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Abstract

This study presents a transient computational fluid dynamics (CFD) analysis of dielectric
flow behaviour and debris transport in micro-EDM milling, considering the effects of di-
electric properties, inter-electrode gap (IEG) size (20-30 um), and tool rotational speed
(400-850 rpm). Four dielectric media, nitrogen gas, deionized water, HEDMA111 EDM
oil, and sunflower seed oil, were investigated using a two-dimensional FEM-based model
coupled with particle tracking simulations to evaluate debris mobility within the machin-
ing region. The results demonstrate that dielectric properties, particularly viscosity,
strongly influence hydrodynamic behaviour and particle transport within the IEG. Under
the adopted equal mass flow rate condition, nitrogen gas exhibited the highest flow ve-
locities and the fastest debris evacuation due to the combined effects of its low viscosity
and the resulting higher inlet velocity. Deionized water and HEDMA111 oil exhibit com-
parable intermediate behaviour, indicating that moderate viscosity variations within lig-
uid dielectrics do not significantly alter the overall flow regime. In contrast, sunflower
seed oil generates the most damped flow conditions, with reduced velocities and pro-
longed particle residence due to increased viscous resistance. Variations in IEG size pro-
duce only minor changes in evacuation efficiency compared with the dominant influence
of dielectric properties, while tool rotational speed primarily affects velocity magnitude
without altering qualitative transport behaviour.

Keywords: micro-EDM milling; dielectric fluid; inter-electrode gap (IEG); k—w turbulence
model; debris transport; particle tracing; flushing efficiency

1. Introduction

Micro-electrical discharge machining (u-EDM) is a non-contact technology whose
thermoelectric material removal mechanism, induced by electric discharges, enables the
manufacturing of hard and brittle materials that are difficult to process using conventional
cutting methods [1,2]. Among micro-EDM approaches, micro-EDM milling plays a pri-
mary role in machining 2D and 3D freeform features with the high precision and accuracy
required for applications such as aerospace (e.g., to develop mm-wave and sub-THz
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antenna systems for future links in the D-band, G-band, and above), biomedical devices,
and microfluidic systems.

Especially in micro-EDM milling, tool path and tool wear must be carefully con-
trolled to guarantee machining stability, process performance, and final feature accuracy.
To this end, dielectric flow plays a critical role in the inter-electrode gap (IEG). Indeed,
since its size typically spans from a few micrometres (um) to 25-50 pm, this extremely
small space may potentially create process instability due to secondary discharges, arcing,
and shorts. These phenomena are induced by inefficient dielectric flushing of debris [3],
resulting in a reduced material removal rate (MRR), increased tool wear ratio (TWR), and
increased surface roughness of the machined micro-features [4-9]. In this regard,
Karthikeyan et al. [9] reported that micro-EDM milling of channels revealed that tool ro-
tation and flushing, which influence centrifugal and viscous forces, induce modifications
in the flow of molten metal. As a result, non-uniform resolified layers with uneven thick-
nesses were found on the sides of the micro-channels, causing edge tapering. Therefore,
during micro-EDM milling, the dielectric fluid not only electrically insulates the elec-
trodes between discharges during plasma breakdown and removes heat from the dis-
charge zone, but also significantly contributes to process stability by transporting debris
away from the active machining region in conjunction with the tool motion.

Generally, traditional hydrocarbon-based dielectrics, such as kerosene or HEDMA-
type fluids, remain widely used due to their good insulation and flushing capabilities,
which also promote increased MRR, although at the expense of tool wear. However, al-
ternative dielectrics are increasingly being explored to address environmental and safety
concerns while ensuring good micro-EDM performance [10,11]. For instance, deionized
water has garnered attention for fine-feature machining, as it improves environmental
compatibility, reduces TWR during short-pulse machining regimes [12] compared to hy-
drocarbon oils [13,14], and enhances material removal when a high open voltage and ca-
pacitance are used [15]. More recently, bio-based oils, such as vegetable oils [16,17], have
been proposed as sustainable alternatives; however, their higher viscosity may signifi-
cantly alter flow behaviour and debris transport within narrow gaps. Liquid—gas mixtures
or powder-mixed dielectrics [18] have been shown to be effective in improving MRR, alt-
hough this effect was only observed in roughing regimes.

In addition to liquid dielectrics, gaseous and gas-assisted dielectric media have also
been investigated as alternative approaches to improve debris evacuation and process
sustainability in EDM-based machining. In dry EDM, a gaseous dielectric replaces con-
ventional liquid media, while near-dry EDM employs a gas-liquid mixture to enhance
flushing efficiency and cooling performance. These approaches reduce the environmental
impact associated with hydrocarbon oils and can significantly improve debris removal
from the inter-electrode gap through high-velocity gas flow [19]. Experimental investiga-
tions have demonstrated that gas-based dielectric systems can achieve higher material re-
moval rates and reduced tool wear under appropriate flushing and electrode motion con-
ditions, particularly when pressurised gas or gas-liquid mixtures are introduced through
tubular electrodes [17,20]. Furthermore, the lower viscosity and density of gaseous media
promote rapid momentum transfer and efficient particle transport within confined gaps,
potentially altering hydrodynamic behaviour compared with conventional liquid dielec-
trics.

The dielectric flow and debris effects become significant in micro-EDM milling,
where strict lateral confinement and tool rotation generate highly complex flows and pres-
sure fields within the small IEG. However, characterising such phenomena directly in the
IEG remains challenging, as it requires complex equipment and post-processing. For in-
stance, Shah et al. [21] presented an in-house setup that utilised high-speed photography
and image processing techniques to monitor and analyse debris dynamics in real-time
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during micro-EDM dressing. Specifically, to understand the physics underlying debris
exclusions under dielectric motion, the authors employed a COMSOL Multiphysics 6.0
model to simulate debris flow behaviour in the discharge gap. From this perspective,
modelling approaches based on computational fluid dynamics (CFD) have been demon-
strated to play a crucial role in predicting and capturing such phenomena at the mi-
croscale.

