viscosity of water with these

additives and the decomposition of these compounds during the spark discharge to

produce high pressure gaseous result in a greater material removal per discharge.

Water-based dielectrics with glycerine concentration between 50 and 60% is well-

suited for roughing operations which involve long pulse durations, duty factors

and discharge currents.

Although water as a dielectric in EDM results in a better machining perfor-

mance in some scenarios, hydrocarbon oils are superior in a wide range of ma-

chining conditions [5]. In general, the lower viscosity of water compared to oil

provides a lesser restriction of the plasma channel, thereby decreasing the energy

density and the subsequent material removal. The higher energy required to heat
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Figure 2.13: SEM images of crack distribution on EDMed surface [9].

and vaporize the water in the discharge gap results in lower gas pressure, which

inhibits the complete removal of material from the melt pool. Hence, there is a

need to reduce the consumption of hydrocarbon oils as dielectrics in EDM without

affecting the process performance.

The consumption of hydrocarbon oils as dielectrics in the EDM process is mini-

mized through Dry-EDM, near-dry EDM and using water as dielectric. However,

these techniques have a lower material removal capability compared to the con-

ventional EDM techniques. Also, apart from the quantity of the dielectric used

in the EDM process, one of the important aspects to be addressed is the effective

removal of the debris from the inter-electrode gap. An overview of the current

techniques to improve the debris flushing in EDM process is presented in the next
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section.

2.3 Debris Flushing in EDM

A good flushing mechanism has a significant effect on the performance of EDM

process. A higher material removal is achieved with an effective flushing method

because of reduction in frequency of abnormal discharges that occur when debris

are present in the inter-electrode gap. Also, in order to achieve uniform material

removal from the part, the concentration of debris in a particular region mus be

avoided and is achieved by a proper flushing system. Flushing also impacts the

tool wear, crack density and recast layer thickness on the machined surface which

can be minimized by an optimal flushing method [59]. Benedict [61] classified the

most common flushing methods into five categories, viz., through-the-tool flush-

ing, jet flushing, relative motion between tool and workpiece, vibration-assisted,

and magnetic flushing. These techniques along with their limitations are discussed

in detail in this section.

2.3.1 Techniques to improve debris flushing

Jet flushing

This is the simplest and most widely used method where dielectric fluid is

ejected from a nozzle placed adjacent to the discharge gap at a high pressure.

The debris are carried out of the inter-electrode by the flow of the fresh fluid.

Wang at. al. (2005) [75] studied the jet flushing of dielectrics for machining tung-

sten carbide and found that the machining stability decreased due to turbulence

in the small inter-electrode gap, especially for higher flushing pressures. Also,

the uniformity of debris distribution in the vicinity of the electrical discharges is

not ensured due to a fixed flow field of the dielectric fluid [10] which results in

uneven gap distance, thereby reducing machining accuracy. In order to overcome
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this limitation, Masuzawa et. al. (1992) [10] developed a sweeping-jet method in

which two nozzles are placed on either side of the machining region and positions

are dynamically changed during the discharges to achieve uniform debris distri-

bution. As seen from Fig. 2.14, the surface flatness using the sweep-jet method

was better than normal jet flushing.

Figure 2.14: (a) Sweep-jet flushing schematic, Surface profile of workpiece using
(b) normal jet flushing and (c) sweep-jet flushing [10].

Jet flushing is also not preferable for wire-EDM applications and µ− EDM

because the impact force of the dielectric jet from the nozzle can deflect the wire

or tool and compromises the machining accuracy.

Tool movement

The plunging movement of the tool electrode during discharges has been stud-

ied in the past [21, 76, 77, 78]. Cetin et. al. (2003) [21] investigated the effect

of the electrode jump parameters such as jump height and jump speed on the

flushing performance and material removal rate in die-sinking EDM. The mate-

rial removal increased with tool plunging motion due to enhanced circulation of

the dielectric and removal of debris.

Since the flow of the dielectric is not well controlled by a simple upward or

downward movement of the tool electrode, Masuzawa et. al. (1983) [79] devised

a movement of the tool electrode in the workpiece cavity using a controller and

motor system that draws in fluid from one side and pushes out through the other
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side. The gap between the tool and the side and bottom walls are fed back to the

controller to define an optimal tool movement path. However, this method is not

efficient for machining shallow features since the tool movement in such as case

will not be able to draw in the dielectric. Also, time for the tool movement does

not directly contribute to the material removal and increases the machining time.

Guu and Hocheng (2001) [11] developed a rotary EDM method in which the

workpiece was rotated during the discharge process to improve the circulation of

dielectric fluid within the gap. The material removal rate in this technique was

almost twice as high as that observed in the conventional method (see Fig. 2.15).

The centrifugal forces in rotary EDM flushed the debris efficiently from the dis-

charge gap, thereby avoiding abnormal discharges and enhanced machining per-

formance. Lower surface roughness and uniform residual stresses on the recast

layer were also observed in this method. However, this method is only suitable

for machining axially symmetric features in the workpiece.

A similar approach of rotating the tool electrode instead of the workpiece was

developed by researchers [80, 81, 12, 82]. Soni and Chakraverti (1994) [12] ob-

served that material removal was higher with rotation of the tool electrode due

to improved flushing action and sparking efficiency. This technique can be used

to machine axially non-symmetric features too. However, the surface roughness

and the tool wear rate were observed to be higher in comparison to stationary

electrode (see Fig. 2.16).

Vibration-assisted flushing

The application of low frequency vibration to the electrodes during the EDM

process has been investigated in the past [83, 84, 14, 85, 13]. Ghoreishi and Atkin-

son (2002) [13] compared the performance of tool vibration and rotation-assisted

EDM process and found that an increase in MRR upto about 35% can be achieved

by synchronizing the rotation and vibration of the tool electrode(see Fig. 2.17).

Prihandana et. al. (2011) [83] studied the effect of low frequency vibrations of
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(a)

(b)
Figure 2.15: Comparison of conventional and rotary EDM in terms of (a)MRR
and (b)surface roughness [11].

the workpiece on the material removal rate, surface roughness and tool wear.

The MRR in vibration-assisted EDM was about 25% higher than conventional

method because of the enhanced circulation of the dielectric within the discharge
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(a)

(b)

(c)

Figure 2.16: Comparison of stationary and rotating electrode in terms of (a)
MRR, (b) Surface roughness and (c) Tool wear rate [12].

gap which promoted debris flushing. The MRR was significantly affected by the

amplitude and the frequency of vibration. The surface roughness was lower than

conventional EDM but only at lower frequencies and amplitude of vibration. High

frequency vibrations had a detrimental effect on the surface finish and also the

tool wear during EDM. Jahan et. al. (2010) [14] investigated the drilling of deep

micro-holes in tungsten carbide by using low frequency vibration of the workpiece.

There was a significant improvement in machining stability due to the vibrations

as is evident from the number of short-circuit pulses shown in Fig. 2.18. The con-

tinuous change in the dielectric fluid pressure within the gap generates a periodic

suction and pumping action that circulates uncontaminated fluid into the machin-

ing zone. The effective flushing of debris prevents the abnormal discharges and

improves the discharge process. A marginal increase in MRR and a lower elec-

trode wear rate were also observed with low frequency vibrations(see Fig. 2.19).

As observed in previous studies, very high frequency and amplitude of vibration

affected the micro-hole’s surface quality and accuracy.

Ultrasonic vibrations have also been used to improve the machining perfor-
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Figure 2.17: Types of motion imparted to the tool electrode [13].

Figure 2.18: Comparison of machining stability in conventional and
vibration-assisted EDM [14].

(a) (b)

Figure 2.19: Comparison of conventional and vibration-assisted EDM in terms
of (a) MRR and (b) Electrode Wear Rate [14].

mance of EDM process since the mid 1980s [86, 87, 88, 89, 90, 91, 92, 93] especially

in cases where conventional forced or suction of dielectrics cannot be employed.

The debris in the gap are subjected to ultrasonic field forces and unique kind

of convection currents that are generated due to cavitation and micro-streaming

phenomena [87] which helps in clearing out the inter-electrode gap. The ultra-

sonic vibrations improved the ejection of material from the melt pool, reduced the

thickness of the heat affected layer and number of micro-cracks on the machined
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surface [89]. The material removal is enhanced because of a decrease in the hy-

drostatic pressure within the gap. Gao and Liu (2003) [15] found that ultrasonic

vibration lead to enhanced material removal compared to conventional EDM, es-

pecially for thin workpieces where an eight-fold increase in MRR was observed

(see Fig. 2.20). This was attributed to the better flushing conditions within the

gap. Yeo and Tan (1999) [94] improved the aspect ratio of micro-holes drilled in

stainless steel workpiece from six to fourteen by imparting ultrasonic vibrations

to the tool electrode.

(a) (b)

Figure 2.20: Comparison of MRR in conventional and ultrasonic EDM [15].

Thoe et. al. (1999) [91] used ultrasonic vibrations to increase the MRR when

drilling micro-holes in hard-to-machine materials such as ceramic coated nickel

alloys. The diameter difference between entrance and exit when drilling holes

with diameter and depth of about 150µm and 500µm was drastically reduced

to about 2µm with the use of ultrasonic vibrations. Huang et. al (2003) [16]

used ultrasonic vibrations to increase machining efficiency by about sixty times

in drilling micro-holes in Nitinol without significantly affecting electrode wear.

However, the introduction of ultrasonic vibrations created a small and unwanted

horizontal vibration of the tool electrode which resulted in profile errors for the

drilled holes (see Fig. 2.21).

Ultrasonic vibrations are not widely used for µ− EDM applications due to the

possibility of deflection of the tool electrode due to the high frequency vibrations.

This can also result in reduced machining stability, especially when thin electrodes
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Without ultrasonic vibrations With ultrasonic vibrations

Figure 2.21: Micro-hole profiles at the entrance for electrode diameters of (a)
and (b) 100µm, (c) and (d) 200µm, (e) and (f) 300µm [16].

are employed [14]. They also tend to accelerate tool wear even though a higher

material removal is achieved. Machining accuracy is also compromised to some

extent when ultrasonic vibrations are used [95].

Magnetic field-assisted flushing

Several research efforts have been made into the use of magnetic field for im-

proved flushing in EDM [17, 96, 97, 18, 98, 19]. The concept of using magnetic field

to assist in gap cleaning for EDM was first developed by De Bruijn et. al. (1978) [97].

The debris particles within the gap behave as dipoles when subjected to a mag-
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netic field. The direction of the field is such that the magnetic force directs

the particle out of the machined feature and away from the discharge region.

Yeo et. al. (2004) [17] found that there is no appreciable difference in MRR between

conventional and magnetic field-assisted EDM in the initial stages of machining

(see Fig. 2.22). This is because the centrifugal force of the rotating electrode is

sufficient to remove the debris from the drilled hole for smaller depths. However,

with further machining the effect of magnetic field becomes appreciable and about

26% increase in depth of hole is observed due to effective debris transport achieved

with magnetic field.

Figure 2.22: Variation in depth of drilled hole with machining time [17].

Although no significant difference in surface roughness was observed, the tool

wear was higher along the length of the electrode in the case of magnetic field-

assisted EDM (see Fig. 2.23). This was attributed to distortion in the tool elec-

trode due to applied magnetic field.

Lin et. al. (2009) [18] studied the effects of magnetic field on the machining

of SKD 61 steel using copper electrode. As seen from Fig. 2.24, the MRR was

about three times higher than the conventional EDM and the surface roughness
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(a) (b)

Figure 2.23: Shape of tool electrode after machining (a) without magnetic field
and (b) with magnetic field [17].

was also lower. The reduction in frequency of short circuiting due to effective

debris removal was identified as the reason for enhanced MRR in the case of

magnetic field-assisted EDM. Also, the thickness of the recast layer was higher

for conventional EDM because unexpelled debris were re-melted and re-solidified

on the machined surface. With effective flushing, these debris move away from the

discharge region, thereby limiting the formation of the recast layer (see Fig. 2.25).

Heinz et. al. (2011) [19] developed a method to improve the performance of

µ− EDM for non-magnetic materials. When a directional current is flowing

through the non-magnetic workpiece placed in a magnetic field, a Lorentz force is

produced when the current and the magnetic field are non-parallel. The Lorentz

force can be directed into or out of the workpiece for improvement in MRR. It

was observed that upto 50% increase in MRR can be achieved when the Lorentz

force was pointing into work surface. Also, the average distance of the debris

particles from the center of the crater increased from about 164 µm to 207 µm

when Lorentz force was applied (see Fig. 2.27).

In summary, the magnetic field-assisted EDM is applicable only to workpieces

that are magnetic. Several materials that are machined using EDM are non-
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Figure 2.24: Comparison of MRR and surface roughness for conventional and
magnetic field-assisted EDM [18].

Figure 2.25: Cross section of machined surface obtained by (a) conventional
EDM and (b) magnetic field-assisted EDM [18].

magnetic and this technique cannot be used for improving the machining perfor-

mance in such cases. Though a method was developed for non-magnetic materials,

a large magnetic field is required to achieve improvement in process performance.

Also, the magnetic field induced a distortion in the tool electrode which caused

higher wear during operation.

In addition to the experimental research on developing better flushing systems

for EDM, computational modeling has also been used to investigate the debris

flushing phenomenon. A thorough review of the models developed for improving
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(a) (b)

Figure 2.26: SEM and laser scan images for (a) conventional EDM and (b)
Lorentz force-assisted EDM [19].

Figure 2.27: Comparison of debris distribution for conventional and Lorentz
force-assisted EDM [19].

debris flushing in EDM is presented in the next section.

2.3.2 Modeling Debris Flushing in EDM

As discussed in Section 2.3, the removal of debris is critical to achieving good

process performance in EDM. In this regard, several modeling studies have been

performed to understand the debris flushing in EDM. Okada et. al. [20] studied

the flow field of the dielectric medium in machined kerf during the wire-EDM
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process. The effect of the flow rate of the dielectric from the nozzles and the

stand-off distance (distance between the nozzle exit and the workpiece surface)

on the flow field and debris distribution within the machining zone were investi-

gated with a three-dimensional, unsteady and turbulent flow model with one-way

coupling between the continuum and particles to determine the optimum pa-

rameters for supplying the dielectric. The flow field from model was compared

with PIV measurements obtained using transparent acrylic dummy workpiece. A

good quantitative agreement was observed for the flow velocity in both cases (see

Fig. 2.28).

Figure 2.28: Comparison of flow velocity for PIV and CFD model [20]

The flow field in the machined kerf for different flow rates from the top and

bottom nozzle are shown in Fig. 2.29. A stagnation area where the top and bottom

jets meet results in the poor flushing within the vicinity due to very small fluid

velocity. The recirculation of debris in the stagnation region is clearly depicted in

Fig. 2.30. Only 32 debris particles were considered in this study which is too few

to derive statistically valid conclusions. Also, the impact force associated with the

sparks (the pressure due to the plasma bubble is of the order of 200 MPa [47]), one

of the critical factors affecting the dielectric flow and trajectory of debris particles

was not considered in their model. Also, the debris particles were assumed to

have the same diameter (10µm), unlike the actual case.

