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Abstract
Jet-Electrochemical machining (Jet-ECM) is a novel variation of traditional electrochemical machining in which electrically
conductive material is removed through anodic dissolution by means of a fine jet of electrolyte. In this study, the effect of nozzle
geometry on material removal characteristics are investigated through physical experiments performed on a Jet-ECM system
under development at the university of Manchester. A total of 8 nozzles with holes encompassing converging, diverging and
rounded features are studied at flow rates between 0.125 and 0.225 l/min. The results show that the nozzle hole geometry has a
significant effect on the machined profile produced due to variations in flow velocity, pressure, and electric current distribution
with converging hole nozzles providing an increased depth of cut than the symmetrical cylindrical channel by up to 9.7%. A 2D
Star CCM+ simulation is also proposed, and numerical results developed and compared with experimental ones to investigate the
feasibility of using simulation to develop future nozzle designs. The simulated results show good profile comparison to the
experimental results, however, the model needs developing to improve the process repeatability for future use in nozzle design.

Keywords Jet electrochemicalmachining .Electrochemicalmachining .Nozzledesign .Tooldesign .Simulation .Electrolyte jet
processing

1 Introduction

Jet-Electrochemical machining (Jet-ECM) is a novel advance-
ment of traditional electrochemical machining (ECM), a non-
contact manufacturing process in which electrically conduc-
tive material is removed through anodic dissolution using a
fine jet of electrolyte, aiming at localised machining without
the use of specific tooling. Although the processes share sev-
eral similarities, whereas ECM requires a tool, Jet-ECM le-
verages a pressurised free jet of electrolyte expelled from a
small diameter nozzle (cathode) to locally remove material
from a workpiece (anode). Only material exposed to the elec-
trolyte jet is removed, therefore localised machining can be
achieved through the variation of key parameters such as cur-
rent and electrolyte composition, and through the controlled

variation of machining paths [1]. Jet-ECM has been shown to
be capable of achieving excellent surface finishes of down to
0.1 μm Ra without altering surface material composition nor
producing surface stresses and heat affected zones indepen-
dent of material hardness [2].

Typically, studies are performed using nozzles with a sin-
gle cylindrical, straight channel of various diameters as in the
study by Natsu et al. [3]. Few studies have been performed
using nozzles of more complex geometries. Kunieda et al. [4]
and Kawanaka and Kunieda [5] performed studies using a flat
electrolyte jet ejected from a ‘letterbox’ shaped nozzle. This
deviation from the standard cylindrical, straight hole nozzle
improved milling speed over larger areas [4] and al-lowed for
mirror-like finishes of below 0.2 μm Rz over the larger areas
[5]. The ‘letterbox’ nozzle alongside a straight nozzle was
later studied by Zhao and Kunieda [6] with inclination of the
nozzle head to the workpiece surface through a rotational axis,
allowing a wider area of machining on 3D freeform surfaces.
Mitchell Smith et al. [7] studied the effects of nozzle exit
geometries on the energy distribution in Jet-ECM. In Jet-
ECM with a symmetrical, straight, cylindrical nozzle, the en-
ergy distribution is widely accepted as being a Gaussian dis-
tribution, with a higher energy density at the centre of
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symmetry of the electrolyte jet [7]. By varying the design of
the nozzle tip geometry to vary the distance between the noz-
zle tip and the workpiece, Mitchell-Smith et al. [7] success-
fully altered the energy distribution, with different nozzle tip
designs producing different machined geometries. Similar
nozzles were later leveraged by Mitchell-Smith et al. [8] to
produce more complex geometries than those achievable with
a ‘standard’ cylindrical nozzle. Through leveraging these noz-
zle designs and introducing a rotation of the nozzle, Mitchell-
Smith et al. [9] produced complex and bespoke geometries
were achieved by varying the rotational orientation of the
non-uniform nozzles to the machine path. Liu and Qu [10]
designed nozzles with different inclined ends, on both the
front and trailing edges of the nozzle. The work combined
both physical and simulated experiments focusing around cur-
rent distribution and electrolyte flow field, with upwards
sloped nozzles producing a machined groove with a sharper
edge and lower surface roughness.

Chen et al. [11] and Luo et al. [12] investigated the Jet-
ECM process using multi outlet systems. Whereas Chen et al.
[11] used a mask with micro through-holes over a slit nozzle
to simultaneously produce multiple channels, Luo et al. [11]
used multiple tube electrodes with various lengths to produce
simultaneous channels of varying geometries. In both cases
the nozzles themselves were straight and cylindrical in nature.

It can be seen that through novel nozzle design, both mill-
ing speed, surface finishing and the production of specific
geometry can be achieved, however, research into nozzle de-
sign has been limited, and there is an opportunity for further
in-depth research into nozzle design.

In Jet-ECM, due to the nature of the process, where disso-
lution occurs at the location where the impinging jet hits the
surface of the workpiece, the dynamic jet shape is of high
importance. Although material removal is reliant on electro-
chemical reactions, Jet-ECM is significantly influenced by
fluid dynamics [13]. Wang et al. [14] investigated the varia-
tion of the jet shape when impacting the workpiece and its
influence on the edge profile produced. By controlling the
direction of flow from the working area it was found a sharper
edge and lower stray corrosion was seen. However, the study
is focused on straight nozzles and the effect of the jet profile
from the nozzle is not considered. Downstream breakup of
jets, air pockets and bubbles, and expansion of electrolyte jets
are all factors that can cause instability in the process
and must be considered in nozzle design and flow prop-
erties such as rate and pressure. Air in the jet will act
as an insulator and prohibit effective current transfer
between the nozzle and workpiece.

