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Abstract

Energy Act 2008 requires that a large proportion of the North Sea infrastructure will
need to be decommissioned in the next 30 years. To perform subsea decommissioning
activities, technologies which are flexible (there is large heterogeneity in the
structures), fast (deployment costs are significant), reliable (to minimise down-time)
and deployable remotely (to avoid the use of divers) need to be developed.
Underwater laser cutting provides an innovative cutting technology for
decommissioning offshore infrastructures and nuclear waste which is cheaper, safer
and relatively faster. In this research, three approaches were used to investigate
underwater laser cutting of C-Mn steel using a 10 kW fibre laser. These approaches
comprise of an experimental, theoretical, and numerical study of underwater laser
cutting. The experimental work consisted of underwater laser cutting trials, conducted
in a 1m?3 tank and a high pressure vessel. The findings for both cutting trials were
analysed for the influence of process parameters on performance and cut quality. The
cut quality is assessed in terms of the attached dross height and kerf width because
the key requirement in decommissioning applications is that the parts being cut must
be separated with minimal secondary waste. A 50 mm thick C-Mn steel workpiece was
adequately cut with a maximum cutting speed of 200 mm/min for hydrostatic pressure
conditions of up to 20 bar, representing a water depth of ~200 m. The process
performance and kerf width results predicted by the theoretical model are validated
by underwater laser cutting trials carried out in a 1 m3 tank. A key finding in the
numerical study of a 3-dimensional (3D) gas jet expansion model is that a mixed phase
(water, water vapour (steam) and air) medium was observed at the exit of the virtual
kerf along the path of the laser beam.
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1 Introduction

1.1 Background of the Study

Decommissioning of offshore installations has been of concern to governments and
industry for many years and will continue to be for years to come, considering the
number of installations. In 2010, there were approximately 832 oil and gas structures
in the North Sea [1, 2]. In 2013, 1340 offshore installations consisting of 735 sub-sea
steel structures and 522 fixed steel installations were operational in the North Sea [3,
4]. Currently, there are more than 7000 registered drilling and production platforms
located on the continental shelves of 53 countries and 1500 of these are in the North
Sea [5]. This clearly shows the accelerated production of offshore structures.

Many of the structures producing oil and gas have a limited lifespan, often 25-40 years,
and an increasing number are due to be taken out of service [6]. However, with certain
processes and criteria, the lifespan of an ageing oil and gas infrastructure can be
extended without compromising the safe working limits. This concept of increasing the
life of an aging oil and gas facility without increasing the risk is termed as Lifetime
Extension (LE). Factors such as oil reservoirs producing more oil than estimated can
influence the decision to extend the operation of an offshore oil and gas infrastructure
(7, 8].

An example of an oil and gas infrastructure is a jacket (see Figure 1), which isa common
type of steel structure in UK waters [1].



<&———Drrilling Rig

Power Generation

Helideck—— .,

Topside —-< Quarters

Top Deck

Crane

Production Equipment

Flare Boom
Main Deck

Conductors

JacketlLegs

Jacket ‘<|

Figure 1: Schematic of a generalised offshore oil and gas platform [9]

An offshore platform comprises of the topside, splash-zone, jacket, and piles.
Excluding the piles which secure the structure to the seabed, the vertical extent can
be between 70 m and 300 m. The lowest deck of the topside is ~20 m above sea level.
The zone between the topside and the sea is the splash zone, where it is difficult to
undertake prolonged work due to wave action. The jacket is the steel or concrete
structure that supports the topsides and includes the splash zone, hydrocarbon
transporting pipes and conductors. The piles are thick walled pipes that are pile driven
hundreds of metres into the seabed to secure the jacket to the seabed [10].

Driven by the legislation under the Energy Act 2008, a large proportion of the North
Sea’s oil and gas infrastructure will need to be decommissioned in the next 30 years
[11]. So far in the UK continental shelf only 88 (12%) installations have been
decommissioned to date, reflecting the nascent nature of the decommissioning
market [12]. With more stringent environmental legislations related to global warming
and the depletion of oil reserves due to rising demand, it's thought that
decommissioning will become a priority for many companies. This will potentially
provide substantial decommissioning opportunities for years to come.



Decommissioning costs and timings vary widely depending on factors such as water
depth, type, size and weight of structure, complexity, age of the installation, the
number of wells and so on [13]. Decommissioning typically takes several years of
careful planning before execution starts. The physical removal of an offshore platform
can take anywhere from weeks to months, depending on the complexity and size of
the installations [14].

The oil and gas industry has managed its offshore decommissioning activities in the
North Sea despite the Coronavirus pandemic; however, the future is still uncertain.
Commodity prices remain volatile, particularly in the case of gas. Gas prices have
increased by more than 400 per cent throughout the year, reaching record and
prolonged high levels. While this may result in the deferral of some decommissioning
activities, the impact will be fully assessed in the coming years [15].

The total spend on decommissioning in 2020 and 2021 was estimated at £1.07 and
£1.46 billion, respectively [15, 16]. The British industry is looking to spend
approximately £16.6 billion over the next decade for decommissioning projects on the
UKCS (United Kingdom Continental Shelf) alone [15-17]. Projected North Sea
decommissioning activity estimates vary, with the most conservative estimates
predicting the market will require over £30 billion of expenditure before 2040 in the
UKCS [12]. Globally, the offshore decommissioning market is estimated to be worth
over £64 billion over the next ten years [17].

There is currently a selection of different Subsea Cutting Methods (SCMs) which could
be effectively utilised for decommissioning offshore installations. The three main
competing technologies for decommissioning subsea structures are abrasive water jet,
diamond wire cutting and plasma arc cutting [1, 18]:

e Abrasive Water Jet (AWJ): This technology uses an industrial tool (water jet
cutter) capable of cutting a wide variety of materials using an extremely high-
pressure jet of water, or a mixture of water and an abrasive substance. This
SCM can cut variety of materials, in varied depths and in thick-sections but it is
inherently slow and produces significant secondary waste in the form of
contaminated abrasive in a water sludge;

e Diamond Wire Sawing (DWS): DWS is a cutting technology which uses a wire of
various diameters and lengths, impregnated with diamond dust of various sizes
to cut through materials. This technology is frequently used by oil and gas
industries for dismantling of large structures and can be used at extreme
depths. However, such machines are large, heavy and contain complicated
mechanisms for traversing the wire. The major limitation of this technology is
the cost of deployment;

e Plasma Arc Cutting (PAC): This cutting method employs superheated, ionized
gas funnelled through a plasma torch to heat, melt and, ultimately, cut the
material. This technology has proven itself to be cheap and reliable in cutting
metallic materials, but mostly on planner geometries and it is used by the oil



and gas sector as well as the nuclear industry. However, its use is inherently
limited by standoff distance and electrically conductive and flat material
geometries. Furthermore, due to considerably large kerf, the process produces
a high level of secondary waste, and requires frequent nozzle changes,
increasing operational time and costs.

In offshore decommissioning applications, a technology which cuts various geometries
and thicknesses, provides flexible functionality to cut with a single tool (ease of remote
deployment, operation and maintenance) and enable the capability to cut both from
outside-in and inside-out would be considered highly desirable. Fibre delivered laser
beam cutting has the potential to deliver these benefits by means of cutting safer,
cheaper and relatively faster. This provides a great opportunity for development,
deployment and the use of fibre laser technology, particularly for underwater cutting
applications.

1.2 Motivation

Underwater laser cutting offers great potential to replace underwater cutting methods
like AWJ, DWS and PAC for tasks such as dismantling offshore infrastructures. The main
motivation for this research is to investigate underwater laser cutting in atmospheric
pressure conditions and hyperbaric conditions that simulate offshore settings. This
work is structured around the experimental investigation of underwater laser cutting
of C-Mn steel, considering the application for the decommissioning of subsea
installations. Therefore, this work provides the underlying data for theoretical analysis
by developing and applying experiments relevant to the practical application of
underwater laser cutting. The main objective of the theoretical work is to predict the
process performance, in terms of the maximum cut thickness, and kerf width
generated from the underwater laser cutting process at various laser powers.
Moreover, this work examines an underwater gas jet expansion model for underwater
laser cutting, an innovative study in this research field.

1.3 Aims and objectives

The aims and objectives of this study can be stated as follows:

e Scientific
o To develop a scientific understanding of the underwater laser cutting
process and influencing parameters up to a hydrostatic pressure of 20
bar on C-Mn steel structures up to 50 mm in thickness.



e Technical
o To advance the state-of-the-art of an existing underwater laser cutting
technology with the capability of cutting 50 mm thickness C-Mn steel
at depths up to 200 m.

1.4 Structure of Thesis

There are seven chapters in this thesis. The first chapter is an introduction to the study
that presents the background of the study, motivation, objectives of the study, and
contribution of the thesis.

The influence of process parameters on cutting speed (performance) and cut quality
(dross height and kerf width) in 1-micron lasers for both conventional and underwater
laser cutting are explained in detail in Chapter 2. The influence of process parameters
mostly focuses on fibre delivered laser systems because 10.6 um CO; lasers cannot be
delivered via a fibre [19]. This literature review also focuses on laser cutting C-Mn steel
and stainless steel because most offshore structures are made from stainless steel and
most non-contaminated offshore facilities are made from C-Mn steel [20]. Studies that
use air or an inert cutting gas are investigated because the use of pure oxygen as an
assist gas raises major safety issues in decommissioning applications [20].

The third and fourth chapter presents the experimental investigation of underwater
laser cutting. Chapter 3 describes the equipment and experimental procedures used
in this work. The experimental work in this project was organized into two sets of
cutting trials, both conducted at The Welding Institute (TWI). The 1t set of underwater
laser cutting trials were carried out in a 1 m? tank. The 2" set of underwater laser
cutting trials were conducted inside a high pressure vessel, designed and
manufactured by TWI. Chapter 4 presents the results from the 1t and 2"9 set of cutting
trials. This addresses the influence of laser power, cutting speed, assist gas pressure,
hydrostatic pressure and standoff distance on the corresponding maximum cut
thickness, dross height and kerf width.

Chapter 5 describes the development of a power balance theoretical model for
underwater laser cutting which was accomplished in two phases. The first phase
comprises of modelling laser cutting and validating the theoretical results using
experimental data of conventional laser cutting. The second phase concerns modifying
the power balance equation in conventional laser cutting with conduction and
convection heat losses that occur underwater. The theoretical findings are then
validated by experimental results of underwater laser cutting in a 1 m? tank.

The sixth chapter presents the development and application of a gas jet expansion
numerical model for underwater laser cutting. The development of an underwater gas
jet expansion model for underwater laser cutting was accomplished in two key stages
using ANSYS Fluent 18.2 [21]. The goal of this chapter is to investigate the effect of
fluid flow on the underwater laser cutting process to identify a mixed phase (water,



water vapour (steam) and air) medium along the path of the laser beam. A mixed
phase region at the laser-material processing zone can affect both the cutting
performance and quality in underwater laser cutting. This research is required because
an underwater gas jet expansion flow is unsteady and turbulent, making it difficult to
quantify the volume fraction of air and velocity in the path of the laser beam using
experimental visualisation [22, 23]. Finally, the conclusions of the study and
recommendations for future work are given in Chapter 7.

1.5 Contribution of thesis

This thesis presents an analysis of underwater laser cutting of a 50 mm thick C-Mn
steel workpiece in hydrostatic pressure conditions of up to 20 bar, corresponding to a
water depth of ~200 m. A 10 kW IPG Ytterbium fibre laser system operating in
continuous wave (CW) mode was used together with air as a cutting gas. The
contributions of this thesis can be separated into three categories, which are an
experimental study, a theoretical modelling study and the development of a 3D gas jet
expansion numerical model for underwater laser cutting. The experimental work
contributes to the study of underwater laser cutting by:

e Providing an approach of performing underwater laser cutting trials in
increasing hydrostatic pressure conditions of up to 20 bar, representing a
water depth of ~200 m;

e Showing that a 50 mm thick C-Mn steel workpiece can be adequately cut with
a maximum cutting speed of 200 mm/min for hydrostatic pressure conditions
of up to 20 bar, representing a water depth of ~200 m;

e Analysing the influence of water depth on the process performance (in terms
of maximum cut thickness) and cut quality (dross height and kerf width) in
increasing hydrostatic pressure conditions, which adds new knowledge in this
research field.

The theoretical modelling work provides new knowledge to the study of underwater
laser cutting by:

e Predicting the process performance and kerf width results in underwater laser
cutting by theoretical formulation as analytical modelling literature in this
research field could not be found. The lack of analytical modelling studies in
underwater laser cutting can be attributed to the fact that research in this field
is mainly experimental [1].

The development and application of a 3D underwater gas jet expansion numerical
model aids to the study of underwater laser cutting by:

e Identifying a mixed phase (water, water vapour (steam) and air) medium along
the path of the laser beam. This study is vital as it is difficult to quantify the



volume fraction of air and velocity in the path of the laser beam using
experimental visualisation as an underwater gas jet expansion flow is unsteady
and turbulent.



2 Literature review

2.1 Background of lasers

The concept of a laser began in 1917 when Albert Einstein theorised the principle of a
laser as a stimulated emission [24]. The first theory of a LASER (an acronym for Light
Amplification by Stimulated Emission of Radiation) was published in 1958 by Schawlow
and Towns. However, Gould who also published the term LASER in his 1959 paper was
later granted the patent for LASER and most laser processes after a 30-year patent war
against Schawlow and Townes [25, 26]. In 1960, the first ruby laser was invented by
Maiman [27] and Snitzer [28, 29] invented the first fibre laser in 1963. The Western
Electric Engineering Research Centre designed the first production laser cutting
machine in 1965 to drill holes in diamond dies for wire extrusion using a ruby laser
which produced pulses of coherent visible light at a wavelength of 694.3 nm [24]. In
May 1967, Sullivan and Houldcroft cut a millimetre thick steel sheet using a 300 W CO;
laser at a TWI Laboratory [30, 31]. This was the start of oxygen assisted laser cutting
of metals [24].

The first industrial use of a CO2 laser started in 1971 and lasers for sheet metal cutting
applications began to be adapted industrially in 1975 [32, 33]. Initially developed for
the telecoms industry, the industrial use for fibre delivered laser beam sources
became commercially available on the market in the late 1980s. Lasers have evolved
since then as they are now used in many manufacturing processes, which include
welding, cladding, marking, surface treatment, drilling, and cutting; the single largest
application is metal cutting [24].

With recent developments in fibre laser technology in terms of higher wall plug
efficiency, increased flexibility and automation control, the demand and use of fibre
lasers in material processing has grown significantly. Fibre laser sources have also
overtaken CO; laser sources in market share for 2-D flatbed cutting applications. This
is particularly fuelled by China’s growth in using fibre lasers over CO; lasers for material
processing and the growing laser uses in the automotive sector mostly in the Asia
Pacific region [24, 34].

2.1.1 Laser cutting process

The laser cutting process is a thermal, non-contact cutting method in which a high-
power focused laser beam with required intensity is used to melt and possibly vaporise
the workpiece at the focused region. A pressurised gas jet coaxially aligned with the
laser beam is used to eject the molten or vaporised layer from the cut channel/kerf
(see Figure 2). The laser cut kerf is created by the relative motion between the incident
laser beam and the workpiece, together with the removal of molten material by an
assist gas jet. The principal components of the laser cutting system include [1, 35, 36]:



e The laser source, which generates laser beam with a suitable cooling system to
control temperature.

e The beam guidance system (i.e. fibre optics or free-space propagation using
mirrors).

e The laser cutting head consisting of the collimation and focusing optics, the
assist gas nozzle assembly and the workpiece handling equipment.

Laser Beam Cutting (LBC) process occurs when the laser power intensity is high enough
to melt or vaporise the material and the laser power intensity is given as [24]:

Power _ 4p

(1)

Power intensity = r—

Where P is the laser power and d is the beam’s diameter on the material surface.
Figure 2 shows a schematic representation of a gas-assisted laser cutting process [37]:

Laser beam
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Gas jet
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Figure 2: A schematic representation of the gas-assisted laser cutting process [37]

2.1.2 Laser-metal interaction

All materials either transmit, reflect or absorb laser radiation. For opaque materials
[24]:

Reflectivity + Absorptivity = 1 (2)

For transparent materials:

Reflectivity + Absorptivity + Transmissivity = 1 (3)



This fundamental characteristic of laser radiation is dependent upon its wavelength
and material properties such as refractive index, extinction coefficient and radiation
absorption coefficient. Figure 3 schematically shows the reflection and absorption
definition of an incident laser beam with the angle of incidence, ¢;,, [38].

Incident laser beam

Normal vector

4
4
4

Surface =—> ,

(pm,.’

"_/_:__,__._-——-—' Reflected beam

Absorbed beam
Figure 3: Diagram defining the reflection and absorption of a laser beam

The quantity of heat absorbed depends on the absorptivity of the workpiece surface
to the laser radiation. Absorptivity is the ratio of the amount of heat absorbed to the
incident laser power. In opaque metals; absorptivity A can be simplified as [24]:

A =1 — Reflectivity of workpiece surface (4)

Equation (4) can be written as:

A= 4n
T n24+k24+2n+1

(5)

Where n is the refractive index and k is the extinction coefficient. For iron at 25°C,
Table 1 shows the values of n and k and A [39]:

Table 1: Properties of iron at 25 °C [39]

Wavelength (M) 1.06 um (=YAG) 10.6 um (=CO3)
Extinction coefficient (k) 4.7 29
Refraction coefficient (n) 3.2 6.4

Absorption coefficient (4)

(calculated from equation (5)) 0.322 0.029

The absorptivity depends on the angle of incidence, plane of polarisation of the light
beam, material type, temperature of material, phase of the material and the
wavelength of laser radiation [24]. When the angle of incidence is zero (¢;, = 0), the
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beam component parallel to the incidence plane Rp and normal component Rg are
absorbed equally. The reflectivity Rp and Rg in fibre lasers are given by Fresnel
relations according to [36, 40]:

_ (ncos @i, — 1)? + (k cos ¢;)?

= 6
(ncos @, +1)? + (k cos ¢;,,)? (6)

P

and

_ (n—cos@)? + k?
"~ (n+ cos @;,)? + k2

(7)

S

Where R is the reflection for parallel polarised laser radiation, R is the reflection of
perpendicular polarised laser radiation and ¢;,, is the angle of incidence. In the case
of un-polarised or circularly polarised radiation, the reflectivity R4y can be estimated
as the average value of the reflectivity Rp and R according to [40]:

Rs +R
Ryve = % (8)

As a result, the average absorptivity A,y is given by [40]:

(9)

R5+RP)
2

AAVE:1_<

The index of reflection n and absorption k vary slightly with temperature but are
strongly dependent on the wavelength [38]. Table 2 shows the indices of refraction
and extinction coefficients of molten iron for different wavelengths and temperatures.

Table 2: Index of refraction and extinction coefficients of iron for different
wavelengths and temperatures (melting point, boiling point and average) [40]

Temperature | Wavelength =1.07 um | Wavelength =10.6 pm
(K)
n k n k
1800 5.46 3.96 15.5 15.1
3000 5.14 3.68 14.6 14.1
2400 5.30 3.82 15.0 14.6

Figure 4 illustrates the theoretical absorptivity for different un-polarised laser beam
wavelengths of 10.6 um (COz) and 1.06 um (fibre/disk) as a function of the incident
angle. The absorptivity reaches a maximum at a distinct angle of incidence which is
known as the Brewster angle. The Brewster angle or polarisation angle is a special
angle of incidence at which an unpolarised beam is reflected from the surface perfectly
polarised (perpendicularly) while the absorbed ray is partially polarised. At Brewster
angle, the angle of reflection is at right angles to the angle of refraction and, the
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coefficient of reflection of perpendicularly polarised light (R;) is at its lowest and the
coefficient of reflection of parallel polarised light (Rp) is at its highest [24, 36].
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Figure 4: Absorptivity of molten iron for un-polarised laser radiation with different
wavelengths

According to Figure 4, for a Ytterbium (Yb) fibre laser (wavelength of 1.07 um), the
Brewster angle is 79.89° and for a CO; laser (wavelength of 10.6 um), the Brewster
angle is 87.32°. After exceeding this angle, the absorptivity strongly diminishes with
subsequent increased values of the inclination angle. The theoretical absorptivity is
the same for both wavelengths at an angle of 85.9°. The absorptivity in metals
generally increase with shorter wavelengths, as the material is being heated to its
melting temperature during the laser cutting process [24, 36].

2.2 Laser cutting for manufacturing applications

Nearly all metals are greatly reflective of infrared energy (electromagnetic radiation
with wavelengths longer than those of visible light) but focusing a laser of more than
1 MW/cm? can quickly initiate surface melting or vaporisation on the focused region.
Convection and conduction in the molten material transfer heat to the solid material
and increases the molten material volume. Therefore, laser cutting can be
characterised by energy thresholds because a characteristic temperature must be
reached in the material - i.e. melting, vaporisation and evaporation while energy is lost
from the interaction zone by heat conduction to the substrate metal.
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2.2.1 Laser vaporisation/ Sublimation cutting

The principle of vaporisation cutting depends on a high intensity focused laser beam
to raise material surface temperature to its boiling point until a keyhole is created. The
keyhole causes an increase in the absorption of the laser beam due to the multiple
reflections within the cavity walls and the hole deepens quickly. The multiple
reflections from the incident laser beam can destabilise the lower part of the cut zone
and cause coarser striations [36, 41]. Assuming heat conduction is negligible, the rate
of penetration V of the incident laser beam can be assumed to be [24]:

v AP,
B pbct[Lm + LV + Cp(Tv - To)]

(10)

Where A is the absorptivity of the material, P is the incident laser power, p is the
material density, b, is the kerf width, t is the material thickness, L,, is the latent heat
of melting, Ly is the latent heat of vaporisation, ¢, is the specific heat capacity, T, is
the vaporisation temperature and T, the initial temperature of the workpiece [24].

Vaporisation cutting uses a laser to evaporate the material with as little melting as
possible [42]. lon [43] characterises vaporisation cutting as a process in which both
vapour and melt are formed and removed from the kerf by an assist gas jet, while
Radovanovic [44] defines it as a process in which only the material vapour is exclusively
removed by vaporisation as almost no melt occurs.