Cetin et. al. [21] studied the concentration of debris particles in the machin-

ing region during deep hole drilling operation. A 2-dimensional, axisymmetric,

unsteady, turbulent model was developed to investigate the effect of electrode
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Figure 2.29: Velocity contours of fluid in machined kerf [20]

Figure 2.30: Trajectory of debris particles [20]

jump height and jump speed for enhancing the debris flushing in a linear motor-

equipped Electric Discharge Machine. The fluid domain is shown in Fig. 2.31 and

the velocity field of the dielectric for small and large jump heights are shown in

and Fig. 2.32 and Fig. 2.33, respectively. The retraction of the electrode results
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in the formation of two vortices within the inter-electrode gap which can result in

improper flushing of the debris.

Figure 2.31: Fluid domain for simulating electrode jump motion [21]

at t = 0.08 s

at t = 0.16 sat t = 0.08 s
(a) (b)

Figure 2.32: Jump height of 2.4 mm (a) velocity vectors and (b) debris particles
motion [21]

About 362 debris particles with constant diameter of 10µm were considered

and distributed uniformly within the fluid domain. A larger jump height of the

electrode produced better flushing compared to lower height as seen in Fig. 2.33.

Thus larger jump height prevents formation of debris-rich regions in the inter-

electrode gap, thereby minimizing the concavity of side walls during EDM.

However, the effect of impact force of the discharges on debris movement was

neglected. Also, too few particles with same diameter were considered in this

study unlike the actual scenario.
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t = 0.25 s t = 0.50 st = 0.35 st = 0.25 s

(a) (b)

Figure 2.33: Jump height of 38 mm (a) velocity vectors and (b) debris particles
motion [21]

Wang and Han [22] studied the distribution of debris particles for EDM with

multiple discharges by developing a 3-dimensional, unsteady, laminar model with

solid particles (debris), liquid (dielectric) and gas bubbles (from vaporized dielec-

tric). The VOF method was used to predict the formation and movement of the

bubbles and the DPM module was used for determining the trajectories of the

debris particles formed. This enabled them to include the effect of bubbles on

the trajectory of debris particles. The movement of bubbles and debris within the

discharge gap is shown in Fig. 2.34 and Fig. 2.35. However, all the debris particles

were assumed to be 25µm in diameter, unlike the actual case.

Mastud et. al. (2014) [23] developed a two-dimensional axisymmeteric model to

study the vibration-assisted Reverse Micro-Electrical Discharge Machining process

(R− µEDM) that is used to make high aspect ratio micro-structures. A large

number of particles (around 36000) with a log-normal debris size distribution

(90 to 950 nm) was considered. The different zones in the fluid domain are

shown in Fig. 2.36. The pulsating movement of the tool electrode at higher

frequencies prevents the agglomeration of particles within the gap and the flow
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Figure 2.34: Evolution of bubbles and debris on the bottom of tool electrode at
(a),(b) 0.004 s; (c),(d) 0.025 s and (e),(f) 0.1 s [22]

reversal helps to alter the sparking location, thereby resulting in uniform material

removalFig. 2.37.

The roughness on the machined surface is comparable to the size of debris

particles and influences the trajectories. However, the actual topography of the

machined surface is not considered in this study. Also, the effect of plasma im-

plosion/explosion on the debris motion is not included in the model.

In summary, several techniques including jet flushing, magnetic flushing, vi-

bration flushing have been developed to enhance the removal of debris particles

from the discharge zone in EDM. However, these methods require extensive set

ups for implementation and proper synchronization with the discharge process is

required for techniques such as vibration-assisted flushing. Also, the consumption

of dielectrics is not minimized with methods like jet flushing. There is a need

to develop a novel process that will improve debris flushing and also reduce con-

sumption of dielectric fluids. To achieve this objective, a technique similar to the
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Figure 2.35: Evolution of bubbles and debris on the sides of tool electrode at
(a),(b) 0.3 s; (c),(d) 0.55 s and (e),(f) 0.65 s [22]

(a) (b)

Figure 2.36: (a) Fluid domain for (R− µEDM) simulation and (b) Zones and
dimensions in fluid domain [23]

Atomization-based Cutting Fluid (ACF) systems that is currently used for micro-

milling and turning applications could be developed for EDM. A brief overview

of the ACF system including the components, working principle and results from

previous machining studies are discussed in the next section.
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Figure 2.37: Debris particle concentration in discharge region (Zone 5) [23]

2.4 Atomization-based Spray Systems for Machining

The ACF system was developed by Jun et. al. (2008) [24] and Nath et. al. (2012)

[26] for micro-machining and machining titanium alloys, respectively. The use

of atomization-based cutting fluid system has been extensively researched in the

recent years [24, 26, 29, 99, 100, 101, 52, 25, 102]. The ACF system was developed

by Jun et. al. (2008) [24] because the forces generated by conventional flood

cooling systems on the tool are comparable to the machining forces for micro-

machining and might deflect the tool, thereby reducing the accuracy. Also, the

cutting fluid must be able to penetrate the narrow cutting zone (order of µm)

for effective cooling and lubrication during machining. A schematic of the system

used for micro-milling aluminum is shown in Fig. 2.38. Droplets of cutting fluid

produced by the ultrasonic atomizer are transported through a pipe that has a

nozzle co-axially placed inside it and through which a stream of high velocity gas

is supplied. As soon as the droplets reach the exit of the pipe, they are entrained

by the high velocity carries gas and carried to the machining zone. The velocity

of the gas is selected such that the droplets are in spreading regime when they

impact the machining surface.
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Figure 2.38: Schematic of the ACF spray system [24].

Components of a typical ACF spray system

A schematic of the spray system developed by Nath. et. al. (2012) [26] is shown

in Fig. 2.39. It consists of a reservoir for the cutting fluid that is connected to a

an ultrasonic atomizer system. Ultrasonic atomization is preferred to shear-flow

atomization to generate the droplets due to better control over droplet size and

velocity in the former method. Also, this method does not require a high pressure

pump to produce droplets and results in lesser energy consumption during the

atomization process [24]. The fluid from reservoir is fed to the horn of the atomizer

forming a film on its surface. A fluid film that is contact with the resonating

surface of the atomizer forms surface waves that reach instability and undergo

a break-up process, thereby producing uniform droplets (Fig. 2.40). The mean

diameter of droplets dm is related to the density (ρ), surface tension (σ) of fluid

and frequency of ultrasonic vibrator (f) by the corrected Lang formula as [103],

dm = 0.73

(
σ

ρf 2

)1/3

. (2.1)

The droplets are fed through a droplet nozzle that has a converging portion.
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Figure 2.39: (a) Schematic of the ACF system; and (b) Cross-section of the
nozzle assembly [25].

Figure 2.40: (a) Break-up of liquid film on a resonating surface; and (b)
Schematic of ultrasonic atomizer [25].

A gas nozzle is placed co-axially within the droplet nozzle and a high pressure

carrier gas (air,CO2) is supplied through it. The droplets interact with the high

velocity gas from the gas nozzle and are entrained due to the pressure drop created

at the center line of the nozzle. The atomized droplets are transported to the

machining zone where they form a thin film due to impingement on the surface.

The improved penetration of the film into the tool-chip interface enhances the
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cooling and lubrication processes during machining.

Performance of ACF spray system

The performance of dry cutting, flood coolant and ACF systems was investi-

gated by Jun et. al. (2008) [24] and lower cutting forces were observed in th case

of the ACF system (Fig. 2.41). Also, more than 50 slots were machined with a

micro-milling cutter using the ACF system compared to 8 slots and 5 slots when

using flood cooling and dry cutting, respectively. This was attributed to the better

evacuation of chips from the cutting zone provided by the ACF system (Fig. 2.42).

In other two methods inadequate removal of chips resulted in increased welding

of chips on the machined surface, thereby increasing surface roughness and also

reducing tool life considerably.

Figure 2.41: Cutting forces for a feed rate of 0.33µm/flute [24].

Nath et. al. (2012) [26] used the ACF system for machining difficult-to-machine

materials such as titanium alloys in macro-scales. Due to larger cutting zone

in macro-scale compared to micro-machining, the flow rate of cutting fluid was
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ACF

Figure 2.42: Burrs produced by micro-machining at a feed rate of
0.33µm/flute [24].

about 10− 20ml/min compared to 1− 2ml/min used in the latter case. Turning

experiments were performed using uncoated carbide inserts as tool materials to

study the effect of the ACF system parameters viz., carrier gas type and pressure,

fluid flow rate, impingement angle, and spray distance on machining performance.

With the ACF system, tool life improved by as much as 40-50% over flood cool-

ing. The atomized droplets have been observed to easily penetrate the tool chip

interface via thin film formation, thereby improving tool life. Figure 2.43 shows

a combination of low pressure, long spray distance and high flow rate results in

enhanced tool life. The tool rake and flank wears are shown in Fig. 2.44. Also, the

use of air-CO2 mixture was observed to produce more broken chips compared to

other carrier gases, thereby preventing the entanglement of chips near machining

zone and results in better machining performance (Fig. 2.45). This was attributed

to the lower temperature of the gas due to mixing with CO2 that makes the chips

formed to be highly brittle.

In order to improve the performance of machining using the ACF system, it

is critical to ensure the formation of a thin film of cutting fluid at the tool-chip

interface. The formation of a thin film on a surface is influenced by several

parameters including the diameter of droplets, velocity of droplets, nature of the

surface and the angle of impingement of the droplets on the surface. In this regard,

the fundamental aspects of droplet-surface interaction are discussed in the next

section.
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Figure 2.43: Two way interaction plots for tool life [26].

Droplet Impingement Dynamics

The first step in understanding the droplet-surface interaction phenomenon is

the study of interaction a single droplet on a surface. Since this phenomenon is

observed in several fields such as ink jet printing, coating of materials, ordinary

and electrostatic-spray painting for the automotive and aerospace industry, evap-

orative cooling and fuel injection for engine systems, extensive research has been

performed over the years for understanding the droplet dynamics [104].

Some of the common droplet-surface interaction scenarios encountered in practi-
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Figure 2.44: Tool rake and flank faces for 150 psi, 20 ml/min and air-CO2

combination [26].

Figure 2.45: Chips produced using carrier gases (a) air-CO2 and (b) N2 [26].

cal applications are shown in Fig. 2.46 [27]. In the case of ACF system for machin-

ing, the oblique impact of multiple droplets on a solid surface (initial formation)

or a shallow liquid surface (after initial impact of droplets) are encountered. The

droplet dynamics in these cases is thus critical to selecting the dielectric fluid,

droplet parameters such as size and velocity and also spray parameters such as

gas pressure, impingement angle and length of spray.

The outcome of droplet impact depends on the impinging parameters such as

droplet diameter (dm), droplet velocity (vd) and liquid properties such as dynamic

viscosity (µ), density (ρ) and surface tension (σ). Depending on the aforemen-

tioned factors, the spray-surface interaction on a solid surface may correspond to

one of the four regimes, viz., (i) stick, (ii) rebound, (iii) spread and (iv) splash (see

Fig. 2.47).
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Figure 2.46: Conditions governing the dynamics of a droplet on impact [27].

Figure 2.47: Regimes of droplet-surface interaction

Since the impact process is affected by a large number of fluid properties and

impingement conditions, these regimes are characterized by non-dimensional num-

bers such as Weber number (We), Reynolds number (Re) and Ohnesorge num-

51



ber (Oh) [28].

We =
ρv2dnd

σ
, (2.2)

Re =
ρvdnd

µ
, and (2.3)

Oh =
µ√
dσρ

, (2.4)

where vdn is the normal component of the droplet velocity. We is the ratio of

inertial forces to surface tension, Re is the ratio of inertial forces to viscous forces

and Oh is the ratio of viscous forces to inertial forces and surface tension.

When the impact energy of the droplet is low, it will stick to the surface retain-

ing its spherical shape without appreciable deformation. Stanton et. al. (1998) [105]

found empirically that stick phenomenon occurs for We < 5. At a higher impact

energy, the droplet will entrap a layer of air between the surface and itself, thereby

causing it to rebound on impact. Stow and Hadfield (1981) [106] determined that

droplets rebound for 5 < We < 10 which is in agreement with that proposed

by Stanton et. al. (1998) [105]. When the impact energy is sufficiently high so

as to prevent entrapment of air, the droplets tend to deposit on the impinging

surface and spread. At much higher impact energy, splashing is observed, where

the droplets undergo unstable break-up process on impacting the surface and fail

to form a film on the surface. The transition from spreading to splashing regime

is shown in Fig. 2.48. Both spreading and splashing occur at We > 10 and the

regimes are identified by using the non-dimensional numbers that are specific to

the impact conditions which are defined as follows.

For a single droplet impinging on a dry surface, the boundary between spreading

and splashing regimes is governed by Km which is given by,

Km =
(ρdd)

3/4vdn
5/4

σ1/2µ1/4
. (2.5)

For a single droplet impinging on the liquid surface of a thin film, the boundary
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Figure 2.48: Limits for spreading and splashing of impacting droplets [28]

between spreading and splashing regimes is governed by K that is defined as,

K =
(ρdd)

6/5vdn
2

σ4/5µ1/2
. (2.6)

For a train of droplets impinging on the liquid surface such as that encountered

in ACF system for machining applications, the boundary between spreading and

splashing regimes is governed by Ky defined as,

Ky = vdn

(ρ
σ

)1/4(ρ
µ

)1/8

f−3/8. (2.7)

Among the four regimes, for effective film formation, the droplet interaction

has to be in the spreading regime. The spread-regime occurs for We > 10 and

Km < 57.7 or Ky < 17. This is because the film should be able to penetrate the

tool-chip interface and also possess sufficient velocity for removal of chips. How-

ever, the velocity cannot be made higher than that specified by aforementioned

conditions since droplets will then splash which will prevent the film formation on

the machined surface. Therefore it is critical to identify the combination of spray

parameters that will ensure formation of film on the machining surface through

experimental or computational methods. Modeling of sprays and film formation

has been investigated through computational modeling for applications such as
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spray forming, spray cooling and combustion of fuels. Some of these studies are

reviewed in the following section.

2.5 Modeling Sprays and Film Formation

In order to ensure the formation of dielectric film on the workpiece surface

during machining, it is necessary to determine the velocity of the droplets at

specific distances form the exit of the droplet nozzle. The velocity of the droplets

is influenced by the nozzle configuration and carrier gas pressure. Research on

studying spray characteristics with ACF system is presented since it is similar to

the proposed Spray-EDM process in terms of the atomized-spray formation, spray-

surface interaction and film formation. Experimental investigation were carried

out by Rukosuyev et. al (2010) [29] and Nath et. al (2012) [26] to determine

the spray pattern for effective application to micro-milling and turning titanium

alloys respectively. The effect of the velocity of water droplets and carrier gas

on spray characteristics such as the focus length and height (see Fig. 2.49) was

studied by Rukosuyev. et. al (2010) [29]. This is because a narrow and focused

spray of droplets is required due to smaller cutting zone in the micro-machining.