In this regard, a preliminary investigation by our group [22] examined dielectric flow
and debris trajectories in micro-EDM milling using a 2D CFD model with laminar flow
approximation: in particular, the findings highlighted the strong effect of rotational tool
speeds on HEDMA111 oil flow uniformity and debris migration with different IEG sizes,
from 20 to 30 um. Mullya et al. [23-25] proposed 2D CFD models based on the finite ele-
ment method (FEM) and coupled with Discrete Particle Tracking (DPT) to analyse the
effects of tool rotation, cylindrical and slotted tools on kerosene flow behaviour and debris
motion along the IEG of micro-EDM milling. The analyses accounted for variable gap
sizes (30 to 50 pm), inlet nozzle velocity, and tool diameter. The numerical results showed
that reducing the IEG size and increasing the rotational tool speed generally enhances the
local dielectric velocity near the rotating tool surface. Additionally, the authors observed
that recirculation zones and eddy structures that form behind the cylindrical tool act as
secondary stirrers, influencing the redeposition and ejection of debris within the micro-
channel. Closely related studies [26,27] by the same authors used a similar 2D CFD frame-
work coupled with a Discrete Phase Model (DPM) to investigate debris accretion in low-
viscosity EDM oil for a fixed 50 um IEG, considering variable particle size, injection posi-
tion, tool rotational speed, and shapes. The main findings were that at low speeds particles
underwent multiple recirculation loops before depositing on the workpiece, whereas
higher speeds promoted entrainment within the vortex behind the tool and improved
flushing. Furthermore, accretion patterns are sensitive to injection location, particle size,
and flow conditions. In contrast, well-designed slots on tools have demonstrated the abil-
ity to enhance local velocity, reduce debris accumulation, and improve material removal
rates by up to 150%. In this regard, an additional CFD analysis [28] reported that the slot
geometry, jet velocity, rotation speed, and gap size strongly influence flushing behaviour
and particle transport, with debris trajectories being highly sensitive to injection location
and flow-induced cooling. Across their studies [23-28], Mullya et al. employed a low-
Reynolds number RANS turbulence model for kerosene dielectric flow and reported that
tool rotation within ultra-confined channels (30-50 pm) generates local flow disturbances,
recirculation structures, and micro-scale eddies along the tool trajectory. The turbulence
formulation also enabled the incorporation of turbulent dispersion effects into the DPM,
providing an enhanced description of debris transport in the confined inter-electrode re-
gion.

Ge et al. [29] employed a CFD model coupled with DPM to analyse the dielectric
kerosene flow behaviour and debris motion during micro-EDM drilling of a blind hole in
Cf-ZrB2-5iC ceramic under disturbed flow conditions induced by electrode-assisted (EA)
oscillation. Their results demonstrated that introducing controlled electrode motion sig-
nificantly increased the dielectric velocity, suppressed low-velocity regions, and pro-
moted vortex formation within the machining gap, thereby enhancing debris mobility and
reducing the likelihood of secondary discharges.

Despite the utility of CFD models in providing insights into micro-EDM flushing be-
haviour, the literature focus has been limited to the evaluation of qualitative flow and
redeposition trends under specific conditions, such as fixed gap sizes (30-50 um) and a
single dielectric fluid, thereby neglecting quantitative debris retention metrics and a com-
parative assessment across different dielectric properties.
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A step forward was proposed by Guo et al. [30] and Wang et al. [31], who considered
the flow dynamics and debris movement in different dielectric fluids, although in the con-
text of micro-EDM drilling of micro-holes. In particular, Guo et al. [30] investigated debris
transport during EDM of high-aspect-ratio small holes, considering different dielectric
fluids, including kerosene, deionized water, and sunflower seed oil. The authors observed
that the escape rate of corrosion residues from the discharge gap worsens as machining
time, current, and machine depth are increased. Furthermore, dielectric properties, par-
ticularly viscosity and flow resistance, strongly influence debris lifting and evacuation ef-
ficiency. In particular, sunflower seed oil and water exhibited higher escape rates than
kerosene, confirming that vegetable oils can serve as a sustainable alternative to kerosene.
Wang et al. [31] examined the micro-EDM performance for machining holes as small as 1
mm in diameter, using vegetable oils. To this end, a CFD model coupled with a DPM
showed that low-viscosity plant oils significantly increased particle escape rates and im-
proved debris stability within the machining gap. Furthermore, experimental validations
confirmed that MRR increased with lower-viscosity dielectrics, as was noticeable for sun-
flower seeds (MRR = 0.8552 mm?®/min), rapeseed (MRR = 0.4603 mm?®/min), and soybean
oils (MRR = 0.3718 mm?®/min).

The literature indicates that the fundamental flow characteristics and debris-
transport mechanisms have been investigated mainly in relation to liquids. However, few
works have focused on the use of gaseous dielectrics or on their fluid dynamics behaviour
in micro-EDM milling operations. In this regard, it is worth noting that different dielec-
trics exhibit distinct thermophysical properties, particularly viscosity and density, which
influence the local flow field and debris transport, particularly within smaller IEGs.

Therefore, the present work aims to systematically assess how differences in dielec-
tric properties, particularly viscosity and density, affect local flow behaviour and debris
transport under identical micro-EDM milling conditions. The analyses were performed
using 2D CFD simulations incorporating a turbulence model and coupled with multi-
phase particle tracing (MPT) for variable rotational tool speeds (400, 600, and 850 rpm)
and inter-electrode gaps (20, 25, and 30 um). The standard k-w formulation was chosen
to provide robust near-wall treatment and improved representation of local shear layers
and strong velocity gradients generated by tool rotation within the confined inter-elec-
trode gap while maintaining numerical robustness across the broad range of dielectric
viscosities and densities investigated in this work. Specifically, four dielectric media were
considered in the simulations: nitrogen gas, deionized water, HEDMA111 oil, and sun-
flower seed oil. Beyond analysing velocity fields, the MPT framework was employed to
quantitatively evaluate debris transport and retention through particle half-life and re-
tained fraction as functions of dielectric type, IEG size, and rotational speed.

2. CFD Analysis: 2D FEM-Based Model and Governing Equations

2.1. Computational Geometry and Boundary Conditions

A transient FEM-based two-dimensional (2D) analysis was developed in COMSOL
Multiphysics (Figure 1) to model the dielectric fluid flow during p-EDM milling of a mi-
crochannel with a length of 1000 pum. Figure 1a illustrates the actual three-dimensional
micro-EDM milling configuration, while Figure 1b presents the corresponding simplified
two-dimensional top-view computational domain adopted in the present study to inves-
tigate the dominant lateral flow and debris-transport behaviour within the inter-electrode
region. To analyse the spatial variation of the flow characteristics within the IEG, the gap
was divided into a set of uniformly distributed sampling locations, as shown in Figure 1c.
Points A, B, and C correspond to the workpiece boundary, mid-gap location, and tool
boundary, respectively, and were used for detailed velocity evaluation.
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Although dielectric flow within the IEG is inherently three-dimensional due to tool
rotation and the associated complex flow structures, the present study adopts a two-di-
mensional representation to provide a computationally efficient framework for evaluating
the influence of dielectric properties, IEG size, and rotational speed on flow and debris
transport, aligned with other studies already reported in the literature [22-28]. The se-
lected 2D top-view configuration captures the dominant lateral transport mechanisms and
shear-driven effects and remains suitable for analysing hydrodynamic and debris-
transport trends within the investigated conditions.