Vaporisation laser cutting requires very high-power intensities and is normally used
with pulsed lasers [43]. This process is sufficient for cutting of non-metals and very
thin-section (< 1.0 mm) metal workpieces such that conduction losses from the cutting
zone to the substrate metal can be considered negligible [36]. In the cutting of thicker
metal workpieces, a very high-power intensity would be required to vaporise all the
melted kerf volume as well as compensate for the high conduction losses, therefore,
laser melt cutting is sometimes applied.

2.2.2 Laser melt cutting/ Laser fusion cutting/ Melt and blow

The laser fusion cutting process uses a focused high intensity laser beam to melt
material corresponding to the kerf volume and a high-pressure inert cutting gas jet to
eject the molten material out of the cut kerf. The laser beam intensity is not high
enough to vaporise the kerf volume, but sufficient to melt it, so that it can be removed
by inert assist gasses, such as Argon or Nitrogen. Laser fusion cutting may be used for
cutting mild steels up to 25 mm thick [45]. This process produces oxide free cut edges
which do not require any cleaning operation but with lower cutting speeds compared
to the use of an active (oxygen) assist gas [46].
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Assuming that all the absorbed laser power is used in melting the kerf volume before
significant conduction occurs, the lumped heat capacity equation for laser fusion
cutting is given by [36]:

AP = b.tv.p|L,, + c,AT (11)
P

Where v, is the cutting speed and AT is the temperature rise from the initial
temperature to the melting temperature of the material. Rearranging Equation (11)
gives:

P _bep
v~ A

[Lm + cpAT] (12)

Here, the width b, (a function of the focused spot diameter and cutting speed) and
absorption A are functions of the laser wavelength, whilst all the other parameters are
constant thermophysical properties of the material. Therefore, in laser fusion cutting,

. . P . .
it can be assumed that the energy per unit area s constant for a given beam and
material [24].

2.2.3 Laser oxygen cutting /Oxidation cutting/ Reactive fusion cutting

In reactive fusion cutting, an oxygen gas jet is used, which provides additional heat
input to the process via an exothermic reaction. Laser oxygen cutting is often used for
cutting alloy steel such as mild steel and thicknesses up to 40 mm at relatively fast
processing speeds [45]. The exothermic reaction can potentially provide 60% to 90%
of additional energy to the cutting process [1, 24]. The amount of energy supplied by
the exothermic reaction varies with the material; with mild steel and stainless steel it
is about 60% of the energy used for cutting, and with a reactive metal like titanium it
is around 90% [24].

The drawback of this process is the presence of the oxide layer on the cut edge, which
may influence the final quality, requiring further re-processing steps in manufacturing
operations e.g. welding or painting. However, the advantage for laser oxygen cutting
is the ability to cut thicker materials with the same laser power compared to fusion
cutting. Also, metal oxidation increases melt removal by lowering the viscosity and
surface tension of the molten material during the cutting process [47, 48].

Laser Assisted Oxygen Cutting (LASOX) is also another effective method which allows
the cutting of thick steel with relatively low laser power [49]. With the full use of
combustion heat from Fe-O reaction, LASOX can cut thick mild steel plates by a
defocused laser of medium power using a supersonic nozzle. The LASOX technique
relies on the laser beam heating the surface of the steel to the ignition point across
the whole area of gas jet impingement. As a result, the laser power requirements are
much reduced and the dynamics of the gas jet control the process result [50]. LASOX
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was performed by O’Neill and Gabzdyl [50] when cutting a 50 mm thick 43A mild steel
plate with an incident laser power level of 1 kW, cutting speeds in the range of 150 -
220 mm/min, a stand-off distance of 3 mm, a nozzle exit diameter of 2.5 mm and an
oxygen gas pressure of 8 bar.

2.3 Laser cutting parameters and process performance

The quality of the laser cutting process — and consequently the resulting cut quality —
is governed by a number of parameters related to the laser system, material, and the
process [24] (see Figure 5). The material parameters consist of the material thickness
and type; the laser system parameters include the laser beam quality, wavelength of
the laser radiation and maximum output laser power; and the processing parameters
comprise of the focal length of the focusing lens, pressure and type of assist gas, used
laser power, nozzle diameter, focal point position relative to workpiece top surface,
nozzle standoff distance and cutting speed [24].

For the cutting of a particular material and specimen thickness using a specific laser
system, the processing parameters can be altered by the operator to optimise the
cutting process and attain high cut quality at a high cutting speed for high productivity.
The laser system parameters - which are characteristics of the laser system — cannot
be modified by the operator [36].

[ Laser cutting parameters }

| |
@ D N

Laser system parameters Workpiece parameters Processing parameters

* Maximum output laser * Material type * Used laser power
power * Thickness * Cutting speed

* Beam quality * Focal length

* Wavelength * Focus position

 Stand off distance
* Type and cutting gas
pressure

\ / K / K'Nozzlediameter j

N N s

[ Parameters not adjusted }

by operator [ Parameters adjusted by operator ]

Figure 5: Laser cutting parameters [24]
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2.3.1 Laser power

The laser power used for cutting determines the maximum cutting speed for a given
workpiece thickness. The power balance at the cutting front is such that the sum of
laser power absorbed to melt the kerf volume, reflected from the cut front and the
power lost from the cutting zone through heat conduction to the substrate metal is
equal to the total power used in the cutting process [36].

The overall effect of increasing the power is to allow cutting at faster speeds and/or
greater thicknesses. The potential disadvantage of increasing the power is that the
kerf width increases often resulting in poor cut edge quality [24]. Excessive power
results in a wide kerf width, a thicker recast layer, and an increase in dross. With
insufficient power, cutting cannot be initiated [43]. The effect of laser power on the
cutting performance has been investigated by Chagnot et al. [37], Wandera et al. [48,
51] and Golnabi & Bahar [52]. Generally, the maximum possible cutting speed is
proportional to laser power, provided the power intensity on the workpiece surface
increases proportionally. However, the influence of laser power on maximum cutting
speed is more significant when cutting low thicknesses in both inert [52] and reactive
gas (air) cutting [37].

2.3.2 @Gas pressure

The assist gas pressure is one of the most essential parameters in laser cutting. It
provides the required shear and pressure gradient forces to eject the molten material
from the cut kerf, protects the optical lenses from spatter, cools the cutting edge with
forced convection, helps to produce oxide free cuts in inert gas cutting, protect the
laser-material interaction region from the surrounding environment and contributes
to 60-90% of the cutting process energy in reactive gas cutting [24].

The principal role of an inert assist gas jet - e.g. argon or nitrogen - during laser cutting
of a metal specimen is to shield the cut zone from oxidation and expel the molten layer
from the cut kerf. The use of an active assist gas jet (air or oxygen) for laser cutting of
a metal specimen affects the energy balance at the cutting zone. The oxygen gas jet
plays two major roles during the laser cutting process, firstly the oxygen gas reacts
exothermically with the molten metal resulting into energy addition to the cutting
zone, and secondly the oxygen gas jet exerts the necessary thrust required to eject the
oxidised melt from the cut kerf [36].

The effect of gas pressure on the process performance has been investigated by Hilton
& Khan [53] and Sparkes et al. [54]. Hilton & Khan [53] used a 5 kW fibre laser to cut
304L stainless steel tubes of diameter up to 170 mm and wall thickness up to 11 mm.
In this study, the maximum possible cutting speed increased with increasing assist air
pressures from 2-10 bar particularly in tubes with lower thicknesses. In contrast,
Sparkes et al. [54] reported very little difference in maximum cutting speed with
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changes in focal position, nozzle diameter and cutting gas pressure of 10-20 bar in inert
gas laser cutting on 6-10 mm thick stainless steel plates using a 2.2 kW fibre laser.

2.3.3 Thickness/ Cut depth

The depth of cut in laser cutting refers to the maximum sheet thickness that can be
cut using an employed laser cutting condition. In commercial laser reactive cutting,
maximum depths of cut around 12-15 mm in mild steel with 2 kW lasers are achievable
[50]. Power levels substantially above 2 kW are required to cut plates above 15 mm
thick with process stability reducing with increasing section thickness [55]. The
maximum cutting speed at which a through cut is possible generally decreases with
increasing material thickness in both inert [56] and reactive gas cutting [52] of steel
with a 1.06 um wavelength laser light source.

2.3.4 Wavelength

The wavelength of a particular laser depends on the energy levels of atoms in the laser
medium and transitions in the process of stimulated emission [43]. The shorter the
wavelength, the higher the absorptivity, and the finer the focus for a given mode
structure and optics train [24]. The maximum absorption of laser energy with lowest
reflection can be obtained with a certain wavelength for a specific material type. The
two most common commercial lasers are CO; lasers with a wavelength of 10.6 um and
fibre/disk with 1.06 um, both of which are used in cutting and welding processes [38].
Due to the shorter wavelength, fibre lasers have some advantages over CO: lasers.
Important advantages of the fibre laser which are of special interest to laser cutting
include [57]:

e Depth of focus, capability to focus;

e High absorption for metallic materials;
e Possibility to use fibre delivery;

e High electric efficiency;

e Compact design and mobility.

A comparison of the cutting speed between fibre/disk and CO; lasers in cutting steels
was investigated by Hilton [19], Petring et al. [41, 58], Stelzer et al. [56], Wandera et
al. [59] and Seefeld & O’Neill [60]. The main message of these publications is that the
benefits of high beam quality as well as a shorter wavelength (as compared to the 10.6
um CO; laser) in terms of cutting speed are much more obvious for cutting thin rather
than thicker steel sections [58]. The reasons for the different performances between
fibre/disk and CO; laser cutting are not yet completely realised and there are
debatable discussions in the literature [38].
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2.3.5 Stand-off distance

Another important practical parameter in laser cutting is the distance between the
nozzle and the workpiece top surface — the stand-off distance (see Figure 6). This
distance influences the flow patterns in the gas, which have a direct bearing on cutting
performance and cut quality. A short stand-off distance gives stable cutting conditions,
although the risk of damage to the lens from spatter is increased. The stand-off
distance is normally selected in the same range as the diameter of the cutting nozzle
to minimise turbulence. The nozzle stand-off distance is optimised to maximise cutting
speed and quality [61].

The nozzle delivers the assist gas jet to the cutting front and the design of the nozzle
orifice determines the shape of the cutting gas jet at the cutting front and influences
the efficiency of melt ejection. The nozzle stand-off distance influences the gas flow
dynamics at the entrance of the cut kerf and consequently influences the gas flow
patterns at the cutting front. The gas flow patterns at the cutting front have a strong
bearing on the resulting cut edge quality especially during high pressure inert gas
assisted laser cutting [62-64].

+—Stand-off distance—

/ Negative focus position

Figure 6: Definitions of stand-off distance and focus position distance (positive focus
position - left and negative focus position - right)

2.3.6 Focus position

The focal point position is the location of the minimum focused spot size relative to
the workpiece top surface and affects the laser power intensity on the workpiece [65].
The focus position can either be positive or negative depending on its location relative
to the workpiece surface (see Figure 6). Generally, a positive focus position is located
above the material surface and a negative focus position is located below the
workpiece surface. In laser cutting processes, there is an optimum focal point position
- for a particular workpiece thickness - which produces minimum cut edge surface
roughness and minimum dross attachment on the lower cut edge. There are also focal
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point positions where laser cutting through the material cannot be achieved because
of the reduced power intensity on the workpiece [36].

The focus position controls the surface spot size which determines the surface power
intensity and whether penetration will occur [24]. In reactive fusion cutting, the
maximum cutting speed is achieved if the focal plane of the beam is positioned at the
workpiece surface for thin metal sheets, or about one third of the plate thickness
below the surface for thick metal plates [61]. In fusion laser cutting processes,
however, the optimum position is closer to the lower surface of the plate, because a
wider kerf is produced that allows a larger part of the gas flow to penetrate the kerf
and eject molten material [61]. This was reported by Wandera and Kujanpaa [66] when
conducting a series of inert cutting trials on 10 mm thick stainless steel using a 5 kW
fibre laser.

2.3.7 Focal length

The focal length of the focusing lens determines the minimum focused spot size
essential for high power intensity required for laser cutting of a metal workpiece. The
relationship between the lens focal length and the focused spot diameter is defined as
[67]:

Af
dy =—-BPP (13)

Where d is the focused spot diameter, f is the focal length of the focusing lens, BPP
is the Beam Parameter Product of the incident laser radiation and D is the raw beam
diameter on the focusing lens.

The focal length also determines the depth of focus which is the effective distance over
which the minimum focused beam diameter is maintained. The depth of focus is the
distance over which satisfactory cutting can be achieved. The relationship between
the lens focal length and the depth of focus is given as [67]:

d, = 4 <£)2 BPP (14)

Where d is the depth of focus. The use of a shorter focal length lens for focusing of
the incident laser beam gives a smaller focused spot size with high power intensity but
with a smaller depth of focus, consequently a longer focal length may be necessary in
some applications where a longer depth of focus is essential for good cut edge quality
like in thick-section metal cutting [36].
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2.4 Laser cut quality

Cut quality can be characterised in terms of perpendicularity or angularity of the cut
edge, kerf width, surface roughness, dross height, cut edge surface roughness,
boundary layer separation point and so on [24, 68]. These characteristics are explained
in detail in the following sections.

2.4.1 Kerf width

The kerf is the cut slot that is formed during through-thickness cutting. It is normally
narrower at the bottom of the workpiece than the top [61]. The cut kerf width is the
distance separating the two cut surfaces of the cut slot and represents the amount of
material removed during the laser cutting process [24]. In laser cutting processes, the
diameter of the laser spot impinging the work piece defines the kerf width [37]. This is
supported with many studies by Lopez [35], Chagnot et al. [37], Wandera & Kujanpaa
[69], Hashemzadeh et al. [70] and Himmer et al. [71]. Therefore, all cutting parameters
that affect the beam spot size on the surface of the material affects the kerf width and
that includes the focus position [72].

The cut kerf width also depends on the laser power and to some extent cutting speed
[24]. Golnabi and Bahar [52] investigated the influence of cutting speed, laser power,
thickness, material type and oxygen gas pressure on the average cut width using a
Nd:YAG laser to cut stainless steel and mild steel workpieces. The average kerf width
decreased with increasing cutting speed and increased with increasing laser power.
The average kerf width was not greatly influenced by the assist gas pressure.

2.4.2 Dross height

Dross is the part of the melted material that is not completely ejected from the cut
kerf but resolidifies and remains firmly attached to the lower cut edge (see Figure 7-
the workpiece's shape is shown by the white lines provided.) [61]. The formation of
adherent dross is closely related to the properties of the melt flow and the geometrical
shape of the lower edge of the melting front [73]. Molten metals with high values of
surface tension and viscosity are more difficult to eject from the cut kerf by the assist
gas jet and can result in adherent dross on the lower cut edge.

Low gas pressure also increases the possibility of adherent dross [36, 66]. This was
reported by Wandera [66] who investigated the effects of assist gas pressure, nozzle
diameter, nozzle standoff, focal point position, and cutting speed in inert gas fibre laser
cutting of 10 mm thick stainless steel workpieces. Dross attachment on the lower cut
edge reduced with increasing assist gas pressure and cut kerf width. Overall, the assist
gas pressure, nozzle diameter, and focal point position were found to significantly
affect the efficiency of melt removal from the cut kerf and thereby minimise dross
attachment [66].
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Figure 7: Dross attachment on the lower cut edge of a 5-50 mm thick C-Mn steel
workpiece (10 kW laser power, 8 bar assist air pressure, 125 mm/min cutting speed,
4 mm stand-off distance and a focal point position 4 mm above the workpiece top
surface underwater).

2.4.3 Surface roughness

The cut edge surface roughness is the unevenness or irregularity of the cut surface
profile which is observed as striations on the cut edge. The dynamic behaviour of the
laser cutting process affects the shape of the cutting front and the melt flow
mechanism resulting in the formation of striations on the cut edge [73]. The mean
height of the profile (average value of roughness), R;, measured in micrometres is
used in the quality classification [43]. The length of measurement is 15 mm, which is
divided into five partial measuring lengths. The distance between the highest peak and
the lowest trough is determined for each partial measuring length. Quality classes can
be defined, based on those for thermal cutting techniques, which express roughness
in terms of the material thickness, a. The classification of the mean height of the profile
shown in Figure 8 are provided in the standard for thermal cuts (SFS-EN ISO 9013) [43,
74]. The lowest mean height of the profile (Class 1) gives the best cut quality in terms
of the cut edge surface roughness.
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Figure 8: Quality classes for thermal cutting based on edge roughness [43, 74]

Generally, 1-micron fibre lasers give a better surface roughness when cutting thin
materials, while CO; lasers give a better surface roughness when cutting thick
materials. Hilton [19] compared the surface roughness of cutting stainless steel plate,
from 0.6 to 6 mm in thickness, using an Yb:YAG disc laser and a CO; laser, both
operating at 5 kW of power and using nitrogen assist gas. Using both lasers, cutting
speeds were established for each material thickness which produced the best cut
quality in terms of surface roughness. The disc laser could cut thin materials (0.6 and
1.2 mm thickness) at higher speeds and with lower edge roughness than the
equivalent power CO; laser. However, for thicker stainless steel plates (3 and 6 mm
thickness), the CO; laser produced better cut quality, particularly in terms of surface
roughness [19]. Himmer et al. [57] and Wandera et al. [59], using both fibre and disc
lasers, produced results that agree with the findings from this study at different cutting
conditions.

2.4.4 Cut edge squareness (perpendicularity) deviation

The cut edge squareness (perpendicularity) deviation, u is the greatest perpendicular
distance between the actual surface and the intended surface [43] (see Figure 9). The
ranges for the classification of perpendicularity tolerances shown in Figure 10 are
provided in the standard for thermal cuts (SFS-EN 1SO 9013:2002) [43, 74]. The
smallest perpendicularity tolerance - corresponding to Class 1 - is desired.

22



Aa

W

P |
<

u

| ~——

Figure 9: Squareness (perpendicularity) deviation, u of a vertical cut; a is the
workpiece thickness and Aa is the thickness reduction for determination of
perpendicularity tolerance [74]
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Figure 10: Quality classes for thermal cutting based on edge perpendicularity and
angularity [43, 74]

2.4.5 Boundary layer separation point (BLS)

The boundary layer separation point (see Figure 7) is the depth where the flow
separates from the solid kerf wall and the melt flow regime transitions from a laminar
boundary layer flow to a turbulent boundary layer flow. The location where the melt
flow separates from the solid kerf wall depends strongly on the velocity and thickness
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of the melt [73]. Flow separation occurs when the mainstream flow decelerates in the
flow direction and the static pressure in the mainstream increases in the flow direction
according to the Bernoulli’s equation (i.e. conservation of energy) [75, 76].

In laser cutting, more molten material is added to the melt layer as the melt flow
progresses down the kerf; and the viscous shear in the boundary layer continuously
retards the melt streamlines in the boundary layer, especially in the regions close to
the solid kerf wall, causing a deformation of the velocity profile in the boundary layer.
At some downstream location along the kerf wall (called separation point), the velocity
of the streamlines close to the kerf wall becomes zero and the melt layer thickens
rapidly to satisfy continuity within the layer. Downstream of the separation point, the
fluid near the kerf wall starts moving in an upstream direction pushing the boundary
layer and the mainstream flow away from the kerf wall (see Figure 7). The boundary
layer separation point on the cut edge mostly appears in inert gas assisted laser cutting
of thick-section metal depending on the process parameters [36].

2.5 Laser cutting for decommissioning applications

2.5.1 Background

The term “decommissioning” refers to the safe end-of-life management of many
different types of nuclear and offshore facilities [77]. In nuclear power plants, most
Intermediate Level Waste (ILW) and High Level Waste (HLW) are stored underwater
after service. Due to restrictions in storage space and increased risk of dose uptake
during handling, the use of underwater cutting technology for dismantling or size
reduction is often preferred [18]. For offshore facilities, as oil and gas fields reach the
end of their lifespan, they must be decommissioned and the surrounding area
returned to its natural condition. One feature that these two applications have in
common is that the resulting cut quality is not a particular issue. In decommissioning,
the key requirement is that the parts being cut must be separated with minimal
secondary waste [20, 78].

The decision to decommission any facility is often based both on safety and on
economics [77]. Therefore time, safety and cost are major drivers in decommissioning
applications [78]. Compared to conventional cutting technologies, the cutting speed,
remote deployment, automation, and flexibility offered by fibre lasers today is now
being considered as a viable technology for dismantling large and complex structures
in decommissioning applications. This is because compared to mechanical and other
thermal cutting processes, laser cutting offers many benefits, which include [20, 78]:

e Light weight and small cutting head with flexibility offered by optical fibre
beam delivery making remote deployment less difficult and costly;

e Minimal secondary waste which reduces risk to the operator and lower
emissions on the environment;

e Ability to cut complex structural geometries with minimal reaction force on the
part being cut;
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e High degree of remote automation and large stand-off distance control;

e Low deployment input and maintenance, providing significant cost savings;

e Fibre laser systems are a high value asset that can be reused many times on
multiple applications.

These benefits of lasers satisfy the major drivers in decommissioning applications.
However, fire hazards and the laser beam effects on the structure below the cut raises
major safety concerns in decommissioning applications [78]. In offshore
decommissioning studies, oxygen should not be applied in underwater cutting
applications [1] because oxygen that has not been used might create a fire or explosion
hazard as the gas could be trapped underneath protrusions where it accumulates, as
mentioned for hydrogen gas in underwater plasma cutting by Donaghy [79].In nuclear
decommissioning studies, fusion laser cutting or reactive fusion cutting using air as an
assist gas is normally used as the appropriate laser cutting method because the use of
pure oxygen as a cutting gas is not allowed in a nuclear environment [20].

The best cutting performance in terms of speed and thickness for the same laser power
among the reported results of thick steel fibre laser cutting for nuclear
decommissioning applications were stated by Shin et al. [80, 81]. At a laser power of 6
kW and an assist air pressure of 10 bar, the maximum cutting speeds for a 60-mm
thickness were 72 mm/min for the stainless-steel plates [80] and 35 mm/min for the
carbon steel plates [81]. The high process performance achieved was attributed to the
following [80, 82]:

e A developed cutting head for efficient cutting of thick steels;

e Asmall 0.1 mm process fibre diameter;

e A small spot size of 0.362 mm;

e A high focal length to give a high depth of focus;

e A small divergence angle of 39.372 mrad;

e A1 mm stand—off distance;

e A step like increase of the cutting speed — a cutting technique which involves
increasing the cutting speed gradually along the cut length to initiate the cut
channel, couple the laser energy with the cut front and preheat the material.