While the focus height determines the diameter of spray, the focus length helps

to select the distance between the nozzle tip and the workpiece. Experiments

were also carried out for different nozzle configurations shown in Fig. 2.50. The

nozzle configurations with the gas nozzle positioned within the droplet nozzle are

observed to produce a focused spray (see Fig. 2.51). Also, a converging gas nozzle

has a better focusing effect compared to a straight nozzle, especially for higher

higher droplet velocities. The effect of droplet and gas velocities were studied

further using the nozzle configuration (a) in Fig. 2.50. A higher focus length and

height is observed for greater droplet velocities since the gas from the inner nozzle

takes greater time in entraining faster droplets compared to slower ones due to

the droplet inertias (see Fig. 2.52).

Nath et. al (2012) [26] studied the spray characteristics including the droplet
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Figure 2.49: Spray characteristics [29]

Figure 2.50: Nozzle configurations considered in spray pattern investigation [29]

Figure 2.51: Photographs of spray for different nozzle configurations [29]

entrainment zone and flow development regions as a function of droplet and gas ve-

locities through experimental research and analytical modeling. Apart from spray

characteristics, the effect of spray parameters on turning performance measures

such as tool wear and surface roughness were also investigated. A higher droplet

velocity resulted in smaller droplet entrainment angle as shown in Fig. 2.53. An
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(a) (b)

Figure 2.52: Effect of (a) droplet velocity and (b) gas velocity on focus length
and focus height [29]

increase in gas velocity resulted in larger droplet entrainment angle, thereby pro-

ducing a smaller droplet entrainment zone. An interesting observation in the

study was the formation of a core region at near the exit of the nozzle unit where

minimum flux of droplets exists. It is critical to ensure that the machining zone

is not within this distance range from the nozzle because uniform distribution

of droplets is essential for spreading and effective penetration into the too-chip

interface. This is schematically shown in Fig. 2.54.

Figure 2.53: Photographs of spray for different droplet, Ud and gas velocity,
Ug [26]
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Figure 2.54: Schematic of the spray produced by high velocity gas [26]

A greater spray distance was observed to produce lesser tool wear because of the

uniform flux of droplets across the cross-section of the spray and the absence of

potential core. A uniform flux of droplets ensures that the film formed on the toll

rake face penetrates the interface effectively, thereby providing superior cooling

and lubrication performance. The flank wear was observed to be 0.721µm and

0.453µm after 8 minutes of machining for spray distance of 25 mm and 35 mm,

respectively. A combination of larger spray distance, higher droplet velocity and

smaller gas velocity was found to enhance tool life in titanium machining (see

Fig. 2.55).

In order to study the effect of nozzle geometry and spray system parameters

on the spray characteristics, a computational model would be helpful. Also, these

studies did not determine the droplet velocity directly which would require exten-

sive set up that are based on phase Doppler principle. A computational model

will not only reduce the amount of time spent on evaluating different nozzle de-

sign iterations but also determine the droplet velocity variation along the spray

distance taking the compressible flow of gas into account. There is no computa-

tional model to study the liquid spray and film formation using the ACF system

till date and some of the available models for applications such as spray forming

and spray coating processes are discussed below.
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(a) (b)

Figure 2.55: Tool rake and flank wear for (a) Ud= 0.2 m/s, Ug= 26 m/s, Sd=
25 mm and (b) Ud= 1.2 m/s, Ug= 26 m/s, Sd= 35 mm [26]

Boughner et. al. (2011) developed a mathematical model to determine the film

thickness on a rotating cylindrical surface using an ACF spray system. The time

to create a uniform micro-film on the surface and the thickness of the film were

evaluated as a function of the fluid properties, droplet and gas velocities. The

losses in the flow rate of fluid such as in the delivery tube, nozzle, rebound losses

and evaporation of the fluid were quantified and film thickness was predicted. The

film thickness, hf was evaluated as,

hf (t) =
t ∗ dV/dt
Acylinder

(2.8)

However, the assumptions in this model are too simplistic and does not consider

several factors that are critical to modeling this phenomenon. The droplet velocity

is assumed to be equal to the gas velocity and is only valid for regions that are

farther form the nozzle exit. Since the distances between the nozzle and the

machining region is typically small, especially in micro-machining applications this

assumption severely affects the modeling of droplets in the carrier gas field. The

loss of fluid droplets in the dielectric was assumed to be an arbitrary percentage

of total flow rate of fluid. Also, the droplets are assumed to be impinging on a
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dry surface during machining. While this is true for the initial stage of spray and

film formation, droplets generated after the initial period impact a machining

surface that has a layer of thin fluid film formed due to the impingement of

earlier droplets. The validity of the model is restricted to lower gas velocities

since compressible effects are not considered in the film modeling. The spatial

variation in film formed on the surface is significant and cannot be assumed to

have a uniform thickness throughout the surface.

Jeyakumar et. al. (2008) [30] studied the flow pattern of the atomizing gas

in the spray deposition of Al 7075 alloy. A two-dimensional, steady state, axi-

symmetric model using compressible gas model was developed using commercial

computational fluid dynamics code ANSYS FluentTM. The velocity field of the

atomizing gas around the nozzle was studied for two different nozzle configura-

tions. A nozzle design with a protrusion at the exit preferably around 2 or 3 mm

enhanced the flow of the molten metal from the delivery tube since the location

of the melt ejection coincided with the position of minimum aspiration pressure

(see Fig. 2.56).

Though the model captured the trend of pressure variation for different protru-

sion lengths, a considerable deviation for the experimental values was observed

(see Fig. 2.57). Also, the model did not study the droplets of metal and the forma-

tion of spray from the nozzle for improving the spray coating process. Hence the

application of this model to study the spray and film formation on the machining

surface is limited.

Mi et. al. (2008) [31] developed a two-dimensional, axisymmetrical model study

the atomization, transport and deposition of droplets of IN718 Ni super-alloy in

the spray forming process. After establishing the flow field due to the atomizing

gas, the molten metal droplets were injected into the flow field with the appro-

priate size and velocity distribution. The subsequent droplet trajectory, heat

transfer/momentum transfer were determined using the Discrete Phase Model-

ing (DPM) approach that is based on solving the force-balance equations of the

droplets. The forces acting on the droplets including pressure gradient force and
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(a)

(b)

Figure 2.56: Velocity vector distribution for (a) nozzle without protrusion and
(b) nozzle with protrusion [30]

Figure 2.57: Comparison of experimental and model results for aspiration
pressure at the tip of melt delivery tube [30]
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drag force were considered in the model. Due to the coupling between the atom-

izing gas and the droplets, the effect of the gas pressure on droplet characteristics

could be studied using this approach. The droplets were then impinged on the

substrate surface to simulate the deposition process. The cross-section of the

deposited material is shown in Fig. 2.58.

(a) (b)

Figure 2.58: Cross-section of the deposited metal (a) every 40 revolutions of the
target surface and (b) the end of spray forming [31]

(a) (b)

Figure 2.59: (a) Internal heat flow in deposited material after spray forming (b)
the simulated porosity distribution [31]

However, their model used only one-way coupling between the gas and the

metal droplets (the effect of droplets on gas field was assumed to be negligible).

Also, the collision and coalescence among droplets in the spray was ignored in the

model.

Khatami et. al. (2011) [107] developed a two-dimensional model to study the

Chemical Spray Pyrolysis (CSP) technique for manufacturing mixed metal nano-

composite films that are widely used for sensor applications. The droplets of

precursor material in the nanometer range are produced by atomization through

a nozzle prior to impinging the substrate. The aerosol model studied the effect of

synthesis parameters that affects the droplet characteristics during the deposition

process. It was observed that higher mass flow rate produces droplets with high
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proportion of the solvent material. Also, swirl motion around the spray inlet

enhances radial spread of droplets and reduces the size of the droplets. However,

the actual deposition of the droplets on the substrate was not simulated since film

formation was not incorporated in the computational model.

Weiner et. al. (1993) [32] studied the dispersion of liquid droplets from an

air-assisted sprayer. A two-dimensional model was developed initially and later

extended to three dimensions. The gas velocity was experimentally determined

using an ultrasonic anemometer which simultaneously measures velocity in three

directions. Though satisfactory agreement was observed between the experimental

and model predictions of the center-line gas velocity, the rate of exponential decay

fits closely for distances less than 3m (see Fig. 2.60). The droplet trajectories

were evaluated using the DPM approach but the collision and coalescence was

not taken into consideration in their model. The size of the droplets studied was

around 250µm which is significantly larger than that encountered in the ACF

spray system.

2 D
3 D
Expermient

Figure 2.60: Comparison of experimental and model results of center-line
velocities of gas [32]

Ellwood and Braslaw [33] developed a finite-element model to study the elec-

trostatic spray coating process using a rotary bell atomizer. Their study was

aimed at improving the transfer efficiencies of the paint spray from the atomizer

to the electrically ground target by changing the parameters of the bell atomizer.
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An iterative particle source in cell (PSIC) approach was used to compute the

spray pattern and the momentum transfer between the gas phase and the paint

droplets. The three-dimensional geometry, streamlines of the gas and the electric

field due to the potential between the atomizer and the ground target is shown in

Fig. 2.61. The charged paint droplets influence this electric field and are observed

to improve the flux of droplets impacting the desired regions on target surface.

Figure 2.61: Steady state flow conditions around the rotary bell without the
paint droplets [33]

However, unlike this model, the dielectric spray in Spray-EDM is not subject

to electric potential. Also, the computational model developed does not study

the droplet-surface interaction phenomenon to predict the characteristics of the

film formed on the target surface. The gas flow field and particle trajectories are

assumed to be axisymmetric unlike the actual scenario.

Burger et. al. (2002) [34] developed a hybrid model combining both Eulerian

and Lagrangian approaches to study the fuel injection, dispersion and evaporation

in the intake manifold of an IC engine. The hybrid model provided an optimal

balance between time and accuracy. An initial solution to the flow field with fuel

was obtained using the Eulerian approach and then a more accurate representation

of the droplet trajectories was determined using the Lagrangian approach (see
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Figure 2.62: Comparison of paint droplets’ trajectories with (left) and
without (right) pattern control ring [33]

Fig. 2.63). The comparison of the droplet velocity for the two approaches shows

that the Lagrangian model predictions are closer to the experimental values (see

Fig. 2.64). This is attributed to the ability of this model to track the droplet

particles in the gas field individually and not as a continuous secondary phase.

Although this model considers the interaction of the droplets with the walls

of the engine cylinder, the phenomenon of film formation is not pertinent in this

case. This is because the temperatures are well above the Leidenfrost point and

only the splashing of fuel droplets to generate secondary droplets was included in

the model to predict droplet velocities.

Colbert and Cairncross [35] developed a three-dimensional model to study the

paint droplet transport in an electrostatic coating process that included the effect

of charge accumulation on coating thickness of the target surfaces. A sample spray

pattern on the target surface and coating thickness profile is shown in Fig. 2.65.

The trajectories of smaller droplets are dominated by drag and follows the air

stream path closely. On the other hand, the larger droplets that are entrained

in th air stream have momentum that is sufficient to enable deposition on the
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Figure 2.63: Structure of the hybrid model [34]

surface leading to a dot pattern or a ring pattern. However, a dilute droplet

concentration was assumed in the model and interaction between droplets and

influence of droplets on the gas phase was not included. This assumption is

invalid in critical regions such as the exit of the rotary sprayer.

Thus, to the best of the author’s knowledge, there are no computational mod-

els available in literature to understand the complex phenomena of spray forma-

tion and transport, spray-surface interaction and film formation in atomized-fluid

spray systems for machining applications. The combination of an ultrasonic at-

omizer and a nozzle system to focus the fluid droplets prior to deposition is unique

to ACF systems and necessitates the development of a new computational model
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Figure 2.64: Comparison of droplet velocity using different approaches [34]

Ring pattern Dot pattern

Figure 2.65: Spray patterns and film thickness profiles [35]

to understand and improve the design of spray system.
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2.6 Gaps in Knowledge

The consumption of large quantities of hydrocarbon oils in EDM poses sig-

nificant health and environmental hazards. Though several techniques including

dry and near-dry EDM have been developed to minimize dielectric consumption,

the flushing ability in these processes is reduced due the lower viscosity of the

dielectric. Also, the jet flushing methods currently in practice are not suitable for

certain EDM processes such as wire-EDM and micro-EDM due to the excessive

deflection of the tool.

A fundamental knowledge base for the proposed Spray-EDM process does not

exist. A complete understanding of droplet atomization, dielectric spray forma-

tion, thin film formation and debris flushing using a thin dielectric film is essential

for developing the Spray-EDM process. Though the use of an ultrasonic atom-

izer with a nozzle system is similar to the ACF system, a computational model

that thoroughly investigates the aforementioned phenomena in ACF system has

not been developed. This is attributed to the multi-length scale and multi-time

scale phenomena involved in the spray and film formation processes. The current

models do not estimate the characteristics of the film formed on the machining

surface in three dimensions. Also, the compressibility effects associated with the

flow of the carrier gas through the nozzle unit have been ignored. The collision

and coalescence among the droplets of dielectric fluid have not been considered in

these studies.

The use of a thin dielectric film to flush debris from the inter-electrode gap in

EDM has not been investigated. The Spray-EDM process is different from other

techniques in that a thin film of dielectric is used in this process and not a bulk

liquid medium as encountered in other EDM techniques. The existing models

related to debris flushing in EDM do not take into account critical process-related

factors including plasma pressure, actual topography of the machined surface and

non-uniform size of debris particles.
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Chapter 3

Spray-EDM : Concept and Modeling

In order to develop an efficient Spray-EDM process, it is essential to under-

stand the role of spray system parameters on dielectric film formation on the

workpiece surface and debris flushing from the inter-electrode gap. The phenom-

ena in Spray-EDM including film formation and flushing are within micro-scale

domain and are better understood through a computational modeling approach.

The modeling of Spray-EDM process is inherently a multi-physics problem involv-

ing multi-length (µm to m) and multi-time (µs to s) scale transport phenomena,

which presents a significant challenge in modeling Spray-EDM process. In this

chapter, the concept of Spray-EDM including the working principle is discussed

first, followed by a discussion on the modeling of dielectric spray formation, film

formation and debris flushing.

3.1 Spray-EDM : Development of Concept

A schematic of the spray system used for EDM process is shown in Fig. 3.1. The

spray system is used to generate the dielectric spray using an ultrasonic atomizer

placed within the housing. The distance of the spray system from the machining

surface and the angle of impingement are controlled using the mounting frame.

The dielectric droplets from the spray system form a thin film on impacting the

surface of the workpiece. The thin dielectric film penetrates the gap between the

tool electrode and the workpiece.

The critical component of Spray-EDM is the atomizer system that functions as

a stand-alone unit to produce and control the atomized dielectric droplets. An
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Figure 3.1: Schematic of Spray-EDM setup. 1: Mounting frame, 2: Ultrasonic
atomizer housing, 3: Dielectric fluid inlet, 4: High pressure gas inlet, 5: Nozzle
assembly, 6: Dielectric film, 7: Gap controlling system, 8: Tool electrode, 9:
Work piece, 10: Workpiece mounting stage

ultrasonic atomizer (Model VC5040AT, Sonic and Materials, Inc., USA) with an

operating frequency of 40 kHz and producing droplets with mean diameter, dm of

60 µm is encapsulated in a circular pipe. The dynamic viscosity of the medium

has to be below 0.05 Ns/m2 for optimum atomization [108]. The atomizer spray

system is shown in Fig. 3.2.