Real 3D geometry

Tool rotation
direction

z
1
ap A 2D top-view CFD domain

¥ 1000 gm
g
Wall—l E
3D~>2D ._Tool travel direction _
simplification §
—p 2
—
o
21)EG Rotatirﬁg tool electrode 200 o
Hwm Workpiece
(Microchannel domain)

(@ (b)
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clectrode
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Figure 1. Representation of the modelling framework: (a) actual three-dimensional micro-EDM mill-
ing configuration; (b) simplified two-dimensional top-view computational domain adopted for the
CFD simulations following the 3D to 2D simplification procedure showing the microchannel geom-
etry and a representative inter-electrode gap (IEG) of 20 um; (c) sampling locations used for flow
analysis within the IEG. Points A, B, and C denote the workpiece boundary, gap centre, and tool

boundary, respectively.

The cylindrical tool electrode, with a diameter of 420 pum, rotates counterclockwise
while maintaining a constant 20 um IEG from the workpiece wall. For numerical imple-
mentation, the inlet and outlet boundaries are placed on opposite sides of a 200 pm sepa-
rating wall. This wall serves only to stabilise the boundary condition definitions in the
CFD model and does not represent any physical obstruction in the real machining process,
nor does it alter the flow behaviour in the vicinity of the rotating tool. To facilitate com-
parison across different IEG configurations (20, 25, and 30 pm), larger gap sizes were gen-
erated by proportionally reducing the tool diameter while keeping the workpiece bound-
ary fixed. Tool rotation was modelled through a prescribed tangential velocity applied at
the tool boundary, enabling investigation of lateral flow characteristics without including
tool feed motion or axial flushing.

The computational domain was discretised using an unstructured mesh composed
of triangular and quadrilateral elements (Figure 2, normal mesh configuration). A phys-
ics-controlled mesh strategy implemented in COMSOL Multiphysics was employed,
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resulting in local mesh refinement along the rotating tool boundary and the workpiece
wall to accurately resolve the steep velocity gradients within the narrow IEG. As shown
in Figure 2, the mesh distribution exhibits a higher element density in geometrically con-
strained regions and areas expected to experience strong flow variations, particularly near
the rotating tool surface, to improve the resolution of local shear-driven flow structures
and debris-transport behaviour. The normal mesh configuration was selected for all sim-
ulations because it provided an appropriate balance between numerical accuracy and
computational efficiency. In this regard, the simulation’s sensitivity study to spatial dis-
cretisation is discussed in Section 3.2.1.

Tool electrode

border

Figure 2. Mesh distributions generated using the physics-controlled mesh strategy implemented in
COMSOL Multiphysics.

2.2. Governing Equations and Flow Model

To account for possible transitional and shear-driven flow effects within the narrow
inter-electrode gap and provide robust near-wall treatment, improved flow resolution,
and numerical robustness across the broad range of dielectric viscosities and densities in-
vestigated in this work, the standard k—w model was adopted to provide closure for the
Reynolds-averaged Navier-Stokes (RANS) equations. Thermal effects and gravitational
forces are neglected due to the IEG’s small characteristic dimensions and the dominance
of shear-driven flow in this configuration. The transient behaviour of the dielectric flow is
governed by the incompressible RANS equations, which express the conservation of mass
and momentum as

V.u=0, 1)

ou
p(§+u. Vu) = —Vp+uV?u, (2)

where u = (u,v) is the velocity field in the 2D Cartesian plane; p is the pressure; and p
and u denote the density and dynamic viscosity of the dielectric fluid, respectively [32,33].
For completeness, the momentum equations in component form are

(au N ou N 6u> _0p N 0%u N 0%u 3
P\ar T4 ax T Vay) T T ax T H\axz T 5y2 ®)

(av N ov N av) _0p N 2%v N 0%v 4
P ot T ox " Vay) T T oy T Moz Ty ) )

The flow regime was characterised using the Reynolds number, defined as
R pUL 5)
e= —,
U

where p and p are the density and dynamic viscosity of the dielectric fluid, respectively,
while U is a characteristic velocity and L is a characteristic length scale of the flow.

To provide a representative estimate of the flow regime within the IEG, the charac-
teristic length scale, L, was set equal to the IEG size, as the dominant velocity gradients,
wall-shear effects, and particle transport mechanisms occur within this characteristic
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region, which controls the flow dynamics and debris evacuation process. The characteris-
tic velocity was estimated as the sum of the inlet velocity and the tangential velocity in-
duced by tool rotation:

U = Uintet + Utoorr (6)
where the tangential tool velocity is given by
2nN
Utoor = WR = WR: @)

where N denotes the rotational speed (rpm), R the tool radius, and w the correspond-
ing angular velocity of the rotating tool. For the representative high-shear operating con-
dition of 850 rpm and a tool radius of 210 um, the tangential tool velocity was approxi-
mately 0.0187 m/s. Using the most demanding operating condition investigated in this
study (IEG =20 um), representative Reynolds numbers of approximately 0.39, 0.16, 0.05,
and 1.12 were obtained for deionized water, HEDMA111 oil, sunflower seed oil, and ni-
trogen gas, respectively. These values indicate that the investigated flow remains in the
low-Reynolds-number regime despite the substantial differences in dielectric density and
viscosity. Additionally, as reported by Mullya et al. [23-28], studies employing low-Reyn-
olds-number RANS turbulence formulations for micro-EDM milling demonstrated that
tool rotation generates local shear layers and strong velocity gradients within confined
inter-electrode regions. These studies further showed that rotating tool motion signifi-
cantly influences dielectric flow behaviour and debris transport within narrow micro-
channels. Therefore, the standard k—w formulation was adopted in the present work to
provide robust near-wall treatment and numerical stability across the broad range of die-
lectric viscosities and densities investigated. Furthermore, simplified assumptions regard-
ing the thermophysical properties of dielectrics, such as constant fluid properties (density
and dynamic viscosity), negligible temperature effects due to the controlled temperature
range during machining typical of conditioned dielectric fluid, and small pressure varia-
tions within the IEG, were applied to the model.

2.3. Numerical Parameters and Dielectric Properties

The principal numerical settings and simulation parameters adopted in the present
CFD flow simulations and particle transport analyses are summarised in Table 1, includ-
ing fluid properties (Table 2), tool kinematics, inlet conditions, particle parameters, solver
settings, and the time ranges used for both the flow and particle tracking simulations. Four
dielectric media were considered in this study: nitrogen gas, deionized water, sunflower
seed oil, and HEDMA111 oil. Their dynamic viscosity and density were used as input
parameters in the CFD simulations to model the hydrodynamic behaviour within the in-
ter-electrode gap (IEG) [28,34]. For the liquid dielectrics (deionized water, sunflower seed
oil, and HEDMAI111 oil), a constant inlet velocity of 0.1 cm/s was imposed at the inlet
boundary. In contrast, since the gaseous dielectric case had a density nearly three orders
of magnitude lower than the liquid cases, nitrogen gas at 20 °C was introduced at an
equivalent mass flow rate to the deionized water reference case. Since the inlet cross-sec-
tional area remained unchanged, the corresponding gas inlet velocity was calculated from
the mass flow rate relation m = puA, ensuring that the same mass flow rate was supplied
at the inlet for both liquid and gaseous cases.