Using a 10 kW fibre laser and air as an assist gas, this cutting technique was also used
to cut 100 - 150 mm thick stainless steel plates and 100 mm thick carbon steel
workpieces [81, 83]. For the thickness of 100 mm, both stainless steel and carbon steel
plates were cut at maximum cutting speeds of approximately 30 mm/min. This group
was also able to cut a 150-mm thick stainless-steel plate at a maximum possible cutting
speed of 3 mm/min [83]. In the literature reviewed for laser cutting in
decommissioning applications, this cut thickness is the highest among the published
reports for fibre laser cutting using a laser power of 10 kW and air as an assist gas.

Shin et al. [81] also achieved the highest cutting capability of approximately 16.6 mm
per kW. This means that their laser cutting system could cut a thickness of 16.6 mm
per kW. A maximum cutting speed of 7 mm/min for stainless steel and 5 mm/min for
carbon steel was achieved when a thickness of 100 mm was cut at a laser power of 6
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kW [81]. The cutting capability of stainless steel was higher than that of carbon steel
because the thermal conductivity of carbon steel is higher than that of stainless steel
[81]. This process capability is much higher than that of other groups which are
studying the use of high-power fibre lasers to cut thick steels using air as an assist gas
for decommissioning applications. These groups include the Commissariat a I’'Energie
Atomique (CEA) [37], Japan Atomic Energy Agency (JAEA) [84], Hilton et. al. [78] and
Chagnot et al. [37].

The advantages for in-air cutting for decommissioning applications is equally
applicable for underwater decommissioning scenarios, and fibre lasers provided the
transition platform from applications in-air to underwater. Recently, remote air and
underwater fibre laser cutting for both nuclear and offshore decommissioning
applications is being researched by many countries including the UK [10], Germany
[85-87], China [88], India [89, 90] and South Korea [91-93].

2.5.2 Underwater laser cutting for subsea decommissioning applications

In the North Sea subsea industry, laser as a cutting tool is not yet established but the
thought of its application has been around since the late 1970s [94]. In 1979, a patent
for CO; subsea laser cutting was granted to Fenneman and Geres [95]. This patent is
interesting since the presented arrangement incorporates many ideas used in the
modern concept for underwater laser cutting for subsea decommissioning. The
modern concept of underwater laser cutting when cutting from outside in was
presented by Meinecke [1] (see Figure 11):

e The laser source on a vessel i.e. above the water;

e The laser beam guided from the vessel to the working location underwater via
a fibre (in the patent guided by a light beam guide);

e The cutting location, protected by the means of a dry cavity created by the
cutting gas (in the patent created by the means of a solid chamber).
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Figure 11: Modern concept of underwater laser cutting concept (from outside in) [1]

The modern concept differs technically from the US Navy patent insofar as the
development in fibre laser technology has made underwater laser cutting more
practical. With the developments in the fibre laser technology in terms of higher wall
plug efficiency, increased flexibility and automation control, fibre lasers are now
compact, almost plug and play devices of a robustness that allows for transportable,
e.g. containerised, high power laser units [1, 96].

Underwater fibre delivered laser cutting has the potential to offer many benefits,
which include [20, 78, 97]:

e Underwater laser cutting at extreme water depths without geometry
limitations;

e The use of a non-contact laser process will eliminate the risk of mechanical
jamming, thereby minimising down-time;

e Low deployment input and maintenance, providing significant cost savings and
the need for divers;

o Fibre laser systems are a high value asset that can be reused many times on
multiple applications;

o A safer subsea cutting method for workers as it does not require the use of
chemicals, flammables, or explosives;

e Minimal secondary wastes which lower water pollution.

Having described the modern concept and potential benefits of underwater laser
cutting, the technical aspects of the underwater laser cutting process will be discussed
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in their technical chronology, one at a time with a comparison between conventional
and underwater laser cutting at the end. This starts with the effect of water in laser
material processing.

2.5.3 Laser-water interaction

The effect of water in laser material processing mostly consists of conversion of part
of the light energy into a mechanical impulse (via vaporisation and plasma formation),
which transports material (debris, particles on surface) and induces shock waves [94].
The sudden release of energy delivered by a pulsed laser beam on a material (solid,
liquid or gaseous) may produce a small (but strong) explosion, which is associated,
together with other effects (ablation of material, plasma formation and excitation),
with a violent displacement of the surrounding material and the production of a shock
wave [98].

When water/water vapour interacts with the light beam, it will either transmit, reflect
or absorb laser radiation [24, 99]. One of the main issues of using lasers underwater is
the energy absorption by the water environment [10]. The absorption coefficient can
be calculated using Beer—Lambert law for transmitted laser power in equation (15)
[94]:

P, = Pjexp(—c h) (15)

Here, P, is the incident laser power, P;, is the transmitted laser power, & is the
absorption coefficient and h is the water column height. The absorption coefficient of
water at 1.06 um /1.07 um wavelengths is ~0.135 cm™ [100, 101].

For water, the relation between absorption coefficient, o, and the imaginary part of
complex index of refraction, n, is [99]:

o= — (16)

The infrared reflection coefficient from water is nearly zero. Therefore, in most cases
one could neglect the reflection coefficient in comparison to the absorption and
transmission coefficients [99].

On transmission, the ray undergoes refraction described by Snell’s law. The refractive
index can be expressed as:

sing; v
n=olimn 7 (17)
siny;, v,
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Where 1 is the angle of refraction, v, is the apparent speed of propagation in medium
1 and v, is the apparent speed of propagation in medium 2. The apparent change in
the velocity of light as it passes through a medium is the result of scattering by the
individual molecules [24].

Scattering of light can be described as the phenomenon in which light rays deviate
from their straight path when it hits an obstacle such as molecules of gas or dust, water
vapours, etc [24]. Scattering of light depends upon various factors like the size of the
particles causing the scattering, the wavelength of the light being scattered, and the
density of the medium containing the particles. Rayleigh scattering occurs when
particles much smaller than the wavelength of the incident light (for example,
molecular clusters or imperfections in the silica lattice of a fibre) scatter the radiation
in the form of a spherical wave. The extent of this power loss depends on the number
of particles and the wavelength. Mie scattering occurs when the diameter of the
particles is approximately the size of the incident wavelength. The scattering is less
dependent on the wavelength. Bulk scattering occurs for particles much greater than
the wavelength of incident radiation. The scattered laser intensity is almost
independent of the wavelength [24].

Laser absorption in water is influenced by many parameters which include water
height, salinity, water temperature and wavelength. Mullick et al. [102] investigated
the effects of water column height, temperature, and laser intensity on the absorption
coefficient for an unfocussed beam from a 2 kW CW Yb-fibre laser operating at 1.07
wavelength. The absorption coefficient was estimated to be 0.135 cm™ at 25 °C water
temperature, and this was found to decrease with temperature at a rate of 5.7 X 10*
cm™ °Cl. Focussing the beam 5 mm below the water surface increased the
absorptivity significantly. This increase in absorptivity was attributed to the absorption
and scattering losses of laser radiation in a cavity formed underwater [102].

Laser propagation underwater was also studied in 1-micron lasers by Glova and Lysikov
[103]. These authors conducted underwater laser cutting experiments on 0.15 mm
thick titanium and stainless steel plates without an assist gas using a Nd:YAG laser at
a water depth of 2 mm. During the underwater cutting process, the boiling process in
the water volume adjacent to the focal spot was observed vividly. This was followed
by gas bubbles produced by boiling emerging on the water surface and their symmetric
propagation in water in the radial direction off the beam axis [103].

2.6 Underwater gas jet expansion numerical model

Before generating an underwater gas jet expansion model, an axisymmetric gas jet
expansion model in air was simulated. A gas jet expansion model in air is necessary to
understand the expansion and characteristics of compressible fluid flow with
convergent nozzles. This model was simulated at different inlet pressure conditions
and validated by the table of isentropic flow of perfect gases at approximately the
same pressure ratios. The gas jet expansion model was simulated using the same
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nozzle geometry specification and inlet pressure conditions used in the underwater
laser cutting trials.

2.6.1 Gas jet expansion model in air

A flow is considered compressible when changes in the fluid’s (gas or liquid)
momentum produce significant variations in pressure and density, and the fluid’s
thermodynamic characteristics play a direct role in the flow’s development [104].
Flows are usually treated as being incompressible when the Mach number (the ratio
of the speed of the flow to the speed of sound) is smaller than 0.3 (since the density
change due to velocity is about 5% in that case) [105]. Using the Mach number, M,
compressible flows in converging nozzles can be nominally classified as follows [104]:

e Incompressible flow: M = 0. Fluid density does not vary with pressure in the
flow field. The flowing fluid may be a compressible gas, but its density may be
regarded as constant;

e Subsonicflow: 0 < M < 1. The Mach number does not exceed unity anywhere
in the flow field. Shock waves do not appear in the flow and subsonic flows for
which M < 0.3 are often treated as being incompressible;

e Transonic flow: 0.8 < M < 1.2. Shock waves may appear. Analysis of transonic
flows is difficult because the governing equations are inherently nonlinear, and
because a separation of the inviscid and viscous aspects of the flow is often
impossible;

e Supersonic flow: M > 1. Shock waves are generally present. In many ways
analysis of a flow that is supersonic everywhere is easier than analysis of a
subsonic or incompressible flow. This is because information propagates along
certain directions, called characteristics, and a determination of these
directions greatly facilitates the computation of the flow field;

e Hypersonic flow: M > 3. Very high flow speeds combined with friction or shock
waves may lead to sufficiently large increases in a fluid's temperature so that
molecular dissociation and other chemical effects occur.

A compressible flow of a gas jet expanding in air was modelled using ANSYS Fluent 18.2
[21]. The flow conditions in a converging nozzle depend on the stagnation pressure, P,
and the back pressure, P, (see Figure 12). At P, = P,, there is no flow in the nozzle. If
the back pressure is reduced, a subsonic flow develops inside the nozzle. When the
back pressure is further reduced, a subsonic flow develops until the gas reaches a
critical pressure P, = 0.528P, (for gasses with an adiabatic index, y, of 1.4), where the
Mach number at the throat of the nozzle, M; = 1. This is when the condition of choked
flow occurs, where mass flow rate is at a maximum and a further decrease of the back
pressure, P, has no effect in the nozzle flow. As a result, supersonic expansion waves
appear at the nozzle exit to accommodate the nozzle exit pressure, P, to back
pressure, P, [106].
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Figure 12: Illustration of isentropic compressible flow in a converging nozzle in air
[106]

The set of governing equations consist of the mass conservation equation, momentum
conservation equation, energy conservation equation and the original k- two-
equation turbulence closure. The governing equations of compressible steady flow can
be listed as follows [107]:

Continuity conservation equation:

dp Ou O0A
—+—+—=0 (18)
p u A
Momentum conservation equation:
dp Ju
= pu— 19
dx pu dx (19)
Energy conservation equation:
Ju dA
” ( ) y (20)
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Where p is the density, u is the velocity, A is the area, p is the pressure, u is the
velocity, x is the distance and M is the Mach number [107].

2.6.2 Geometry and boundary conditions

The geometry of the numerical model was designed using SOLIDWORKS 2017 [108]
and imported into ANSYS Fluent 18.2 [21]. This axisymmetric geometry was simulated
using the same nozzle geometry specification and inlet pressure conditions used in the
underwater laser cutting trials to investigate the characteristics of gas jet expansion
using a convergent nozzle in air. Figure 13 shows the geometry and boundary
conditions.

30 mm 22 mm

Figure 13: 2D geometry and boundary conditions in air

The design parameters of the nozzle geometry are as follows: length of nozzle throat
is 2 mm; width of the nozzle throat is 2 mm; vertical height of the nozzle inlet is 20
mm; total length of the nozzle is 52 mm; length of the converging part of the nozzle is
20 mm; depth of nozzle from the outlet is 400 mm. The throat size is chosen to choke
the flow and set the mass flow rate through the nozzle. The flow in the throat is sonic
which means the Mach number is equal to one in the throat [107]. The inlet, outlet,
symmetry, and wall boundary conditions are indicated by A, B, C and D, respectively
(see Figure 13).

A pressure boundary type was set at the inlet and outlet. For the inlet, various inlet
pressure conditions of 2, 4, 8, 16 and 32 bar were specified together with a
temperature of 300 K. For the outlet, ambient pressure conditions (1 atmospheric
pressure) and other flow variables are extrapolated. On the walls, the field wall
boundary is under a stationary wall condition, no-slip and adiabatic rules pertain. The
concerned flow field of the geometry is the external region of the nozzle along the
symmetry boundary condition as this is the expansion region of the gas jet. Therefore,
edge sizing with a maximum face size of 0.0001 m was specified at the symmetry
boundary condition to set a finer mesh (see Figure 14).
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Figure 14: Mesh configuration

The all-triangle method was used to generate the computational mesh. For the grid
independence study, air was taken as the working fluid and the simulation was run at
an inlet pressure of 8 bar. A grid independence study was performed to make sure the
solution is independent of the mesh resolution and to discover the optimum grid size
for the present study [109]. Three different grid resolutions (course, medium and fine)
were tested to find out the effect on the Mach number calculated at the nozzle exit
Table 3 shows the mesh variables in the independence study.

Table 3: Grid independence study

Mesh Type | Number of elements | Number of nodes Mach number_at
the nozzle exit
Course 11828 24747 2.01
Medium 20524 42793 2.03
Fine 42054 86475 2.05

According to Richardson extrapolation theory, for a grid refinement ratio greater than
1.3, the solution is independent of mesh resolution if it remains relatively constant
[110]. The refinement ratio is given by [111]:

Number of fine mesh elements 42054

Number of medium mesh elements 20524

Refinement ratio 1 = = 2.05

(21)

Number of medium mesh elements 20524

Refinement ratio 2 = =1.74

= 22
Number of course mesh elements 11828 (22)

Therefore, the Mach number is independent of the mesh resolution as there is no
significant change in Mach number at all mesh types. As a result, a fine mesh of 86 475
nodes and 42 054 elements has been used to perform all the simulations for this model
[112]. After setting up the geometry, mesh and boundary conditions, the setup of the
model was configured.
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2.6.3 Setup and solution procedure

At the beginning of the setup, a 2D serial analysis type solver was adapted. For the
general settings of the setup, a density based steady axisymmetric model was
specified. Air is assumed to be an ideal compressible gas with a density that conforms
to the ideal gas law. The viscosity of air was assumed to follow Sutherland’s Law and
the whole flow field is axisymmetric. Table 4 shows the default air properties adapted
in this model.

Table 4: Air properties [21]

Properties Value
Operating pressure (Bar) 1
Reference temperature (K) 288.16
Ratio of specific heats of gas 1.4

Density (kg/m3) 1.225
Thermal conductivity (W/m-K) 0.0242
Specific heat capacity (kJ/kg-K) 1.00643
Molecular weight (kg/kmol) 28.966

In reference to the solution method, a first upwind scheme was selected for the
equations of turbulent kinetic energy, turbulent dissipation energy and flow. The first-
order scheme was adapted because the second-order scheme is computationally
expensive. An implicit formulation was also set [113]. Due to the broader stability
characteristics of the implicit formulation, a converged steady-state solution can be
obtained much faster than the explicit formulation. However, the implicit formulation
requires more memory than explicit formulation [114].

The finite volume method (Fluent) computes fluxes across cell boundaries. This
process can be separated into two steps: evaluating the face values on either side, and
evaluating the flux given the two side values [115]. ANSYS Fluent 18.2 [21] provides
spatial discretisation scheme options which refer to the first step, while the flux types
refer to the second step. The Least Squares Cell-Based method was selected for the
first step to compute the gradients needed not only for constructing values of a scalar
at the cell faces, but also for computing secondary diffusion terms and velocity
derivatives. This method was adapted as it has less computational cost than other
node-based gradient methods [116]. The default Roe flux-difference splitting (ROE-
FDS) convective flux type was adapted for the second step to solve for flux. The ROE-
FDS convective flux type was specified as there is discontinuity at some of the cell
boundaries (shocks) that need to be captured [113].

In regards to the solution formulation controls, the default courant number (a
dimensionless value representing the time a particle stays in one cell of the mesh) and
under-relaxation factors (factors of turbulent kinetic energy, turbulent dissipation rate
and turbulent viscosity which ensure that the solution from one step to the next does
not change too much as it then might get unstable) were set [117, 118]. Table 5 shows
the default solution controls.
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Table 5: Solution controls

Turbulent
Control | Courant | Turbulent kinetic | Turbulent dissipation urbulen
factor | number energy (J/kg) rate (J/kg.s) viscosity

(kg/m.s)
Value 1 0.8 0.8 1

The solution calculation settings of the model were initialised from the inlet with the
specified initial values of temperature and pressure. The solution was calculated until

convergence was reached. At convergence, the following conditions were satisfied:

e All discrete conservation equations (mass, momentum, energy, etc.) are
obeyed in all cells to a specified tolerance or the solution no longer changes

with subsequent iterations;

e Overall mass (equation (18)), momentum (equation (19)), energy (equation
(20)), and scalar balances are achieved for the generated Mach number

distribution.

2.6.4 Mach number distribution

The Mach number contours were generated at different inlet pressure conditions. The
same inlet pressure conditions of 2, 4 and 8 bar used in the underwater laser cutting
trials in a 1m3 tank were specified, together with additional inlet pressure conditions
of 16 and 32 bar to provide a wider range of inlet pressure settings. Figure 15 shows a
gas jet expansion model at increasing inlet pressure conditions of (a) 2, (b) 4, (c) 8, (d)

16 and (e) 32 bar.
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Figure 15: Mach number contour at an inlet pressure of (a) 2, (b) 4, (c) 8, (d) 16 and
(e) 32 bar

At all inlet pressure conditions, near sonic conditions are reached at the throat of the
nozzle (M; = 1). Therefore, a fan of expansion waves appears at the nozzle exit to
accommodate the nozzle exit pressure to back pressure. As the inlet pressure
increases from 2 to 32 bar, the flow inside the nozzle is unaltered. This is because air
is already travelling at the speed of sound at the nozzle exit at 2 bar, therefore,
increasing the inlet pressure has no effect on the flow inside the nozzle as the
maximum mass flow rate inside the nozzle has already been reached (choked flow).
Consequently, the flow detects the increase in the inlet pressure only after it reaches
the nozzle exit.

Outside the nozzle exit, air expands further and equilibrates with the ambient
conditions downstream. This is accomplished by supersonic expansion waves centred
at the centreline of the nozzle. The jet swells initially as it comes out of the nozzle and
expands, but shrinks afterwards due to entrainment of the ambient air and
equalisation of static pressure (see Figure 15) [107].
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2.6.5 Validation of gas jet expansion model in air

The simulated gas jet expansion model in air is validated by one-dimensional (1D)
mathematical equations of compressible flow in convergent nozzles. The
mathematical equations for such a problem are well solved and have theoretical
solutions. To validate the numerical method, the numerical findings were compared
to theoretical solutions. The temperature, pressure and density ratios of isentropic
flow can be calculated by the following equation (23), equation (24) and equation (25),
respectively [104].

T, -1
— =11 —MZ) 23
7=(1+5 23)
y/(y—1) _ y/(y-1)

R L
1/(y-1) _ 1/(y-1)

2 (1425

Where T,, P, and p, are the stagnation temperature, pressure and density,
respectively [106]. The table of isentropic flow provides the temperature, pressure,
and density ratios for a given Mach number. As a result, the pressure ratios in the table
of isentropic flow of a perfect gas can be used to validate an air jet expansion model
of a convergent nozzle, assuming the flow through the nozzle is steady quasi-1D
isentropic flow [106]. The Mach number values along the symmetry boundary
condition of the gas jet expansion numerical model were plotted with the
corresponding x-value location at an inlet pressure of 2, 4, 8, 16 and 32 bar (see
Appendix A).

The values of the Mach number at the nozzle exit, M,, were compared with the
theoretical Mach number in the isentropic flow table of perfect gases at approximately
the same pressure ratios. Table 6 shows a comparison between the Mach number at
the nozzle exit and the theoretical value of the Mach number [106].

Table 6: Comparison between Mach number at the nozzle exit and theoretical value
of Mach number for the same pressure ratio

. P Mach number at the nozzle | Theoretical Mach number
Pressure ratio (—) )

Py exit (M,) [106] (M)
0.5 1 1.04
0.25 1.51 1.56
0.125 2.05 2.01
0.0625 2.43 2.46
0.03125 2.9 2.91
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Here, M, is nearly identical to the values of M calculated from the table of isentropic
flows at all pressure ratios [106]. Therefore, the simulated air expansion model is
validated by the table of isentropic flow at all inlet pressure conditions. The simulated
gas jet expansion model in air is more suitable for studies in conventional laser cutting.
This study concerns underwater laser cutting; therefore, a multiphase underwater gas
jet expansion model was simulated.

2.6.6 Underwater multiphase flow modelling

Underwater gas jet expansion is encountered in a variety of engineering applications
such as underwater propulsion [119], metallurgical processes [120, 121], aeration
treatment of wastewater [122], underwater cutting [123], and so on [124]. In
underwater laser cutting, the study of the gas jet expansion underwater is important
because of the following:

e The gas jet creates a dry cavity which protects the optical lenses from spatter
and removes molten material from the kerf [1];

e The dry cavitation protects the optical path of a high-power laser beam from
losing energy because of absorption underwater [125].

The ability to deliver a dry cavity is sometimes proved in underwater laser cutting
experiments by preliminary gas jet tests, whereby the gas jet impinges against a
transparent surface from the inside of a water filled tank so that the resulting dry
cavity can be observed from the outside. Such underwater gas jet expansion
experiments were conducted by Meinecke [1], Matsumoto et al. [123] and Zhang et
al. [126].

The multiphase flow characteristics of a gas jet expanding underwater are turbulent
and unsteady; the high-density ratio between water and gas can induce many
complicated phenomena [23]. Figure 16 shows a sonic or supersonic gas jet expanding
in a water environment [119]:
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Figure 16: Under expanded gas jet injected underwater [119]
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The dry cavity created by an underwater gas jet is surrounded by a gas—water mixing
layer which consists of a drop layer and a bubble layer [119]. The shape of the nozzle
is key to the underwater expansion process. The behaviour of the expansion process
is largely dictated by pressure, both at the nozzle exit as well as at the external
environment. If the external pressure is higher than the nozzle exit pressure, the
expansion is referred to as over-expanded. If the external pressure is lower than the
nozzle exit pressure, the expansion is referred to as under-expanded. The flow can also
be fully expanded if the external pressure is equal to the nozzle exit pressure as in
underwater laser cutting experiments by Seong et al. [127].