Historically, there are several studies looking at the effect
of nozzle design on fluid flows for small diameter nozzles.
Several of these focus on hydro entanglement such as the
work by Tafreshi et al. [15] on simulating the effect of cone
geometry and the work by Begenir et al. [16] which suggested

a reverse tapered nozzle increased the flow coefficient and
larger spray angles. Much of the work between nozzle geom-
etry and liquid jet properties relate to fuel injection nozzles
where producing tapered nozzles can give an advantage [17].
However, in both cases pressures of the fluid flow far exceed
those used in Jet-ECM. It has been shown that sharp edges and
low conical angles on nozzle inlets can cause hydraulic flips
[18], where boundary layer separation causes air pockets to
form and can result in the formation of bubbles in the fluid
flow, as well as strongly disturbing the flow steadiness inside
the nozzle [19], undesirable for Jet-ECM as bubbles will act as
an insulator in the electrolyte. Holes with angled inlets or
rounded inlets can reduce cavitation. Longer nozzle channels
can help reduce the effects of hydraulic flips as flow can reat-
tach to the nozzle wall and redevelop a more regular flow.
Expanding nozzles, with increasing diameter towards the noz-
zle outlet can produce constricted waterjets or detached flow
[20]. Air surrounding the flow in the nozzle can reduce the
friction through a nozzle due to noncontact with the side wall,
however, small disturbances can change the direction of the
flow, and if caused by a hydraulic flip the jet may atomise
before reattachment [20], a benefit in fuel injection but not Jet-
ECM. However, these are limited examples of the effect of
nozzle design, with McCarthy and Molloy [21] suggesting
several more, including contraction ratios, aspect ratios, con-
traction angles, and surface finish of nozzles. Due to the wide
range of applications and possible nozzle geometries, study
into the effect of nozzle shape is vast and complex. The pre-
vious research does however raise interesting and useful
points that will help to understand the flow characteristics
and thus material removal characteristics in this study, which
has not previously been considered in Jet-ECM research based
on an extensive review of the relevant literature.

Several studies have been performed in attempting to mod-
el both the electrolyte jet shape and the material removal pro-
cess. Yoneda and Kunieda [22] used finite element modelling
(FEM) to calculate the energy distribution in Jet-ECM based
on approximations of the jet shape. From the energy distribu-
tion, the material removal was calculated from the current
density and dissolution valence. It was found that the shape
obtained by the numerical calculation coincided well with the
experimental result [22]. Pajak et al. [23] performed empirical
modelling on the laser assisted Jet-ECM (LAJECM) and Jet-
ECM processes based on numerical modelling of energy bal-
ance equations. Results show that the numerical models pro-
vided good approximation of material removal when com-
pared to experimental results, although further research is still
required to improve the accuracy of the model. In a study
using COMSOL Multiphysics software, Hackert et al. [24]
developed a pseudo 3D model to simulate the current density
distribution in the Jet-ECM process, using an assumed, static
jet shape. Despite the lack of a dynamic flow model, simula-
tion, and reality show good coincidence. Zhang and Xu [25]
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developed a 2D mathematical model for LAJECM using
ANSYS software assuming a constant diameter, axi-
symmetric jet of fixed cross-sectional geometry. However,
unlike previous studies, the workpiece profile was updated
iteratively during the simulation from calculated material re-
moval rates with the model showing good agreement between
simulated and experimental results [25]. Similarly to the study
by Zhang and Xu [25], Hackert et al. [26] built upon their
previous study [24] to include a moving mesh in a transient
COMSOL Multiphysics model. This moving mesh was up-
dated to consider removal geometries during the simulation
and showed improved results over their previous study [24],
however, the jet shape was still assumed as constant. A
similar study was later performed by Hackert-
Oschätzchen et al. [2] in COMSOL Multiphysics with
remeshing due to dissolution calculated from current
density distribution using an assumed jet shape.

Whereas previous studies were constructed using assumed,
static jet profiles, fluid dynamics was considered in a model
by Hackert-Oschätzchen et al. [27] in addition to electrody-
namics and material dissolution. The depth and width of the
simulations deviated from experimental results from an over
estimation of current and the nonconsideration of secondary
contacting and boundary resistance. However, a 2D
COMSOL Multiphysics 2 stage simulation, using both fluid
dynamics and boundary resistance was performed byHackert-
Oschätzchen et al. [28] whilst continuing to use a changing
mesh. Separate stages of the simulation are introduced, with
the formation of the fluid jet preceding the anodic dissolution
process and updated mesh geometry dependent on material
removal. Results suggested material removal was
overestimated in simulation when compared to experimental
results. Ming et al. [29] developed a COMSOL Multiphysics
simulation of the Jet-ECM process by coupling electrochem-
ical reactions, fluid dynamics, and mass transfer as a conse-
quence of diffusion, convection, and migration of ions in elec-
trolyte and electrolyte-electrode interface. The distribution of
Ions methods was considered to improve upon previous stud-
ies, but no comparison to experimental results was made.
Whilst previous studies had used 2D axisymmetric simula-
tions, Paul et al. [13] introduced a 3D finite volume simulation
method to simulate the machining of tracks in Star CCM+. 2D
models limit the simulations to machined pits, whereas the
study by Paul et al. [13] considers more complex machining
task such as milling and turning. Based on the computed nor-
mal electric current density on the workpiece surface, material
removal was modelled according to Faraday’s law using ge-
ometry deformation. The simulated cross-sectional profiles
show a good qualitative and quantitative agreement with the
experimental results.

Hackert-Oschätzchen et al. [30] developed a 2D axisym-
metric model with pre-defined jet shape to study the oxide
layer growth in Jet-ECM, noting with oxide layer growth the

localised mechanism for material removal is reduced, becom-
ing more homogenous across the layer. The results require
experimental validation. Wang et al. [31] developed a 2D
Multiphysics simulation studying the effects of air assistance
in the Jet-ECM process, with experimental results showing a
deviation of less than 11.8% to the simulated results, indicat-
ing the simulation can provide an explanation of real trials.

Outside of the work referred to here by Kunieda et al. [4],
Kawanaka and Kunieda [5], Mitchell-Smith et al. [7],
Mitchell-Smith et al. [8], Mitchell-Smith et al. [9] and Liu
and Qu [10] there is limited research into nozzle geometry
and flow characteristics in Jet-ECMwith the possible benefits
of novel nozzle design currently unrealised. For Jet-ECM to
be accepted as a commercial manufacturing process, it must
be stable, repeatable, reliable, and robust with an ability to
accurately control the amount of material that you remove.
In order to address these limitations and opportunities, the
aim of this work is to study the effects of nozzle geometries
on the material removal characteristics of the Jet-ECM process
to improve the stability and reliability of the material removal
process. Through the design of nozzles, there is an opportuni-
ty to increase the control of the material removal in Jet-ECM,
and raise the prospect to produce material removal profiles
that are not possible through the nozzles in previous studies.
The study will analyse a total of 8 different nozzles, with
converging, diverging holes and nozzles with rounded outlets
considered at flow rates of 0.125, 0.175, and 0.225 l/min. A
series of physical experiments will be run on a Jet-ECM sys-
tem under development at the University of Manchester to
analyse the effect of the nozzle geometry and flow rate on
the material removal profile produced. A 2D model is devel-
oped for the simulation of current density distribution incor-
porating fluid dynamics with a two-phase flow using Star
CCM+ (Siemens PLM Software Inc.). The results from the
simulations will be used to estimate the material removal pro-
file for each nozzle and flow rate to allow the comparison of
performance between the nozzles and assess the feasibility of
using simulations to develop and streamline the process of
future nozzles designs as proposed by Wang et al. [31].