Table 1. Summary of the numerical parameters used in the CFD flow simulation and particle

transport analysis.

Parameter Symbol  Value Unit
CFD Model

https://doi.org/10.3390/mi17060747
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Flow model - Standard k-w -
Fluid viscosity u See Table 2 Pas
Fluid density P See Table 2 kg/m3
Inter-electrode gap sizes IEG 20, 25, 30 pum
Inlet velocity (liquid dielectrics) Uiiquids 0.1 cm/s
Inlet velocity (Nitrogen Gas)" UNitrogen Gas =~ 83 cm/s
Tool rotational speed ) 400, 600, 850 rpm
Tool direction - Counterclockwise -
Boundary conditions - Inlet/outlet/no-slip -
Gravity - Disabled -
Flow simulation time Lriow 0:0.1:5 S
Solver type - Time-dependent, implicit -
Particle Transport Model
Number of injected particles No 200 -
Particle density Pp 2710 kg/m3
Particle diameter dp 2 pm
Drag law - Stokes drag -
Particle tracking time teotal 0:0.05:5 S

(*) In the case of nitrogen gas, the inlet velocity is calculated to maintain the same mass flow rate as

the dielectric water.

Table 2. Thermophysical properties of the dielectric fluids used in this study.

Dielectric Fluid Dynamic Viscosity (Pa‘s) Density (kg/m3)
Nitrogen Gas (20 °C, 1 atm) [34] 1.76 x 107° 1.165
Deionized Water [30] 1.0 x 1073 1000
Sunflower QOil [30] 7.9 x 1073 920
HEDMA111 QOil 1.87 x 1073 781

2.4. Model Limitations and Assumptions

The present modelling framework involves several assumptions and limitations,
which are summarised below:

¢  The model is two-dimensional. Consequently, certain three-dimensional flow fea-
tures, such as out-of-plane flow structures and secondary recirculation effects, are
not represented, which may affect the detailed local flow characteristics.

e  Thermal effects, bubble dynamics, evaporation, and discharge-plasma physics were
not included. These phenomena may significantly influence dielectric behaviour and
local debris transport under practical machining conditions due to discharge-in-
duced heating and transient multiphase interactions.

e  Fluid properties were assumed to be constant and temperature-independent. As a
result, local variations in density and viscosity caused by temperature changes dur-
ing machining were not considered, potentially influencing the predicted flow be-
haviour under actual processing conditions.

e  Particle interactions such as collisions, adhesion, and agglomeration were neglected.
These interactions may alter particle trajectories and retention behaviour, particu-
larly at higher local debris concentrations.

e  Particle transport metrics are based on domain-level tracking and do not represent
the full complexity of real machine flushing paths. Therefore, the predicted particle
retention metrics should be interpreted primarily as comparative indicators rather
than exact representations of practical debris evacuation behaviour.
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The considered dielectric media span a broad range of viscosities and densities, from
extremely low-density gaseous conditions (nitrogen gas) to higher-viscosity liquid dielec-
trics, as shown in Figure 3 and Table 2. In particular, nitrogen gas exhibits a substantially
lower dynamic viscosity and density nearly three orders of magnitude lower than that of
the investigated liquid dielectrics. Given nitrogen gas’s extremely low viscosity and den-
sity, simulations were performed by setting a mass flow rate equal to that of the liquids to
match the inertial effects observed in the liquid flow. This assumption enables a physically
consistent and systematic comparison of dielectric media with significantly different den-
sities and viscosities and allows the assessment of fluid properties” influence on hydrody-
namic behaviour and debris transport within the IEG.

1200
1000 1 ’
T 8001 A
S~
o
~
— 600"
>
4
‘0
@ 4001
@) @® Nitrogen Gas [34]
200 . Deionized Water [30]
‘ Sunflower Oil [30]
A HEDMA111 Oil
0{ @

10-5 10 10-3 1072
Dynamic Viscosity (Pa-s)

Figure 3. Dynamic viscosity (logarithmic-scaled) vs the density of the dielectric fluids considered in
this study, compiled from Refs. [30,34].

3. Results and Discussion
3.1. Velocity Field Characteristics in the IEG

The dielectric flow behaviour within the IEG is analysed under identical uEDM mill-
ing operating conditions, with particular emphasis on the transient evolution of the ve-
locity field and the corresponding quasi-steady characteristics. The analysis considers var-
iations in IEG size and tool rotational speed (Table 1), as well as the four dielectric media
whose thermophysical properties are summarised in Table 2.

Figure 4a—c illustrate the evolution of velocity at points A, B, and C for deionized
water at varying IEG sizes and tool rotational speeds; as can be inferred from the curves,
the fluid exhibits rapid acceleration and a short stabilisation time, about 1 s. The highest
quasi-steady velocity levels, reaching = 3.5 x 107* cm/s, occur at point B for all investi-
gated gap sizes and are consistently observed at 850 rpm. This behaviour reflects the lo-
cation of point B within the main shear-driven flow region, where momentum transfer
from the rotating tool is most effective. For the largest IEG (30 pm), the fluid behaviour
change, showing a mild velocity overshoot followed by a gradual decay, can be observed
before the flow reaches a quasi-steady regime.

Figure 4d-f show that, similarly to deionized water, HEDMA111 oil also develops
smooth and stable velocity profiles across all IEG sizes, reaching a quasi-steady velocity
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state after about 1 s; it also displays mean velocities between approximately 1.7 x 107*
and 3.8 x 107* cm/s, whereas the highest velocities are recorded for a rotation speed of
850 rpm at point B for all investigated gap sizes. While for the 20 um and 25 pm gaps the
fluid shows a similar range of velocities, in the case of the largest IEG (30 um) the fluid
velocities are slightly amplified. Probably, thanks to the higher viscosity of HEDMA111
oil compared to deionized water, the mild velocity overshoot disappears.

Due to the initial condition, the nitrogen gas results in Figure 4g—i show considerably
higher velocity levels than those observed for the liquid dielectric media, reaching ap-
proximately (0.4 —1.2) x 1072 cm/s depending on the IEG size and rotational speed,
with the maximum values at 850 rpm. The velocity profiles accelerate rapidly and stabilise
within about 1 s at all monitoring points (A—-C), indicating fast establishment of the shear-
driven flow and efficient momentum transfer from the rotating tool. Increasing the IEG
from 20 to 30 um increases the velocity, due to the combined effects of nitrogen’s low
viscosity; the substantially higher inlet velocity associated with the equal mass flow rate
condition; and reduced confinement, which promotes stronger mixing and particle mo-
bility within the gap.