Seong et al. [127] performed underwater laser cutting experiments using a 6-kW fibre
laser with two different nozzle configurations to extend the permissible cutting
thickness of stainless steel workpieces underwater. The first nozzle configuration
consisted of a single minimum length nozzle (MLN) operating at an upstream gas
gauge pressure of 15 bar and the second dual configuration involved a truncated
aerospike nozzle coupled with an MLN (see Figure 17). These configurations were
designed to form an air cavity with denser and more lengthened characteristics for
extending the possible transmission distance of the laser beam, which is vulnerable to
water absorption [127].

Figure 17: (S1) and (S2) are images of the submerged jet from the single nozzle at 15
Bar before and after 1 kW laser beam radiation. (D1) and (D2) are images of the
submerged jet from the dual nozzle (inner MLN: 15 Bar, outer aerospike nozzle: ~10
Bar before and after 1-kW laser beam radiation [127].

Figure 17 (S1 and D1) clearly shows that the flow for both air jets is nonlinear and
unsteady as buoyancy continuously expands the width of the submerged jet column
that penetrates the water and simultaneously drives the jet toward the water
surface [22]. This is because, inherently, there is a density difference between the
surrounding water and the air-jet discharging from the nozzle exit [127]. As shown in
Figure 17 (S2 and D2), the scattered linear length of the laser beam with the dual
nozzle was longer than that of the single nozzle indicating that the laser beam from
the dual nozzle extends further. Therefore, it was possible to cut an 80 mm thick
stainless steel plate underwater at a low cutting speed of 5 mm/min with a laser power
of 6 kW with only the dual nozzle configuration [127].
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The development of a high-pressure gas jet flow underwater can be characterised by
four processes. These processes are expansion, bulging, necking/breaking and back
attack respectively [23, 128]. These flow structures were observed in both past
numerical and experimental results by many authors including Miaosheng et al. [129],
Shietal. [130] and Tang et al. [23, 128]. Figure 18 shows the development of a gaseous
jetinjected underwater, where the results in column 1 are observed by Shi et al. [130]
via experimental methods, and the results in column 2-4 are obtained via Navier-
Stokes flow computation by Tang et al. [23]. Although the experimental and numerical
cases are based on different conditions, qualitatively similar flow structures are
observed. The phenomena of expansion, necking/breaking, and back-attack [131]
have been highlighted, indicating that the flow development of and underwater gas
jetis an unsteady process.
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Figure 18: Flow structures of (a) expansion, (b) necking/breaking, and (c) back-attack
process [23]

2.6.6.1 Expansion

Initially, when the gas is injected into the water, the gas pressure is not high enough
to overcome the inertia effect of the water due to the large density ratio between the
two fluids. Therefore, a ‘gas bag’ is formed behind the nozzle exit [130]. The pressure
inside the ‘gas bag’ continues to increase and accumulate until it is high enough to
overcome the suppression of the water. The gas then expands freely to complete the
expansion process [23]. After the expansion process is complete, the bulging flow
structure occurs.

2.6.6.2 Bulging

During bulging, a small bulged bubble appears near the nozzle exit. This occurs due to
the shock wave movement in the gas region. The bulged bubble does not collapse and
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is usually swept downstream. The bulged bubble appears several times before the
necking/breaking flow structure [130, 132].

2.6.6.3 Necking

During necking, the air bag collapses and separates the gaseous jet into two parts. This
occurs due to the air bag which becomes unstable as a result of the abrupt change in
the pressure difference between the surrounding water and the bulged bubble [23].
After necking/breaking, the back-attack phenomenon occurs.

2.6.6.4 Back attack

Back-attack is characterised by the presence of a negative axial-velocity at the rear
part of the nozzle [131, 133]. Shi et al. [130] proposed that back attack is caused by
shock wave feedback but Tang et al. [23] explained that the gas jet propagating in a
water environment has difficulties moving downstream after necking, this creates the
backflow which impacts the nozzle surface.

An underwater gas jet expansion model based on a study by Tang et al. [119] was
simulated and compared to the volume fraction of water and velocity contours
observed during the development of the gas jet. This model was simulated as it is
nearly similar to the subject of this study. As a benchmark for all underwater gas jet
expansion models that were simulated in this research, an underwater gas jet
expansion model based on a study by Tang et al. [134] was simulated using ANSYS
Fluent 18.2 [21].

Tang et al. [134] investigated the flow characteristics that occur during the
development of a gas jet underwater from a horizontal nozzle, where a converging-
diverging Laval nozzle is used. A multiphase transient axisymmetric flow was simulated
using the volume of fluid model, k- two-equation turbulence model and energy
transfer were considered. The numerical model by Tang et al. [134] was simulated as
it is more similar to the subject of this study. The geometry, boundary conditions,
setup and solution procedure of this model were adapted.

The set of governing equations adapted consists of the conservative form of the
Navier-Stokes equations, the original k-€ two-equation turbulence closure, and a
transport equation for the gas volume fraction. The continuity, momentum, energy
and VOF model equations for underwater gas jets are listed as follows [23, 134-136]:

Continuity conservation equation:

apm + a(pmul) —

26
Jt 0x; 0 (26)
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Momentum conservation equation:
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Energy conservation equation:
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Volume transfer equation:
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Where p,, is the density of the mixture, u; and u; are velocity components, t is the
time, x; and x; are distance components, p is the pressure, a; is the volume fraction
of the fluid (subscript k denotes gas or water), pyis the density, E}, is the energy, k. is
the effective thermal conductivity, T is the temperature, a, is the volume fraction of
gas, pgy is the density of gas and u, is the velocity of the gas. The effective thermal
conductivity k¢, can be expressed as [23, 134-136]:

ke = k¢ + k, (30)

Here k;, is the turbulent thermal conductivity and k is the thermal conductivity. Since
the Froude number (a dimensionless number representing the ratio of inertial and
gravitational forces) in the gaseous jets is 0(103), the energy, E} in equation (28) is as
follows [23, 134-136]:

b Vi _
E, = & p+2’ k=9 (31)
hki k:

Where hy, is the enthalpy based on the specific heat capacity at constant pressure and
the temperature (subscript k denotes gas or water - see equation (31)), p is the density
and vy, is the normal velocity.

The physical property of the mixture, ¢,, can be specified as density, coefficient of
viscosity and so on. This term can be expressed as [23, 134-136]:

bm = ¢gag + ¢gw(1 - ag) (32)

Where subscript w denotes water and g represent gas. The volumes of the water and
gas phases satisfy [23, 134-136]:
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ay, +a;=1 (33)

Where a,, is the volume fraction of water. The density of two phases is as follows
[137]:

p/RT, k=g,
= 4
Pr {const, k=w. (34)

Where R is the ideal gas constant.

2.6.7 Turbulence model

The original k-¢ turbulent model has been used in this study. The turbulence kinetic
energy, k, and its rate of dissipation, &, are obtained from the following equations
[134]:

9 o k) + = (o) = — ( +”t)ak+c

+G, — ps — Yy

d N d 0 ( N ,ut) de
at (pmg) ax] (pmgu]) - ax] :um O_g ax]

) (36)

&
+Cl£ E(Gk + C3£Gb) - CZSPT

Here w,, is the dynamic viscosity of mixture, y; is the turbulent viscosity, G, represents
the generation of turbulence kinetic energy due to the mean velocity gradients, G, is
the generation of turbulence kinetic energy due to buoyancy, and Y,,, represents the
contribution of the fluctuating dilatation in compressible turbulence to the overall

dissipation rate; it is defined as Y;,, = 2peM* and M® = /k/yRT is the turbulent Mach
number (y is the ratio of specific heats of gas). The constants C;, = 1.44 and C,, =
1.92. The values for the turbulent Prandtl numbers for k and €, are g;, = 1.0, and g, =
1.3, respectively. The turbulent viscosity of the model is defined as [134]:

C,pmk?
fe = % C, =0.09 (37)

The main flow characteristics that occur during the development of a gas jet
underwater were simulated and compared to the findings from the study.
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2.6.8 Flow characteristics of an underwater supersonic gas jet

The main flow characteristics that occur during the development of a gas jet
underwater, such as (a) expansion, (b) necking/breaking, and (c) back-attack, are
highlighted in Figure 19. The results in the first column were observed via experimental
methods by Shi et al. [130], the results in the second column were obtained via Navier-
Stokes flow computation by Tang et al. [134] and the results from the third column
were simulated in this study based on the literature study by Tang et al. [134]. The

solution time, tU/D, indicated in the results of the second column is a dimensionless

parameter. The simulated liquid volume fraction contours are placed side-by-side with
the results from previous studies for comparison.

Experimental visualisation Tang et al. model Simulated model
(column 1) (column 2) (column 3)

tU/D=200

VOF (air)

Necking/breaking
tU/D=475

Back-attack

tU/D=550
Figure 19: Comparison of the air volume fraction contour for an underwater gas jet
expansion during (a) expansion, (b) necking/breaking, and (c) back-attack process

from Shi et al. [130] (column 1), Tang et al. [134] (column 2) and simulated model

from this study (column 3)

Although the experimental and numerical cases are based on different conditions,
qualitatively, similar flow structures are observed. The phenomena of expansion,
necking/breaking, and back-attack have been highlighted, indicating that the flow
development of an underwater gas jet is an unsteady process. Overall, Figure 19 shows
that the water volume fraction contour plotted by the developed model is
substantially the same as the findings from previous structures.

Figure 20 shows a comparison of the axial velocity flow field for the main flow
structures in the development of an underwater gas jet. The findings in the first
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column were reported by Tang et al. [134] and the results in the second column were
generated from the simulated model. The normalised axial-velocity, U*, indicated in
the legend of the first column can be expressed as:

ur=4%y (38)

Where u is the axial velocity and the nozzle exit velocity, U, is 1957 m/s [134]. When
U* = 1, the axial velocity, u = 1987 m/s. Therefore, the range of the simulated axial
velocity is relatively similar to that reported in [134].

Tang et al. model (column 1) Simulated model (column 2)
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Figure 20: Comparison of the axial velocity contour for an underwater gas jet
expansion during (a) expansion, (b) necking/breaking, and (c) back-attack process
from Tang et al. [134] (column 1) and simulated model from this study (column 2).

Figure 20 indicates that the axial velocity field structure is nearly identical to that of
the previous study. The presence of a negative value in the axial-velocity range is a
typical characteristic of the back-attack process. However, as seen from the axial-
velocity contour shown in Figure 20 (c), it is clear that the negative velocity only
appears near and along the edges of the main flow passage, so that back-attack is not
the whole gas jet blowing backward [23, 134].
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Itis vital to note that two forces act on a submerged jet when it is injected underwater:
a downward force called gravity and an upward force called buoyancy. Both gravity
and buoyancy have a significant effect on the flow field structure [128]. These forces
were not considered in the underwater gas jet expansion model by Tang et al. [134] as
it is axisymmetric.

2.7 Underwater laser cutting parameters and process performance

2.7.1 Maximum cut thickness

The maximum cutting speed at which a through cut is possible decreases as the
thickness of the material being cut increases [20, 91, 92, 138]. The best cutting
performance in terms of speed and thickness for the same laser power among the
reported results of thick steel underwater laser cutting using air as an assist gas were
achieved by Shin et al. [91, 92]. At a power of 6 kW, stainless steel with thicknesses of
50 and 60 mm were cut at a cutting speed of 80 and 40 mm/min, respectively [92]. At
a laser power of 9 kW, the maximum cutting speeds at thicknesses of 50, 60 and 70
mm were 180, 110, 80 mm/min, respectively [91]. This high process performance was
attributed to the step-like increase of the cutting speed which is implemented in the
initial stage of cutting. Figure 21 shows a detailed description of the initial cutting of
60 mm thickness for the cutting speed of 40 mm/min at a low water depth [92]:

Figure 21: The step-like increase of the cutting speed to cut a 60 mm thick stainless
steel using 9 bar assist air pressure at 6 kW [92]

The highest metal thickness cut underwater was also achieved by Shin et al. [91]. At a
laser power of 9 kW, an initially pierced specimen or a double nozzle was required to
successfully cut 80 to 100 mm thick stainless steel workpieces at very low cutting
speeds of 5 - 10 mm/min [91].
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2.7.2 Power

In underwater laser cutting, the maximum cutting speed normally increases with
increasing laser power provided the power intensity on the workpiece surface
increases. The effect of laser power on the cutting speed was investigated by Hilton &
Khan [20] when cutting 6 mm and 12 mm thick C-Mn steel and stainless steel at 2-5
kW using 8 bar air pressure. The cutting speed increased linearly with laser power and
the increase in cutting speed was more significant in 6 mm than 12 mm for both
materials. This is because increasing the cutting speed decreases the conductive loses
from the cut zone thereby the cutting efficiency is increased. As a result, cutting a
thinner workpiece is more efficient than cutting a thicker workpiece and increases in
the laser power lead to greater cutting speeds for thinner materials [20].

2.7.3 G@Gas pressure

The gas pressure is one of the most important parameters in underwater laser cutting
because it creates a dry cavity which shields the beam from the hydrostatic pressure
conditions underwater and removes molten material from the kerf. As the gas
pressure increases, the cutting performance generally increases slightly. Figure 22
shows the maximum underwater cut thicknesses in C-Mn steel as a function of set
cutting speed for two stand-off distances at assist air pressures of 2, 4, and 8 Bar [20]:
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Figure 22: Maximum underwater cut depths in C-Mn steel as a function of set cutting
speed for two stand-off distances at assist air pressures of 2, 4, and 8 Bars [20]

Figure 22 also indicates that increasing the stand-off distance decreases the maximum
cut depth particularly for lower cutting speeds below 200 mm/min.
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2.7.4 Stand-off distance

The effect of stand-off distance on the process performance was also investigated in
underwater laser cutting trials on a 14 mm thick stainless-steel plate at 4 kW using air
as an assist gas by Chida et al. [138]. Figure 23 shows the effect of stand-off distance
on cutting speed.
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Figure 23: Effect of stand-off distance on cutting speed [138]

Figure 23 indicates that at a low water depth of 500 mm, the cutting speed decreased
with increasing stand-off distance. The low cutting performance was attributed to the
decrease of the gas jet momentum which occurs as the stand-off distance increases.
Moreover, a wider spot size on the surface of the test-piece causes a lower power
density, which leads to poor cutting performance underwater [138].

2.7.5 Water depth
As a general rule, as the water depth increase by 10 m, the hydrostatic pressure
increases by 1 bar [139]. Hydrostatic pressure is exerted by a fluid (water) at

equilibrium at a given point within the fluid, due to the force of gravity. The hydrostatic
pressure, Ppyq., acting on a submerged body underwater is expressed as [139]:

Phydro = pgh (39)

Here, p is the density of the fluid, g is the gravitational constant and h is the height of
the fluid column (water depth). Therefore, water depth controls the hydrostatic
pressure acting on a body since all the other variables on the right-hand side of the
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equation are generally constant. The hydrostatic pressure increases with water depth
due to the increasing force being exerted downwards by the weight of the fluid.

In the researched literature, the greatest water depth found for underwater fibre
delivered laser cutting using air or an inert gas is less than 1 m. The greatest water
depth in which underwater laser cutting was carried out using oxygen assist gas is 50
m [88]. Laser cutting of 30 mm thick steel plates was carried out by simulating the
circumstance of underwater conditions at 50 m by Wang et al. [88]. The influence of
oxygen pressure, stand-off distance, cutting speed on the kerf width and surface
roughness were investigated. The kerf width decreased with increasing cutting speed.
Furthermore, difficulties in cutting the lower part of the workpiece were observed at
low assist gas pressures but these were resolved by increasing the oxygen pressure
[88].

Also using oxygen, Alfille et al. [140] investigated and compared the cutting capabilities
of a YAG laser with an average power of 1.2 kW and a 5 kW CO; laser. Underwater
cutting trials were performed on stainless steel (304L) plates with a thickness of 10 to
40 mm at a water depth of 0.5, 4 and 7 m. The maximum cut thickness decreased
rapidly with increasing cutting speed. A 31 mm thick stainless-steel plate was cut using
an oxygen pressure of 4-bar, a water depth of 7 m and low cutting speeds under 30
mm/min. A detailed description of the experiment setup and the advantages of a
pulsed YAG laser over CO; lasers in operation (beam transport by fibre optics), cut
quality and maximum cut thicknesses are described by Alfille et al. [140].

2.8 Cut quality underwater

2.8.1 Dross height

The effect of various process parameters on dross height in underwater laser cutting
using a 5kW Yb fibre laser was investigated by Hilton & Khan [77]. In this study, 304
stainless and C-Mn (S275JR) steel, at thicknesses of up to 32 mm were cut using air as
a cutting gas at a water depth of 600 mm. Dross height at the base of the underwater
laser cut S275JR C-Mn steel workpiece was significantly larger than that produced
when cutting 304 stainless steel. This was attributed to the decrease of oxide
formation in C-Mn steel, a significant volume of the dross produced is metal which
tends to attach at the base of the cut in long filaments. These filaments re-solidify at a
faster rate, when compared to filaments in stainless steel. For both materials, the
attached dross height increased with decreasing cutting speed and increased with
increasing power (under specific conditions), thickness, stand-off distance and an
increase in the focus position above the material surface [18, 77].
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2.8.2 Kerf width

The effect of stand-off distance and thickness on kerf width in underwater laser cutting
was also investigated by Chida et al. [138]. Chida et al. [138] cut a 14 mm thick
stainless-steel plate at 4 kW using air as an assist gas and observed that the kerf width
on the surface was very narrow but the kerf width on the back tended to be getting
wider when the stand-off distance or thickness was increased. This widening effect of
kerf width was also observed in underwater laser cutting experiments by Matsumoto
et al. [123] and Singh [141]. No reason was given as to why the kerf width was
widening. This limited information might be because the major focus in most of the
early published literature in underwater laser cutting was to see if cutting was feasible

[1].

In recent published studies, underwater cutting of 50 and 60 mm thick stainless steel
plates with a 6-kW fibre laser were performed by Shin et al. [92]. The kerf width of the
rear surface was smaller than that of the front surface when the stand-off distance or
thickness were kept constant. The reason for the narrowing effect of the kerf width
was that the amount of heat conduction throughout the kerf was small because the
workpiece was rapidly cooled by water [92].

2.9 Comparison between conventional laser cutting and underwater
laser cutting

Compared with in-air cutting, the performance in underwater cutting is greatly
reduced. This was found by Meinecke [1], Shin et al. [92] and Hilton & Khan [20]. Shin
et al. [92] conducted conventional and underwater laser cutting experiments of 50 and
60 mm thick stainless-steel plates using a 6-kW fibre laser and air as an assist gas. The
reasons the underwater cutting performance was worse than in-air cutting when using
the same process parameters can be assumed as follows [92]:

e The specimen is quickly cooled by the surrounding water;

e The dry cavity is not well formed, and the laser is absorbed into the water
before it reaches the front surface of the specimen;

e The assist gas jet cannot blow the melt well due to the resistance of the water.

Among them, it was concluded that the cooling effect is the dominant reason which
reduces the cutting speed in underwater laser cutting. This is because the process
performance was not significantly influenced by changing the stand-off distance from
1 to 10 mm or cutting with a shroud. Therefore, the local dry zone is well formed and
assist air pressure of 10 Bar was sufficient to blow the melt at the low water depth
used in their study [92].

Meinecke [1] also performed experiments which compared laser cutting in air and

underwater using the same process parameters. Underwater laser cutting
experiments were conducted on 10 mm C-Mn steel workpieces at 4 kW using 9 bar
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assist nitrogen pressure at a water depth of 50 mm. It was concluded that the limiting
effect of underwater laser cutting is the melt removal behind the laser beam. This is
because the kerf width which is related to the beam’s spot diameter was almost the
same in air and underwater. This indicates that the interaction of the beam from the
nozzle to the workpiece was not significantly affected by the water environment due
to the dry cavity [1].

However, bridges (connections from the left and right side of the cut kerf — see Figure
24) mostly occurred in underwater laser cutting than in air, indicating that the water
environment interacts with the melt. These bridges occurred in the lower part of the
cut kerf [1].

Bridges

Figure 24: Bridges occurring in underwater laser cutting workpieces [1]

Two explanations were proposed as to how the water may interact with the melt.
These explanations are [1]:

1. The meltis completely solidified before reaching the bottom of the kerf due to
the interaction of water with the rear of the gas jet in the kerf;

2. Water is transported into the kerf by the vortex created at the bottom of the
kerf caused by the exiting gas jet. The water then cools and solidifies the melt
before it reaches the bottom of the kerf [1].

Therefore, bridges occur because of poor melt removal and the rapid solidification of
molten material to be removed. Conclusively, the occurrence of bridges in the
turbulent region of the kerf is due to the excessive amount of melt per unit kerf length
produced inside the kerf at low cutting speeds [1]. Therefore, provided the laser power
intensity is high enough to melt the material, choosing process parameters that
optimise the melt removal process and cutting at a high speed is important in
underwater laser cutting.

Overall, this study seeks to develop a fundamental understanding of underwater laser
cutting and, subsequently, apply the technology to develop industrially acceptable
solution for offshore decommissioning applications. This research aims to develop an
underwater laser-based technology for working in deep and hazardous environments
which is cheaper, safer and relatively faster. The current state-of-the-art of
underwater laser cutting consist of performing cutting trials using air as an assist gas
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at a water depth of less than 1 m. Therefore, this study is necessary to develop an
underwater laser cutting system capable of cutting thick steel structures at a water
depth of up to 200 m. Additionally, this study aims to develop an analytical model for
underwater laser cutting as research in this field is mainly experimental.
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3 Equipment and experimental procedures

This chapter presents the equipment and experimental procedures used for the
investigation of underwater laser cutting. The experimental work in this project was
organised into two sets of cutting trials, both conducted at TWI. The first set of
underwater laser cutting trials were carried out in a 1 m3 tank. These trials address the
influence of laser power, cutting speed, assist gas pressure and power intensity on the
corresponding maximum cut thickness, dross height and kerf width. The second set
of underwater laser cutting experiments were conducted inside a high pressure vessel,
designed and manufactured by TWI.