2 Methodology

2.1 Nozzle design

For this study, eight nozzle designs are considered
representing converging and diverging channels, straight
channel, and rounded outlet features. The designs cover a
wide range of nozzle modifications and a range of tapers to
provide an initial indication on the effect of the nozzle geom-
etries over a range of tapers to present opportunities for future
development. The geometries balance the possible range of
designs with manufacturability. All the nozzles have a

1011Int J Adv Manuf Technol (2022) 118:1009–1026



minimum channel diameter of 0.5 mm with the same nozzle
inlet geometry. This minimum channel geometry is in line
with nozzles in previous studies [1, 2, 5, 6]. The nozzle ge-
ometries for the converging, diverging and rounded outlet
nozzles can be seen in Fig. 1. The descriptions of the nozzles
can be seen in Table 1. For this study, the nozzles and work-
piece are made from 316 stainless steel and copper, respec-
tively. Copper is selected as the workpiece material for this
study because it finds applications in the photovoltaic indus-
try, electronics, food, and aerospace industry, industries
benefitting from micromachining technology. Nozzles were
produced through Micro-EDM (Sarix, Switzerland) with a
hole tolerance of ±0.5 μm.

2.2 Experimental equipment and methodology

This investigation was performed on the Jet-ECM R500 sys-
tem currently under development at the University of
Manchester in collaboration with Blueacre Technology Ltd.
(Ireland). The system is built upon a three-axis gantry system
providing a working envelope of 400 × 400 × 150 mm with a
positional accuracy of between 20 and 40 μm dependent on
axis, and maximum repeatability of 12 μm. Electrolyte deliv-
ery is achieved through a variable flow, near pulseless micro
pump capable of 1.7 l/min flow and 8 bar pressure output with
filtration system and a flow control circuit for finer flow con-
trol. The machining current is provided to the nozzle and
workpiece by a 1.5 kW programmable power supply from B
andK Precision. A short circuit detection system is installed to
provide an accurate working gap between the nozzle and
workpiece. A sensor array monitors pH (Omega PHE-5412-
10), temperature (RS Pro RTD), flow rate (Atrato 720-v00-D),
and pressure (Gems Sensors 3100R0010G01B000). This data
is collected, visualised, and transferred via National
Instruments hardware and LabVIEW software. The path and
velocity of the nozzle movement on the 3-axis system and the
electrical output parameters from the power supply are pro-
grammed and controlled and logged via NI LabVIEW.

For the physical experiments, a series of 72 pits
were machined on the copper workpieces, three pits for

each combination of flow and nozzle geometry. Nine
pits were produced per nozzle with three pits produced
consecutively at 0.125 l/min flow rate, followed by
three at 0.175 l/min and three at 0.225 l/min. Due to
the nature of the nozzles, flow pressure will vary be-
tween each nozzle for a specific flow rate. For each
separate machining run, a short circuit programme was
run to find the z-axis position of the top surface of the
workpiece, with the nozzle being set to a working gap
of 0.5 mm above the workpiece. The same potential
difference of 50 V was used for machining all pits, with
the current varying according to the resistance across
the working gap during the 2 s machining time. The
experimental conditions can be seen in Table 2.

Following the machining trials, the samples were
cleaned with lemon juice concentrate (weak citric acid)
to remove the discolouration from the surface of the ma-
terial as well as to remove any remaining debris and re-
sidual nitrate salts on the surface. Each machined pit was
analysed under a Keyence VHX-5000 (Keyence, Japan) to
calculate the machined profile of the pits, with a central
cross section taken to measure the machined depth profile
of each pit to compare to the simulated results.

Table 1 Nozzle types

Nozzle Type Nozzle Reference

Straight STR

Diverging 5 ° DIV5

Converging 5 ° CON5

Converging 10 ° CON10

Converging 15 ° CON15

Rounded outlet, 0.25mm round R0.25

Rounded outlet, 0.5mm round R0.5

Rounded outlet, 0.75mm round R0.75

Fig. 1. a Nozzle geometry for 5 °

converging nozzle, b 5 ° diverging
nozzle and c 0.5mm rounded
outlet nozzle
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2.3 Jet-ECM modelling

Numerical simulations were performed using Star CCM+
simulation a 2DVolume of fluid (VOF) model was developed
for each of the 8 nozzle geometries. A decision to not use an
axisymmetric model, as per previous literature, was taken as it
cannot be assumed that when using an expanding nozzle or
nozzle with rounded outlet, the flow will be axisymmetric to
the centre of the nozzle. The 2D model geometry for the
straight nozzle can be seen in Fig. 2. The models feature a
working gap of 0.5 mm between the nozzle and the workpiece
surface in all cases.

As seen in Fig. 2b, boundary 1 represents the fluid inlet,
boundary 2 the nozzle wall, boundary 3 the flow outlet, and
boundary 4 the workpiece top surface. The geometry was
meshed using a surface remesher with trimmed cell mesh with
a base size and maximum cell size of 0.01mm. For the straight
nozzle, this resulted in a mesh with 158,650 quadrilateral cells
and 315,493 faces in a structured grid.

2.3.1 Fluid dynamics

The two-phase flow of electrolyte and air is described using
the Reynolds averaged Navier-Stokes equation with the VOF

model. At the lowest flow rate, the Reynolds number Re 4250
and is therefore, in the turbulent region, with the flow condi-
tion set accordingly and the K-epsilon turbulence equation
used. The electrolyte used for this study is sodium nitrate
aqueous solution with a conductivity of 165 mS/cm at 20 °C
considered to be incompressible. The material properties of
the electrolyte and air phases are shown in Table 3.

Considered boundary conditions for the fluid mechanics
can be seen in Table 4. The velocity of the flow normal to
the inlet boundary was set as a constant for each flow rate.
Considering a nozzle inlet diameter of 5 mm, and assuming
flow rates of 0.125, 0.175 and 0.225 l/min the corresponding
inlet velocities were 1.06, 1.49, and 1.91 m/s, respectively. At
t=0s in the simulation, the working area was defined as being
100% air, with the flow into the inlet being assumed to be
100% electrolyte.