Figure 4j-1 present the evolution of velocity for the highly viscous sunflower seed oil.
Compared with the other dielectric fluids, the velocity magnitudes remain relatively low,
in the approximate range of (~ 1.5—2.6) x 10™* cm/s, and show limited sensitivity to
both rotational speed and IEG size. The profiles increase smoothly and stabilise rapidly
without noticeable transient peaks, reflecting the strong viscous damping associated with
the high dynamic viscosity. This behaviour indicates stable but weakly accelerated flow
within the IEG.
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Figure 4. Velocity evolution at different rotational speeds and different control points (A, B, and C)

for: deionized water (inter-electrode gap sizes of (a) 20 pum, (b) 25 pm, and (c) 30 um), HEDMA111
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oil (inter-electrode gap sizes of (d) 20 um, (e) 25 um, and (f) 30 um), nitrogen gas (inter-electrode
gap sizes of (g) 20 um, (h) 25 um, and (i) 30 pm) and sunflower seed oil (inter-electrode gap sizes of
(j) 20 um, (k) 25 um, and (1) 30 pum).

Considering the time required to reach steady-state flow, the viscous oils exhibit
smooth, largely monotonic velocity evolution and rapid stabilisation. However, their de-
pendence on IEG size differs: HEDMAI111 oil shows increased quasi-steady velocities at
the largest gap (30 um), whereas sunflower seed oil exhibits a slight reduction in velocity
at 30 pm compared with the 20-25 um cases, indicating weaker momentum transfer under
highly viscous conditions. In contrast, deionized water, particularly at 30 um, exhibits a
more pronounced transient response, with a mild overshoot followed by gradual decay
before reaching quasi-steady conditions. Nitrogen gas stabilises rapidly and demonstrates
the strongest sensitivity to gap enlargement, exhibiting substantially higher velocity levels
at 30 um under the adopted equal mass flow rate condition.

Figure 5 compares the steady or quasi-steady (late-time) average flow velocities
within the IEG at rotational speeds of 400-850 rpm and gap sizes of 20, 25, and 30 um for
the four investigated dielectric media at the control points (A, B, and C). The reported
velocities are obtained by averaging over the final 20% of the simulation time, after the
initial transient decays. The corresponding quantitative ranges are summarised in Table
3.

Average Velocities at Different RPMs and Average Velocities at Different RPMs and
Gaps (Points A, B, C) - Deionized Water . Gaps (Points A, B, C)- HEDMA111 Oil
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Figure 5. Steady and quasi-steady average velocities across RPMs and IEGs for (a) Dieonized wa-
ter, (b) HEDMAL111 Oil, (c) Nitrogen Gas, and (d) Suflower Seed Oil.

Table 3. Summary of steady and quasi-steady flow metrics for the four dielectric fluids.
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Fluid Viscosity (Pa-s) Steady Time (s) Velocity Range (cm/s)
Deionized Water 1.0 x 108 1-1.4 1.7-3.5 x 10
HEDMAI111 Oil 1.87 x 102 1.4-2.7 1.6-3.8 x 104
Nitrogen Gas 1.76 x 10- ~0.8-1.0 0.4-1.2 x 102
Sunflower Seed Oil 7.9 x103 ~1 1.5-2.6 x 10+

Note: Velocity ranges correspond to steady or quasi-steady values extracted from the late-time re-
gime (quasi-steady interval after decay of transient peaks) across 400-850 rpm, IEG = 20-30 um, at
points A-C.

Across all examined conditions, a consistent hierarchy in velocity magnitude can be
observed: Vyitrogen > Vieomai11 = Viater > Vsunflower, demonstrating the influence of di-
electric properties under the adopted inlet-condition strategy. It should be emphasized
that the high velocity magnitude observed for nitrogen gas is not solely attributable to its
low viscosity. Under the adopted equal mass flow rate normalisation strategy, the very
low nitrogen density required a substantially higher inlet velocity (83 cm/s) to maintain a
mass flow rate comparable to that imposed in the liquid dielectric cases. Consequently,
the elevated flow velocity of nitrogen arises from the combined effects of its fluid proper-
ties and the imposed inlet-condition normalisation.

Comparing the results for the liquids, two different behaviours can be identified: for
the IEG strictly related to micro-EDM processing, from 20 um to 25 pm, the velocity be-
tween the tool electrode and the workpiece is mainly unchanged; on the contrary, when
IEG is equal to 30 um, the flow behaviours change, displaying some overshoot related to
dynamic viscosity and density.

For all fluids:

e  Increasing the rotational speed from 400 to 850 rpm results in higher average veloci-
ties within the IEG; however, the sensitivity to rpm is strongly fluid-dependent. Ni-
trogen gas exhibits the most pronounced scaling with rotational speed, reflecting in-
ertia-dominated dynamics in which rotational forcing is efficiently transmitted to the
fluid due to its low viscosity and reduced flow resistance. Deionized water and
HEDMAT111 oil display a more moderate dependence on rpm, indicative of mixed
viscous—-inertial behaviour. In contrast, sunflower seed oil shows only a weak re-
sponse to increasing rotational speed, as its high viscosity suppresses near-wall shear
amplification and attenuates velocity growth.

e  The influence of IEG size also varies with the dielectric medium. Increasing the IEG
for nitrogen gas and HEDMA111 oil generally leads to higher steady or quasi-steady
velocities, primarily due to reduced geometric confinement and the availability of a
larger effective cross-section flow within the gap. By comparison, deionized water
exhibits only a weak dependence on IEG size, with modest variations across the in-
vestigated gaps, suggesting a balance between geometric expansion and shear-
driven acceleration. Sunflower seed oil shows relatively small changes across gap
sizes, with a slight reduction at the largest IEG, indicating that viscous diffusion dom-
inates over inertial transport and partially masks geometric sensitivity.

Higher average velocities within the IEG reflect stronger shear-driven fluid motion
and an increased tendency for particles to move within the gap, whereas lower velocities
correspond to more viscously damped flow conditions associated with reduced particle
mobility and greater spatial stability.

The predicted hydrodynamic trends are consistent with observations reported in pre-
vious CFD investigations [23-25], which show that increasing tool rotational speed up to
800 rpm in the IEGs from 30 to 50 pum enhances dielectric flow velocity (ranging between
0.5 and 1.5 m/s) and promotes improved debris transport due to stronger shear-driven
recirculation and secondary flow structures generated around the rotating tool.
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Conversely, the formation of micro-eddies at lower rpm values leads to higher debris re-
tention. These studies also qualitatively agree with the present results, showing that local
flow behaviour and debris migration are influenced by both gap size and inlet flow con-
ditions, particularly under high-velocity flushing conditions. Furthermore, the strong sen-
sitivity observed for the nitrogen gas case under equal mass flow rate normalisation is
consistent with the fact that elevated inlet velocities can substantially intensify dielectric
flow and improve debris-transport efficiency within the machining gap.