This section also describes the equipment and experimental procedures for the first
and second set of cutting trials. This concerns the materials, laser cutting system,
cutting head, cutting parameters and experimental procedures used for the cutting
trials inside a 1m?3 tank and high-pressure vessel. Underwater laser cutting was
performed in horizontal as well as vertical up and down directions, thus demonstrating
the practical applicability of underwater fibre Ilaser cutting in offshore
decommissioning applications when cutting complex structural geometries. Figure 25
shows the cutting orientation and process variables that were examined for the two
sets of underwater laser cutting trials.

Experiments

Cutting trials in

Cutting trialsin a

a 1m?3 tank high pressure vessel
I
I |

Vertical Vertical Horizontal
underwater underwater underwater
laser cutting laser cutting laser cutting

| 1"fI f Eff | f Eff f Eff f

Effect o ecto ect o ect o
Bifecal cutting gas power Elecet hydrostatic hydrostatic
power . . power
pressure intensity pressure pressure

Figure 25: Process variables that were examined during the cutting trials

3.1 Cutting trials in a 1m3 tank

3.1.1 Material

The material used in this study is S355 C-Mn steel, widely used in the nuclear sector
and in the most demanding environments such as the offshore industry. The typical
chemical compositions and mechanical properties of the test materials are given in
Table 7 and Table 8, respectively [35].
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Table 7: S355 C-Mn steel chemical composition [35]

Element (Percentage by weight - wt%) $355 C-Mn steel
C max Mn max P max S max Si max
0.20 1.60 0.025 0.025 0.55

S355

Table 8: S355 C-Mn steel mechanical properties [35]

Tensile Strength (MPa) | Yield Strength min (MPa)
470-630 355

$355

The specimen design consisted of a C-Mn steel plate, with part of its edge machined
away at 30° to offer a range of thickness to the laser beam. Therefore, the maximum
cut thickness achieved for a set of cutting parameters could be determined. Figure 26
shows the dimensions of the workpiece used for this study (in millimetres).
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Figure 26: Workpiece specification - front (left) and trimetric view (right)

A specimen of 300 mm x 150 mm x 50 mm was used which allowed the execution of
several laser cuts without changing the specimen. Different process settings could be
applied when cutting the workpiece underwater and this includes variation of the
cutting speed, cutting gas pressure, power intensity and laser power.

3.1.2 Specifications of the laser system used

The main laser equipment used in this study was a solid-state ytterbium fibre laser
(model YLS — 10000) manufactured by IPG Photonics (see Figure 27). This laser system
delivers a maximum output power of 10 000 W at continuous wave (CW) mode with
emission wavelength of 1060 — 1080 nm. The fibre laser is compact having dimensions
(W x D x H) of 856 * 806 * 1517 and a net weight of 380 kg [96].
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Figure 27: IPG fibre laser system

The laser beam generated by the ytterbium fibre laser was transferred to the cutting
head via a 150 um diameter optical fibre giving a nominal beam parameter product
(BPP) of 6 mm.mrad.

3.1.3 Cutting head

An underwater laser cutting head designed and manufactured by TWI was used in this
study (see Figure 28). A BIMO laser processing optical system from HIGHYAG
Lasertechnologie GmbH was mounted inside the cutting head. The cutting head used
high power laser optics in the form of coated fused silica collimating and focusing
lenses, of lengths 120 and 300 mm, respectively. A coated fused silica cover slide was
positioned in front of the focusing optic to prevent spatter from the cutting process
reaching the focusing lens. In front of the fused silica cover slide, the arrangement was
such that cutting gas could be introduced at various pressures through a conventional
laser cutting nozzle tip, coaxial with the focusing beam.

Laser processing
optical system

Figure 28: Cutting head - side (left) and top view (right)
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The cutting head used a coaxial air jet to maintain an effective dry area (dry cavity) on
the laser-material interaction zone and remove molten material from the cut kerf. A
copper converging nozzle with a diameter of 3.5 mm was used to create a dry cavity
and deliver the assist gas jet to the cutting zone.

3.1.4 Experiment setup

A view of the underwater laser cutting setup and geometry is shown in Figure 29. The
workpiece was mounted to a 6-axis Kawasaki robot, via a solid metal arm, so that it
could be inserted and removed from the water tank. The same robot was used to
manipulate the specimen and support arm, across the cutting head. Therefore, during
the cutting procedure, the cutting head was stationery, and the robot moved the
workpiece at various cutting speeds. The robot moved the workpiece instead of the
cutting head because it was impractical to mount the cutting head to the robot’s end
effector. The water tank had a volume of approximately 1 m? and the cutting head was
mounted vertically from the top of the tank. A graphite plate was also mounted inside
the water tank as a safety measure (beam stop).

6-axis Kawasaki ¥ Graphite plate

.
.
.
.
(34 |
.
. %
. k
.
.
.

.

Cutting
direction

Laser cutting (RS e e, t 4
head [N 1 m3tank | Tt Underwater air jet

Figure 29: Experiment setup

The cutting procedure was as follows. First, a small amount of assist gas was supplied
to prevent water from entering the nozzle assembly before filling up the tank with
water to the required level. At this time, a C-Mn steel workpiece was lowered
underwater to a shallow water depth of approximately 600 mm using the robot. At
the start of the cutting process, the desired laser power and assist air pressure were
supplied. The workpiece was moved with incremental increases in cutting speed, in
the range of 50 — 1000 mm/min. Straight line cut slots were made at approximately 10
mm from each other. Overall, 65 cuts were made on nine C—Mn steel workpieces. The
cut length was determined by the presence of a cutting flame at the back of the
workpiece (kerf exit). If the flame was absent, laser emission was stopped.

The cutting parameters used in the underwater laser cutting trials in a 1m3 tank are
shown in Table 9.
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Table 9: Cutting parameters

Parameters Values
Laser power (kW) 2-10
Cutting speed (mm/min) 50-1000
Focus position from the 4
workpiece surface (mm)
Standoff distance (mm) 4
Nozzle diameter (mm) 3.5
Gas type Air
Gas pressure (bar) 2-8
Thickness (mm) 5-50
Beam waist diameter (mm) 0.4

The magnitude of the cutting parameters (gas pressure, stand-off distance, focus
position and focus position) were selected based on previous studies of underwater
laser cutting trials by Hilton and Khan [18, 20, 77, 78]. The beam waist diameter,
dwaist, €an be calculated as [24]:

d
Awaist = (%) dfibre (40)

collimator

Were dfcys is the focusing lens focal length, d opimator is the collimator lens focal
length and dy;pr is the delivery optical fibre diameter. When a laser beam propagates
along its optical path, its diameter is continually changing. If we consider the ideal case
of a Gaussian beam, the beam diameter, d(z) along the propagation axis, z, is
expressed as [24]:

d(2) = dyaier |1+ (Zi)z (41)

Here, z,. denotes the Rayleigh length which is the distance along the propagation
direction of the laser beam from the waist to a location where the area of the cross
section is doubled. The Rayleigh length can be expressed as [24]:

7T(dv4v-c;fst)2 (42)

Zy =

The power intensity along the path of the laser beam, P(z), can be calculated as [24]:

4P

P@)=——
’ n(d(z))

(43)
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As a result, equation (41) and equation (43) can be used to calculate the beam
diameter and power intensity along the beam path at a laser power of 10 kW, as
illustrated in Figure 30 and Figure 31.
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Figure 30: Beam diameter along the beam path
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Figure 31: Power intensity along the beam path at a laser power of 10 kW
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For a point on the centreline of a circular cross section beam with a spot diameter d(z)
moving at a speed V' the interaction time T; is given by [70]:

_d(@

= (44)

T;

Therefore, for a point on the centreline of the beam at the workpiece surface, the
interaction time is in the range of 0.028 to 0.55 s for a cutting speed of 50-1000
mm/min.

All underwater laser beam cutting experiments were recorded using a Panasonic
camera which was positioned outside the water tank. A vernier calliper was used to
measure the kerf width, dross height and maximum cut thickness on all cuts. This
device was used due to its availability and capability to measure the kerf width, dross
height and maximum cut thickness. For all workpieces, the attached dross was
removed by a Bosch grinder prior to measuring the kerf width.

3.2 Cutting trials in a high pressure vessel

The cutting trials carried out inside the high-pressure vessel used the same workpiece
specification, fibre laser cutting system, cutting head, and type of assist gas as the
preliminary experiment.

3.2.1 High pressure vessel

In order to simulate offshore conditions, a first-of-its-kind pressure vessel was
designed and manufactured by TWI (see Figure 32). The design and manufacturing
process of the high pressure vessel was not part of this research. The vessel was
integrated with capability to move the workpiece with 3-degrees of freedom and
dynamically balance the hydrostatic pressure up to 35 bar, representing a water depth
of ¥350 m. Moreover, the high pressure vessel provided process visual monitoring and
recording capability. The underwater laser cutting system can be pressured to a
desired level within minutes.
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Figure 32: High pressure vessel
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The vessel was equipped with a fume extraction pipe, water drainage pipe, XYZ motion
platform, two pneumatic cylinders, two LUXUS industrial cameras and all necessary
electrical components to perform the underwater cutting process. The fume
extraction pipe was used to exhaust the fumes produced by the underwater laser
cutting process to the atmosphere. The pneumatic cylinders were used to interlock
the vessel. As a safety measure, the laser beam could not be emitted unless the key
was inserted when the vessel was closed. The laser beam generated by the Ytterbium
fibre laser was transferred to the cutting head via a 200 um diameter optical fibre. A
200 um diameter optical fibre was used due its availability at the time of the cutting
trials. The cutting trials in the high pressure vessel were limited to a hydrostatic
pressure condition of 20 bar as a safety precaution and for a cost-effective usage of
the cutting gas jet.

3.2.2 Cutting head

The cutting head used high power laser optics in the form of coated fused silica
collimating and focusing lenses, of lengths 120 and 250 mm, respectively. The cutting
head was mounted on the lid of the vessel with a beam emerging horizontally and
impinging on a sample to be cut (see Figure 33). Multiple cuts could be made on the
same sample by varying the horizontal position between each cut without opening the
vessel. The cutting head was stationary, and the workpiece was mounted onto the XYZ
motion platform which moved the workpiece at various cutting speeds to cut the
material. The XYZ motion platform’s hardware was developed by Hohner Automation
Ltd and the computer numerical control (CNC) control software was developed by
Amtech.

As a safety measure, a graphite plate was mounted on the XYZ motion platform to act
as a beam stop (prevent laser scattering). A light-emitting diode (LED) light source was
mounted onto the side of the cutting head and emitted light at the laser-workpiece
interaction region. Two cameras, one at each side of the cutting head, recorded the
underwater laser cutting process for all the cuts made on the workpieces.
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An overhead crane was used to lift and move the lid of the vessel in a precise manner
to insert and remove the cutting head from the pressure vessel.

3.2.3 Crane components

The lid of the vessel was lifted by the hook of the crane using a 3-tonne sling (see Figure
34). A basket hitch which equally distributes the load between the two legs of a sling
was used. Two bow shackles with a screw collar pin provided an easy way of fastening
the sling securely. The crane was also used to move and replace the air bottle bank
supply for the cutting head once it was depleted.
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3.2.4 Underwater laser cutting control and monitoring station

The underwater laser cutting system’s control and monitoring station is comprised of
a CNC control interface developed by Amtech, two LUXUS camera monitors, a
Panasonic DMR-EX77 DVD recorder, a laser control unit (LCU) and an IPG laser
software interface. The CNC software interface was used to programme the
sequencing and speed of all cutting operations. All cutting experiments were recorded
using an underwater LUXUS compact camera and stored on a DVD recorder’s hard
drive. The LCU was used to monitor the pressure inside the vessel as well as the assist
gas pressure supplied to the cutting head. Figure 35 is a photograph of the underwater
laser cutting workstation showing the laser and camera monitoring units.
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Figure 35: Underwater laser cutting control and monitoring system

3.2.5 Experiment procedures

The experimental procedures comprised, in addition to the actual cutting
experiments, supplementary tests and adjustments to ensure the correct setup of the
underwater laser cutting system, which are briefly stated to allow the evaluation of
the integrity of the work. These supplementary tests included aligning the laser beam
to the process gas nozzle and confirming the focal spot position.

3.2.5.1 Alignment of the laser beam to the process gas nozzle

The alignment of the laser beam to the process gas nozzle was performed in two
stages. First, the cone nozzle of the cutting head was removed, and the tip of the
cutting head was covered with a piece of adhesive tape (see Figure 36 a). The power
of the laser beam was set to a level that causes the tape to melt, leaving a hole at the
point where the laser pierced the tape. This permitted an estimation of the alignment
of laser beam relative to the cutting head. Once the laser beam was centralised with
the cutting head, the conical nozzle was reinstalled, and the mouth of the process gas
nozzle was covered with a piece of adhesive tape (see Figure 36 b — bottom view).
Another hole was created when the laser pierced the tape, (see Figure 36 c). This
allowed an estimation of the alignment of laser beam relative to the cutting gas nozzle.
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Figure 36: Alignment of the laser beam to the process gas nozzle
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3.2.5.2 Confirming the focal spot position

This test served as confirmation of the focal spot position from the tip of the nozzle.
For this experiment, the laser cutting head was positioned normal to a flat aluminium
plate (see Figure 37). The distance between the tip of the nozzle and the specimen, |,
was altered in defined steps of 1 mm, a. For each of these steps the laser beam was
switched on with high enough power to produce a round mark with a diameter, d, on
the flat aluminium plate. The distance, /, where the laser burn mark (spot size) was the
smallest, d3, was noted as the focus position from the tip of the nozzle.
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Figure 37: Finding the focal spot position relative to the tip of the gas nozzle

3.2.6 Experiment procedure for underwater laser cutting trials in a high pressure
vessel

An IPG fibre laser with a maximum power of 10 kW, 1.06 um wavelength was used in
the CW mode. Powers in the range of 4 kW to 10 kW were used. The laser beam was
delivered to the cutting head by a 200 um diameter optical fibre, a collimator lens focal
length of 120 mm and focussed by a 250 mm focal length lens into a spot with a
diameter of 400 um. The optical fibre and all associated services were delivered
through a prototype laser cutting head capable of withstanding the hydrostatic
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conditions underwater. Figure 38 shows an illustration of the experimental setup using
a high-pressure vessel.

Hydraulic
motor

v

Air bottle to
pressurize
vessel

e

Air bottle bankupply 0 kW IPG laser IPG chiller

Figure 38: Experimental setup

The cutting procedure was as follows. First, the workpiece was mounted onto the XYZ
motion platform before filling up the high-pressure vessel with water to the required
level. Afterwards, a 3-tonne crane was used to lift the lid to the top of the vessel before
supplying a small amount of assist gas to prevent water from entering the nozzle
assembly. At this time, the workpiece was lowered inside the vessel and the lid was
interlocked to the vessel using two hydraulic cylinders powered by a hydraulic motor.
Thereafter, the required cutting gas pressure was supplied to the cutting head and an
air bottle was used to pressurise the vessel to the desired hydrostatic pressure
condition, respectively. To start the cutting process, the desired laser power was set
and a CNC program was run to move the workpiece at the programmed cutting speed
in order to make the cut. The cut length was determined by the presence of a flame at
the back of the workpiece (kerf exit). If a flame was absent, laser emission was
stopped.

Throughout the experimental procedure, the pressure inside the vessel was measured
by a pressure sensor and dynamically balanced at the desired hydrostatic pressure
condition set using the air bottle. Also, the cutting gas pressure was always set to be
higher than the hydrostatic pressure conditions inside the vessel to prevent the
backflow of water into the cutting head. Table 10 shows the cutting parameters used
in the cutting trials.
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The magnitude of the cutting parameters (gas pressure, stand-off distance, focus
position and focus position) were selected based on previous studies of underwater
laser cutting trials by Hilton and Khan [18, 20, 77, 78]. Equation (41) and equation (43)
can be used to calculate the Gaussian beam diameter and power intensity along the

Table 10: Cutting parameters

Parameters Values
Laser power (kW) 4-10
Cutting speed (mm/min) 50-300
Focus _posmon from the 5 10 and -18
workpiece surface (mm)
Standoff distance (mm) 5and 10
Nozzle diameter (mm) 3.5
Gas type Air
Gas pressure (bar) 8,9,13,18,23 and 28
Thickness (mm) 5-50
Beam waist diameter (mm) 0.4

Hydrostatic pressure (Bar)

0,1,5,10,15and 20

beam path at a laser power of 10 kW, as illustrated in Figure 39 and Figure 40

Beam diameter, mm

-70

4.00

-60

0.00
-50 40 -30 -20 -10 O
Distance along beam path from beam waist, mm

10 20 30 40 50

Figure 39: Beam diameter along the beam path
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Figure 40: Power intensity along the beam path at a laser power of 10 kW

Underwater laser beam cutting was performed in horizontal as well as vertical up and
down directions, thus demonstrating the practical applicability of underwater fibre
laser cutting in offshore decommissioning applications. The practical applicability of
underwater laser cutting has been proven by Matsumoto [123] when cutting a
stainless steel plate up to a thickness of 65 mm using a 5 kW CO laser, with the laser
beam advanced in horizontal as well as vertical up and down directions. For offshore
decommissioning applications, the ability to cut complex geometries in various
orientations is essential.

3.2.6.1 Vertical cutting
Vertical underwater laser cutting trials were only performed at 1 atmosphere
(unpressurised vessel) and 1 bar hydrostatic pressure with a dynamic nozzle. Figure 41

shows a view of the vertical underwater laser cutting trials, before and during the
cutting process with cutting direction going vertically up along the y-axis.
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Figure 41: Views of the vertical underwater laser cutting process with cutting
direction going vertically up: (a) before the cutting process began (b) during cutting

Before vertical cutting, the shroud (black cap covering the nozzle — see Figure 41) of
the dynamic nozzle is pushed against the workpiece to reduce its length until the
stand-off distance was 10 mm. The nozzle is dynamic because it has a shroud which
can retract so that it can reduce its length during the cutting process. Vertical cutting
trials were carried out with the focus position located at the tip of the dynamic nozzle,
thus giving a focus position of 10 mm from the surface of the material.

3.2.6.2 Horizontal cutting
Horizontal underwater laser cutting trials were performed by a static nozzle with the

focus position located at the tip of the nozzle (5 mm outside the surface of the
material) and 18 mm inside the material. The nozzle is static because it has a shroud
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which is stationery throughout the cutting process. Figure 42 shows a view of the
horizontal underwater laser cutting trials, before and during the cutting process with

cutting direction going along the x-axis.
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Figure 42: Views of the horizontal underwater laser cutting process with cutting
direction going along the x-axis: (a) before the cutting process began (b) during
cutting

Horizontal cutting trials were carried out in increasing hydrostatic pressure conditions
of 0, 5, 10, 15 and 20 bar inside the vessel. The goal was to cut at 8 bar relative
compressed air pressure to that of the vessel, so the cutting gas pressure varied from
8,13, 18, 23 and 28 bar depending on the hydrostatic pressure condition of the vessel.
Overall, ninety-seven cuts were performed inside the vessel on fifteen C—Mn steel
workpieces and a Vernier calliper was used to measure the kerf width, dross height
and maximum cut thickness.
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4 Presentation of experimental results

4.1 Overview

This chapter presents experimental results of underwater fibre laser cutting of C-Mn
steel in a 1m3 tank and high-pressure vessel. The first section of this chapter describes
the preliminary underwater laser cutting results from the cutting trials conducted in a
1m?3 tank, while the second section characterises the findings from the cutting trials
performed in a high-pressure vessel. Both sets of results were gathered and analysed
at TWI.

The aim of the cutting trials in a 1m3 tank is to understand the general characteristics
of underwater laser cutting in terms of process performance, capability, kerf width
and dross height at atmospheric pressure conditions. All the attempted laser cuts on
50 mm thick C-Mn steel workpieces fully penetrated the specimens up to a specific
thickness, although some of the kerfs contained bridges. A complete separation of a
50 mm thickness C-Mn steel workpiece was achieved using a 10-kW laser power, 8 bar
compressed air at a stand-off distance of 4 mm and a cutting speed of 125 mm/min.

The objective of the cutting trials in a high-pressure vessel is to investigate the effect
of power, cutting speed, and hydrostatic pressure on the maximum cut thickness, kerf
width and dross height. This study is necessary to prove the applicability of underwater
laser cutting in hyperbaric conditions and to investigate the optimum process
performance for cutting a 50 mm C-Mn steel workpiece at a hydrostatic pressure of
20 bar, corresponding to a water depth of 200 m. The results in this section are divided
into three subsections based on the location of the focus position and cutting
orientation used in the cutting trials. The focus position could be varied by moving the
laser operating system inside the cutting head. An important finding for these series
of tests is that a 50 mm thick C-Mn steel workpiece can be adequately cut at a laser
power of 10 kW (a power intensity of 10174 W/mm? on the material surface), a
maximum cutting speed of 200 mm/min, a stand-off distance of 5 mm and a
hydrostatic pressure condition of up to 20 bar, corresponding to a water depth of 200
m.

4.2 Underwater laser cutting trials in a 1 m3 tank

This section concerns the effect of power, gas pressure and power intensity on the
corresponding maximum cut thickness, dross height and kerf width. The experimental
results will now be discussed starting with the effect of laser power on the maximum
cut thickness.
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4.2.1 Effect of power

In this set of experiments, a 50 mm thick C-Mn steel workpiece was used with part of
its edge machined away at 30° to offer a range of thickness to the laser beam. The
influence of laser power on underwater cutting of the machined workpiece was
investigated. Laser powers between 4 and 10 kW were used to cut the workpiece. For
all the trials, an assist gas jet pressure of 8 bars was chosen, the beam focus was
positioned at the tip of the nozzle, and the stand-off distance was maintained at 4 mm.
The workpiece was traversed across the laser beam focused by the cutting head, with
incremental increases in cutting speed, until the material could not be cut. The
maximum cut thickness achieved was measured afterwards using a Vernier calliper.
Figure 43 shows the maximum cutting thickness achieved with the corresponding
cutting speed at different laser power magnitudes.
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Figure 43: Maximum underwater cut thicknesses as a function of set cutting speed
for different laser power magnitudes, an assist gas jet pressure of 8 bar, a focus
position of 4 mm and a stand-off distance of 4 mm

Figure 43 indicates that the maximum cut thickness is directly proportional to the laser
power and inversely proportional to the cutting speed. The influence of power on the
maximum cut thickness is more significant at lower cutting speeds below 400 mm/min.
Thereafter, the effect of power slightly decreases. A similar trend in the influence of
maximum cutting speed and power on the maximum cut thickness was also found in
previous underwater laser cutting studies by Chida et al. [138], Shin et al. [91] and
Hilton & Khan [18, 20]. For this study, a complete separation of a 50 mm thick C-Mn
steel workpiece was achieved using a laser power of 10 kW (a power intensity of 59775
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W/mm? on the surface of the workpiece), 8 bar compressed air at 4 mm standoff
distance and a maximum cutting speed of 125 mm/min.