2.3.2 Electrodynamics

In this simulation, the electrodynamics relates to the current
distribution through the electrolyte between the anode and
cathode with the primary function of estimating the current
density distribution on the workpiece. The modelling of the
current distribution relies heavily on the conductivity through
the fluid domain, defined by the volume weighted mixture of
air and electrolyte. However, to allow stability of the simula-
tion, the air is assumed to have no conductivity. Although air
does have a small conductivity value, it is considered to be
negligible and assumed to be zero.

In the Star CCM+ model the electrodynamic potential and
electromagnetics models were included and assumes constant
voltage for this study. Although there is electrode
overpotential between the 316 stainless steel cathode and the
copper anode, as well as resistance overpotential in the oxide
layer, the values can be neglected as to keep constant across all
studies. The potential difference across the electrodes is 50 V

Table 2 Experimental conditions

Electrolyte Sodium Nitrate aqueous solution

Electrolyte Electrical Conductivity 165 mS/cm at 20°C

Flow rate 0.125 – 0.225 l/min

Working gap 0.5mm

Gap potential difference 50V

Machining time per pit 2 s

165 mS/cm at 20°C

Fig. 2. a Model dimensions in mm and boundary definitions, b for straight nozzle
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for all the models, the voltage at the anode surface being 50 V,
and that on the cathode 0 V. The electrical resistance of both
materials are considered to be 7.4 10−7Ωm and 1.68 10−8Ωm
for 316 stainless steel and copper, respectively [32]. The
boundary conditions can be seen in Table 5.

2.3.3 Solver methods

For all 24 models (8 nozzles at 3 flow rates), the implicit
unsteady solver was run with 0.001s time steps and 1st order
temporal discretisation. The simulation was run for a total of
1 s of physical time to allow for the flow and the current
distribution to become steady. The process was thought to
be stable when continuity, x-momentum, y-momentum, and
electric potential residuals were in the magnitude of 10−6.

After the simulation finished, the velocity magnitude was
recorded across the nozzle outlet at 0.01mm intervals to com-
pare the effect of nozzle geometries on flow velocities. The
current density magnitude was measured across the workpiece
surface up to 1.25 mm either side of the line of symmetry at
0.005 mm intervals as seen in Fig. 3.

2.3.4 Material removal

The theoretical removal rates for the simulations are based
upon Faraday’s law of electrolysis [33]:

m ¼ AIt
zF

ð1Þ

where m is the mass of material removed in grams (g), A is
the atomic weight, z is the valency, t is the time the current is
applied in seconds (s) and I is the current in Amps (A). From
the simulation, the current density magnitude was measured
across the workpiece, from x = −1.25 mm to x = 1.25 mm
from the centre of symmetry at 0.005 mm intervals, i.e.,

xnþ1−xn ¼ 0:005mm ð2Þ

where Xn and Xn+1 are 2 consecutive measurement points.
As the current density is only measured at specific points in
the x-direction, and is itself dependent on the area, the follow-
ing calculations require a coordinate between measured points
representing a central coordinate between two x points, in this
case xavg:

xavg ¼ xnþ1 þ xn
2

ð3Þ

where xn and xn+1 are two consecutive measured coordi-
nates. Therefore, the area between 2 measured coordinates,
A(xavg), rotated 180

o to represent half a symmetrical 3D mod-
el is:

A xavg
� � ¼ 1

2
πx2nþ1−πx

2
n

� � ð4Þ

and the average current density magnitude between two x-
coordinates, J(xavg), is:

J xavg
� � ¼ J xnð Þ þ J xnþ1ð Þ

2
ð5Þ

where J(x) is the measured current density magnitude in
A/mm2. The specific current in Amps (A) at that point,
I(xavg), is:

I xavg
� � ¼ A xavg

� �� J xavg
� � ð6Þ

The material removed rate in grams (g), m(xavg) based on
equation 1, is:

m xavg
� � ¼ AI xavg

� �
t

zF
ð7Þ

Table 3 Properties of SodiumNitrate Electrolyte at 20°C [[34, 35]] and
air at 1 bar and 20°C [36]

Material Electrolyte Property
Surface Tension
Electrical Conductivity

Value
79.5 mN/m 165 mS/cm

Density 1221.51 kg/m3

Dynamic Viscosity 1.607 mPa s

Air Density 1.1885 kg/m3

Dynamic Viscosity 18.205 μPa s

Table 4 Boundary conditions of fluid dynamics, labelling according to
Fig. 2b

Boundary Description Condition

1 Flow inlet Normal velocity inlet

2 Nozzle wall No-slip wall

3 Open outlet Pressure Outlet, atmospheric pressure.

4 Workpiece surface No-slip wall

Table 5 Electrodynamic Boundary Conditions, labelling according to
Fig. 2b

Boundary Description Condition

1 Flow Inlet Insulator

2 Nozzle Wall V = 0 V, ρ = 7.4 × 10−7Ωm

3 Open Outlet Insulator

4 Workpiece Surface V = 50 V, ρ = 1.68 × 10−8 Ωm
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where A is the atomic weight of copper, 63.546 u, z is the
valency of copper, in this case, a valency of 2 [33], t is the
machining time, 2 s, and F is the Faraday constant, 96,485.33
C mol−1. From this material removal calculation, and using
the density of copper, ρ = 8.96 10−3g/mm3, the volumetric
removal, V(xavg) in mm3 is:

V xavg
� � ¼ m xavg

� �

ρ
ð8Þ

Finally, from this volume, and assuming a regular, rectan-
gular cross section, the depth of material removal in mm at the
point xavg, d(xavg) is:

d xavg
� � ¼ V xavg

� �

A xavg
� � ð9Þ

3 Results and discussion

3.1 Experimental results and comparison

The depth profiles of the machined samples from the experi-
mental trials were measured using a Keyence VHX5000 dig-
ital microscope using the 3D measurement tool. A 3D profile
of each machined pit was taken, and a central cross section
used to produce the depth profile (Fig. 4). For the experimen-
tal results, the results from the diverging nozzle have not been
included for in depth analysis as from visual analysis the pro-
files were found to be erratic and nonsymmetrical in nature, as
seen in Fig. 5a. This profile was caused by an inconsistent
flow shape, where the flow is not symmetrical to the centre
of the nozzle, and instead the jet fluctuates around the nozzle
cavity, with changes in direction caused by small fluctuations

Fig. 3. Location of current density measurement

Fig. 4. Example of experimental depth measurement
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in the flow or movement of the nozzle head in repositioning.
For the trials of the remaining nozzles, the machined profiles
are a hemispherical pit as seen in Fig. 5b.