3.2. Particle Transport and Retention Analysis

To describe the local mobility of debris within the IEG for each dielectric type, the
particle trajectory snapshotsat t =1s, 2.5s,and 5s at 850 rpm for IEG =20 um are de-
picted in Figure 6.

Deionized water, HEDMA111 oil, and sunflower seed oil exhibit comparatively slow
particle motion within the IEG. The broadly similar trajectories observed for these fluids
indicate that moderate viscosity differences within the liquid range do not significantly
alter the overall debris-transport behaviour.

In contrast, at t = 1s, nitrogen gas exhibits rapid particle transport within the IEG,
with a larger proportion of particles already displaced toward the downstream outlet re-
gion than in liquid dielectrics. This behaviour continues at t = 2.5s and ¢t = 5, during
which particles continue moving within the gap before leaving the computational do-
main, resulting in fewer particles remaining over time relative to the liquid media. The
very low viscosity of nitrogen, combined with the higher inlet velocity associated with
equal mass flow rate normalisation, enables efficient momentum transfer from the rotat-
ing tool, leading to higher particle mobility and faster evacuation. In liquid media, a larger
fraction of particles remains in the downstream region at early times, and particle move-
ment near the tool progresses more gradually than in nitrogen.

850 RPM — 20 pm (time =1 s) [ 850 RPM — 20 pm (time = 2.5 s)| 850 RPM — 20 pm (time =5 s)
s o s
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Figure 6. Particle trajectories for the four dielectric fluids at 850 rpm and a 20 um inter-electrode gap
(IEG) shownat(a) t =1s,(b) t =2.5s,and(c) t =5s.

The observations in Figure 6 highlight a clear, fluid-dependent trade-off in debris-
transport behaviour:
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e  Liquid dielectrics (deionized water, HEDMA111 oil, and sunflower seed oil) exhibit
comparatively slower particle motion, with a greater proportion of debris remaining
within the IEG and downstream micro-channel over time. Increasing viscosity fur-
ther reduces particle mobility, particularly in sunflower seed oil.

e  Nitrogen gas promotes rapid particle displacement within the IEG, with a large frac-
tion of debris transported toward the downstream micro-channel at early times. Par-
ticles remain mobile as they traverse the gap before leaving the computational do-
main, resulting in a reduced residence time compared with the liquid dielectric me-
dia.

To quantitatively compare debris-evacuation efficiency across different dielectric flu-
ids, IEG sizes, and rotational speeds, the time evolution of transported particles was ana-
lysed using the particle tracking method (PTM). For each simulation case, a fixed number
of particles was randomly released into the computational domain at the initial simulation
time and their trajectories were tracked throughout the transient simulation window (5 s).
The number of particles still present inside the computational domain was evaluated at
each recorded time step and they were classified as escaped once they crossed the outlet
boundary of the micro-channel, while those remaining within the domain were consid-
ered retained.

The initial number of released particles is denoted as

N, = N(0) )
where N, represents the initial number of particles released into the computational do-
main at the beginning of the simulation. A key performance metric extracted from the
particle tracking results is the particle half-life, defined as the time required for half of the
particles to exit the machining zone:

N(tya) = 22 ©)

where t;,, denotes the flushing half-time corresponding to 50% particle evacuation from
the machining region. A shorter half-life indicates faster debris removal and, therefore,
more effective flushing behaviour. In addition to the half-life, the percentage of particles
that escaped in the computational domain at the final simulation time t = 5s was com-
puted as

N

No

where N(t) is the number of particles remaining inside the computational domain at time

% Escaped(t) = (1 — ) % 100. (10)

t and N, is the initial number of released particles. This framework provides a consistent
quantitative basis for comparing debris-transport performance across all simulated oper-
ating conditions. For all simulation cases, an identical number of particles (N, = 200) was
released randomly into the computational domain representing the inter-electrode region.

Figure 7 summarises the effects of the investigated process parameters, namely, die-
lectric fluid type, IEG size, and rotational speed, on the principal particle transport indi-
cators extracted from the simulations, including the flushing half-time (¢, ;) and the cor-
responding percentages of escaped particles. These indicators provide a compact quanti-
tative comparison of debris-transport performance across the investigated operating con-
ditions, facilitating clearer differentiation among cases that may exhibit similar particle
retention trends in the temporal curves.

Additionally, Figure 8 illustrates the temporal evolution of particle retention for the
three investigated IEG values (20, 25, and 30 yum) and the rotational speeds (400 and 850
rpm). As shown, the influence of IEG size on the percentage of escaped particles varies
depending on the dielectric medium. Nitrogen gas exhibits consistently high evacuation
efficiency across all gap sizes, with a slight increase in the percentage of escaped particles
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when the IEG increases from 25 to 30 um, indicating that efficient particle transport is
promoted by the combined effects of low viscosity and the adopted equal mass flow rate
inlet condition. HEDMA111 oil shows moderate sensitivity to gap size, with improved
particle escape at 30 um, particularly at higher rotational speeds (600 and 850 rpm),
whereas sunflower seed oil presents only minor, non-monotonic variations due to its high
viscosity. Deionized water exhibits nearly constant or slightly decreasing escaped percent-
ages with increasing IEG, indicating weak dependence on geometric expansion within the
investigated range.

—e— Deionized Water g HEDMA111 Oil —e— Nitrogen Gas —e— Sunflower Seed Oil
(a) %Escaped - 400 rpom (b) %Escaped - 600 rpom (c) %Escaped - 850 rpm
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Figure 7. Summary of particle retention metrics for different dielectric fluids, IEGs, and tool rota-
tional speeds: (a) escaped-particle percentage (% escaped) at 400 rpm; (b) escaped-particle percent-
age (% escaped) at 600 rpm; (c) escaped-particle percentage (% escaped) at 850 rpm; (d) flushing
half-time (t; ;) at 400 rpm; (e) flushing half-time (t;/,) at 600 rpm; and (f) flushing half-time (t;/,) at
850 rpm.