The results from this study show a relatively high cutting performance in terms of
speed and thickness for the same laser power among the reported results of
underwater laser cutting of steels using air as an assist gas (see Table 11).

The process performance achieved is higher than previous studies by Chida et al. [138],
Hilton & Khan [20] and Matsumoto et al. [123] but lower than studies by Shin et al.
[91, 92]. The high process performance achieved by Shin et al. [91, 92] was attributed
to the step-like increase of the cutting speed which is implemented in the initial stage
of cutting. Moreover, the high process performance achieved could be attributed to
the lower thermal conductivity (21.4 W/mK) and melting temperature (1673-1723 K)
of 304 stainless steel, compared to C-Mn steel with a thermal conductivity of 42.7
W/mK and melting temperature in the range of 1698 — 1813 K [77, 81]. Therefore,
carbon steel requires more energy to melt and conducts more heat energy into the
material than 304 stainless steel during the cutting process [93].

Table 11: Process performance achieved in past studies of underwater fibre laser
cutting of stainless-steel

Past literature lV!axnmum cut Power (kW) Cutting s;?eed
thickness (mm) (mm/min)
Shin et al. [92] 50 6 80
Shin et al. [91] 50 9 180
Chida et al. [138] 25 4 ~100
Matsumoto et al. [123] 50 5 ~60
Hilton & Khan [20] 32 5 100

4.2.2 Effect of cutting gas pressure

In this series of tests, the influence of assist gas pressure on the maximum cut
thickness was examined at 6 and 10 kW. For each laser power magnitude, assist gas
pressures of 2, 4, and 8 bar were used. The workpiece was cut from 5 mm at various
cutting speeds until it was clear that cutting had stopped. The focus position of the
beam was at the level of the exit of the cutting nozzle tip and the stand-off distance
was 4 mm. All cutting trials were carried out with the laser beam emerging horizontally
and impinging on a sample to be cut. Afterwards, the maximum cut thickness achieved
was measured and the results are shown in Figure 44 for assist gas pressures of 2, 4,
and 8 bar.
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Figure 44: Maximum underwater cut thicknesses as a function of set cutting speed
for various assist gas pressures, different laser power magnitudes, a focus position of
4 mm and a stand-off distance of 4 mm

Figure 44 indicates that in terms of maximum cut thickness obtained, the process
perfomance increases slightly with increasing assist gas pressure especially at a laser
power of 10 kW. The major differences in performance occur at cutting speeds less
than 200 mm/min, corresponding to cutting depths of approximately 28 mm for 6 kW
and nearly 37 mm for 10 kW. Below this speed, the performance is a little better for
an assist gas pressure of 8 bar for both laser power magnitudes. Above this speed, the
exact influence of cutting gas pressure is unclear, but relatively constant with changes
in cutting speed. In this region, cutting C-Mn steel with 4 bar assist gas pressure gave
a slightly better cutting performance than 8 bar for 6 kW and cutting with 8 bar assist
air pressure produced a slightly better cutting performance than 4 bar for 10 kW.

A comparison between Figure 43 and Figure 44 clearly shows that laser power has a
greater influence on the maximum cut thickness than assist gas pressure. This is
because when the assist gas pressure is constant in Figure 43, increasing the power
results in a greater increase in the magnitude of the maximum cut thickness achieved
than when the assist gas pressure is varied at a constant laser power in Figure 44.

4.2.3 Effect of power intensity

In this set of experiments, the influence of the power intensity on the process
performance in terms of the maximum cut thickness was investigated. The cutting gas
pressure, laser power and cutting speed were kept constant at 8 bar, 10 kW and 100
mm/min, respectively. The stand-off distance was increased from 5 to 30 mm to vary
the power intensity on the surface of the material. Six cuts were performed on a C-Mn
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steel workpiece. Figure 45 shows the power intensity on the surface of the material at
various stand-off distances for a laser power of 10 kW.
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Figure 45: Power intensity on the surface of the material as a function of set stand—
off distances at a laser power of 10 kW

Figure 45 indicates that the power intensity on the surface of the material is inversely
proportional to the stand-off distance. This can be attributed to the increase of the
beam spot diameter on the surface of the material which occurs as the stand-off
distance increases. The beam diameter on the surface of the material increases from
0.49 to 1.96 mm when the stand-off distance increases from 5 to 30 mm. The decrease
of the power intensity with increasing stand-off distance is more significant at stand-
off distances below 15 mm.

Figure 46 shows the maximum underwater cut thicknesses of C-Mn steel as a function

of the power intensity on the surface of the material at a laser power of 10 kW, a
constant cutting speed of 100 mm/min and an assist gas jet pressure of 8 bar.
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Figure 46: Maximum underwater cut thicknesses as a function of power intensity at a
constant cutting speed of 100 mm/min, an assist gas jet pressure of 8 bar and a laser
power of 10 kW

As expected, the maximum cut thickness is directly proportional to the power intensity
on the surface of the material. The increase of the maximum cut thickness with
increasing power intensity is more significant at power intensities below 12 000
W/mm?, corresponding to stand off distances above 15 mm. The decrease in the
process performance with decreasing power intensity can also be attributed to the
following:

e When the power intensity on the surface of the material was decreased by
increasing the stand-off distance, air pressure at the surface of test-piece got
weaker and molten metal couldn't be removed toward the back of the test-
piece [138];

e Decreasing the power intensity on the material’s surface by increasing the
stand-off distance to up to 30 mm could increase the power losses that could
occur due to scattering between the nozzle and the workpiece. These power
losses may also continue to occur inside the cut kerf if water vapour is present

[1].
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4.2.4 Dross height analysis

As mentioned in Chapter 2.5, the laser cut edge quality is insignificant, but minimum
production and release of secondary waste is. Other cutting techniques such as
diamond wire sawing, plasma arc cutting and abrasive water jet produce significantly
higher secondary waste compared with laser cutting technology [138]. Management
of secondary waste emission is critical in both nuclear and offshore decommissioning
applications for reducing the size of irradiated material and achieving low waste
production, respectively [18, 92]. If, during laser cutting, as much of the molten
material removed from the kerf can be induced to remain attached to the lower sides
of the cut, the less material that will end up as sedimentary dross [18].

The main features on the 50 mm C-Mn steel laser cut edge that signify the efficiency
of melt removal from the cut kerf include the dross attachment on the lower cut edge
and the boundary layer separation point [66]. The dross composition of a C-Mn steel
workpiece cut underwater using air comprise of a mixture of metal dross and metal
oxide. The elemental composition of metal dross is similar to that of the parent
material. For C-Mn steel, the dross composition is mostly iron oxide and manganese
[77]. Figure 47 shows the cut cross section of a C-Mn steel workpiece and the
workpiece's shape is indicated by the white lines provided.
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Figure 47: C-Mn steel cut cross section

The profile of the cut edges show that the melt flow starts out from the bottom of the
cut kerf as a laminar boundary layer flow in which the melt streamlines follow straight
paths. As the melt flow progresses up the cut kerf, the boundary layer thickness
increases, and a point is reached where the flow regime transitions into a turbulent
boundary layer flow in which the melt particles move in haphazard paths as shown by
the nature of the streamlines in Figure 47. The striation pattern below the separation
line is uniform following straight contours along the cut thickness and the striation
pattern above the boundary layer separation point is irregular with slanting contours
[66]. Figure 47 also shows that the attachment dross height in the turbulent boundary
layer region increases with increasing C-Mn steel thickness.

The assessment of the dross height comprises of the measurement of the dross which

remained adhered to the base of the material after cutting and its dependence,
primarily on laser power, cutting gas pressure and stand-off distance. The influence of
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laser power on the average dross height was investigated at 4, 6, 8 and 10 kW. The
stand-off distance and cutting gas pressure were kept constant at 4 mm and 8 bar,
respectively. The laser beam focus position was positioned at the tip of the nozzle. The
dross height at each millimetre of the cut length was measured using a Vernier calliper.
Afterwards, the average dross height of each cut length was calculated using Microsoft
Excel [142]. Figure 48 shows the average dross height with the corresponding
maximum cutting speed at different laser power magnitudes.
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Figure 48: Average dross height as a function of set cutting speed for different laser
power magnitudes, an assist gas jet pressure of 8 bar, a focus position of 4 mm and a
stand-off distance of 4 mm

Here, it is shown that the level of adhering dross produced is inversely proportional to
the cutting speed, and directly proportional to the laser power. Therefore, in offshore
decommissioning applications, using a higher laser power provides a larger operating
window: higher laser power will be especially useful to minimise secondary emissions
as structures have variable thicknesses. It is advantageous to the oil and gas industry
to use a laser-based decommissioning technology that retains as much dross attached
to the offshore structures as possible. This would imply a low level of secondary waste
production and a minimal post clean-up operation. These factors normally lead to
reduction in the decommissioning cost and a safer water environment. The same logic
can be applied when decommissioning irradiated structures in the nuclear industry
[18].

Figure 48 also indicates that a cutting speed of 400 mm/min or below is beneficial if

high dross adhesion to the material being cut is required. The cutting speed was the
most influencing factor in dross adhesion for the process parameters used.
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The influence of assist gas pressure on the average dross height was also investigated
for different laser power magnitudes of 6 and 10 kW. The average dross height was
calculated for cutting gas pressures of 2, 4 and 8 bar for both laser powers magnitudes.
Figure 49 and Figure 50 show the average dross height variation on the kerf exits of
the C-Mn steel plates, with respect to cutting speed. Figure 49 and Figure 50 show the
dross height variation at a laser power of 6 kW and 10 kW, respectively.
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Figure 49: Average dross height as a function of set cutting speed for different assist

gas pressures, a laser power of 6 kW, a focus position of 4 mm and a stand-off
distance of 4 mm
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Figure 50: Average dross height as a function of set cutting speed for different assist
gas pressures, a laser power of 10 kW, a focus position of 4 mm and a stand-off
distance of 4 mm

Variations in the cutting gas pressure did not show any significant influence on dross
adhesion for both laser power magnitudes. However, at a laser power of 10 kW, an
increase in dross adhesion was noticed at the lowest cutting gas pressure of 2 bar. At
a laser power of 6 kW, cutting with a low assist gas pressure of 4 bar gave the highest
average dross height for cutting speeds above 400 mm/min.

The influence of power intensity at the material's surface on cut quality in terms of
average dross height was also investigated. The cutting gas pressure, laser power and
cutting speed were kept constant at 8 bar, 10 kW and 100 mm/min, respectively. The
focus position was positioned 4 mm above the surface of the material and the power
intensity was varied by increasing the stand-off distance from 5 to 30 mm. Figure 51
shows the average dross height in C-Mn steel as a function of power intensity.
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Figure 51: Average dross height as a function of power intensity at a cutting speed of
100 mm/min, an assist gas jet pressure of 8 bar and a laser power of 10 kW

Overall, the relationship of the average dross height with power intensity is unclear.
Figure 51 indicates that when the power intensity increases, the variation of the
average dross height appears to be random. Generally, the average dross height
increases with power intensity from 3318 to 6883 W/mm?. Above a power intensity of
6883 W/mm?, the average dross height decreases with increasing power intensity.
Figure 51 shows that the optimum cutting conditions for dross adhesion on the side of
the cut kerf is using a power intensity of 6883 W/mm?, corresponding to a stand-off
distance of 20 mm.

4.2.5 Kerf width analysis

The influence of laser power on the kerf width was investigated for all the cut
workpieces at different laser power magnitudes. The kerf width was measured for
laser powers of 4, 6, 8 and 10 kW using a vernier calliper. The width was measured 2
mm from the start and end of each cut. All kerf width measurements were taken from
the kerf exit (inclined surface of the workpiece). Afterwards, the average kerf width
for each cut length was calculated. For these cutting trials, the stand-off distance was
maintained at 4 mm, an assist gas jet pressure of 8 bar was chosen and the beam focus
was positioned at the tip of the nozzle. Figure 52 shows the average kerf width with
the corresponding maximum cutting speed at different laser power magnitudes.
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Figure 52: Average cut kerf width as a function of set cutting speed for different laser
power magnitudes, an assist gas jet pressure of 8 bar, a focus position of 4 mm and a
stand-off distance of 4 mm

The trendlines plotted in Figure 52 show that the average kerf width decreases slightly
with increasing cutting speed for at all laser power magnitudes. The average kerf width
is also directly proportional to the laser power. For the process parameters used, laser
power had a greater impact on the average kerf width than cutting speed. The kerf
width of all the cuts was very narrow, ranging from 1.4 to 3.3 mm. In decommissioning
applications, a narrow kerf width is necessary to minimise secondary waste and reduce
the cost of waste disposal [143].

The influence of assist gas pressure on the average kerf width was studied for different
laser power magnitudes of 6 and 10 kW. The average kerf width was calculated for
cutting gas pressures of 2, 4 and 8 bar for both laser powers magnitudes. Figure 53
and Figure 54 shows the average kerf width with the corresponding cutting speed at 6
and 10 kW, respectively.
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Figure 53: Average cut kerf width as a function of set cutting speed for different
assist gas pressures, a laser power of 6 kW, a focus position of 4 mm and a stand-off
distance of 4 mm

3.5
° ® 8 Bar at 10 kW
= 3 E24 Bar at 10 kW
£ ¢ 2 Bar at 10 kW
'525
T~ * o
2 .
4 b S S
g 2 ‘ -‘.... Oo-o’ ............ -‘. ............ ‘ ..............
&,D ==. e Se, ?
o B g Tteee
] * Tteaee
> 1.5 = ® fEeeeeennnll, ¢
< H .“'0000 cece
=_= == ooo-oooooooooo ﬁ
]
1
0 200 400 600 800 1000

Max. Cutting Speed, [mm/min]

Figure 54: Average cut kerf width as a function of set cutting speed for different
assist gas pressures, a laser power of 10 kW, a focus position of 4 mm and a stand-off
distance of 4 mm

The effect of cutting gas pressure on the average kerf width is unclear but show the
same characteristics for both laser power magnitudes. The changes of the average kerf
width at different assist gas pressures could be attributed to changes in the shock
structure of the gas jet and the associated mass flow rate having a direct impact on
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the underwater laser cutting process. Underwater laser cutting of C-Mn steel with the
lowest assist gas pressure of 2 bar gave the widest kerf width at most cutting speeds
for both 6 and 10 kW. Cutting at a 4 bar assist gas pressure provided the narrowest
kerf width for most cutting speeds at 6 kW and 10 kW.

The influence of the power intensity on the cut quality in terms of the average cut kerf
width was also examined. The cutting gas pressure, laser power and cutting speed
were kept constant at 8 bar, 10 kW and 100 mm/min, respectively. The stand-off
distance was increased from 5 to 30 mm to change the power intensity on the surface
of the material. Figure 55 shows the average cut kerf width as a function of power
intensity at the constant assist gas pressure, laser power and cutting speed parameters
stated.
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Figure 55: Average cut kerf width as a function of power intensity at a cutting speed
of 100 mm/min, a cutting speed of 100 mm/min, an assist gas jet pressure of 8 bar
and a laser power of 10 kW

Overall, the average kerf width decreased with increasing power intensity. As the kerf
width is strongly dependant on the beam diameter [70, 72], the increase in the kerf
width can be attributed to the increasing beam spot diameter on the surface of the
workpiece which occurs as the power intensity decreases. The kerf width on the
surface of the workpiece was narrow for most of the cuts formed but the width at the
back tended to get wider as the thickness or power intensity decreased (increasing the
stand-off distance). This widening effect of the kerf width was also observed by Chida
et al. [138] who performed underwater laser cutting trials on stainless steel
workpieces.
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4.2.6 Summary of experimental results in a 1 m3 tank

Underwater cutting of eight C-Mn steel workpieces with a 10-kW fibre laser were
performed as a fundamental study for nuclear and offshore decommissioning
applications. The presented results of the cutting trials in a 1m? tank can be
summarised as follows:

e A complete separation of a 50 mm thickness C-Mn steel was achieved using a
laser power of 10 kW (a power intensity of 59775 W/mm? on the surface of the
workpiece), 8 bar compressed air at 4 mm standoff distance and a maximum
cutting speed of 125 mm/min;

e The process performance, in terms of the maximum cut thickness, was directly
proportional to the laser power and inversely proportional to the cutting
speed;

e Power had a greater influence on the maximum cut thickness than assist gas
pressure;

e The power intensity on the surface of the material is inversely proportional to
the stand-off distance;

e The maximum cut thickness is directly proportional to the power intensity on
the surface of the material;

e The average kerf width decreased with increasing power intensity. This can be
attributed to the increasing beam spot diameter on the surface of the
workpiece which occurs as the power intensity decreases;

e The average kerf width decreases slightly with increasing cutting speed for at
all laser power magnitudes;

e Laser power had a greaterimpact on the average kerf width than cutting speed;

e The effect of cutting gas pressure on the average kerf width is unclear but show
the same characteristics at different laser powers of 6 and 10 kW. The changes
of the average kerf width at different assist gas pressures could be attributed
to changes in the shock structure of the gas jet and the associated mass flow
rate having a direct impact on the underwater laser cutting process;

e The level of adhering dross produced is inversely proportional to the cutting
speed, and directly proportional to the laser power;

e The attached dross height is directly proportional to the material thickness;

e The optimum cutting conditions for dross adhesion were evident at a power
intensity of 6883 W/mm?, corresponding to a stand-off distance of 20 mm.

4.3 Underwater laser cutting trials in a high-pressure vessel

The experimental results in this section are divided into three subsections based on
the location of the focal position and cutting orientation used in the cutting trials. The
first section presents vertical underwater laser cutting trials with a focal position
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located at the tip of the dynamic nozzle. The next sections present horizontal
underwater laser cutting trials with a focal position located at the tip of a static nozzle
and 18 mm inside the material, respectively.

4.3.1 \Vertical underwater laser cutting trials with the focal position located at the
tip of a dynamic nozzle

Vertical underwater laser cutting trials were conducted using a dynamic nozzle. The
influence of power on the corresponding maximum cut thickness, kerf width and dross
height was investigated at a hydrostatic pressure of 1 bar, corresponding to a water
depth of 10 m. To demonstrate the practical application of underwater laser cutting
at a relatively low hydrostatic pressure, the initial cutting trials in a high pressure vessel
were carried out at 1 bar hydrostatic pressure. The goal was to cut at 8 bar relative
compressed air pressure to that of the vessel, therefore, an assist gas pressure of 9 bar
was used. Laser powers of 4, 8 and 10 kW were used to cut the workpiece. For these
cutting trials, the stand-off distance was maintained at 10 mm and the laser beam
focus was positioned at the tip of the nozzle. The workpiece was moved across the
laser beam with incremental increases in cutting speed, until the material could not
be cut. The maximum cut thickness, dross height and kerf width created were
measured afterward using a Vernier calliper.

Figure 56 shows the maximum underwater cut thicknesses in C-Mn steel as a function
of set cutting speed for different laser power magnitudes at a hydrostatic pressure of
1 bar.
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Figure 56: Maximum underwater cut thicknesses as a function of set cutting speed

for different laser power magnitudes at a hydrostatic pressure of 1 bar, a cutting gas
pressure of 9 bar, stand-off distance of 10 mm and a focal position of 10 mm
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As expected, the maximum cut thickness achieved is directly proportional to the laser
power and inversely proportional to the cutting speed for the process parameters
used. The influence of cutting speed on the maximum cut thickness is more significant
at higher laser power magnitudes. As a result, the gradient of the line for 10 kW is
greater than that at 4 kW.

Figure 56 also indicate that for high cutting speeds above 200 mm/min, the maximum
cut thickness achieved at 4 kW is slightly different than that achieved at 10 kW.
Therefore, it is beneficial to use a lower laser power of 4 kW than 10 kW to cut
structures with a low thickness to lower energy costs. Overall, a 50 mm thick C-Mn
steel workpiece was cut using a laser power of 10 kW, compressed air pressure of 8
bar, a stand-off distance of 10 mm, and a maximum cutting speed of 100 mm/min.

The effect of laser power on the kerf width was also investigated for the cuts formed
by the vertical underwater laser cutting process. The kerf width was measured 2 mm
from the start and end of each cut. All kerf width measurements were taken from the
kerf exit (inclined surface of the workpiece). The average kerf width for each cut length
was recorded. Figure 57 shows the average cut kerf width in C-Mn steel as a function
of set cutting speed for different laser power magnitudes.
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Figure 57: Average cut kerf width as a function of set cutting speed for different laser
power magnitudes, a cutting gas pressure of 9 bar, stand-off distance of 10 mm and
a focal position of 10 mm

The average cut kerf width decreases slightly with increasing cutting speed and
increases with laser power. The laser power had a more significant influence on the
average kerf width than cutting speed. The kerf width of all the cuts was relatively
wide, ranging from 2.9 to 5.2 mm. The wide kerf width formed can be attributed to
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focusing the laser beam at the tip of the nozzle while using a relatively long stand-off
distance of 10 mm. As a result, a relatively large spot size of 0.75 was formed on the
surface of the workpiece which produced a wide cut kerf width at the kerf exit.

The influence of laser power on the dross height attached on the side of the cut kerf
was investigated at 4, 8 and 10 kW. The dross height at each millimetre of the cut
length was measured using a Vernier calliper and an average dross height was
calculated. To acquire the dross height profile on the cut length, measuring the dross
height with a Vernier calliper is fairly precise. Figure 58 shows the average dross height
as a function of set cutting speed for different laser power magnitudes.

—0— 10 kW

Average Dross Height, [mm]
=Y

0 50 100 150 200 250 300
Max. Cutting Speed, [mm/min]

Figure 58: Average dross height as a function of set cutting speed for different laser
power magnitudes, cutting gas pressure of 9 bar, stand-off distance of 10 mm and a
focal position of 10 mm

According to the results shown in Figure 58, the average dross height is directly
proportional to the laser power and inversely proportional to the cutting speed. The
most significant parameter affecting the average dross height at 1 bar hydrostatic
pressure is the cutting speed. The best cutting conditions for dross adhesion are at
high laser powers and low cutting speeds.