Material removal is directly proportional to the distribution
of the current on the workpiece surface, i.e., the areas of ma-
chining that are deepest are linked to the highest current den-
sity, and the shallowest areas are the areas of lowest current

density. Current density distribution is Gaussian in nature and
would mirror the material removal profiles. The transfer of
current between the workpiece and nozzle occurs through
the electrolyte jet, and therefore, the jet shape and flow profile
across the workpiece influence the current density
distribution.

Fig. 5. a Image of machined profile for the diverging nozzle at 0.175 l/min flow rate, x200 magnification. bMachined pit using CON10 nozzle, 0.175 l/
min flow rate, x200 magnification

Fig. 6. a Experimental depth profile for various nozzles at 0.175l/min
flow rate. b Experimental depth profiles for the rounded outlet nozzles at
0.175 l/min flow rate. c Experimental depth profiles for the converging

nozzles at 0.175l/min flow rate. d Experimental depth profiles for the
straight nozzle at varying flow rates
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When comparing the effect of the varying nozzle designs,
nozzle CON15 produced the deepest profile (63.37 μm),
followed by CON10 (61.37 μm), the straight nozzle (STR)
(58.7 μm), CON5 (53.57 μm), and the rounded outlet nozzles
(R0.25, R0.5 and R0.75, respectively) (Figs. 6 a, b, c).

It is expected that the rounded nozzles would produce a
lesser machined depth than the straight and converging noz-
zles due to the larger distance between the point of separation
of the flow from the nozzle and the workpiece surface, a gap
which should increase with a larger round feature. This larger
distance increases the gap resistance, and reduces the current
passed through the electrolyte and subsequent material remov-
al, as in Fig. 6b. This is observed in a decrease of up to 9.3%,
20.2%, and 31.6% for the R0.25, R0.5, and R0.75 nozzles,
respectively when compared to the depth of cut achieved by
the straight nozzle at the same machining parameters. A larger
rounded feature could also lead to jet expansion at the nozzle
outlet, which would be visualised with a wider machined
channel, however as seen in Fig. 6b, the width of the ma-
chined pit shows no trend with increasing round size, with
the largest round producing the narrowest pit with no differ-
ence between the remaining two rounded nozzles. This indi-
cates a similar jet profile for nozzles R0.25, R0.5, and R0.75
with the narrowest channel with the largest rounding attribut-
ed to a lower current density from increased resistance, and
with the current profile reducing in the radial direction, the
lower current limit for material removal occurs farther towards
the centre of the jet.

The effect of nozzle convergence angle is presented in Fig.
6c. The depth of profile is increased with a higher degree of
convergence, with a difference of 10 μm between the nozzles
CON5 and CON15 at 0.175 l/min flow rate. Both the CON10
and CON15 nozzles produced a greater depth than that pro-
duced by the straight nozzle with the CON5 nozzle producing
a lesser depth than the straight nozzle, with these trends mir-
rored across all flow rates. When compared to the straight
nozzle, the CON10 nozzle produced a percentage increase
of depth between 4.5% and 9.7% depending on flow rate,
the CON15 nozzle produced a percentage increase in depth
of between 7.9% and 9.3% depending on flow rate, whilst the
CON5 nozzle produced a percentage decrease in depth of
between 5.1% and 8.7%. This indicates there is an effect from
the degree of convergence, however, there is a degree of con-
vergence at which the benefits of converging nozzles begin.
There is a small variation in the widths of the pits produced,
however, this variation shows no correlation to the degree of
convergence. This trend in Fig. 6c is likely due to the con-
verging nozzles sharing the same nozzle outlet diameter which
dominates the material removal profile due to the shortest path
of resistance to the workpiece. From the measured flow pres-
sure profiles (Fig. 7a) the width of the pit increases with in-
creasing flow pressure suggesting pit width is related to flow
pressure, however, minor fluctuations in the radial flow,

debris removal, and workpiece profile could lead to variations
in the machined profile width.

The effect of flow rate on the machined profile is presented
in Fig. 6d. There is a trend of decreased depth with increasing
flow rate, but with a variation of only 3 μm between the
shallowest and deepest profiles, whilst the width of the pro-
files shows no significant difference with varying flow rates.
Over the range of flow rates for these experiments, there is not
enough variation in the jet produced to produce significant
differences, with no atomisation or laminar to turbulent tran-
sitions occurring within the working gap, aside from that seen
in the diverging nozzle.

As the current is the dominant parameter for material re-
moval in the Jet-ECM process, it is expected that the applied
current will be proportional to the machined depth. In general,
the depth profiles match that of the average recorded current
during processing (Fig. 7b). However, there are anomalies to

Fig. 7. a Measured flow pressure for all nozzles and flow rates, b
Average applied current for all flow rates
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this trend. Although the CON10 nozzle shows a lower average
current than that of the straight and CON5 nozzle, the ma-
chined depth is higher. It can be seen in Fig. 7b that the mea-
sured current shows a much higher variation over the three
flow rates on the rounded outlet nozzles in comparison to the
straight and converging nozzles, indicating that the rounded
outlet nozzles are more sensitive to flow rate. The sampling
rate for current measurements was 10Hz for this study, and
therefore, is only representative of the machining currents, and
may not represent all fluctuations in the applied current.
However, if used as an indication of the process, it is thought
that with constant parameters, and flow rates, that the velocity
profile and jet pressure may also be a significant factor on the
machined depth.

The standard deviations calculated from the 3 trials
for each nozzle and flow configuration are presented in

Table 6. Due to the erratic nature of the diverging nozzle
as previously described, the standard deviations are not
calculated for the trials with the diverging nozzle. In
general, the standard deviation shows good repeatability
for both the depth measurements, and the measured ap-
plied machining current. The standard deviations are
higher in the trials with 0.225 l/min flow rates, indicat-
ing higher variation in the process at higher flow rates.
The deviation in depth from the 0.75mm rounded outlet
nozzle (R0.75) at 0.225 l/min is very high when com-
pared to the other trials, indicating a less controlled,
repeatable process with the larger round, possibly due
to the higher resistance across the gap being more sus-
ceptible to variations in the machining process.