Figure 3.2: Spray system with ultrasonic atomizer and nozzle unit. 1: Nozzle
assembly, 2: Atomizer tip, 3: Dielectric fluid inlet, 4: High pressure gas inlet, 5:
Plastic housing, 6: Carrier gas nozzle, 7: Droplet nozzle

The dielectric fluid is supplied from an external reservoir through a plastic tube

so that it impacts the tip of the atomizer horn for effective break-up into droplets.

The droplets are then focused into a narrow jet using a nozzle unit that consists

of two co-axial nozzles attached to the front portion of the pipe. The outer nozzle
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(droplet nozzle) carries the atomized droplets while the inner nozzle (gas nozzle)

carries high pressure carrier gas (air) to obtain a focused stream of droplets for

application to the machining region. The convergence angles of the droplet and

gas nozzles are selected as 40◦ and 0.75◦, respectively for effective entrapment of

the droplets, thus preventing the excessive divergence of the droplet spray [26].

The geometry of the nozzle unit used in the Spray-EDM process is shown in

Fig. 3.3. The outer droplet nozzle has a converging section of length 25 mm

and a gas nozzle (carrying high pressure gas) is placed co-axially inside it. The

droplets from the ultrasonic atomizer are transported through the droplet nozzle

and are accelerated when they reach the tip of gas nozzle. The exit of gas nozzle

is set within the droplet nozzle (by 3 mm) for better focusing of the dielectric

spray formed [29]. The distance from the exit of droplet nozzle to the target

surface (spray length) and the impingement angle determine the normal compo-

nent of droplet velocity on impact that governs the droplet-surface interaction

phenomenon.

The formation of dielectric film on the surface of the workpiece is schematically

shown in Fig. 3.4. Droplets produced by the spray system impinge the work sur-

face at a distance, ds from the machining zone to form a thin film of dielectric with

a certain thickness (hf ) and velocity (vf ). Both hf and vf vary along machin-

ing surface. This dielectric film penetrates the inter-electrode gap to perform the

primary functions of the dielectric in EDM, viz., to act as the sparking medium

between the electrodes for discharges, to effectively remove the debris from the

discharge gap and carry away heat along with it. [56]. A thin film of dielectric is

sufficient to perform these functions instead of using a large quantity of dielectric.

This is because only the volume of dielectric within the inter-electrode gap takes

part in the discharge process in EDM and the remaining dielectric fluid does not

play an effective role in the process. In addition to reducing dielectric consump-

tion, the motion of dielectric film may have a better flushing ability compared

to stationary dielectric and may remove debris particles from the discharge zone

effectively. Improvement in debris flushing could also reduce the frequency of
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Figure 3.3: Geometry of the nozzle used in Spray-EDM

short-circuiting in EDM.

The formation of dielectric film due to spray impingement in Spray-EDM is gov-

erned by the droplet-surface interaction [102]. The outcome of droplet impact on a

surface depends on the parameters such as droplet diameter (dd), droplet velocity

(vd) and liquid properties such as dynamic viscosity (µd), density (ρd) and surface

tension (σd). Depending on the aforementioned factors, the spray-surface interac-

tion on a solid surface may correspond to one of the four regimes, viz., (i) stick,

(ii) rebound, (iii) spread and (iv) splash. Since the impact process is affected by

a large number of fluid properties and impingement conditions, these regimes are

characterized by non-dimensional numbers such as Weber number (We), Reynolds

number (Re), Ohnesorge number (Oh) and Ky [28]. Among the four regimes, for

effective film formation and penetration of the dielectric into the discharge gap in

the Spray-EDM process, the droplet interaction has to be in the spreading regime.
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Figure 3.4: Schematic of spray parameters. 1: Nozzle with atomizer, 2:
Dielectric spray, 3: Tool electrode, 4: Dielectric film, 5: Workpiece, 6: Point of
spray impingement, 7: Carrier gas inlet, Ls: Distance from droplet nozzle exit,
ds: Distance of electrode from the point of spray impingement, Nl: Length of
nozzle unit, α: Angle of spray impingement in XY plane

Also, the dielectric should completely fill up the inter-electrode gap (dgap) since

the presence of an air gap influences the discharge process and reduces the volume

of material removed [8]. Hence, the film thickness should always be greater than

the inter-electrode gap (hf ≥ dgap). In addition, the film velocity (vf ) should be

such that the flowing film effectively removes the debris. However the velocity of

droplets cannot be higher than a particular value since droplets will then splash,

preventing the film formation on the machined surface. Therefore it is critical to

choose the right combination of spray parameters that will ensure formation of

dielectric film on the machining surface.

The proposed method is different from near-dry EDM in that the dielectric is

made of only one phase (liquid) in the form of a thin film and not a mixture

of liquid and gas that is applied to discharge zone. The formation of a thin

dielectric film that penetrates the inter-electrode gap and effectively flushes the

debris is a unique characteristic of the proposed method. Lower MRR and higher

thermal load on electrodes observed in near-dry EDM compared to Wet-EDM
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is also overcome in Spray-EDM because there is no reduction in the effective

viscosity and heat-removal capability of the dielectric by mixing with a gas phase.

Also, the presence of high viscosity dielectric within the inter-electrode gap focuses

the electrical discharges to a narrow region by confining the expansion of plasma

channel.

The mechanism of material removal in EDM process with atomized dielectric is

schematically represented in Fig. 3.5. A clean dielectric film (without any debris

particles) penetrates the micro-level discharge gap between tool and workpiece

electrodes. When a large voltage is applied across the electrodes over a small du-

ration (order of micro-seconds), a high intensity electric field is generated within

the gap. This overcomes the dielectric strength of the medium and leads to the

breakdown of dielectric. As a result a plasma channel consisting of electrons, pos-

itive ions and neutral species is formed between electrodes. The current across

the electrodes rises due to the motion of ions towards the electrodes with oppo-

site polarity and results in the generation of an avalanche of charged particles.

The intense heat of plasma melts a small portion of material on the surface of

electrodes. When the applied voltage is turned off, the plasma channel collapses

due to the pressure exerted by the surrounding dielectric liquid. This implosion

removes the molten material from the electrodes in the form of debris particles

and forms a crater on the electrode surface. The motion of dielectric film re-

moves debris particles from the machining region and a fresh influx of dielectric

liquid occupies the inter-electrode volume. One of the important characteristics

of this method compared to the conventional EDM is the reduction in frequency

of short-circuiting due to better flushing capability of the moving dielectric film.

The moving film also has a better heat removal capability compared to station-

ary dielectric and reduces the temperature of tool electrode effectively. This will

result in reduced tool electrode wear compared to conventional method. Finally,

the gap becomes insulating again as the dielectric strength is recovered and the

process is repeated for subsequent discharges.
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Figure 3.5: Schematic of material removal in Spray-EDM process.

3.2 Modeling Approach

In order to study debris flushing in Spray-EDM through Computational Fluid

Dynamics (CFD) approach, three models, viz., (i) dielectric spray model, (ii) film

formation model and (iii) debris flushing model are developed. A schematic of

the modeling approach along with input and output parameters for each model

is shown in Fig. 3.6.

The characteristics of the dielectric spray are influenced by the properties of di-

electric medium including density and viscosity, carrier gas pressure, impingement

angle, mass flow rate of dielectric and size of dielectric droplets and geometry of

the nozzle. The dielectric spray model is used to determine the velocity of the

carrier gas and the dielectric droplets at various distances from the nozzle exit

along its axis. This model includes the compressible flow of carrier gas and the

interaction between the dielectric droplets and the carrier gas. The break up

and coalescence among droplets are also taken into account. Using the results
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Figure 3.6: Modeling methodology of Spray-EDM

from the dielectric spray model, the range of impingement angles and distances

from nozzle exit that ensure the droplet-surface interaction is within the spreading

regime are estimated. The film formation model is developed using the Eulerian

Wall Film (EWF) approach to estimate the film characteristics. The EWF ap-

proach accounts for the mass and momentum transfer from the dielectric droplets

in the spray to the film formed on the machining surface. The impingement of

droplets on a thin layer of dielectric, film spreading due to gravity and surface

tension effects are included in this model. Using the model, a three-dimensional

profile of film is obtained and hf and vf for different combinations of gas pressure,

impingement angle and distance from nozzle exit are determined.

The debris flushing model is developed to predict the trajectory of debris by

taking into account plasma pressure and radius, non-uniform debris size distri-

bution, debris velocity, density of workpiece material and actual topography of

the machined crater. The trajectory of debris particles is obtained using the

Discrete Phase Modeling (DPM) approach that is based on solving force-balance

equations of the individual debris particles in a Lagrangian reference frame. The
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debris flushing model is used to evaluate the effectiveness of debris flushing using

Spray-EDM for different combinations of spray system parameters.

3.3 Dielectric Spray Model

The objective of the dielectric spray model is to determine the range of impinge-

ment angles and distances from the nozzle exit that can be used in Spray-EDM

process. It is a three-dimensional, steady-state, turbulent flow model developed

using Ansys FluentTM. It is based on the Discrete Phase Model (DPM) that

solves the trajectory of dielectric droplets (secondary phase) dispersed in carrier

gas (primary phase) by considering the interaction between the two phases. The

DPM approach is applicable for modeling Spray-EDM process since the volume

fraction of the droplets is lesser than 10% of the carrier gas [109]. A similar

approach has been implemented to study the spray coating and spray forming

processes in Refs. [107, 30, 32]. However, only the droplet spray characteristics

were investigated and the deposition and film formation on the substrate were not

considered in their studies. In this research, modeling dielectric sprays is done in

two steps. First, the steady state flow field of the carrier gas is established by solv-

ing the Navier-Stokes equation in three dimensions. Then, the dielectric droplets

are injected into the computational domain to study the effect of continuum flow

field on the droplet trajectories.

3.3.1 Model Description

Compressible flow model for carrier gas

In order to take the compressibility effects of the carrier gas (air) at high pres-

sures, the ideal gas law is used to compute the density variation. The pressure-

based solver with coupled algorithm for pressure-velocity coupling is a good al-

ternative to the density-based solvers for modeling compressible flows in Fluent,
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especially for steady cases with significant low-speed flow regions [110]. Hence this

formulation is used in the current model. Also, the energy equation and viscous

dissipation terms are activated for accurate modeling of compressible flow [109].

The Shear-Stress Transport (SST) k− ω model yields more accurate and reli-

able results for flows with adverse pressure gradients such as that encountered

in the current study and is used for modeling turbulence [111]. Least squares

cell-based gradient discretization is preferred over other gradient methods since it

is less computationally expensive and offers the same accuracy as other methods

for unstructured meshes [111]. The second-order and higher-order schemes for

pressure terms, and second-order upwind interpolation scheme for density and

momentum are implemented for accurate modeling of carrier gas flow field. The

use of aforementioned higher-order spatial discretization schemes necessitates the

implementation of Higher-Order Term Relaxation (HOTR) with a relaxation fac-

tor of 0.25 for flow variables in order to improve the startup of solution and reduce

numerical instabilities [109].

Interaction between dielectric droplets and carrier gas

After determining the flow field of the carrier gas, the trajectories of dielectric

droplets (Chem Finish EDM oil) in carrier gas are determined by using the DPM

approach. It is based on Lagrangian formulation that enables the individual

tracking of droplets at specified intervals during the fluid phase computation [111].

The trajectory of the droplets is determined by integrating the force balance on

each droplet given by,

d~vd
dt

= FD(~u− ~vd) +
~g(ρ − ρd)

ρd
+ ~F , (3.1)

where, ~u and ρ are velocity and density of the carrier gas, ~vd and ρd are velocity

and density of the dielectric droplet, ~F is an additional acceleration term on the

droplets due to virtual mass force, thermophoretic force or Saffman’s lift force, all
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of which are negligible in this case and ~g is the acceleration due to gravity [111].

FD(~u− ~vd) is the drag force per unit mass and FD is given as,

FD =
18µ

ρd d2d

CD Re

24
, (3.2)

where, µ is the dynamic viscosity of the carrier gas, dd is the diameter of the

dielectric droplet and CD is the drag coefficient. The relative Reynold’s number,

Re is defined as,

Re ≡ ρ dd|~vd − ~u|
µ

. (3.3)

Considering the droplets to be smooth particles in the primary phase, the spherical

drag law is used to evaluate the drag coefficient, CD as

CD = a1 +
a2
Re

+
a3

Re2
, (3.4)

where, the constants a1, a2 and a3 are obtained from Morsi and Alexander [112] for

the specific range of Re. Stochastic collision and coalescence among the droplets

are also included. When the droplet oscillations reach a critical value while being

transported by the high velocity air, they breakup into secondary droplets. The

Taylor Analogy Breakup (TAB) model is used to simulate the breakup of droplets

as they are transported by the carrier gas towards the target substrate [111].

Computational domain and meshing

A rectangular box is taken as the computational domain for the dielectric

spray model as shown in Fig. 3.7. The nozzle unit consisting of both the droplet

nozzle and the gas nozzle is considered along with the target surface that is a flat

rectangular plate. The dimensions of the rectangular box are chosen such that

the spatial variation in gas velocity from the nozzle exit does not vary by more

than 1% with the size of computational domain. The domain is meshed with

about 4 million cells. The mesh is refined in the region of dielectric spray using a
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cylinder extending from the exit of the droplet nozzle as a ‘body of influence’ for

determining the spatial variation in droplet velocity with good resolution. Since

the orthogonal quality of the mesh plays a significant role in the accuracy and

stability of numerical computation, the improve-quality text command is executed

multiple times to improve the cells with lowest orthogonal quality [109]. The

Reverse Cuthill-Mckee algorithm is used to reduce the bandwidth by a factor of 85

and to increase the memory access efficiency, thereby improving the computational

performance of the solver. A grid independence study is performed to ensure that

dependence of the simulation results on the grid size was less than 1%.

Figure 3.7: Schematic of computational domain for dielectric spray model
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Boundary conditions

The inlet to the gas nozzle is modeled as a pressure inlet condition, which is

varied to determine the spray characteristics for different carrier gas pressures.

The flow of the gas is assumed to be normal to this boundary. The turbulent

intensity and viscosity ratio are set to 1.5 and 10, respectively on this boundary.

The temperature of the gas at the inlet is set to 300 K, which is the ambient

temperature. The surfaces of the nozzle unit and the target are set as stationary

walls with no-slip boundaries for velocity components. Since the heat transfer

between these surfaces and the ambient is insignificant in this study, these walls

are also assumed to be at the ambient temperature of 300 K. The boundaries of the

rectangular domain are assumed to be pressure outlets with atmospheric pressure

and turbulent intensity and viscosity ratio of unity since they are sufficiently far

from the spray to have any effect on the numerical solution.