Another result worth mentioning for the assessment of adhering dross is related to
the creation of bridges within the cut kerf and volume of material removed. Figure 59
(a), Figure 59 (b) and Figure 59 (c) shows the dross attachment on a C-Mn steel
workpiece at a laser power of 10, 8 and 4 kW, respectively.

87



N N
o wu
© o
3 3
3 3
S
3 3

ujw/ww 0ST L5

=
o
=
3
3
=~
3
=

—
=2
S—

Figure 59: Dross attachment on the C-Mn steel workpiece at a laser power of (a) 10,
(b) 8 and (c) 4 kW

For all cut cross sections, a large volume of molten material was not removed during
the cutting process and bridges were formed within the cut kerf. It has been found
that bridges are made of debris that has not been removed from the kerf and have a
greater likelihood to appear when cutting underwater than in air [1]. The creation of
bridges could indicate an interaction of the beam or molten material with the water
environment. Therefore, the limiting effect of underwater laser cutting is the melt
removal process [1]. Accordingly, provided the laser power intensity is high enough
to melt the material, choosing process parameters that optimise the melt removal
process is vital.

4.3.2 Summary of vertical underwater laser cutting results

Vertical underwater laser cutting trials were carried out with a 10-kW fibre laser at
atmospheric pressure conditions and 1 bar hydrostatic pressure. The presented results
of vertical underwater laser cutting trials at a hydrostatic pressure of 1 bar can be
summarised as follows:

e A 50 mm thick C-Mn steel workpiece was cut with a laser power of 10 kW, a
cutting gas pressure of 9 bar, a 10 mm standoff distance, and a maximum
cutting speed of 100 mm/min;

e The maximum cut thickness achieved is directly proportional to the laser power
and inversely proportional to the cutting speed. The influence of cutting speed
on the maximum cut thickness was more significant at higher laser power
magnitudes;

e Ingeneral, the average cut kerf width decreases slightly with increasing cutting
speed and increases with laser power. The laser power had a more significant
influence on the average kerf width than cutting speed;

e The average adhering dross height is directly proportional to the laser power
and inversely proportional to the cutting speed. The most significant
parameter affecting the average dross height at 1 bar hydrostatic pressure is
the cutting speed.
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4.3.3 Horizontal underwater laser cutting trials with the focal position located at
the tip of a static nozzle

Horizontal underwater laser cutting trials were performed using a static nozzle. For
these series of tests, the influence of hydrostatic pressure on the corresponding
maximum cut thickness, kerf width and dross height was examined at a constant
cutting speed of 100 mm/min. Four cuts were made on a C-Mn steel specimen at
increasing hydrostatic pressure conditions of 1, 5, 10 and 15 bar, corresponding to a
water depth of 10, 50, 100 and 150 m, respectively. The goal was to cut at 8 bar relative
compressed air pressure to that of the vessel, therefore, a cutting gas pressure of 9,
13, 18 and 23 bar was used, respectively. All experiments were carried out at a laser
power of 10 kW and the stand-off distance was maintained at 5 mm. The maximum
cut thickness, dross height and kerf width achieved was measured afterwards using a
Vernier calliper.

Table 12 shows the maximum underwater cut thicknesses achieved at different assist
gas pressures and hydrostatic pressure conditions inside the vessel.

Table 12: Results and parameters at increasing hydrostatic pressure conditions using
a laser power of 10 kW and the stand-off distance of 5 mm

Cutting speed Cutting Chamber hydrostatic Maximum cut
(mm/min) pressure (Bar) pressure (Bar) thickness (mm)
100 9 1 50
100 13 5 50
100 18 10 50
100 23 15 50

Table 12 indicates that a maximum cutting speed of 100 mm/min was able to cut a 50
mm thick C-Mn steel workpiece at a hydrostatic pressure of 1,5 10 and 15 bar. A higher
cutting speed would likely be able to cut a 50 mm thick C-Mn workpiece for the process
parameters used.

The kerf width formed on the C-Mn steel workpiece was investigated for the process
parameters used. The width was measured 2 mm from the start and end of each cut.
All kerf width measurements were taken from the kerf exit (inclined surface of the
workpiece). Afterwards, the average kerf width of each cut length was recorded.
Figure 60 shows the average cut kerf width as a function of set hydrostatic pressure at
a constant cutting speed of 100 mm/min.

89



@ ——-———" - . _
7 S -
3.5 /. .~'s.
E 2
£ .
= 3 ’-
= 2
§ ¢
w 2.5 - @ 100 mm/min
]
=
&
e 2
(]
>
<
1.5
1
0 5 10 15

Hydrostatic pressure, [Bar]

Figure 60: Average cut kerf width as a function of set hydrostatic pressure at a
constant cutting speed of 100 mm/min, a laser power of 10 kW and the stand-off
distance of 5 mm

The variations of the average kerf width with increasing hydrostatic pressure appear
to be random. The lowest average kerf width was achieved when cutting at a
hydrostatic pressure of 1 bar and the highest average cut width was achieved at 10
bar hydrostatic pressure. The kerf widths for all the cuts are narrow, ranging from 2.5
-4 mm.

The influence of hydrostatic pressure on the average dross height was also
investigated. The dross height at each millimetre of the cut length was measured using
a Vernier calliper and the average dross height was calculated. Figure 61 graphically
shows the average dross as a function of set hydrostatic pressure at a constant cutting
speed of 100 mm/min.
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Figure 61: Average dross height as a function of set hydrostatic pressure at a
constant cutting speed of 100 mm/min, a laser power of 10 kW and the stand-off
distance of 5 mm

Here the average dross height decreases with increasing hydrostatic pressure. The
decrease of the average dross height was more significant at lower hydrostatic
pressure conditions between 1 and 10 bar. The best cutting conditions for dross
adhesion are at the lowest hydrostatic pressure of 1 bar, as shown in Figure 62.

Figure 62: Cut entrance (left) and exit (right) at 1, 5, 10 and 15 bar hydrostatic
pressure
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4.3.4 Horizontal underwater laser cutting trials at a focal position 18 mm inside
the material in increasing hydrostatic pressure conditions

Horizontal cutting trials were carried out in increasing hydrostatic pressure conditions
of 0, 5, 10, 15 and 20 bar inside the vessel using a static nozzle. Overall, 34 cuts were
carried out on 5 C-Mn steel workpieces. The focal position used in these cutting trials
was influenced by the design of the cutting head (ability to move the laser processing
optical system inside the cutting head). The focal position was determined
experimentally by blip tests on a thin sheet of aluminium. The smallest spot size on
the aluminium surface was taken to be the focal position from the tip of the nozzle.
The focal position for these cutting trials was located 23 mm from the tip of the nozzle
(18 mm inside the material when a stand-off distance of 5 mm is used).

At 1 atmosphere pressure conditions inside the vessel, the influence of laser power on
the corresponding maximum cut thickness was investigated. Laser powers of 6, 8 and
10 kW were used to cut the workpiece. For the specified laser power, an assist gas jet
pressure of 8 bar was chosen, and the stand-off distance was maintained at 5 mm. The
workpiece was moved across the laser beam focused by the cutting head, with
incremental increases in cutting speed, until the material could not be cut. Afterwards,
the maximum cut thickness achieved was measured using a Vernier calliper.

At 5 to 20 bar hydrostatic pressure conditions inside the vessel, corresponding to a
water depth of 50 to 200 m, the influence of hydrostatic pressure on the maximum
cut thickness, kerf width and dross height was investigated for a set of cutting speeds.
The goal was to cut at 8 bar relative compressed air pressure to that of the vessel, so
the cutting gas pressure varied from 8, 13, 18, 23 and 28 bar depending on the
hydrostatic pressure condition of the vessel. All experiments were carried out at a laser
power of 10 kW and the stand-off distance was maintained at 5 mm. The workpiece
was moved across the laser beam by an XYZ motion platform, at a constant cutting
speed, until the material could not be cut. The maximum cut thickness, dross height
and kerf width achieved was measured afterwards using a Vernier calliper.

The results of the horizontal cutting trials will now be addressed, beginning with the
effect of power on maximum cut thickness at 1 atmospheric pressure conditions.
Figure 63 shows the maximum underwater cut thicknesses in C-Mn steel as a function
of set cutting speed for different laser power magnitudes at 1 atmospheric pressure
conditions.
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Figure 63: Maximum underwater cut thicknesses as a function of set cutting speed
for different laser power magnitudes at 1 atmospheric pressure conditions, a relative
cutting gas pressure of 8 bar, a laser power of 10 kW, a focal position located 18 mm

inside the material and a stand off distance of 5 mm

As expected, the maximum cut thickness increased with increasing laser power and
decreased with increasing cutting speed. A 50 mm thick C-Mn steel workpiece was cut
using a laser power of 10 kW, a cutting gas pressure of 8 bar, a stand-off distance of 5
mm and a maximum cutting speed of 150 mm/min. This gives a process capability of
cutting 5 mm per kW for the process parameters used. The process capability would
likely increase by using a lower cutting speed to cut a higher thickness of C-Mn steel.

The process performance, in terms of the maximum cut thickness, was also
investigated at increasing hydrostatic pressure conditions. Figure 64 shows the
maximum cut thickness with the corresponding cutting speed at different hydrostatic
pressure conditions.
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Figure 64: Maximum underwater cut thicknesses as a function of set cutting speed
for various hydrostatic pressure conditions, a relative cutting gas pressure of 8 bar, a
laser power of 10 kW, a focal position located 18 mm inside the material and a stand

off distance of 5 mm

Here, a 50 mm thick C-Mn steel workpiece can be adequately cut with a maximum
cutting speed of 200 mm/min at almost all hydrostatic pressures. At 5 bar hydrostatic
pressure, the maximum cut thickness is 49.58 mm at 200 mm/min due to an
experimental error of stopping laser emission early during the cutting process. At
atmospheric pressure conditions, a cut was not made at 200 mm/min due to the
depletion of the air bottle bank during the cutting trials.

The maximum cut thickness is inversely proportional to the cutting speed for all
hydrostatic pressure conditions after a specific cutting speed (150 mm/min for 0 and
5 bar hydrostatic pressure, and 200 mm/min for 10, 15 and 20 bar hydrostatic
pressure). When using an 8 bar relative compressed air pressure to that of the vessel,
the effect of the hydrostatic pressure condition of vessel on the maximum cut
thickness achieved is minimal. Overall, Figure 64 shows that underwater laser cutting
is achievable with excellent performance at a hydrostatic pressure of up to 20 bar,
representing an extreme water depth of up to 200 m.

Figure 65 shows the cut workpieces at (a) 0, (b) 5, (c) 10, (d) 15 and (e) 20 bar
hydrostatic pressure.
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Figure 65: Cut workpiece at a hydrostatic pressure of (a) 0 bar front (left) and back
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Compared to the vertical cutting trials (see Figure 59), Figure 65 shows that a
significant volume of the melt is removed from the cut kerf at all hydrostatic pressure
conditions particularly for cutting speeds lower than 200 mm/min. The significant
volume of molten material ejected from the cut kerf can be attributed to locating the
focal point inside the material. A focal position located 18 mm inside the workpiece
creates a wider kerf width. Consequently, the melt removal process is optimised as the
area in which the gas jet interacts with the melt increases.
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Figure 65 also indicate that the back of the cut workpiece shows that the attached
dross height decreased with increasing hydrostatic pressure from 0 to 20 bar. As a
result, the weight of sedimented dross increases with increasing hydrostatic pressure
of up to 20 bar, representing a water depth of 200 m. The effects of sedimented dross
in subsea decommissioning applications can cause marine pollution. Therefore,
sedimented dross threatens the health of marine species, food safety and quality,
ocean health and human health [144].

The dross height at each millimetre of each cut length was measured using a Vernier
calliper and the average dross was calculated. Figure 66 shows the average dross
height as a function of set cutting speed at different hydrostatic pressure conditions
of the vessel.
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Figure 66: Average dross height with the corresponding cutting speed for various
hydrostatic pressure conditions, a relative cutting gas pressure of 8 bar, a laser
power of 10 kW, a focal position located 18 mm inside the material and a stand off
distance of 5 mm

As expected, the average dross height decreased with increasing cutting speed for 1
atmosphere hydrostatic pressure condition. However, the relationship between the
average dross height and cutting speed at higher hydrostatic pressure conditions is
unclear. At 5 and 15 bar hydrostatic pressure, the average dross height increased with
increasing cutting speed. At 10 and 20 bar, the average dross height increases with
increasing cutting speed up to 150 mm/min then decreased. Therefore, the variation
of the average dross height with increasing cutting speed is random above
atmospheric pressure conditions. Figure 66 also shows that the average dross height
decreases with increasing hydrostatic pressure at all cutting speeds.

The measurements for the attached dross height produced at a hydrostatic pressure
of 20 bar were repeated to check for a measurement error. Figure 67 shows a
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comparison of the average dross height calculated from the first and second set of
measurements.
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Figure 67: Average dross height with the corresponding cutting speed at a
hydrostatic pressure of 20 Bar, a relative cutting gas pressure of 8 bar, a laser power
of 10 kW, a focal position located 18 mm inside the material and a stand off distance

of 5mm

The average dross height calculated from the first set of measurements is nearly
identical to that calculated from the second set of measurements. The small difference
in the average dross height values can be attributed to an observation error.
Additionally, the error could be due to dross filaments breaking before or during the
measurements. The dross filaments of certain cuts was brittle, particularly at the top
of the filament. The second set of dross height measurements may be lower than the
first due to the Vernier calliper hitting the top of some dross filaments during the first
set of measurements.

At all hydrostatic pressure conditions, the kerf width was measured using a Vernier
calliper at 2 mm from the start and end of each cut length. All kerf width
measurements were taken from the kerf exit (inclined surface of the workpiece).
Figure 68 shows the average kerf width with the corresponding cutting speed.
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Figure 68: Average kerf width with the corresponding cutting speed, a relative
cutting gas pressure of 8 bar, a laser power of 10 kW, a focal position located 18 mm
inside the material and a stand off distance of 5 mm

The average kerf width decreased slightly with increasing cutting speed at all
hydrostatic pressure conditions. The variations of the average kerf width with
increasing hydrostatic pressure appear to be random. The lowest average kerf width
was achieved when cutting at 1 atmosphere hydrostatic pressure and the highest
average kerf width was achieved at 10 bar hydrostatic pressure. The kerf widths for all
the cuts are narrow, ranging from 2 — 3.3 mm.

4.3.5 Summary of horizontal underwater laser cutting results

A 10-kW fibre laser was used to conduct horizontal underwater laser cutting trials of a
50 mm C-Mn steel workpiece in increasing hydrostatic pressure conditions inside the
vessel, with the focal point positioned at the tip of a static nozzle. The influence of
hydrostatic pressure on the maximum cut thickness, kerf width and dross height was
examined at a constant cutting speed of 100 mm/min. The presented underwater laser
cutting results can be summarised as follows:

e A 50 mm thick C-Mn steel workpiece was cut at all hydrostatic pressure
conditions inside the vessel;

e The variations of the average kerf width with increasing hydrostatic pressure
appear to be random;

e The average dross height decreased with increasing hydrostatic pressure. The
decrease of the average dross height was more significant at lower hydrostatic
pressure conditions between 1 and 10 bar.
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An underwater cutting study was also conducted with the focal position located 18
mm inside the workpiece. With a laser power of 10 kW, cutting trials were performed
on C-Mn steel at increasing hydrostatic pressure conditions of 0, 5, 10, 15 and 20 bar
inside the vessel using a static nozzle. In an unpressurised vessel (1 atmospheric
pressure conditions), the influence of laser power on the maximum cut thickness was
investigated. At 5 to 20 bar hydrostatic pressure conditions inside the vessel,
corresponding to a water depth of 50 to 200 m, the influence of hydrostatic pressure
on the maximum cut thickness, kerf width and dross height was investigated for a set
of cutting speeds. The results presented can be summarised as follows:

e At 1 atmospheric pressure conditions, the maximum cut thickness is directly
proportional to the laser power and inversely proportional to the cutting
speed;

¢ A maximum cutting speed of 200 mm/min was used to cut a 50 mm thick C-Mn
steel workpiece at almost all hydrostatic pressure conditions;

e A high volume of molten material was removed during the cutting process at
all hydrostatic pressure conditions;

e The average kerf width decreased slightly with increasing cutting speed at all
hydrostatic pressure conditions;

e The average dross height decreased with increasing hydrostatic pressure at all
cutting speeds;

e The average kerf width decreased slightly with increasing cutting speed at all
hydrostatic pressure conditions.
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5 Development of an energy balance theoretical model for
underwater laser cutting

The development of a power balance theoretical model for underwater laser cutting
was accomplished in two phases. The first phase comprises of modelling an energy
balance theoretical model for conventional laser cutting and validating the results
using experimental data. The second phase concerns modifying the power balance
equation for conventional laser cutting with conduction and convection heat losses
that occur underwater. The theoretical results are then validated by experimental
results of underwater laser cutting trials in a 1 m3 tank. Figure 69 shows the stages of
the development of an energy balance theoretical model for underwater laser cutting.

—_—

Develop a theoretical model for conventional
laser cutting based on research literature

Modify parameters of the developed theoretical
model for conventional laser cutting with —
experimental data

Conventional
v laser cutting

Validate theoretical model for conventional
laser cutting with experimental results

\ 4

Modify theoretical model for conventional laser

cutting to an underwater laser cutting model by
including additional heat losses

. Underwater
laser cutting
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[ Validate underwater theoretical model with ]

experimental results

J—

Figure 69: Development of an energy balance analytical model for underwater laser
cutting

The stages employed to develop an energy balance model for underwater laser cutting
will now be discussed in their chronological order, starting with the theoretical
modelling for conventional laser cutting from literature using MATLAB R2017a [145].

5.1 Energy balance theoretical model for conventional laser cutting

An energy balance which describes the equilibrium setup in the cutting zone during
laser oxygen cutting was developed based on a study by Seme & Schneider [146]. The
governing principle for the energy balance can be expressed as [147]:

100



Energy supplied to the cut zone = Energy used in generating a cut + Energy losses (45)

Equation (45) refers to a cut front with the geometry shown in Figure 70. It is assumed
that energy is absorbed by this cut front and then redistributed as useful energy (which
generates the cut) and losses (which do not) [33]. This is, of course, a great
simplification but it does help to clarify the situation for a largely qualitative analysis
such as this one.

/J____C bey/

|

|
7 r
7 ~

/ - e ] - -

Figure 70: A schematic of the cut front geometry

The interactions in the cut zone can be described by an energy balance. The power
balance for a steady-state laser oxygen cutting of a steel substrate can be expressed
using a lumped parameter formulation as [146]:

PabS+PT:Phl+Pm+PW (46)

This energy balance contains P, the power absorbed, P. the diffusion limited
reactive power gain due to oxidation, Pj; the thermal leakage power (conduction
losses) in the solid material, B,, the heat for melting the material and PB,, denotes the
power for heating of the molten material [146]. This equation has heat sources on the
left and heat sinks on the right. Heat sinks on the right can be calculated as [146]:

By + By = vcbetp(cp(Ty — Too) + Hpy) (47)

P 0.36
Py = 4Kt(T,, — To) (Ee) (48)

Where v, is the cutting speed, b, is the cut kerf width, t is the material thickness, p is
the density of the material, ¢, is the specific heat capacity, T, is the process
temperature, T,, is the ambient temperature, H,, is the specific enthalpy of fusion of
the material, K is the thermal conductivity, T, is the melting temperature and P, is
the Peclet number. The Peclet number and thermal conductivity are dimensionless
constants which can be stated as follows [146]:

101



P, =v.b./2x (49)

K = cpk p (50)

Here, k is the thermal diffusivity. The Peclet number and thermal conductivity can be
used to simplify and express the total power of heat sinks on the right. The total power
of heat sinks on the right, P., can be expressed as [146]:

H P )2 0.36
P. = 4Kt [(Tp — Ty + (C—m) ?e + (Tpp — Ts) (f) )l (51)
14

Heat sources on the left-hand side of the energy balance equation are given by the
diffusion limited reactive power gain due to oxidation, P. and the absorbed laser
power, P,,s. These heat sources can be established as [146]:

Pabs = PLA (52)

K
Pr = vcbctpHFeOXabbr = 2Pe C_tHFeOXabbr (53)
p

Where P; is the laser power at the workpiece, A is the absorption coefficient, Hg,o is
the reaction enthalpy for the formation of FeO from air and X, is the burn-off.

There is no chemical formula for air as it is a mixture of many different compounds
with varying percentages. The major components in air are nitrogen (78.1%), oxygen
(20.9%), carbon dioxide (0.03%) and many others in minute amounts [148]. The
reaction enthalpy for the formation of iron oxide (FeO) from iron (Fe) and oxygen (0,)
is approximately 4 800 kJ per 1 kg iron [146]. Therefore, for the reactive power gain
due to oxidation B, the reaction enthalpy in the theoretical model was decreased by
79.1% according to the oxygen content in air.

The assumptions for a power balance theoretical model for conventional laser cutting
can be stated as follows [36, 146, 147, 149]:

e The theoretical model is based on the power balance equation, so the mass
and momentum balance equations are neglected;

e Heat losses by convection and radiation are negligible compared to the power
of the laser beam;

e Multiple reflections of laser radiation within the cutting kerf are neglected,;

e At the melting point, the effects of melt evaporation and the recoil pressure
are quite negligible, so the corresponding terms are omitted;

e All the melted material is removed to form the cut kerf and the kerf sides are
heated but not melted so that the width of the melting front is equivalent to
the kerf width;
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e The surface temperature is kept constant at the melting temperature by using
a high pressure assist gas flow;

e The width b, of the cutting front is constant for the entire cutting depth. This
corresponds to the creation of perpendicular cutting edges;

e An absorption degree, A, of 80% was assumed since the oxide layer on the cut
front caused by the combustion leads to an increase of absorption.

5.1.1 Validation of theoretical model of conventional laser cutting using
experimental data

The material properties and cutting parameters in the theoretical model were altered
to validate the model using experimental data of conventional fibre laser cutting
experiments. The experimental data concerns laser cutting trials performed in air using
a 10-kW fibre laser system as the cutting light source. The laser beam generated by
the Ytterbium fibre laser was delivered to the cutting head via a 200 um diameter
optical fibre. The cutting head used high power laser optics in the form of coated fused
silica collimating and focusing lenses, of lengths 120 and 250 mm, respectively. A
cutting gas pressure of 8 bar was used to cut S355J2+N, a high tensile strength and low
carbon steel workpiece with thickness of up to 70 mm. Table 13, Table 14 and

Table 15 shows the thermophysical properties of S355J2+N mild steel, chemical
composition S355J2+N mild steel, and cutting parameters used in the cutting trials,
respectively.