From the theoretical head loss values in Table 7, it would
be expected that the pressure required to maintain a constant
flow rate through the nozzles would be higher for the straight
nozzles than the converging nozzles, and for the converging
nozzles would increase with increasing degree of conver-
gence. However, from the measured flow pressure (Fig. 7a),

although the CON5 and CON15 nozzles show a lower pres-
sure than the straight nozzle, the CON10 nozzle shows a
higher pressure. The head loss values for this study are theo-
retical and are therefore, estimates, and each nozzle needs to
be quantified experimentally, and should be included in future
works to better analyse the pressure differences across the
nozzles. It is worth noting that the pressure profiles for the
rounded outlet nozzles are similar for the 0.125 and 0.175 l/
min flow rates, but more varied at the higher 0.225 l/min flow
rate, where the exit conditions may be more turbulent.

3.2 Simulated results and comparison

3.2.1 Fluid dynamics

The volume fraction of electrolyte was visually recorded for
each simulation trial to analyse the simulated flow shape.
Figure 8 shows the flow of electrolyte for the simulation using
the straight nozzle for a 0.125 l/min flow rate after a simulated
time of 1 s. The area in red represents the flow of

Table 6 Standard Deviation of Depth and Machining Current from experimental trials (2 repeats)

Nozzle type/flow
rate (l/min)

Standard
deviation: depth (μm)

Standard deviation:
current (A)-

Nozzle type/flow
rate (l/min)

Standard deviation:
depth (μm)

Standard deviation:
current (A)

Straight / 0.125 0.5254 0.0019 CON15 / 0.225 0.5316 0.0050

Straight / 0.175 1.8898 0.0028 R0.25 /0.125 0.6995 0.0017

Straight / 0.225 2.5408 0.0027 R0.25 /0.175 0.4535 0.0096

CON5 / 0.125 1.4018 0.0035 R0.25 /0.225 1.0359 0.006

CON5 / 0.175 0.6986 0.0063 R0.5 / 0.125 0.8773 0.0054

CON5 / 0.225 1.8617 0.0241 R0.5 / 0.175 0.5511 0.0120

CON10 / 0.125 0.9853 0.0005 R0.5 / 0.225 1.0826 0.0005

CON10 / 0.175 2.8041 0.0054 R0.75 / 0.125 1.3431 0.0012

CON10 / 0.225 1.8231 0.0177 R0.75 / 0.175 0.6021 0.0081

CON15 / 0.125 1.1474 0.0016 R0.75 / 0.225 19.3472 0.0036

CON15 / 0.175 1.5920 0.0065

Table 7 Theoretical head loss (m) through nozzles, calculated from
Cameron Hydraulic Data [37]

Study Nozzle Reference Flow Rate (l/min)

0.125 0.175 0.225

1 STR 4.294 8.183 13.269

2 DIV5 3.518 6.895 11.397

3 CON5 0.028 0.805 1.330

4 CON10 0.059 1.605 2.653

5 CON15 0.075 2.377 3.929

6 R0.25 4.162 7.941 12.888

7 R0.5 4.030 7.699 12.507

8 R0.75` 3.898 7.457 12.126
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electrolyte, whilst that in blue represents the free air. It
can be seen from Fig. 8 that the flow shape is symmet-
rical, with a uniform flow towards the outlet, with no
hydraulic jump forming before the outlet.

This trend is apparent throughout the converging nozzles
(Fig. 9), with very little visual difference between the various
convergences and the straight nozzle for all flow rates. There
appears to be no further convergence in the jet flow after
exiting the nozzle, as a straight flow develops and expands
outwards when contact has been made with the workpiece, as
seen in the straight nozzle. However, the diverging nozzle and
the rounded nozzles showed different behaviours. The diverg-
ing nozzle, as seen in Fig. 8c shows the flow expanding

throughout the nozzle passage, remaining connected to the
nozzle wall instead of separating from the nozzle at the point
of smallest diameter and producing a constricted jet. Due to
the expansion, the flow will be decelerating through the noz-
zle passage, exiting the nozzle at a lower velocity than if the
flow had separated. This lower velocity is indicated by the
deeper radial flow over the workpiece than that of the straight
and converging nozzles as seen by the height of the red section
along the workpiece in Figs. 8-10. It is believed higher radial
velocities remove debris from the working area at a higher
rate, as well as reducing the contact area of the impinging jet
on the workpiece surface.

Whereas the straight, converging and diverging nozzles
showed symmetrical flow behaviour, the nozzles with round-
ed outlets showed different behaviour. It can be seen in Fig. 10
that the flow of electrolyte separates from the nozzle wall at
different points, possibly caused by an asymmetrical mesh.
Due to the mesh, flow calculations and friction effects are
not identical on each nozzle wall, and on one side of the nozzle
wall the flow bends away from the centre. Although this could
be avoided using a symmetric mesh, the asymmetric mesh
better represents any manufacturing defects and imperfections
which would lead to these same flow separation effects, and
justifies the use of said mesh. This characteristic is increased
with a larger round on the nozzle outlet and by increased flow
rate. An asymmetrical flow could impact the machined shape,
due to an irregular impact of the jet on the surface, variable
working gaps and irregular debris removal from the jet shape.

Although the nozzles all have a minimum diameter of 0.5
mm, the velocity profiles through the nozzles are not constant
due to different head loss characteristics in the channel and
subsequently different pressure profiles. As it can be seen in
Table 7, the theoretical head losses (h) varies greatly depend-
ing on geometry, but is dominated by the reduction in nozzle
diameter after entry, as seen in those nozzles where the diam-
eter drops from 5 to 0.5mm through the channel (See Fig. 1).

These variations in flow are evident when comparing the
flow profiles at the nozzle outlets, as shown in Fig. 11, pre-
senting the velocity magnitude of the flow across the nozzle
outlet. Figure 11a shows the velocity magnitude across the
nozzle exits for the converging nozzles compared to the
straight nozzle. It can be seen that the profile is representative
of turbulent flow, with a flatter profile at the centre of flow and
the sharp decrease in velocity at the wall boundary. Although
this is expected, the velocity profiles of the converging noz-
zles show an inverse curve to that of either laminar or turbu-
lent flow, with the velocity lower at the centre of the flow.
Although velocity magnitude takes in to account the velocity
magnitude in both the x and y directions, the same flow profile
is seen when only monitoring the velocity in the y-direction.
The effect of the nozzle convergence on the flow velocity
profile shows a greater velocity magnitude nearer the nozzle
wall due to the increased horizontal velocity from increased

Fig. 8. a Volume Fraction of electrolyte, t=1s, STR nozzle, 0.125 l/min
flow rate, b Volume Fraction of electrolyte, t=1s, STR nozzle, 0.125 l/
min flow rate, focused on nozzle outlet, c Volume Fraction of Electrolyte
for DIV5 nozzle, t=1s, 0.175 l/min flow rate, focused on nozzle outlet
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convergence angles. The velocity magnitude is however,
greater at the centre of flow with a smaller convergence angle.
This increased flow velocity could improve the removal of
debris at the centre of the machined profile.