These results reveal that the dielectric physical phase and viscosity exert a stronger
influence on particle evacuation efficiency than moderate variations in IEG size. Consid-
ering the dielectric type, nitrogen gas achieves the fastest particle removal, characterised
by the shortest flushing half-times (= 0.4 s) and the lowest residual particle counts across
all operating conditions. In contrast, the liquids, deionized water, HEDMA111 oil, and
sunflower seed oil, show comparatively slower removal, with longer half-times (~ 1.4 —
1.6 s) and higher particle retention. Indeed, the differences among the liquid dielectrics
remain moderate. These retention indicators quantify global particle removal rather than
local debris mobility within the IEG, which is governed by the combined effects of dielec-
tric properties, inlet conditions, and geometric confinement, followed by IEG size,
whereas rotational speed plays a secondary role within the investigated range.
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Figure 8. Particle retention curves for dielectric fluids at different IEGs and rotational speeds: (a)
IEG =20 um and RPM = 400, (b) IEG = 25 um and RPM = 400, (c) IEG = 30 um and RPM = 400, (d)
IEG =20 pm and RPM = 850, (e) IEG =25 pm and RPM = 850, and (f) IEG =30 pm and RPM = 850.

The comparative plot in Figure 9 indicates that, under the investigated equivalent-
mass flow conditions, the flushing behaviour of nitrogen gas is clearly separated from that
of the liquid dielectrics. The gas phase yields the shortest flushing half-time and the high-
est escaped-particle fraction, confirming substantially enhanced flushing efficiency. In
contrast, deionized water, HEDMA111 oil, and sunflower seed oil display relatively sim-
ilar flushing metrics despite their differences in viscosity. This clustering of the liquid di-
electric results suggests that viscosity alone does not fully govern debris-removal behav-
iour within the investigated operating range. Instead, the observed transport behaviour is
likely influenced by the combined effects of viscosity, density, flow-field development,
and operating parameters.
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Figure 9. Influence of dielectric fluid dynamic viscosity (i) on flushing performance: (a) flushing
half-time (t;/,); (b) % escaped particles. Larger markers denote means + standard deviations for
each dielectric fluid, whereas faint markers represent individual measurements obtained for differ-

ent IEG sizes and tool rotational speeds.

3.2.1. Simulation Sensitivity to Mesh Generation, Temporal Discretisation,
and Particle Size

To assess the results, additional simulations were performed to verify sensitivities to
mesh size, temporal evolution, and particle diameters.

For spatial discretisation, a study involving three mesh densities, denoted as coarse,
normal, and fine, was performed for the representative case of deionized water at a rota-
tional speed of 850 rpm and an IEG of 20 um. Figure 10 illustrates the corresponding mesh
distributions within the computational domain, showing the variation in mesh density
across the investigated discretisation levels, while Table 4 summarises the principal mesh
characteristics.
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Figure 10. Mesh configurations used for the study: (a) coarse mesh, (b) normal mesh selected for

subsequent simulations, and (c) fine mesh. The mesh distributions were generated using the phys-

ics-controlled mesh strategy implemented in COMSOL Multiphysics.

The average element quality was evaluated using COMSOL’s element-quality met-
ric, which assesses the geometric distortion of mesh elements relative to an ideal element
shape. The quality value ranges from 0 to 1, where values closer to 1 indicate higher-qual-
ity elements with lower geometric distortion. As summarised in Table 4, the coarse mesh

consisted of 4356 domain elements, the

normal mesh contained 6678 elements, and the

fine mesh included 16,778 elements. The average element quality remained approximately
constant for all investigated meshes, with values close to 0.78-0.79, indicating acceptable
mesh quality throughout the discretisation levels.

Table 4. Mesh analysis for the 2D CFD particle transport model at 850 rpm and 20 um IEG using

deionized water.

Number of Average Ele-

Particles Remaining Escaped Particles

Mesh Elements ment Qualitytl/ 2 () att=>5s at t=5s (%)
Coarse mesh 4356 0.7788 1.55 39 80.5
Normal mesh 6678 0.7796 1.40 36 82.0
Fine mesh 16,778 0.7935 1.45 36 82.0

Considering the three mesh settings, the flushing half-time (t, ;;), the number of par-
ticles remaining within the computational domain at t = 5 s, and the corresponding es-
caped-particle percentage were evaluated. These quantities were selected because they
directly characterize debris-retention behaviour and flushing efficiency within the ma-
chining zone. The results, shown in Table 4, demonstrated progressive numerical conver-

gence with mesh refinement. In particu

lar, the difference between the normal and fine

meshes was approximately 3.45% for the flushing half-time, whereas the remaining par-
ticle count and escaped-particle percentage at t = 5s showed negligible differences be-
tween the two meshes. This indicates that the principal particle transport predictions be-
come weakly sensitive to additional mesh refinement beyond the normal discretisation

level. Based on these results, the chosen

normal mesh configuration (Figure 10b) was se-

lected for all simulations, providing an appropriate trade-off between numerical accuracy
and computational efficiency, while further refinement yielded only negligible changes in

the principal particle transport indicator:
A temporal sensitivity analysis wa

s.
s also performed using the same representative

case, and the corresponding results are summarised in Table 5. The temporal sensitivity
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assessment demonstrated that the principal particle retention indicators remained stable
with temporal refinement. In particular, the predicted number of remaining particles and
the escaped-particle percentage at t = 5 s showed negligible differences between the nor-
mal and fine temporal discretisations, whereas the flushing half-time exhibited only mod-
erate variation.

Table 5. Temporal sensitivity analysis for the 2D CFD particle transport model at 850 rpm and 20
um IEG using deionized water.

Temporal Flow Time Particle Time £y (5) Particles Remaining Escaped Particles
Discretisation Step (s) Step (s) /2 att=>5s at t=5s (%)
Coarse mesh 0.10 0.05 1.35 36 82.0
Normal mesh 0.05 0.025 1.50 36 82.0

Fine mesh 0.025 0.0125 1.35 36 82.0

To evaluate the sensitivity of the particle tracking results, additional simulations
were performed using the same representative case of deionized water at 850 rpm and an
IEG of 20 um and selecting particle diameters of 0.1, 1, 2, and 5 pum, aligned with debris
sizes used numerically [25,26] and observed experimentally [32,33,35,36]. The obtained
results showed negligible variations in both flushing half-time (t;,, ~ 1.4 s) and escaped-
particle percentage at t = 5s (= 82%) across the investigated diameter range. These ob-
servations indicate that, under the present operating conditions, the predicted particle re-
tention behaviour is weakly sensitive to particle diameter. This behaviour is attributed to
the dominance of Stokes drag under the low-inertia microscale flow conditions, which
causes the particles to closely follow the local fluid streamlines.

It should be noted that the present particle tracking framework represents an ideal-
ised debris-transport model in which the debris particles are treated as standardised
spherical particles with drag behaviour based on the Stokes flow assumption. Conse-
quently, the model is primarily intended for comparative trend analysis of flushing per-
formance under different dielectric and operating conditions rather than exact prediction
of real debris morphology and transport behaviour during practical micro-EDM machin-
ing.