Droplets of dielectric fluid corresponding to the given flow rate are injected into

the domain. Rosin-Rammler distribution used for defining the size distribution of

the injected dielectric droplets is given as,

Ydd = e−(dd/dd,mean)
n

, (3.5)

where, Ydd is the mass fraction of droplets with diameter greater than dd, dd,mean is

the mean droplet size and n is the size distribution parameter and is taken as 3.5

for the ultrasonic atomization method [111]. The mean diameter of the dielectric

droplets produced by the atomizer is calculated from the fluid properties and the

frequency of the ultrasonic atomizer, f using the Lang formula [103] as,

dd,mean = 0.73

(
σd
ρdf 2

)1/3

. (3.6)

In the current study, dd,mean is found to be about 50 µm for f = 40 kHz and

commercial EDM oil using Eqn. 3.6. The flow rate of the dielectric is set to 10

ml/min and the initial velocity of droplets is assumed to be 3 m/s. The boundary
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conditions for solving the force-balance equations on the particles are shown in

Tab. 3.1. The tracking of droplets is aborted when they are carried beyond the

domain boundaries. In order to model the film formation phenomenon, the target

surface is given a trap boundary condition to facilitate mass and momentum

transfer from the droplets to the dielectric film formed on the machining surface.

Table 3.1: Boundary conditions (BC) for the dielectric spray model

Name Fluid BC DPM BC
Domain boundaries Pressure outlet

(0 Gage pressure)
Escape

Gas inlet Pressure inlet Escape
Nozzle unit Stationary wall

(No-slip)
Reflect

Target surface Stationary wall
(No-slip)

Trap

3.3.2 Validation of Dielectric Spray Model

The velocity of the carrier gas from the nozzle unit used in the Spray-EDM

process plays a crucial role in determining the droplet velocity and hence the

spreading of the dielectric film on the machining surface. The determination of

droplet velocities by experimental methods is usually difficult and hence the val-

idation of the model by comparing gas velocities has been performed. In this

study, the variation of gas velocity along the distance from exit of the droplet

nozzle predicted from the computational model is compared with those obtained

from the experiments using the set up shown in Fig. 3.8. Experiments were per-

formed using a Pitot-Static tube (Model PDA-18-F-16-KL, United Sensor Corp.,

USA) with a sensing stem diameter of 1/16′′ to measure the dynamic pressure and

thereby compute the gas velocity at a specific distance from the nozzle exit. The

nozzle unit was mounted on precision XYZ motion stages to achieve the perfect

alignment between the centers of the gas nozzle and the pitot tube. The dynamic

pressure was measured using a digital manometer (HHP-2082, Omega Engineer-

ing Inc., USA) while the nozzle was translated to different positions along the
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axial direction. The experiment was repeated thrice for gas pressures of 0.2, 0.4

and 0.6 MPa, respectively.

Pitot Static tube
Droplet nozzle

Carrier gas inlet

Digital manometer

Figure 3.8: Experimental set up for determination of carrier gas velocity

The velocity vector field of the carrier gas as predicted by the dielectric spray

model for different carrier gas pressures is shown in Fig. 3.9. The maximum ve-

locity of the carrier gas occurs at the tip of the gas nozzle exit. The maximum

velocity is found to be about 392 m/s, 519 m/s and 577 m/s for the gas pres-

sures of 0.2 MPa, 0.4 MPa and 0.6 MPa, respectively. This is because when the

gas pressure is increased, the stagnation pressure (Po) increases but the static

pressure (Ps) at the nozzle exit remains the same as atmospheric pressure. This

results in a higher gas velocity according to the following equation.

Po
Ps

=

(
1 +

γ − 1

2
M2

)γ/(γ − 1)

, (3.7)

where, γ is the specific heat ratio of the carrier gas and M is the Mach num-

ber. Also, turbulent kinetic energy increases as gas velocity increases at higher

pressures. The gas velocity decreases with distance from the exit due to the free

expansion of air into the atmospheric conditions. It is also observed that the
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carrier gas flow is confined to a conical region about the nozzle axis close to the

exit.

In order to analyze the flow of carrier gas for different pressures in the regions

close to the nozzle exit, enlarged images of the velocity vector field near the nozzle

are shown in Fig. 3.10. The regions with high gas velocity (greater than 300 m/s)

extends farther from the nozzle exit with increasing carrier gas pressures. The

flow field of the carrier gas in these regions at such high pressures necessitates a

compressible flow model and justifies the implementation of compressibility effects

in the dielectric spray model. It is also observed that the velocity changes sharply

from the wall of the gas nozzle up to a small distance and then remains almost

the same up to the center of the nozzle due to the small boundary layer. The

entrainment of the surrounding air into the carrier gas jet is clearly visible from

the direction of the velocity vectors shown in Fig. 3.11.

The contours of velocity on the XY plane passing through the middle of the

nozzle unit are also shown in Fig. 3.12. These images show the increase in gas

velocity from the inlet of the gas nozzle to its exit. The velocity of gas increases

from the inlet as it passes through the gas nozzle and reaches the maximum value

at the exit due to the choking condition. The velocity within the gas nozzle in

the regions close to the nozzle wall is zero due to the no-slip boundary conditions.

The blue areas in these plots are regions with low-speed gas flow and are observed

at greater distances from the nozzle exit with an increase in carrier gas pressure.

The velocities of the carrier gas along the center-line of the nozzle for varying gas

pressures obtained for both the experiments as well as predicted by the dielectric

spray model are shown in Fig. 3.13. The velocity is higher at the regions closer

to the nozzle exit and decays with an increasing distance. The high velocity at

the exit (around 400 m/s for 0.4 MPa) shows that the gas flow is compressible.

It is observed that the trend of gas velocities from the model and experiments

is similar and the values are in good agreement, especially beyond a distance of

20 mm from exit, where the variation is less than 10%. A slight variation in the

velocity of gas is observed in the regions close to nozzle exit. This is attributed
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Figure 3.9: Comparison of velocity vectors of carrier gas for different pressures
(a) 0.2 MPa, (b) 0.4 MPa and (c) 0.6 MPa
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0          39.2        78.4        118       157        196       235        274        314      353        392

0          61.2        104        156       208        260       312        364        416      467       519

0          57.7        115        173       231        288       346        404        461      519       577

Figure 3.10: Comparison of velocity vectors of carrier gas close to nozzle exit for
different pressures (a) 0.2 MPa, (b) 0.4 MPa and (c) 0.6 MPa
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Figure 3.11: Velocity vectors of carrier gas close to nozzle exit for a gas pressure
of 0.4 MPa.

to the fact that the experimental values of velocity are calculated from dynamic

pressure measurements by assuming constant density for the gas.

3.3.3 Determination of Range of Impingement Angles for
Spreading Regime

In order to ensure the formation of dielectric film on the machining surface, the

range of spray parameters including distance from nozzle exit (Ls) and impinge-

ment angle (α) for different carrier gas pressures (P ) should be determined. The

droplet-surface interaction is characterized by We and Ky, which are defined as,

We =
ρdv

2
dndd
σd

and Ky = vdn

(
ρd
σd

)1/4(
ρd
µd

)1/8

f−3/8, (3.8)

where, f is the droplet impingement frequency and Ky governs the boundary

between spreading and splashing regimes for a train of droplets impinging on a

surface with thin liquid film such as encountered in Spray-EDM. For the droplet-

surface interaction to be within spreading regime, We must be greater than 10

and Ky should be lesser than 17 [113]. From Eqn. 3.8, it is seen that the non-

dimensional numbers are influenced by the normal component of droplet veloc-
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0          38.2        76        114       153        191       229        267        305      343       382

0          49.7        99.4        149       199        248       298        348        398      447       497

0          55        110        165       220        275       330        385        440      495       550

Figure 3.12: Comparison of velocity contours of carrier gas close to nozzle exit
for different pressures (a) 0.2 MPa, (b) 0.4 MPa and (c) 0.6 MPa
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Figure 3.13: Comparison of center-line carrier gas velocity for different pressures

ity (vdn) and fluid properties. The droplet normal velocity, vdn, velocity of the

droplets along the axis of the nozzle, vd and the impingement angle, α are related

as, vdn=vd sin(α). Hence, the variation in vd with distance from the nozzle exit

has to be determined first. The range of α can then be determined using vd, fluid

properties and the limiting values of We and Ky.

The dielectric spray generated by the spray system for different pressures of

carrier gas are shown in Fig. 3.14. It is observed that for all the cases, the spray

focuses due to the entrainment of the surrounding air into the jet of carrier gas.

The droplets are then observed to diverge downstream with a reduction in the

droplet velocities. The droplets in the downstream region have lower velocities

and lower flushing capability to remove the debris particles. Hence, the distance

of the nozzle unit from the machining surface is critical for improving flushing
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using Spray-EDM technique.

In order to study the focusing of dielectric droplets due to the carrier gas,

enlarged images of the dielectric spray near the nozzle exit are shown for different

gas pressures in Fig. 3.15. The droplets have a higher velocity close to the exit of

the nozzle for higher carrier gas pressures. Also, the gas pressure influences the

diameter of the spray at the focal point (point where the spray has the smallest

diameter) and the position of the focal point. It is observed that for higher

gas pressures, the focal point is closer to the nozzle exit. This is attributed to

the decreased time period for droplets to be drawn into the carrier gas jet. It is

observed that flux of droplets for smaller gas pressure (0.2 MPa) is lower compared

to the other two cases, especially in the farther regions from nozzle exit. This is

due to the poor ability of the gas jet to entrain the dielectric droplets, thereby

retarding the formation of a focused spray of dielectric droplets.

The average velocity of droplets at a specific distance from the exit of droplet

nozzle for different gas pressures is calculated using the velocities of all the droplets

located at that particular distance and are shown in Fig. 3.16. The droplets closer

to the nozzle exit have a lower velocity even though the gas velocity is higher in

those regions. This is because the droplets are gradually accelerated from their

initial velocity of around 3 m/s and reach their peak values after traveling a short

distance in the gas phase. The maximum average velocity of droplets is observed

at a distance of about 30-35 mm from the exit for all the gas pressures considered.

Beyond this distance, the gas velocity decreases due to the free expansion of the

carrier gas into the ambient. The dielectric droplets are then decelerated by the

slower moving gas and reach a fairly constant velocity after about 200 mm. Note

that the velocity of droplets is always lower than the carrier gas velocity at a

given distance from the nozzle. The average droplet velocity from the dielectric

spray model is fitted with an exponentially-modified Gaussian distribution [114]

in order to obtain a function for the variation of droplet velocity, vd with the

distance from the nozzle exit, Ls.

Since the fluid properties and the droplet velocities along the axis of the noz-
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Figure 3.14: Velocity of dielectric droplets for different carrier gas pressures (a)
0.2 MPa, (b) 0.4 MPa and (c) 0.6 MPa
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Figure 3.15: Velocity of dielectric droplets close to nozzle exit for different
carrier gas pressures (a) 0.2 MPa, (b) 0.4 MPa and (c) 0.6 MPa
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Figure 3.16: Droplet velocity variation for different gas pressures

zle (vd) are known, the conditions for spreading regime, viz., We > 10 and

Ky < 17 are used to determine two values of α. The smaller value is desig-

nated as αmin and the other as αmax. The range of impingement angles between

αmin and αmax for a specific distance from the exit of droplet nozzle ensures that

the droplets spread on impact with the surface. The α values calculated for dif-

ferent gas pressures, P are shown in Fig. 3.17. For example, when gas pressure,

P= 0.2 MPa and Ls=225 mm, any value of α between 12 ◦ and 90 ◦ will ensure

that the droplet-surface interaction is within the spreading regime.

Lower gas pressures have a greater range of impingement angles due to lower

droplet velocities associated with those cases. For example, with a gas pressure

of 0.2 MPa, the droplet velocity beyond a distance of 190 mm from nozzle exit is

sufficiently low such that even with an α of 90◦ (droplet impacts normal to the

surface), the droplet-surface interaction is in spreading regime and a film is formed

on the machining surface. However, for higher gas pressures, lower impingement

angles with respect to the surface are required to obtain smaller droplet normal
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Figure 3.17: Range of α to achieve spreading on target surface for different gas
pressures.

velocity, vdn and ensure that spreading occurs.

93



3.4 Dielectric Film Formation Model

The film formation model is developed to characterize the thin fluid film in

terms of thickness, hf and velocity, vf for a set of spray parameters. Earlier work

on modeling thin film formation by Boughner et. al. (2011) [115] included pre-

diction of the film thickness on a rotating cylindrical surface using an Atomized-

Cutting Fluid (ACF) spray system. However, several assumptions were made

that included: (i) the droplet velocity to be equal to the gas velocity, (ii) the

droplets impinge on a dry surface during machining and (iii) incompressible flow

of the carrier gas. While the second assumption is true for the initial stage of

film formation, the subsequent droplets impact a layer of thin fluid film formed

on the surface and not a dry surface. Since the spatial variation in film formed

on the surface is significant in Spray-EDM, uniform film thickness throughout the

surface cannot be assumed.

In this work, a three-dimensional, turbulent flow film formation model is devel-

oped. It is based on the Eulerian Wall Film (EWF) approach using Ansys FluentTM.

A 3D model is developed considering the significant spatial variation in film thick-

ness and velocity along the target surface, especially for impingement angles other

than 90◦.

3.4.1 Model Description

Eulerian Wall Film (EWF) model

The EWF model is based on the thin-film assumption theory that is applicable

for films with micron-level thickness and comparably large lateral dimensions.

In Spray-EDM process, the film thickness is usually a few microns and hence

the EWF approach is used to predict the generation and flow of liquid films as

droplets impinge the target surface [111]. The mass conservation equation for the
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thin film is given as,
∂hf
∂t

+ ∇s.[hf ~Vf ] =
ṁs

ρd
, (3.9)

where, hf , ρd, ∇s, ~Vf , and ṁs are the film height, dielectric droplet density,

surface gradient operator, mean film velocity and mass source per unit wall area,

respectively. The momentum conservation for the film is given as,

∂(hf ~Vf )

∂t
+ ∇s.[hf ~Vf ~Vf ] = −hf ∇s PL

ρd
+

3 ~τfs
2 ρd

+ (~gτ )hf

− 3 ~Vf νd
hf

+
q̇s
ρd
, (3.10)

where, PL = P − ρhf (~n.~g) includes the effect of gas flow pressure and gravity

component normal to the wall surface. In Eqn. 3.10, the second and third terms

account for the viscous shear force at the gas-film interface and effect of gravity in

the direction parallel to film flow, respectively. The fourth term is associated with

viscous force only in the film and the last term includes the droplet collection and

separation phenomenon [111]. The mass and momentum transfer from the DPM

model to the EWF model occurs through the source terms, ṁs and ~̇qs present in

Eqn. 3.9 and Eqn. 3.10 and are defined as,

ṁs = ṁd and (3.11)

~̇qs = ṁd.( ~Vd − ~Vf ), (3.12)

where, ṁd is flow rate of the droplet stream impinging on the wall and ~Vd, ~Vf

are the velocities of the droplet stream and liquid film, respectively. A first-order

explicit scheme is used for both spatial and temporal discretization of film param-

eters. The time-step, δt for solving Eqn. 3.9 and Eqn. 3.10 is set to 0.25 ms since

lower time-steps are not found to have a significant effect on the film deposition

process.
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Boundary and initial conditions for film modeling

The computational domain and boundary conditions for film modeling is sim-

ilar to that in Fig. 3.7. The target surface is given a trap boundary condition for

absorbing the dielectric droplets. The initial conditions for the film thickness, hf

and velocity components, vf on the target surface are set to zero since no film is

formed prior to droplet impingement and the steady state film characteristics are

evaluated after a certain number of film time-steps.