When comparing the straight and diverging nozzles (Fig.
11b), the velocity profile of the diverging nozzle shows a
profile more similar to that of laminar flow, with a gradual
increase in velocity from the wall boundarywhen compared to
the straight nozzle. Due to the increased outlet area in
the diverging nozzle, and constant flow rate, the values
of velocity magnitude are lower in the diverging nozzle,
however, in the case where the flow may separate from
the nozzle wall, this velocity profile would differ great-
ly. Figure 11c shows the velocity magnitude comparison

for the nozzles with rounded outlets compared to the
straight nozzle profile. Towards the centre of the flow,
the rounded outlet nozzles show a similar flow profile
to the straight nozzle, however, the magnitude at the
centre of the nozzle decreases with an increased size
of the round. With the increased outlet area from the
inclusion of the round the flow profile is wider with the
rounded outlet nozzles.

The spikes in velocity that can be seen are dominated
by velocity in the direction parallel to the nozzle outlet, i.e.,

perpendicular to the symmetry of the nozzle. When analysing
the velocity magnitude in the direction parallel to the nozzle
(y-direction) then the velocity profile is similar to that of the
straight nozzle with the velocity decreasing to zero at the

Fig. 9. a. Volume Fraction of
Electrolyte for CON5, b CON10,
and c CON15 nozzles at t = 1s,
0.175 l/min flow rate
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nozzle wall. It is thought that the spikes are fully dominated by
air movement away from the fluid flow.

3.2.2 Electrodynamics and material removal

From themethod outlined in section 2.3.4, the simulated depth
profiles were constructed from the current density distribu-
tions recorded on the workpiece surface during the simula-
tions. It must be recognised that the simulation for the current
density distribution is set up to record the distribution at the
instantaneous point in time at the beginning of the machining
cycle, as with any material removal the current density distri-
bution will change. This distribution is used as a constant for a
two second machining cycle, and therefore, will not fully rep-
resent the machining cycle, but will give an indication of the
differences between nozzles. In general, all the profiles pro-
duced show the expected Gaussian distribution. Current

density distribution is the fundamental driver for material re-
moval in Jet-ECM, with material removal rate being directly
proportional to current (Eq. 1). Jet shape and electrolyte con-
ductivity dictate the current distribution on the workpiece by
increasing or decreasing the electrical resistivity to areas of the
workpiece surface. Although current density distribution is the
key parameter for material removal, it in turn is influenced by
factors relating to nozzle geometry.

Fig. 10. aVolume Fraction of Electrolyte for R0.25 nozzle at 0.175 l/min
flow rate, b R0.5 nozzle at 0.175 l/min flow rate, c R0.75 nozzle at 0.225
l/min flow rate, all at t=1s

Fig. 11. a Flow Velocity Profiles at nozzle outlets for straight and
converging nozzles, b Flow velocity profiles at nozzle outlet for straight
and diverging nozzle, c Flow velocity profiles at nozzle outlet for straight
and rounded nozzles. All at 0.175 l/min flow rate
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Figure 12a shows the simulated depth profiles for the
straight, CON5, DIV5, and R0.25 nozzles after 2 s of machin-
ing time. As in the experimental results, it can be seen the
straight nozzle produces the deepest profile, but only margin-
ally over the CON5 nozzle. The difference in depth between
the straight and rounded nozzles was larger in the simulated
results than in the experimental results. Whereas in the simu-
lated results the R0.5 nozzle produced a depth 53% of that
achieved by the straight nozzle, with depths of 39.6 μm and
74.5μm, respectively, at 0.175 l/min flow rate, the experimen-
tal difference showed a difference of less than 10 μm at 0.175
l/min flow rate. The width profile for all 3 types of nozzle is
highly similar in the experimental results, whereas the simu-
lated results showed a narrower profile for the rounded nozzle.
The rounded nozzle also produces the shallowest machined
profile due to the increased resistance over the gap, however,
the width of the straight, converging, and rounded nozzle is
highly similar. In the simulation, due to the wider out-
let, the diverging nozzle produces a wider machined
profile, but with a depth around 7 μm less than the

straight nozzle, however, this does not match the per-
formance of the experimental results.

These differences between the simulated and experimental
results are believed to be due to the gap resistance being
higher in the experimental setup leading to loss of machining
efficiency in comparison to the simulated material removal
process. The flow from the rounded nozzle may separate from
the nozzle wall at a lower point in the experimental trials, and
may expand when compared to the straight nozzle, which
would be indicated by a wider machined profile from a wider
jet area. Stray electrolyte spray from the working area will also
alter the resistance across the gap. However, when comparing
the simulated results from the 3 rounded outlet nozzles (Fig.
12c) the relationship of machined depth to round dimension
follows the same trend as seen in the experimental results.
Comparatively, the width of the profile has more variation in
the simulated results, with the width reducing with increased
round dimension, however, in the experimental results the
R0.25 and R0.5 nozzles showing little variation and the
R0.75 nozzle showing a lower width. The degree of

Fig. 12. a Simulated depth profiles for various nozzles at 0.175l/min flow
rate. b Simulated depth profiles for the converging nozzles at 0.175 l/min
flow rate. c Simulated depth profiles for the rounded outlet nozzles at

0.175 l/min flow rate. d Simulated depth profiles for the straight nozzle at
varying flow rates
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convergence for the converging nozzles had a minor effect on
the simulated machined profile, as seen in 12b focused on the
bottom of the profile. Although the depth and width do de-
crease with an increasing degree of convergence, the variation

is within 2 μm, indicating the profile is dominated by the
nozzle outlet diameter over the degree of convergence. This
variation is much lower than that of the experimental results,
which showed a difference of 10 μm at the same flow rate of
0.175 l/min. However, contrary to the experimental results,
the relationship between nozzle convergence and machined
depth shows a decreasing depth with increased convergence.
In line with the experimental results the machined pit width
shows no variation with changing degree of convergence.

The variation in the dimension of the round on the rounded
outlet nozzles produced a more noticeable difference in profile
than the variation of convergence (Fig. 12c). Due to the in-
creased gap between the point of flow separation and the
workpiece with an increased round, the gap resistance in-
creases and therefore, the machining current drops for a con-
stant voltage. This can be visualised in the decreased depth of
the machined profiles. As this change of resistance would be
assumed linear with increased distance, the difference be-
tween the depths produced by the rounded outlet nozzles
would be unexpected if the depth was fully dominated by
gap resistance. However, the change in flow profile and minor
variations in flow separation are thought to influence the ma-
chined profile also.