3.2.2. Effect of Inlet Normalisation Strategy on Nitrogen Gas Simulations

To further clarify the influence of the inlet-condition normalisation strategy on the
nitrogen gas simulations, an additional comparison was conducted using the same inlet
velocity as the liquid dielectric cases (0.1 cm/s). The obtained results were compared with
the original nitrogen gas case based on equal mass flow rate normalisation and with the
deionized water reference case.

Figure 11 further illustrates the influence of inlet-condition normalisation on the pre-
dicted nitrogen gas particle transport behaviour at an IEG of 20 um and a rotational speed
of 850 rpm. Under equal inlet velocity conditions (0.1 cm/s), nitrogen gas and deionized
water exhibited nearly identical evacuation behaviour, with escaped-particle percentages
of approximately 82% at t =5 s and flushing half-times (t;/,) of approximately 1.40-
1.45 s. In contrast, the original nitrogen gas case based on equal mass flow rate normali-
sation produced substantially faster debris evacuation characterised by an escaped-parti-
cle percentage of approximately 94% and a significantly shorter flushing half-time of ap-
proximately 0.4 s. It must also be considered that, at the same inlet velocity, the fluid in-
ertia effect is dramatically lower in the gaseous dielectric case due to the density being
extremely lower than in the liquid cases, damping the low viscosity effect.

These results indicate that the enhanced evacuation performance observed in the
original nitrogen simulations is strongly influenced by the substantially higher imposed
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inlet velocity required to maintain the same mass flow rate as the liquid dielectric refer-
ence case. Therefore, the gas-liquid comparison reflects the combined effects of dielectric
properties and inlet-condition normalisation strategy rather than viscosity alone.

Effect of Inlet Normalisation on Nitrogen Gas Particle Evacuation
IEG = 20 pm, 850 rpm

-

8 _— (a) Escaped particles (b) Flushing half-time
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Figure 11. Effect of inlet-condition normalisation on nitrogen gas particle evacuation at an inter-
electrode gap (IEG) of 20 um and a rotational speed of 850 rpm: (a) escaped-particle percentage at
t = 5s and (b) flushing half-time (t;,,) for deionized water and nitrogen gas under equal inlet ve-

locity and equal mass flow rate conditions.

4. Conclusions

In this work, a transient 2D CFD model coupled with particle tracking analysis was
developed to investigate the influence of dielectric properties, inter-electrode gap (IEG)
size (20-30 pum), and tool rotational speeds (400-850 rpm) on flow behaviour in the IEG
and debris transport in micro-EDM milling. To this end, four dielectric media, nitrogen
gas, deionized water, HEDMA111 oil, and sunflower seed oil, were analysed to evaluate
the combined effects of viscosity, density, and geometric confinement on the hydrody-
namic conditions within the IEG. To account for possible transitional and shear-driven
flow effects within the narrow IEG and provide robust near-wall treatment, improved
flow resolution, and numerical robustness across the broad range of dielectric viscosities
and densities investigated in this work, the simulations were run using the standard k-w
model based on Reynolds-averaged Navier—Stokes (RANS) equations. In this regard, sim-
plified assumptions were also applied:

e  Thermal effects and gravitational forces were neglected due to the IEG’s small sizes
and the dominance of shear-driven flow in this configuration;

e Fluid properties (density and dynamic viscosity) are constant and temperature-inde-
pendent;

e  Temperature effects are negligible due to the controlled temperature range during
machining;

e  Pressure variations are small within the IEG.

Moreover, given nitrogen gas’s extremely low viscosity and density, the simulations
were performed with a mass flow rate equal to that of the liquids.

Under these conditions, the results show that the dielectric phase (gas or liquid) and
viscosity strongly influence both the intensity of the hydrodynamic field and particle
transport behaviour. Lower-viscosity media generate higher velocities and faster particle
acceleration, whereas higher-viscosity fluids increase hydraulic resistance and suppress
flow motion. The principal findings can be summarised as follows:
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e  Nitrogen gas exhibits the highest flow intensity and the most efficient particle evac-
uation, but these effects are ascribed to the combined effects of its fluid properties
and the higher inlet velocity (83 cm/s) resulting from the normalized inlet condition
of the mass flow rate being equal to that set for the liquids. As a consequence, particle
evacuation is higher (escaped-particle percentages of approximately 94%); the largest
velocity magnitudes, the shortest flushing half-times (= 0.4 s), and the lowest resid-
ual particle counts across all operating conditions were also displayed. Conversely,
under inlet velocity conditions equal to those of the liquids (0.1 cm/s), it was verified
that nitrogen gas and deionized water exhibited nearly identical behaviour (escaped-
particle percentages of approximately 82% and flushing half-times of approxi-
mately 1.40-1.45s).

¢ Deionized water and HEDMA111 oil display similar hydrodynamic behaviour, with
comparable velocity levels and particle removal characteristics, indicating that mod-
erate differences in viscosity do not significantly alter the overall flow regime inside
the IEG.

e  Sunflower seed oil produces the most damped flow conditions, with lower velocity
magnitudes and slower particle removal due to its high viscosity, which suppresses
shear-driven motion and increases the residence time within the machining region.

e  Variations in IEG size between 20 and 25 um display a limited influence on particle
evacuation efficiency, while the increase to 30 yum has a secondary influence, produc-
ing only modest changes in the percentage of escaped particles compared with the
dominant effect of dielectric properties. Larger gaps modify local flow structures, but
viscosity remains the primary parameter governing transport performance.

¢ Rotational speed increases velocity magnitude but does not significantly alter the
qualitative debris-transport behaviour within the investigated range, indicating that
fluid properties and geometric confinement play a more important role than tool
speed under the present conditions.

It should be emphasised that the proposed model and results do not account for
physical phenomena associated with the realistic micro-EDM process, including dis-
charge-induced thermal effects, plasma dynamics, dielectric evaporation, bubble genera-
tion and collapse, local conductivity variations, particle-particle interactions, agglomera-
tion, and adhesion effects. These phenomena may substantially influence local debris mo-
tion and dielectric behaviour, especially under actual micro-EDM milling conditions.
Therefore, the present results should be interpreted primarily as a comparative assess-
ment of hydrodynamic and particle transport behaviours of dielectric flushing perfor-
mance within small IEGs and do not provide a fully comprehensive evaluation of dielec-
tric suitability for the overall micro-EDM process.

Nonetheless, the present findings provide a physics-based understanding of how di-
electric properties influence flushing mechanisms given the assumptions of the present
CFD model and may support the interpretation of dielectric-flushing behaviour in micro-
EDM milling. In this regard, practical dielectric selection for micro-EDM applications
should also consider additional machining factors, including discharge characteristics,
material removal rate (MRR), tool-wear ratio (TWR), surface quality, and surface integrity.
Future work should incorporate 3D modelling approaches, thermo-fluid coupling, and
discharge-induced bubble dynamics to better represent realistic machining environments.
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