3.4.2 Validation of Film Formation Model

In order to understand the nature of film formation on the machining surface

using the Spray-EDM system, an experimental testbed as shown in Fig. 3.18

is built. The film thickness is measured using an optical microscope (Model

AD5040HS X3, HIROX-USA, Inc.) with 20× to 800× magnification is used along

with a camera (Infinity 3, Lumenera Corporation, Canada). Precise control of the

distance between the camera and the front surface of the flat target plate is crucial

for proper focusing and image capture and is achieved by traversing the mounting

stages on which the plate is fixed. The set up is placed on a Thor LabsTM optical

table to ensure rigidity throughout the film imaging process. Note that the field

of view of the camera at a magnification of 175× is restricted to 1 mm. In order to

get images of film along the direction of the spray from the point of impingement,

the optical setup is traversed by 1 mm using the positioning stages. Gas pressure,

P of 0.2 MPa, dielectric flow rate of 10 ml/min, impingement angle, α of 30◦

and distance from nozzle exit to the target surface measured along nozzle axis,

Ls of 225 mm are used. This combination of spray parameters ensures that the

droplet-surface interaction is in the spreading regime and a thin dielectric film is

formed on the target surface (Fig. 3.17). A sample image of the film in the stable

region (between -160 mm and -161 mm from the impingement point) obtained

experimentally is shown in Fig. 3.19.

The three-dimensional profile of the film for the same set of spray parameters
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Figure 3.18: Optical setup used for capturing images of dielectric film.
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Figure 3.19: Sample image of film between −160 mm and− 161 mm from the
point of impingement

as predicted by the film formation model is shown in Fig. 3.20. The point X = 0

and Z = 0 corresponds to the spray impingement point (Point 6 in Fig. 3.4),

which is the intersection of the center-line of the dielectric spray and the target

surface. The pressure exerted by the gas on the film causes the depression at the

impingement point and protrusion in the regions close to the point. Beyond this

region, the film thickness is found to decrease gradually with distance along the

X-direction from the impingement point.

The film thickness is compared with experimental data obtained for different

combinations of carrier gas pressures, P (0.2 MPa and 0.4 MPa) and vertical
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Figure 3.20: 3D plot of the film formed on the machining surface

distances between nozzle and machining surface, d (109.5 mm and 134.5 mm) and

is shown in Fig. 3.21. Note that the vertical distance is obtained from Fig. 3.4 as

d=(Ls+Nl) ·sin α, where Nl=44 mm, Ls=160 mm and α=32.5◦ for d=109.5 mm

and Ls=225 mm and α=30◦ for d=134.5 mm. The film thickness, hf is plotted

along its center-line on the machining surface (Z=0 in Fig. 3.20). The range

of X-axis for distance along surface in Fig. 3.21 is restricted to -160 mm to -

220 mm since large fluctuations in thickness are observed in the region close to the

impingement point (0 to -160 mm). Also, the regions with uniform film thickness

are favorable for Spray-EDM process and hence validating the film formation

model in that region (-160 to -220 mm) is acceptable. The experiment is repeated 3

times for each combination of P and d and the mean and standard deviation (µ±σ)

are plotted. The variation in experimental film thickness for trials with the same

combination of P and d is due to the transient nature of the film. Film thickness

is influenced to a greater extent by d than P . A thinner film is observed for large

values of d (134.5 mm) due to the reduced flux of droplets impacting the surface.

Smaller values of d increase the fluctuations in film thickness due to higher gas

pressures close to nozzle exit and this is evident from the deviation in the trend of

thickness beyond 190 mm for the condition with P=0.4 MPa and d=109.5 mm.

The model predictions show a good agreement with experimental measurements
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for the range of distance considered. The difference between the model predictions

and experiments is attributed to the effect of actual topography and surface energy

of the machining surface on wetting/film formation phenomenon.

Figure 3.21: Comparison of experimental and simulated values of film thickness

3.4.3 Determination of Film Thickness and Velocity

The validated film model is used to determine the film thickness, hf and film

velocity, vf for different combination of spray parameters. The parameters varied

in this model are carrier gas pressure, P and distance, d shown in Fig. 3.4. Three

levels for the factors, P and d are used in the parametric study (Table 3.2). The

combinations marked with * do not result in spreading regime.

The contours of film thickness on the machining surface for the six cases (shown

in Table 3.2) that result in film formation are shown in Fig. 3.22. A significant

spatial variation in film thickness on the surface is observed, thereby justifying

the development of a three-dimensional film formation model. For all the cases,
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Table 3.2: Simulation cases studied with the film model.

Trial No. Ls (mm) α (◦) d (mm) P (MPa)
1 125 30 84.5 (-1) 0.2(-1)
2* 125 30 84.5 (-1) 0.4(0)
3* 125 30 84.5 (-1) 0.6(+1)
4 160 32.5 109.5 (0) 0.2(-1)
5 160 32.5 109.5 (0) 0.4(0)
6* 160 32.5 109.5 (0) 0.6(+1)
7 225 30 134.5 (+1) 0.2(-1)
8 225 30 134.5 (+1) 0.4(0)
9 225 30 134.5 (+1) 0.6(+1)

a region of lower film thickness (blue areas) is observed near the point where the

spray impinges the machining surface. Surrounding this area is a region where

higher film thickness is observed due to the normal component of the carrier gas

pressure. The film thickness then decreases gradually and eventually becomes

zero in the regions farther from the impingement point. It is pertinent to note

that for smaller values of d (Fig. 3.22 (f)), the proximity of the machining surface

to the droplets not entrained within the core of the dielectric spray results in the

formation of patches of film in certain regions. The film thickness is observed to

be higher for lower values of d due to the higher flux of droplets impacting the

machining surface.

The film thickness variation along the center-line of machining surface for the

various combinations of P and d is shown in Fig. 3.23. The regions near the im-

pingement point are seen to be unsuitable for Spray-EDM due to large fluctuations

in the film characteristics. The thickness is observed to be uniform with smaller

values at regions farther from the impingement point (beyond 100 mm from the

impingement point for all cases except for Trial 1, P=0.2 MPa and d=84.5 mm).

hf varies to a greater extent with d than P . A smaller film thickness (about

than1 µm) is observed on the surface for large distances (d=134.5 mm) from the

nozzle exit. This is attributed to a drastic reduction in the flux of droplets im-

pinging on the machining surface.

Smaller values of d result in higher film thickness and are preferred for Spray-
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Figure 3.22: Contours of film thickness for (a) P=0.2 MPa and d=134.5 mm,
(b) P=0.2 MPa and d=109.5 mm, (c) P=0.4 MPa and d=134.5 mm, (d) P=0.4
MPa and d=109.5 mm, (e) P=0.6 MPa and d=134.5 mm, (f) P=0.2 MPa and
d=84.5 mm.
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EDM since it is critical to ensure that the inter-electrode gap is always completely

filled with dielectric fluid. However, decreasing d beyond a certain limit for a given

pressure, P and impingement angle, α will result in droplets with much higher

normal component velocity to impact the machining surface and the droplet-

surface interaction would not be within the spreading regime.

Figure 3.23: Comparison of film thickness for different combinations of spray
parameters.

Figure 3.24 shows the variation in film velocity, vf along the center-line of

machining surface for different combinations of P and d. Though the film thick-

ness (hf ) is not significantly influenced by P for a given d, the film velocity (vf )

is affected by variation in gas pressure as is evident from Fig. 3.24. Higher gas

pressures increase vf due to a greater component of gas velocity in the direction

of film flow. A similar trend is observed for all the values of d considered. Among

the combinations of spray parameters that ensure inter-electrode gap (say 1 µm)

is completely filled with dielectric, the combinations of 0.2 MPa, 84.5 mm and

0.4 MPa, 109.5 mm are preferred to 0.2 MPa, 109.5 mm since higher film velocity

in first two cases will flush the debris from the gap more effectively compared to

the third case.
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Figure 3.24: Comparison of film velocity for different combinations of spray
parameters.

3.5 Debris Flushing Model

Debris flushing in EDM has a significant effect on the performance of the

process. A higher material removal is achieved with an effective flushing method

because of reduction in frequency of abnormal discharges that occur when debris

are present in the inter-electrode gap. Flushing also impacts the tool wear, crack

density and recast layer thickness on the machined surface which can be minimized

by an optimal flushing method [59].

Debris flushing in EDM has been experimentally investigated by Wang et. al.

[78] and Cetin et. al. [116]. In these studies, the motion of debris particles was

studied using Particle Image Velocimetry (PIV) technique with a set up made of

transparent materials. However, the precise real-time observation of the genera-

tion and movement of EDM debris through experiments is difficult. So, analytical

and computational modeling have been explored [10, 20, 116, 22, 23]. However,

these models did not account for the impact force associated with the plasma
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discharge, which is one of the critical factors affecting the dielectric flow and

trajectory of debris particles. Also, the debris particles were assumed to have

uniform diameter, unlike the actual debris. Mastud et. al. [23] recently developed

a 2-dimensional, axisymmetric model to study debris motion during the reverse

micro-electrical discharge machining process. However, this model did not ac-

count for plasma explosion pressure. Further, these models could not be used

to study the Spray-EDM process since a bulk liquid is assumed as the dielectric

medium in these models and not a thin dielectric film (few µm) as in Spray-EDM.

Also, these models do not include the actual topography of the machined surface

to study the debris flushing in EDM.

A two-dimensional, transient, turbulent flow model is developed to predict the

trajectories of the debris particles in the presence of a flowing dielectric film. A

two-dimensional model is sufficient to model the effect of flowing film on debris

flushing since the velocity of the film along the direction of ds (Fig. 3.4) is much

higher compared to the other directions. The motion of debris particles in the

dielectric occurs due to the drag force exerted by the flowing dielectric liquid.

A DPM approach similar to that used in dielectric spray model is used to track

trajectories of EDM debris. The model also accounts for (i) plasma pressure

due to discharge, (ii) actual crater geometry produced due to discharge and (iii)

Rosin-Rammler size distribution of debris particles.

3.5.1 Modeling Approach

The model assumes that discharge occurs at time, t = 0, which results in the

formation of a crater on the workpiece and several debris particles. Also, a thin

dielectric film with thickness, hf and velocity, vf (obtained from the dielectric film

model discussed in Sec. 3.4) is assumed to be formed on the machining surface.

The discharge is followed by the flushing action of the dielectric film. A schematic

of the fluid domain is shown in Fig. 3.25. This domain is considered to be within

the stable region of the film between a distance of -180 mm and -200 mm from
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the point of spray impingement. The fluid domain is bounded by the machining

surface at the bottom with the tool electrode positioned in the middle and set

at a distance equal to the inter-electrode gap. The flowing dielectric film enters

the inter-electrode gap from the left-end with a velocity, vf . The right-side of the

domain is set at atmospheric pressure. The top side of the film is considered to

be a free surface (finite slip for fluid velocity components) and a no-slip boundary

condition is assumed at the work-surface and the tool surface for the flowing film.

The force exerted by the flowing dielectric film on the tool electrode is determined

to be negligible (order of µN) and hence, the deflection of tool is ignored [117].

The velocity of dielectric film within the inter-electrode gap, ~v ′f is determined

by solving 2-D Navier-Stokes equations. ~v ′f is influenced by the film velocity

at the inlet, vf , the plasma pressure and plasma radius. The effect of plasma

pressure for a given plasma radius on the dielectric film flow in the inter-electrode

gap is incorporated as an initial condition in the inter-electrode region using an

user-defined function.

Tool

X

Y

Figure 3.25: Schematic of domain and boundary conditions for debris flushing
model

The flow-field of dielectric film in the inter-electrode gap is solved for the initial

conditions of plasma pressure along with the injection of debris particles using

CFD approach. The debris particles are injected normal to the surface with an
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initial velocity and the trajectory is determined using the force-balance equation

of each debris particle, given as follows.

d~vdebris
dt

= F ′D( ~v ′f − ~vdebris) +
~g(ρd − ρdebris)

ρdebris
, (3.13)

where, ~vdebris is the debris particle velocity, F ′D is the drag force exerted by the

dielectric film on the debris, ~v ′f is the velocity of the dielectric film in the inter-

electrode gap, ρd and ρdebris are the density of dielectric fluid and debris particle,

respectively. The drag force between the debris and the dielectric fluid film is

calculated using Eqn. 3.2, where µ, ρd, dd andRe are replaced by dynamic viscosity

of dielectric, µd, density of debris, ρdebris, diameter of debris particle, ddebris and

the corresponding Reynolds number, Re′, respectively. The debris particles are

assumed to be spherical with particle sizes following Rosin-Rammler distribution

with a mean diameter of ddebris, and the number of particles injected during the

simulation is estimated by dividing the volume of crater by the average volume

of a single debris particle.

A ‘trap boundary condition’ for the debris particles is considered at the ma-

chining surface to ensure that the debris particles striking the surface adhere to it.

The distance at which the debris particles are trapped on the work surface from

the crater center is determined by post-processing the particle trajectory results

from the debris flushing model and the distribution of debris around the crater is

determined.

3.5.2 Evaluation of Force Exerted by Dielectric Film on the Tool
Electrode

In order to ensure the validity of the assumption that the tool electrode does

not deflect due to the film motion, the force on the tool was evaluated for all the

aforementioned cases of spray system parameters. The total force exerted by the

dielectric fluid film on the tool is given by the sum of hydrodynamic force acting

on the tool’s cylindrical surface and the shear force acting on the bottom surface
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of the tool. The two forces are represented in Fig. 3.26 and are calculated as,

FT = FH + FS, (3.14)

FH =
1

2
ρdD

∫ hf

h1

vf
2dh & FS =

π

4
D2µd

(
dvf
dh

)
h=h1

(3.15)

where, FT , FH and FS are the total force, hydrodynamic force and shear force

exerted on the tool electrode, h1 corresponds to the bottom surface of tool, hf

corresponds to the top surface of the dielectric film and D is the diameter of the

tool, respectively. The magnitude of forces calculated using Eq. 3.14 are shown

in Fig. 3.27. A film with higher vf exerts a greater force on the tool electrode.

However, the magnitude of forces is found to be significantly small, which is in the

range of 0.4–1.2 µN, suggesting that the deflection of tool due to flowing dielectric

film is not a major issue in Spray-EDM for the parameters considered.

hf

dgap

Tool electrode

Hydrodynamic force
exerted by moving film
on tool side surface, FH

tool bottom surface, FS

Shear force at the

Velocity

calculate FH

to calculate FS

Velocity profile

D

profile to

Figure 3.26: Schematic of methodology of force calculation

107



T
ot
al

fo
rc
e
on

to
ol
,
F
T
(µ
N
)

Figure 3.27: Force exerted on tool electrode for different P and α

3.6 Summary

The concept of Spray-EDM was discussed thoroughly along with the spray

system components and working principle. A 3-D transient model to understand

the atomization of dielectric droplets, dielectric spray formation and thin film

formation was developed. In order to study the flushing of debris from the inter-

electrode gap, a 2-D model based on the DPM approach was developed. Specific

conclusions of the chapter are as follows.