It can be seen from Fig. 12d that the flow rate has a very
small effect on the depth profile produced. Although there is a
trend that depth decreases with increased flow rate, matching
the experimental results, the variation in depth is within 2 μm
and in general the profile shows high similarity. This is a trend
that is applicable to all the nozzle profiles.

When comparing the simulated profiles to the experimental
profiles, for the converging and straight nozzles, the simula-
tion outperformed the experiments in terms of depth and
width as represented in Fig. 13a and 13b. For the con-
verging nozzles, the difference was reduced, and the
profiles were more closely matched with the increasing
convergence size (Fig. 13b).

However, for the rounded outlet nozzles, the experimental
results present a deeper machined profile those of the simula-
tion, with the difference increasing with an increased round
size (Fig. 13c). This could be due to the difference in the flow
profile between the simulation and experiments, with the gap
resistance being significantly lower in the experiments than in
the simulation. However, as these results do show the nozzle
geometry has a significant effect on current distribution and
machined profiles, further work is required to develop accu-
rate models encompassing various geometries outside of
straight nozzles and assumed flow profiles.

4 Conclusions

This study set out to investigate the effect of nozzle geometry
on the material removal characteristics of Jet-ECM. As

Fig. 13. a Depth profile comparison for straight nozzle at 0.125 l/min
flow rate, b Depth profile comparison for CON15 nozzle at 0.175 l/min
flow rate, c Depth profile comparison for R0.75 nozzle at 0.125 l/min
flow rate
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previously mentioned, current density distribution directly in-
fluences the material removal rate, and is influenced by both
the nozzle tip geometry, and the jet shape and flow profile on
the workpiece surface, each having an effect on the flow of
current between the nozzle and the workpiece. From both the
simulated and experimental results, although the nozzles stud-
ied all share a minimum diameter of 0.5 mm, the variation in
geometry does have a significant effect on the profiles pro-
duced through Jet-ECM by altering the current density distri-
bution through jet shape and flow. Variations of over 23 μm in
depth between nozzle designs. The results indicate that:

• Contrary to the simulated results, the converging nozzles
with CON10 and CON15 nozzles produce a deeper machined
profile (61.37 μm and 63.36 μm, respectively) than that of the
straight nozzle (58.7 μm), with the CON5 nozzle showing a
shallower profile than the straight nozzle in experimental con-
ditions (53.57 μm).

• In comparison to the straight nozzle, the largest percent-
age increase in depth was found in the CON10 nozzle at
0.225l/min flow rate with an increase of 9.7%. However, the
CON15 nozzle produced more consistent depth increases than
that of the CON10 nozzle, with a percentage increase of depth
over the straight nozzle of 8.5%, 7.9%, and 9.3% at 0.125,
0.175, and 0.225 l/min flow rates, respectively.

• The diverging nozzle produced an erratic machined pro-
file due to fluctuations in the flow within the nozzle producing
a none-symmetrical flow pattern. This highlights that diver-
gent nozzle designs effect the stability of the flow, and there-
fore current distribution, resulting in unstable machining.

• Placing a rounded feature on the nozzle outlet decreases
the machined profile depth with an increasing size of the
rounded feature, with depths of 56.63 μm, 51.31 μm, and
40.16 μm for the 0.25mm, 0.5 mm, and 0.75mm rounds,
respectively at 0.175 l/min flow rate. Machining current de-
creases with increased round radius at a constant voltage by
over 34% between the R0.25 and R0.75 nozzles.

• Variations in the nozzle geometry showed little effect on
the machined profile width in comparison to the depth, with
the nozzle outlet diameter being the driving feature in ma-
chined width.

• Both simulated and experimental results show that in-
creasing the flow rate has a negative effect on the machined
profile depth, but within a range of 4 μm for the range of flow
rates studied. It is recommended that further trials are per-
formed to prove this relationship, as the range is small enough
to be due to experimental variations.

• Generally, the converging nozzles had a reduced flow
pressure than the straight nozzle at a constant flow rate, apart
from the CON10 nozzle. The rounded outlet nozzle had little
pressure variation with increasing round radius at 0.125 and
0.175 l/min flow rate, but showed variation at 0.225 l/
min flow rate indicating varying flow profiles at higher
flow rates. Machining with lower pressure with no

detriment to machined depth is beneficial for machining
delicate components as well as reducing the load on the
circulation system.

As the majority of Jet-ECM studies have been performed
with a straight, cylindrical nozzle, this study shows that there
is a benefit to developing the nozzle geometries to improve the
control and depth achieved of the material removal process.
By simply modifying the nozzle geometry, an increase in
machined depth of up to 9.7% has been realised over the
traditional straight nozzle without altering any machining pa-
rameters. By considering the results of this study, as the ma-
chined profile varies with nozzle geometry, and considering
fellow studies into nozzle tip geometry and the impact of flow
distribution on the material removal in Jet-ECM there is an
opportunity to design nozzles to produce specific profiles as
an alternative to controlling the machining parameters and
machine path for surface modification. These designs will
ultimately give more control over the Jet-ECM process, en-
abling the technology to be considered as an industrial pro-
cess. This does not just require consideration of nozzle tip
geometries as previously studied, but the geometry of the noz-
zle channel itself, and a combination of both aspects. As the
results show the nozzle geometries have a large impact on pit
depth, width, and shape, nozzle geometry needs to be consid-
ered for machining stability and repeatability regarding depth
and localisation for Jet-ECM as a manufacturing process. For
further development of the nozzles, a wider range of nozzle
feature dimensions need to be investigated, such as a larger
range of nozzle channel convergence and minimum nozzle
channel diameters.

Accurate simulation of the material removal process will
aid the development of nozzles and with the design of the
machining process to machine specific geometries without
the need for estimation from experimental trials, saving on
nozzle manufacture and costs associated with said trials. The
model should be developed to produce simulations that more
accurately predict the experimental process with an aim of
better predicting material removal profiles of nozzle geome-
tries by incorporating current efficiencies and time dependent
studies such as that by Hackert-Oschätzchen et al. [27]. It has
been seen that the nozzle geometries affect the flow pressure
and shape, and as such nozzle design needs to be carefully
considered to produce the best flow and current distribution
for Jet-ECM purposes in consideration of the work by Wang
et al. [14].
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