1. The dielectric spray model is used to determine the spatial variation in

droplet velocity for different carrier gas pressures. This is used along with

the theory of droplet impingement dynamics to determine the range of im-

pingement angles that ensures film formation on the machining surface, i.e.

the droplet-surface interaction is within the spreading regime. Higher im-

pingement angles could be used with smaller gas pressures or larger distances

from droplet nozzle exit due to the smaller droplet velocities associated with

these conditions.

2. The film formation model is developed to determine the thickness and veloc-
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ity of the thin dielectric film formed on the machining surface for different

combinations of spray parameters. It is observed that distance between the

nozzle exit and the machining surface influences the thickness to a greater

extent than the carrier gas pressure. Large distances result in smaller thick-

ness due to a reduction in the flux of droplets impacting on the surface.

Higher gas pressures result in higher film velocities for a given distance be-

tween nozzle and machining surface.

3. The debris flushing model is developed to predict the trajectory of the debris

particles in the inter-electrode gap. This model takes into account critical

process-related factors including the plasma pressure, plasma radius, non-

uniform debris size and the actual topography of the crater.
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Chapter 4

Debris Flushing Model Validation and Discussion

The objective of this part of the study is to perform EDM experiments to val-

idate the debris flushing model and also to study the performance of the Spray-

EDM process. The experimental set up for the EDM experiments is discussed

first. This is followed by the validation of the debris flushing model developed

in Chapter 3. The validated debris flushing model is used to determine the com-

bination of spray parameters that result in enhanced flushing of debris from the

inter-electrode gap. Finally, the Spray-EDM process is compared with Wet-EDM

and Dry-EDM in terms of material removal, tool wear and flushing of debris

particles from the inter-electrode gap.

4.1 Single-discharge EDM: Experimental Setup

Single-discharge EDM experiments are performed in order to isolate the fun-

damental mechanics of the EDM process and debris flushing from the stochastic

nature of the multiple-discharge process [1]. The set up used for EDM experi-

ments is shown in Fig. 4.1. The single-discharge EDM experiments are performed

on a three-axis micro-scale Machine Tool (mMT) developed at the Micro-scale

Machining and Machine Tool Research Laboratory at the University of Illinois at

Urbana-Champaign. A 100 µm tungsten rod is used as cathode and the anode is a

1.5 x 1.5 x 0.25 mm Stainless Steel plate. During the discharges, the workpiece is

placed in a small tank to prevent the leakage of dielectric. A piezo-actuated stage

is used to set the gap distance between the two electrodes within a few hundreds

of nano-meters accuracy. An Infinity camera is used for observing the discharge
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process. The dielectric is either filled in the tank containing the workpiece for

Wet-EDM experiments or supplied in the form of spray for the Spray-EDM ex-

periments. For Spray-EDM, the flow rate of dielectric from a reservoir is precisely

controlled using flow-control valves. Programming using G-codes is done to con-

trol the 3-axis mMT. The programs are used to perform a sequence of processes,

viz., set the inter-electrode gap distance, apply the voltage across the electrodes

for the discharge duration, retract the tool electrode away from workpiece and

move the electrode to the next discharge location.

Dielectric reservoir

Camera
Atomizer3 axis mMT

Oscilloscope

Control unit

Figure 4.1: Experimental set up for Spray-EDM technique.

The current and voltage values across the gap during the discharge are collected

using a 2 GigaSamples Tektronix TDS2024B oscilloscope. A sample plot of the

VI characteristics obtained during the EDM discharges is shown in Fig. 4.2. The

instantaneous power and the discharge energy are obtained from these data for

each discharge. In order to determine the volume of material removed, a 3D

topography of each crater is obtained as discussed by Heinz et. al. (2011) [19] using

a Keyence LT-9010M surface scanning confocal laser with a spatial resolution
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of 0.01 µm. The laser performs raster scanning of the workpiece surface (see

Fig. 4.3(a)) collecting discrete height measurements every 1 µm in a rectangular

region surrounding the crater. The obtained data is plotted to represent the 3D

topography of the crater as shown in Fig. 4.3(b). The amount of material removed

during the discharge is characterized in terms of the volume below the surface of

the workpiece (crater volume) as shown in Fig. 4.3(c).

Figure 4.2: Voltage and current plots during a single EDM discharge.

Deposited volume

Crater volume

(a)

(b)

(c)

Crater center

Figure 4.3: 3D topography of crater using laser scanning [19]
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4.2 Validation of Debris Flushing Model

In Spray-EDM, the debris particles are concentrated on one side of the crater

due to the moving film. In order to eliminate the variability induced in the

experimental debris distribution due to the direction of film motion, the debris

flushing model is validated for stationary dielectric (vf= 0). About 200 single

discharges are carried out using a stationary dielectric for the conditions listed

in Table 4.1 to generate sufficient number of debris for characterization. After

performing the discharges, the machined surface is scanned using a JEOL 6060

LV Scanning Electron Microscopy (SEM) to obtain high magnification images of

the crater with debris particles surrounding it. A sample image of the work-surface

with crater and debris particles is shown in Fig. 4.4.

Table 4.1: Conditions for the single-discharge experiments

Open circuit voltage, Vo 200 V
Inter-electrode gap, dgap 2 µm
Pulse-on time, ton 5 µs
Tool Tungsten (100 µm diameter)
Work piece Stainless Steel
Dielectric Chem Finish EDM 3001

Lite

The distance of each debris particle from the center of the crater is evaluated

using a MATLABTM script. This is achieved by calculating the number of pixels

between the two points, viz., the crater center and the position of debris and then

computing the distance in µm by using the calibration bar for the SEM image.

The distance of all debris from the crater center is evaluated in a similar manner.

The number of particles on the surface are measured for successive intervals of

25 µm from the crater center and the percentage distribution is calculated. The

mean and standard deviation, µ± σ, of the percentage of particles from the SEM

images are evaluated.

The distribution of debris around the crater is also determined using the model

developed in Chapter 3. Since the numerical model requires the mean debris par-
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Debris particles

EDM crater

Crater center

Figure 4.4: SEM image of EDM crater and debris particles

ticle size, debris obtained through single-discharge experiments are collected and

analyzed using a Laser Particle Size Analyzer (Zetasizer Nano, Malvern Instru-

ments Ltd., UK). The particles in EDM oil are agitated slightly in an ultrasonic

container to enable suspension and also prevent them from coagulating prior to

measuring their size. The mean diameter of debris particles is estimated to be

1.31 µm. The ejection velocity of the debris particles is determined to be about

270 m/s by using the methodology developed in [118] and the physical properties

of stainless steel. Also, for an open circuit voltage of 100 V and pulse on-time

of 5 µs, plasma pressure of 25 MPa as reported in [119] is used, and the plasma

radius is computed using the relationship given by Patel et. al [120] as 0.788t0.75on .

The boundary conditions and the initial conditions of the model as discussed

in Sec. 3.5.1 have been used. The trajectory of debris particles as predicted by

the model is shown in Fig. 4.5, where, each line represents the path taken by a

single debris particle. The dielectric fluid is pushed outward to both sides from

the center of EDM crater due to the pressure exerted by the plasma. Hence,

the debris particles are found to be distributed on both sides of the crater for

this case. The ‘trap boundary condition’ on the machining surface ensures that
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the debris striking the surface adhere to it and the coordinates of the points of

impact are recorded. The debris distribution is obtained by post-processing the

coordinate positions at which the debris particles strike the work surface. This

data is recorded for a duration of 1 ms after the discharge takes place since most

of the debris are found to be deposited on the machining surface within that

duration.

The percentage of debris within successive intervals of 25 µm from the crater

center is compared for both the experiments and those obtained from the debris

flushing model, and the results are shown in Fig. 4.6. In this plot, the percentage

of particles within an interval of 25 µm is marked at the mid-point of the corre-

sponding interval. For example, in the range of 0-25 µm from the crater center,

the percentage of particles (about 21%) is marked at 12.5 µm. For the second

interval, it is marked at 37.5 µm and so on. It is observed from Fig. 4.6 that the

overall trend of debris distribution around the crater is in good agreement with

the experimental measurements.

Trajectories of debris
Crater

Work surface

Tool
Y

X

Figure 4.5: Simulated trajectory of debris particles for stationary dielectric fluid.
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Figure 4.6: Comparison of debris distribution for experiments and
computational model.

Effect of spray parameters on debris flushing

The validated debris flushing model is used to determine the distribution of

debris particles for different combinations of spray parameters. For a gap dis-

tance of 1 µm, the conditions 1, 4 and 5 listed in Table 3.2 ensure that the gap

is completely filled with dielectric, i.e. hf ≥ dgap, while the other conditions have

lower film thickness and are not suitable for Spray-EDM as discussed in Sec. 3.4.

The average values of hf and vf within the stable region between -180 mm and

-200 mm from the impingement point are computed. Their values for the afore-

mentioned conditions are used in the debris flushing model and are shown in

Table 4.2.

The trajectory of the debris particles in the region close to the EDM crater

for the different conditions is shown in Fig. 4.7. Note that the crater and the

tool electrode are within the stable region of the dielectric film formed on the

machining surface, i.e. between a distance of -180 mm and -200 mm from the

point of spray impingement. As discussed earlier, the debris are distributed on
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Table 4.2: Film parameters used in the debris flushing model

Test conditions from Table 3.2 4 5 1
P (MPa) 0.2 0.4 0.2
d (mm) 109.5 109.5 84.5
hf (µm) 3.5 3 6.05
vf (mm/s) 0.53 1.15 1.55

both sides of the crater for the stationary dielectric condition. However, in the

case of Spray-EDM, the debris are pushed by the moving dielectric film to one side

of the crater. In Fig. 4.7, the dielectric film flows from left to right as indicated

and hence, more debris are found on the right side of the crater. With an increase

in film velocity, the ability of the dielectric film to carry the debris particles

is improved as observed from the trajectories in Fig. 4.7. The distance of the

trajectories from the machining surface increases as the film velocity is increased

from 0.53 mm/s to 1.55 mm/s as seen from Fig. 4.7 (b), (c) and (d). Thus, the

debris are carried farther from the crater before being deposited on the machining

surface.

Direction of moving 
film

(a) (b)

(c) (d)

Figure 4.7: Comparison of debris trajectories for different conditions (a)
Stationary dielectric fluid, (b) P=0.2 MPa, d=109.5 mm, (c) P=0.4 MPa,
d=109.5 mm and (d) P=0.2 MPa, d=84.5 mm.

The debris distribution around the craters for Spray-EDM with the different

combinations of spray parameters is shown in Fig. 4.8 along with that obtained

using stationary dielectric. The proportion of debris particles within a 100 µm
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distance from the crater center is about 40%, 31.5% and 28% for the conditions 4,

5 and 1 as listed in Table 4.2, respectively. For the stationary dielectric condition,

about 75% of particles are observed within a 100 µm distance from the crater

center. The improvement in debris flushing from the discharge zone as compared

to the stationary dielectric condition is due to the higher velocity of the flowing

dielectric film in Spray-EDM that carries the debris particles farther from the

crater. As seen from Fig. 4.8, all the debris particles are observed to be within

a distance of 240 µm for the stationary dielectric. However, for the Spray-EDM

conditions, the debris are found to be deposited at regions farther from the crater.

The moving film has sufficient velocity near the crater to carry the debris parti-

cles farther. However, beyond a certain distance, the film velocity reduces and

gradual deposition of debris on the machining surface occurs. Among the three

conditions for Spray-EDM, the combination of P=0.2 MPa and d=84.5 mm is ob-

served to have the best flushing capability due to higher velocity of the dielectric

film (1.55 mm/s vs 0.53 and 1.15 mm/s).

Figure 4.8: Comparison of debris distribution for different spray conditions.
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4.3 Comparison of Spray-EDM, Wet-EDM and Dry-EDM

Processes

The second set of single-discharge EDM experiments are conducted to evaluate

the performance of the Spray-EDM process. Experiments are also performed for

Wet-EDM (using stagnant dielectric) and Dry-EDM to compare the machining

characteristics with that of the Spray-EDM process. Chem Finish EDM 3001

LiteTM was used as the dielectric for Wet-EDM and Spray-EDM experiments,

while air was used for Dry-EDM. The Spray-EDM experiments are performed

using the spray parameters of P=0.4 MPa and d=109.5 mm due to the better

flushing ability compared to the stationary dielectric condition as discussed in

Sec. 4.2. Discharge parameters such as open gap voltage (Vo) and pulse-on time

(ton) are varied to evaluate the performance of the EDM process with different

dielectric supply methods across a range of discharge energies. A 22 full factorial

design with two levels for Vo and ton is adopted as shown in Table 4.3.

Table 4.3: Factor levels for EDM experiments

Parameters Low High
Open gap voltage, Vo
(V)

100 250

Pulse-on time, ton (µs) 5 50

The inter-electrode gap distance (dgap) was kept constant at 1µm for all cases

and the experiment was performed for Wet, Dry, and Spray-EDM techniques. A

gap of 1µm ensures that the electric field within the gap, E = Vo/dgap is greater

than the dielectric strength of air and Chem Finish EDM 3001 LiteTM for both

voltage values considered. In Wet-EDM, the electrodes are immersed in a small

tank containing EDM oil. Dry air at a pressure of 0.4 MPa is used for Dry-EDM

experiments. In the case of Spray-EDM, droplets of EDM oil produced by an

ultrasonic atomizer operating at 40 kHz are supplied at a flow rate of 10 ml/min

by carrier gas (air) at a pressure of 0.4 MPa to the machining zone. Experiment is
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repeated 30 times for each set of process parameters to determine the variability

in experimental data. The three processes are compared in terms of the discharge

energy, the volume of material removed, tool electrode wear and the flushing of

debris from the machining region.

4.3.1 Comparison of Discharge Energy and Crater Characteristics

Figures 4.9 (a) and (b) show a comparison of discharge energy and volume of

crater, respectively for the three EDM processes at different discharge conditions.

The discharge energy for each condition is determined using the current and volt-

age values recorded by the Oscilloscope during the discharge process. As seen in

Fig. 4.9(a), the discharge energy produced in Spray-EDM is highest among all the

three processes, suggesting that the flow of dielectric in the form of thin film has

a significant effect on the discharge process. In comparison, the discharge energy

produced due to Dry-EDM is the least among the three process due to poor di-

electric strength of air. The discharge energy produced by Spray-EDM is about

37% higher on an average across the discharge energies considered than that of

Wet-EDM. The physics behind this observation is shown in Fig. 4.10. The higher

discharge energy in Spray-EDM is attributed to the increased electrical resistance

offered by the moving dielectric compared to a static dielectric medium. For a

constant circuit current, I, the power given by I2R is greater for a higher elec-

trical resistance across the electrodes. Hence, a higher proportion of the applied

energy goes into the discharge process compared to the case with static dielectric.

The increased electrical resistance offered by the moving dielectric medium such

as oils used in transformers has been extensively studied in Refs. [121, 122]. The

authors attributed the higher resistance could be due to one or more of the fol-

lowing reasons: (i) increased resistance to the formation of particle chains across

the inter-electrode gap due to continuous washing, (ii) prevention of formation

and growth of vapor bubbles at the electrode surfaces due to the cooling effect

of the moving fluid and (iii) modification of the space charge distribution in the
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inter-electrode gap due to moving fluid. The crater volume shown in Fig. 4.9 (b)

is determined from a three-dimensional topography of the crater obtained using a

surface scanning laser as discussed in Sec. 4.1. From the topography of the crater,

the volume of material below the work surface is determined using a MATLABTM

script. Due to the higher discharge energy associated with the Spray-EDM pro-

cess, an average increase in crater volume of about 78% compared to Wet-EDM

is observed across the discharge energies considered in this study.

4.3.2 Tool Electrode Wear

Figures 4.11(a)-(f) show a comparison of SEM images of tool electrode before

and after 5 discharges using the three different EDM processes. The tool electrode

was examined using a JEOL 6060 LV Scanning Electroscope Microscope (SEM)

to investigate the electrode wear after 5 discharges for wet, dry, and Spray-EDM

methods for Vo=250 V and ton = 50µs. These conditions correspond to a discharge

energy that is marginally higher than that commonly employed in typical µ-EDM

applications and were selected here to observe tool wear at extreme discharge

conditions. The tool wear is quantified by ∆, which is the difference in length of

the tool electrode before and after performing the discharges. From Figs. 4.11 (a)-

(f), it is evident that Dry-EDM, using air as the dielectric, produced the highest

tool wear. This is because of the low heat-removing capability of air coupled

with poor flushing of debris particles that exert a higher thermal load on the

tool. Among the Wet-EDM and Spray-EDM, tool wear in the latter is marginally

lower than the former. Although the dielectric properties are the same, the flowing

dielectric in the case of Spray-EDM resulted in a marginal improvement in tool

wear in comparison to Wet-EDM. The higher plasma discharge energy in the

case of Spray-EDM compared to Wet-EDM should result in greater tool wear.

However this effect is compensated by an improved heat removal capability of the

flowing dielectric film in comparison to Wet-EDM, thereby resulting in similar

tool wear. Note that with nearly the same tool wear, the material removal in the
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Figure 4.10: Physics behind the higher discharge energy in Spray-EDM.

case of Spray-EDM is significantly higher compared to Wet-EDM. Therefore, the

Spray-EDM process proposed in this work not only reduces the consumption of

dielectric fluid, but is also observed to improve the machining characteristics of

EDM process.

4.3.3 Distribution of Debris Particles

The distribution of debris around the crater was investigated based on the SEM

images of regions around crater to determine the flushing capability in each case.

For this analysis, single-discharge experiments with Vo=250 V and ton = 50 µs

were performed. 30 craters were studied for debris particles distribution in each

case and the SEM images are shown in Fig. 4.12. From Fig. 4.12, it is observed that

the debris are concentrated on one side of the crater due to the moving dielectric

film in the case of Spray-EDM. However, in wet and Dry-EDM, the debris are

distributed randomly in all directions around the crater. Figures 4.13(a)-(c) shows

the distribution of debris particles from the center of the crater (shown in Fig. 4.3)

for Wet-EDM, Spray-EDM and Dry-EDM, respectively. From Fig. 4.13(c), about

88 % of the debris particles are observed within 100 µm from the crater center.

The poor flushing ability of the gaseous dielectric results in deposition of debris
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(a)

(e)

(b)

(f)

Figure 4.11: SEM images of tool electrodes before and after 5 discharges. (a)
and (b): Wet-EDM; (c) and (d): Spray-EDM; (e) and (f): Dry-EDM

particles closer to the machined crater. In the case of Wet-EDM, about 62 %

of the particles are deposited within 100 µm from the crater center. The higher

viscosity of the liquid dielectric carries the debris particles further away from

the crater center. However, in the case of Spray-EDM, only 46 % of the debris

particles are found within 100 µm from the crater center. This improvement in

debris flushing from the discharge zone is mainly due to the flowing dielectric film

that carries the debris particles along with it.
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(a)

(b)

(c)

Direction of 
film flow

Figure 4.12: SEM images of debris particles around the EDM crater: (a)
Wet-EDM; (b) Spray-EDM; (c) Dry-EDM
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(a)

(b)

(c)

Figure 4.13: Distribution of debris particles from the crater center: (a)
Wet-EDM; (b) Spray-EDM; (c) Dry-EDM
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4.4 Summary

In this chapter, single-discharge EDM experiments were performed to validate

a computational model developed to study the flushing of debris in Spray-EDM

process. The validated model was used to determine the combination of spray

parameters that resulted in enhanced flushing. EDM experiments were also done

to evaluate the performance of Spray-EDM process and compare it with Wet and

Dry-EDM processes. Specific conclusions of the chapter are as follows.

1. The percentage of debris within a distance of 100 µm from crater center

is reduced from about 75% for the stationary dielectric condition to about

28% for Spray-EDM with a gas pressure of 0.2 MPa, impingement angle of

30◦ and distance between nozzle exit and machining surface of 125 mm. It

is observed that dielectric films with higher velocity improve the flushing of

debris from the discharge zone.

2. The discharge energy in the Spray-EDM process is 37% higher compared to

Wet-EDM. This is attributed to the increased electrical resistance offered

by the moving dielectric compared to a static dielectric medium, thereby

a higher amount of the applied energy goes into the discharge process in

Spray-EDM.

3. The volume of material removed in the Spray-EDM process is 78% higher

than that observed during Wet-EDM across the range of discharge energies

considered in this research.

4. The tool wear in Spray-EDM is lesser than Dry-EDM due to the better

heat-removal capability of the flowing liquid film and comparable to that

observed in Wet-EDM.
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Chapter 5

Conclusions and Recommendations

The objective of this thesis was to develop a novel Spray-EDM process that not

only minimizes the consumption of the dielectric fluid but also improves the flush-

ing of debris from the inter-electrode gap. The research involved the development

of computational models based on CFD approach to understand the phenomena

associated with Spray-EDM including dielectric spray formation, film formation

on the machining surface and the flushing of debris from the inter-electrode gap

and create a fundamental knowledge-base for the Spray-EDM process. The dielec-

tric spray model was developed to study the effect of spray system parameters on

the gas velocity and droplet velocities. The compressibility effects of the carrier

gas were taken into account in the model. The collision and coalescence among the

droplets and also the momentum transfer between the two phases, viz., the carrier

gas and the droplets were also considered in the model. The film formation model

was developed to determine the spatial variation in film thickness and velocity on

the machining surface for different spray system parameters. The Eulerian Wall

Film (EWF) approach was used for modeling the mass and momentum transfer

from the dielectric droplets to the film formed on the surface. Both the models

were validated by comparing the model predictions with the experimental data.

The debris flushing model was developed to understand the effect of moving di-

electric film on the flushing of debris from the inter-electrode gap. Critical process-

related factors including the actual topography of the machined crater, plasma

pressure and radius, and non-uniform size of debris particles were considered in

the model. The model was validated by comparing the model predictions of debris

distribution with experimental data for stationary dielectric condition. Using the
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knowledge-base developed through the computational research, the performance

of the Spray-EDM process was evaluated by single-discharge EDM experiments.

The performance was then compared with Wet-EDM and Dry-EDM techniques

in terms of material removal, tool electrode wear and debris flushing.

5.1 Conclusions

The specific conclusions of the research are as follows.

1. A three-dimensional and transient dielectric spray model model was de-

veloped to understand the atomization of dielectric droplets and dielectric

spray formation. The compressible flow of carrier gas, interaction between

the carrier gas and the dielectric droplets, collision and coalescence among

the droplets were taken into account in the dielectric spray model.

2. The model was validated by comparing the experimental measurements of

carrier gas velocity with those predicted by the model. The gas velocity near

the nozzle exit becomes higher with increasing carrier gas pressures due to

the higher values of stagnation pressure. An exponential decay in the carrier

gas velocity with increasing distance from nozzle exit is observed for all the

gas pressures considered. It is observed that the trend of gas velocities from

the model and experiments is similar and the values are in good agreement,

especially beyond a distance of 20 mm from exit, where the variation is less

than 10%. A slight variation in the velocity of gas is observed in the regions

close to nozzle exit. This is attributed to the fact that the experimental

values of velocity are calculated from dynamic pressure measurements by

assuming constant density for the carrier gas.

3. The dielectric spray model is used to determine the spatial variation in

droplet velocity for different carrier gas pressures. The velocity of droplets

at a specific distance from the nozzle exit is higher for higher carrier gas
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pressures. The droplets closer to the nozzle exit have a lower velocity even

though the gas velocity is higher in those regions. This is because the

droplets are gradually accelerated from their initial velocity and reach their

peak values after traveling a short distance in the gas phase. The maximum

average velocity of droplets is observed at a distance of about 30-35 mm

from the exit for all the gas pressures considered. Beyond this distance,

the dielectric droplets are decelerated by the slower moving gas and reach a

fairly constant velocity after about 200 mm. Also, the velocity of droplets

is always lower than the carrier gas velocity at a given distance from the

nozzle exit.

4. The velocity of dielectric droplets predicted from the dielectric spray model

is used along with the theory of droplet impingement dynamics to deter-

mine the range of impingement angles that ensures film formation on the

machining surface, i.e. the droplet-surface interaction is within the spread-

ing regime. Higher impingement angles could be used with smaller gas

pressures or larger distances from droplet nozzle exit due to the smaller

droplet normal velocities associated with these conditions.

5. The film formation model was developed to understand the interaction be-

tween the dielectric droplets and the machining surface. The model is used

to determine the thickness and velocity of the thin dielectric film formed on

the machining surface for different combinations of spray parameters includ-

ing carrier gas pressure, angle of spray impingement and distance between

the nozzle exit and machining surface. The impingement of droplets on a

thin layer of dielectric film, film spreading due to gravity and surface tension

effects are included in this model.

6. The model was validated by comparing the thickness of the film formed on

a target surface for different combinations of spray parameters. The film

thickness is higher in the regions closer to the spray impingement point due
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to the effect of the normal component of gas velocity on the film. Beyond

the unstable region, a gradual reduction in the film thickness is observed

for all the conditions. The model predictions show a trend of reducing film

thickness with distance from the spray impingement point and is similar to

the experimental measurements within the stable region of the film (-160 mm

to -200 mm from impingement point). The difference between the model

predictions and experiments is attributed to the effect of actual topography

of the machining surface on the film formation phenomenon.

7. It is observed that distance between the nozzle exit and the machining sur-

face influences the thickness to a greater extent than the carrier gas pressure.

Large distances result in smaller thickness due to a reduction in the flux of

droplets impacting on the surface. Higher gas pressures result in higher film

velocities for a given distance between nozzle and machining surface.

8. A 2D debris flushing model was developed to understand the debris flushing

phenomenon in EDM process by taking into account the pressure exerted by

the plasma, non-uniform size of debris particles and the actual topography

of the crater formed during machining. A two-dimensional model is suffi-

cient to model the effect of flowing film on debris flushing since the velocity

of the film along the direction of spray is much higher compared to the

other directions. The debris produced by single-discharge experiments were

analyzed using a Laser Particle Size Analyzer to determine the particle size

distribution and a digital topography of the EDM crater was obtained by

performing raster scanning of the machined surface using a surface scanning

laser.

9. The percentage of debris within a distance of 100 µm from crater center

is reduced from about 75% for the stationary dielectric condition to about

28% for Spray-EDM with gas pressure of 0.2 MPa, impingement angle of

30◦ and distance between nozzle exit and surface of 125 mm. It is observed
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that dielectric films with higher velocity improve the flushing of debris from

the discharge zone.

10. The discharge energy in the Spray-EDM process is 37% higher compared to

Wet-EDM. This is attributed to the increased electrical resistance offered

by the moving dielectric compared to a static dielectric medium, thereby

a higher amount of the applied energy goes into the discharge process in

Spray-EDM.

11. The volume of material removed in the Spray-EDM process is 78% higher

than that observed during Wet-EDM across the range of discharge energies

considered in this research.

12. The tool electrode wear in Spray-EDM is only 75.2 µm compared to 142.1 µm

observed for Dry-EDM due to the better heat-removal capability of the flow-

ing liquid film. It is also comparable to that observed in Wet-EDM (78.3 µm).

5.2 Recommendations for Future Work

Some of the suggestions for extending this research to develop an efficient

Spary-EDM process are described below.

1. EDM experiments with multiple discharges need to be performed to evaluate

the performance of Spray-EDM that could be used for commercial applica-

tions. In multiple discharges, the location of discharge within the machining

region is random and that region must have a moving dielectric film with

sufficient velocity for debris removal. The direction of film flow with respect

to the discharge locations plays a significant role in the flushing of debris

in the case of multiple discharges and hence this phenomenon needs to be

investigated.

2. Additional workpiece-tool electrode material combinations need to be tested

to determine the effectiveness of flushing using the Spray-EDM technique
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for different machining conditions. The density of the debris produced from

the workpiece material influences the trajectories of the particles. Hence,

the debris flushing with Spray-EDM for different workpiece materials needs

to be investigated.

3. Only a few combinations of discharge parameters including open circuit

voltage and pulse-on time were tested in this research. The inter-electrode

gap distance plays a significant role in the flow of thin dielectric film on the

machining surface and debris removal from the machining region. Hence, a

parametric study taking into account different inter-electrode gap distances

and duty cycle factors (for multiple discharge experiments) needs to be

performed to identify the optimal combination of discharge parameters that

could be used in the Spray-EDM process.

4. The design parameters of the droplet and carrier gas nozzle need to be

optimized for producing a focused dielectric spray with minimum spray di-

ameter at the focal point and also to control the flux of droplets in the spray.

An optimal configuration of the droplet and gas nozzle for the Spray-EDM

process would produce effective entrainment of droplets in the carrier gas,

thereby minimizing the dispersion of droplets into the ambient.

5. The roughness of the machining surface plays a significant role in the droplet-

surface interaction and the ensuing film formation phenomenon [123]. The

surface roughness and surface energy influence the contact angle between

the droplet and the machining surface, which in turn influences the film

formation. Also, the temperature of the EDM plasma alters the nature of

the machining surface due to the formation of a recast layer, which might

not have the same effect on the droplet interaction and film formation phe-

nomenon as the original surface. This is a significant factor, especially for

EDM with multiple discharges since a larger area is subject to the plasma

discharges.
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6. Only the die-sinking EDM process was investigated in this research. The

performance of the Spray-EDM technique in wire-EDM and EDM-drilling

applications could be investigated since the formation of films in these cases

is quite different from that in die-sinking EDM. In the case of EDM drilling,

it must be ensured that the surfaces of the holes are wetted by the dielectric

and a film is formed between the surface and electrode. In the case of wire-

EDM, the continuous movement of the EDM wire during machining could

influence the film formation. Also, the effect of gravity on the film formed

on the wire electrode needs to be taken into account. This is a significant

difference in wire-EDM compared to the die-sinking EDM process.

7. A three-dimensional model for debris flushing with the actual machined

surface topography could be developed to account for the variation in film

thickness and velocity in three dimensions. Such a model will enable the

accurate determination of debris distribution around the EDM crater. How-

ever, better meshing algorithms like patch-independent meshing methods

that create a volume mesh before generating a surface mesh for complex

geometry need to be used.
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