Table 13: Thermophysical and mechanical properties of S355J2+N mild steel [1, 150]

Material properties Values
Specific heat capacity (J/kgK) 460 - 480
Melting temperature (K) 1780

Thermal conductivity (W/mK) 36 - 54
Thermal diffusivity (m?/s) 8 e-6
Reaction enthalpy (J/kg) 1392000
Density (kg/m3) 7850
Yield strength (N/mm?) 355 - 550
Tensile strength (N/mm?) 490 - 630

Table 14: Chemical composition S355J2+N mild steel [151]

Element (Percentage by weight - wt%) S355J2+N mild steel
C max Si max Mn max P max Smax | Ce max
0.22 0.55 1.60 0.035 0.035 0.047

$355J2+N
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Table 15: Cutting parameters

Parameters Values
Laser power (kW) 5and 10
Cutting speed (mm/min) 50-1000
Focal position from the workpiece
. . 15
surface (into the material) (mm)
Standoff distance (mm) 10
Nozzle diameter (mm) 3.5
Gas pressure (bar) 8
Beam waist diameter (mm) 0.36
Cutting gas type Air
Maximum thickness (mm) 70

The effect of laser power on cutting S355J2+N mild steel was examined. The maximum
cut thickness with the corresponding cutting speed for both the theoretical and
experimental work was plotted at 5 and 10 kW. The MATLAB code for the theoretical
and practical maximum cut thickness achieved with the corresponding cutting speed
is presented in Appendix B. Figure 71 shows a comparison of the theoretical and
practical maximum cut thickness achieved with the corresponding cutting speed at
different laser power magnitudes.
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Figure 71: Comparison of the theoretical and experimental maximum cutting
thickness achieved with the corresponding cutting speed at 5 and 10 kW

As expected, the maximum cut thickness increases with increasing laser power and
decreases with increasing cutting speed at 5 and 10 kW. A S355J2+N steel workpiece
with a thickness of 70 mm was cut using a laser power of 10 kW, an assist gas pressure
of 8 bar, a 10 mm standoff distance and a maximum cutting speed of 50 mm/min.
Figure 71 shows that the predicted theoretical process performance is nearly identical
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to the experimental laser cutting performance at 5 and 10 kW. However, they is a
better correlation between the theoretical and practical process performance at 10
kW than 5 kW. The slight variation between the theoretical and practical process
performance at 5 kW could be attributed to a measurement error of the maximum cut
thickness from the experimental data.

5.2 Energy balance for a theoretical model for underwater laser
cutting

The energy balance equation was modified by two key heat losses that occur in
underwater laser cutting. The energy losses considered in this model are the
conduction of heat to the base material and power losses from solid or molten
material to water. Conduction losses were investigated because they are the dominant
reason which reduces the cutting performance in underwater laser cutting than in air
[92]. Convection losses are studied because buoyancy makes it difficult to produce a
steady dry cavity where the laser can travel for long distances without being absorbed
by water [91].

5.2.1 Conduction of heat to the base material

A high temperature gradient between the solid base material and the solid-melt
interface causes heat transfer by conduction. The temperature gradient is higher
underwater than in air because the solid base material is continuously cooled by the
surrounding water [92]. The solid-melt interface is assumed to be at the melting
temperature of the workpiece. The rate of conduction loss to the base material,
qs, can be expressed as [152]:

_ K(Tm - Too)

s =

n6df (54)

Here, nis a constant term which depends on the temperature distribution in the radial
direction and 4 is the thermal diffusion length. The product nd, denotes the depth
from melt front where the workpiece is at ambient temperature [152]. The thermal

diffusion length, é'df, which is a function of laser interaction time, vi, can be expressed
c
as [152]:

(55)
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5.2.2 Heat losses from solid or molten material to water

During underwater laser cutting, if water/water vapour is present at the laser—
workpiece interface or inside the cut kerf, heat is lost to the surrounding water
environment. In a situation when the water at the laser—workpiece interface is
vaporised by the laser beam, the high pressure assist gas jet does not allow formation
of a stable vapour film at the interaction zone. The heat transfer at the laser—
workpiece interface can be assumed to be forced convection and the convective heat
transfer coefficient (H,) can be estimated using [152]:

K
H, = 0.797b—wRev?,'5Prv8'33 Pr >3 (56)
C

Here, K, is the thermal conductivity of water, Re,, is the Reynolds number and Pr,, is
the Prandtl number of water. The equation of the convective heat transfer
coefficient in this model is assumed because it is an experimentally determined
parameter whose value depends on all the variables influencing convection such
as surface geometry, nature of fluid motion, properties of the fluid, and bulk fluid
velocity. The Reynolds number was also assumed to be constant. The rate of
convective heat loss, q,,, from the surface of molten layer to water/water vapour can
be estimated using [152, 153]:

qw = he(T; — Tw) (57)

Where T; is the melt front temperature. The energy balance in equation (46) can be
modified for underwater laser cutting as follows:

Pabs+Pr:Phl+Pm+Pw+qs+qw (58)

Further assumptions were applied to the energy balance analytical model for
underwater laser cutting. The following are the theoretical model's assumptions [101,
152, 154]:

e The values of different thermo-physical properties of water (p,,, Cpw, K,,) are
taken as the average of temperature dependent properties in the range from
room temperature to boiling temperature;

e The melting temperature of the specimen is assumed to be the temperature at
the solid-melt interface;

e The laser power absorbed at the surface is partly lost by convection to water
and the rest is conducted into the material;

e The Reynolds number is calculated with a constant velocity of an underwater
gas jet expanding at an inlet pressure of 8 bar.
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The theoretical model for underwater laser cutting was validated by the process
performance and kerf width analysis results for underwater laser cutting trialsina 1m3
tank.

5.2.3 Validation of theoretical model for underwater laser cutting

The maximum underwater cut thickness and kerf width for both the theoretical and
experimental work was examined. The MATLAB code for the theoretical and practical
maximum cut thickness achieved with the corresponding cutting speed is presented in
Appendix C. Figure 72 shows a comparison of the theoretical and practical maximum
cut thickness with the corresponding cutting speed for underwater laser cutting at
different laser power magnitudes.
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Figure 72: Comparison between the maximum cut thickness with the corresponding
maximum cutting speed at a laser power of 10, 8, 6 and 4 kW

As expected, the maximum cut thickness increases with increasing laser power and
decreases with increasing cutting speed. A complete separation of a 50 mm thickness
C-Mn steel was achieved using a laser power of 10 kW, 8 bar compressed air and a
maximum cutting speed of 125 mm/min. Here, the maximum cutting speed for cutting
50 mm C-Mn steel at 10 kW is 125 mm/min for both the theoretical and experimental
results.
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Overall, the predicted theoretical process performance is substantially the same as the
experimental laser cutting results particularly for higher laser power magnitudes of 6,
8 and 10 kW. At 4 kW, the predicted maximum cut thickness is lower than that of the
experimental values, especially for higher cutting speeds. The differences in the
process performance at 4 kW could be attributed to the fact that the theoretical model
only considers the energy balance in underwater laser cutting. Therefore, the
theoretical model is limited as the mass and momentum balance equations for
underwater laser cutting are neglected.

The influence of laser power on the kerf width was also investigated at different laser
power magnitudes of 4, 6, 8 and 10 kW. For the experimental work, the kerf width was
measured at a constant thickness of 6 mm (2 mm from the start of the cut) for different
cutting speeds. For the theoretical model of underwater laser cutting, the kerf width,
b., was calculated from the power balance equation as:

B 0.36
K(Tnmdiﬁ) — (ho(T, = T.p)) — <4Kt(Tm —T) (%) ) (59)

vctp(cp (Tp - Too) + Hm)

K
PLA+ 2P, L tHreoXanr = (

b, =

The kerf width is limited by the beam diameter at the location where the kerf width
was measured. This condition indicates that the kerf width is larger than the beam
diameter where the kerf width was measured, d(z), and can be expressed as [24]:

b, =2 d(z) (60)

The MATLAB code for the theoretical and practical kerf width achieved with the
corresponding cutting speed is presented in Appendix D. Figure 73 shows a
comparison of the theoretical and practical kerf width values for underwater laser
cutting at different laser power magnitudes.
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Figure 73: Comparison between the kerf width with the corresponding maximum
cutting speed at different laser power magnitudes

The kerf width decreases with increasing cutting speed for low cutting speeds below
200 mm/min at all laser power magnitudes. This could be attributed to a higher
thermal energy being transferred to the cut zone at lower cutting speeds. Afterwards,
the kerf width remains constant with increasing cutting speed. The predicted kerf
width is substantially the same as the measured cut width. In decommissioning
applications, a narrow kerf width is necessary to minimise secondary waste and reduce
the cost of waste disposal [92].

5.3 Summary of theoretical model for underwater laser cutting

A theoretical model which describes the power balance of underwater laser cutting
was developed. A clear comparison of the theoretical and experimental results was
presented. The results can be summarised as follows:

e The maximum cut thickness is directly proportional to laser power and
inversely proportional to cutting speed;

e The maximum cutting speed for cutting 50 mm C-Mn steel at 10 kW is 125
mm/min from both the analytical model and experimental results;
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The predicted process performance is substantially the same as the

experimental laser cutting results, particularly for higher laser power
magnitudes and lower cutting speeds;

The predicted kerf width is nearly identical to the measured width of the cut;
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6 Development and application of a gas jet expansion
numerical model for underwater laser cutting

The main objective of this chapter is to investigate the effect of fluid flow on the
underwater laser cutting process to identify a mixed phase (water, water vapour
(steam) and air) medium along the path of the laser beam. A mixed phase region along
the path of the laser beam can cause optical effects such as reflection, refraction,
scattering, and absorption of the laser beam to occur [100, 101]. A mixed phase
medium within the kerf can also affect the melt removal process underwater [1]. As a
result, a mixed phase region at the laser-material processing zone can affect both the
cutting performance and quality in underwater laser cutting. Therefore, the variation
of the volume fraction of air along the path of the laser beam was investigated. The
velocity contours were generated at different inlet pressure conditions to investigate
the velocity flow field properties under the effect of gravity and buoyancy. This study
is necessary as it is difficult to quantify the volume fraction of air and velocity in the
path of the laser beam using experimental visualisation as an underwater gas jet
expansion flow is unsteady and turbulent [22, 23].

The development of an underwater gas jet expansion model for underwater laser
cutting was accomplished in two key stages. These stages can be summarised as
follows:

I. A 2-dimensional (2D) underwater buoyant gas jet expansion model was
simulated and compared to an image of a submerged air jet expanding
underwater during the cutting trials in a 1m3 tank. Two models were created
with the same dimensions as the cutting geometry of the underwater laser
cutting trials in a 1m3 tank. The first model (Chapter 6.1) presents the
characteristics of a gas jet expanding underwater. This model is necessary to
understand the characteristics and expansion of an underwater gas jet with
convergent nozzles. The second model (Chapter 6.2) examines the
characteristics of a gas jet expanding underwater through an opening/virtual
kerf of an obstacle. The obstacle represents the workpiece and the
opening/virtual kerf represents the kerf created during underwater laser
cutting;

II.  3-dimensional (3D) underwater gas jet expansion models based on the 2D
models were simulated for a more realistic simulation and to accurately
represent the real fluid flow problem. The 3D models were compared to an
image of a submerged air jet expanding underwater during the cutting trials in
a 1m3 tank to validate the model. This model examines the variation of the
volume fraction of air along the path of the laser beam in underwater laser
cutting. Chapters 6.3 and Chapters 6.4 include descriptions of the models.

The stages of the development of a gas jet expansion model for underwater laser
cutting will now be discussed, starting with a 2-dimensional (2D) underwater buoyant
gas jet expansion model.
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6.1 2D underwater gas jet expansion model

A numerical model of a gas jet expanding underwater was simulated using ANSYS
Fluent 18.2 [21]. This model was simulated using the same nozzle geometry
specification and inlet pressure conditions used in the underwater laser cutting trials
in a 1 m3 tank to investigate the characteristics of a gas jet expanding underwater
without an obstacle (workpiece) with an opening (virtual kerf). The simulated volume
fraction of air under the influence of gravity and buoyancy was compared with an
experimental image of a submerged gas jet at the same inlet pressure condition to
validate the model.

In this model, a pressure based transient model was adapted. A transient model is
considered because the flow velocity and pressure change with time. The set of
governing equations consists of the following:

e Conservative form of the Navier-Stokes equations - set of partial differential
equations which mathematically express conservation of momentum and
conservation of mass for Newtonian fluids (see Chapter 2.6.6) [155];

e The energy equation - the first law of thermodynamics or the law of
conservation of energy (see Chapter 2.6.6) [156];

e A transport equation for the gas volume fraction which represents a robust
method for tracking the air-water interface, and offers several alternatives for
reconstructing the interface with accuracy while conserving the fractional
volume of fluid (see Chapter 2.6.6) [157];

e A Large Eddy Simulation (LES) turbulence model. This turbulence model was
selected as it reduces the computational cost by ignoring the smallest length
scales, which are the most computationally expensive to resolve, via low-pass
filtering of Navier—Stokes equations [158].

6.1.1 LES turbulence model

The LES method resolves large scale structures with the spatially filtered Navier-Stokes
equations, whereas the effect of small scales is modelled. Fluid components are
assumed to share the same velocity field in the simulation. The spatially filtered
governing equations of continuity, momentum and energy can be listed as follows
[159]:

Filtered continuity equation:

Opm  0ml) _

dat ax,-

(61)
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Filtered momentum equation:

I(pm:)  I(pmUity)  0p 0 ou; 0ty

+ o WUm 7 (62)
ot 0x; dx; dx; - " ox;”  0x;
Filtered energy equation:
aEk aEk 1 aﬁlﬁ al_liTl'j aﬁl.S_'U
— —20———=—-& — 63
Jt + 0x; +p 0x; + 0x; Y o, r—1 (63)

] ] ]

Where, p;, is the density of the mixture, %; and u; are filtered velocity components, ¢
is the time, x; and x; are distance components, p is the filtered pressure, 7;; is the
subgrid-scale (SGS) stress, Ey is the kinetic energy, S_'l-j is the rate-of-strain tensor, &
is the dissipation of kinetic energy of the filtered velocity field by viscous stress and [|
is the sub-filter scale (SFS) dissipation of kinetic energy. The subgrid-scale (SGS) stress,
7;;, sub-filter scale (SFS) dissipation of kinetic energy, [] and dissipation of kinetic
energy of the filtered velocity field by viscous stress, &, can be expressed as [159]:

Tij = Pm(Wily — U;) (64)
[1= 1S (65)

The terms on the left-hand side of the filtered energy equation represent transport,
and the terms on the right-hand side are sink terms that dissipate kinetic energy.

6.1.2 VOF multiphase model

The VOF multiphase model was used to trace the interfaces between different phases:
the model tracks two or more immiscible fluid interfaces by solving momentum
equations and phase volume fraction equations. It is widely used in the prediction of
jet break-up, the motion of large bubbles in liquid, and dam-break problems in
engineering [136]. For numerical study of underwater gas jets, the VOF model has
been validated by Tang et. al [23]. The phase volume fraction conservation equation is
[136]:

n

0 - . .

a(aqpq) +V- (aqpqul) = Sa'q + Z(mpq - mqp) (67)
p=1
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where, a, is volume fraction of phase g, p, is the density of phase g, I_/;I is velocity of
phase q, Saq is the source item of phase q, M, is the mass flow rate from phase q to
phase p, and mqp is the converse transfer rate. The phase volume fraction is
constrained by the following requirement:

Yag=1 (68)
q=1

Here, two phases are considered. Phase q is defined as water and phase p is air. A 2D
VOF (Volume of Fluid) multi-phase flow model was adopted to simulate the interface
between air and water. This method was selected over other approaches such as the
Mixture and Eulerian model because it is designed for two or more immiscible fluids
where the position of the interface between the fluids is of interest [160]. The
advantages of the VOF model include [161]:

e The VOF's use, reliability and effectiveness are widespread: the method has
been known for several decades, has gone through a continuous process of
improvement and is used by many commercially available software programs
such as ANSYS Fluent 18.2 [21];

e The VOF method is easy to extend to 3D and simple to implement;

e Applications of the VOF model include stratified flows or the steady or
transient tracking of any liquid-gas interface, which correspond to our case.

The limitations of the VOF method include [161]:

e The VOF method involves massive calculations and data burden, which leads to
a high computational cost;

e The accuracy of VOF decreases with interface length scale getting closer to the
computational grid scale;

e Typical problems include the air jet breakup and motion of large bubbles in a
liquid (water).

The density of air conforms to the ideal gas law and the density of water is assumed
to be constant [23, 134]. Air is assumed to be an ideal compressible gas, and water an
incompressible fluid. A model which considers the influence of gravity and buoyancy
was developed based on the 2-D axisymmetric model by Tang et al. [134]. The
geometry and boundary conditions were the main changes applied to the model.
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6.1.3 Geometry and boundary conditions

This geometry consists of a convergent nozzle (air domain) and a water domain (see
Figure 74). The inlet, wall, outlet, and interior boundary conditions are indicated by A,
B, Cand D, respectively. This model’s boundary settings have the same pressure, type,
and temperature conditions as that of the model in air, together with an air volume
fraction of 1 at the inlet.

»

Nozzle (air
domain)

0.000 0.400 0.800 (m)
[ s S
0.200 0.600
Figure 74: Geometry and boundary conditions

The design parameters of the nozzle geometry are as follows: length of nozzle throat
is 2 mm; width of the nozzle throat is 2 mm; vertical height of the nozzle inlet is 20
mm; total length of the nozzle is 52 mm; length of the converging part of the nozzle is
20 mm; depth of nozzle from the outlet is 400 mm. The throat size is chosen to choke
the flow and set the mass flow rate through the nozzle. The flow in the throat is sonic
which means the Mach number is equal to one in the throat [107]. The concerned flow
field of the geometry is the external region along the centreline of the nozzle as this is
the expansion region of the gas jet. Therefore, split lines surrounding the flow field
were chosen to establish a finer mesh in this area and all the split lines of the geometry
were defined as interior boundary conditions.

Initially, a face sizing with an element size of 10 mm was adapted to set a fine
guadrilateral mesh on all faces. Afterwards, a finer mesh with a maximum face size of
5 mm was set for the faces inside the interior boundary condition and the nozzle (see
Figure 75). Finally, edge sizing with 120 divisions was specified at the interior boundary
condition to set the finest mesh of the geometry with a face size of 0.1 mm at the flow
field region (see Figure 75 for the finest mesh around the nozzle region). The
generated mesh for the whole geometry comprises of 16 474 nodes and 16 164
elements.
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Figure 75: Mesh configuration

The quality of the mesh which plays a significant role in the accuracy and stability of
the numerical computation was checked for errors [162]. The mesh quality measures
used to generate a suitable mesh for the model are smoothness (change in size from
one face or cell to the next) and skewness (a primary quality measure for a mesh which
determines how close to ideal a face or cell is) [112]. The skewness was set such that
it does not exceed 0.9. A medium smoothing was specified as large differences in size
between adjacent faces or cells will result in a poor computational grid because the
differential equations being solved assume that the cells shrink or grow smoothly.
After setting up the geometry, mesh and boundary conditions of the model, the setup
of the underwater gas expansion model was configured.

6.1.4 Setup

A double-precision parallel solver was adapted at the beginning of the setup to
compute a more definite solution. A 2D analysis type and pressure based unsteady
transient model was specified. An explicit scheme was fixed for this model as it has
better numerical accuracy than implicit formulation. Moreover, this formulation is
mostly used in multiphase simulations of compressible flow were surface tension is
vital [161]. The operating density was set to zero as it is the required condition for
simulating compressible flows with buoyancy [161]. The flow field is influenced by
gravity, inertial forces, surface tension, and buoyancy. The direction of action of gravity
is in the negative y-direction, at 9.81 m/s? and the whole air jet flow field is
asymmetric.

A multiphase simulation with two phases of water and air was set. The primary and
secondary phase were adapted as water and air, respectively. The phase interactions
between water and air had a surface tension of 0.072 N/m [163]. The interface
modelling type was specified as sharp because it is the recommended option to use
when a distinct interface is present between different phases [161]. The default
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properties defined for the gas jet expansion model in air, together with water
properties shown in Table 16, were specified for this model.

Table 16: Water properties [21]

Properties Value
Reference temperature (K) 298
Thermal conductivity (W/m-K) 0.6
Specific heat capacity (kJ/kg-K) 4.182
Molecular weight (kg/kmol) 18.0152
Viscosity (kg/m-s) 0.001003
Standard state enthalpy (J/kgmol) | 2858.4 e+05 (Exothermic)
Density (kg/m3) 998.2

6.1.5 Solution procedure

The coupling of the velocity and pressure terms in the momentum equation were
solved by the well-known Pressure-Implicit with Splitting of Operators (PISO)
algorithm. The PISO scheme is part of the SIMPLE (Semi-Implicit Method for Pressure
Linked Equations) family of algorithms. It is based on the higher degree of the
approximate relation between the corrections for pressure and velocity. This scheme
was used because it is more efficient and precise than SIMPLE per iteration cycle [164,
165].

In relation to the spatial discretisation (the processes and protocols that were used to
convert the equations of the momentum, energy and density into a form that can be
used to calculate numerical solutions), the first order upwind scheme was adapted.
This scheme was selected because the second order formulation is computationally
expensive. The compressive scheme was set to discretise the volume fraction and
PRESTO! (PREssure STaggering Option) scheme was used to compute the cell face
pressure [166].

The Least Squares Cell-Based method was also selected to compute the gradients
needed not only for constructing values of a scalar at the cell faces, but also for
computing secondary diffusion terms and velocity derivatives. This method was
adapted as it has less computational cost than other node-based gradient methods
[116]. The implicit transient formulation of the first order was selected to compute the
solution because the second order, though offering improved precision, could be
computationally costly [167]. The solution controls set for this model are shown in
Table 17.

The model was initialised with values for pressure, velocity, temperature and air
volume fraction specified for the boundary conditions. After initialisation, the mesh
was adapted such that the initial phase of the nozzle is gaseous (air), while the outer
field is water. These two parts are relatively static. An initial time step of 10 s was set
to calculate the solution for 50 000-time steps. Afterwards, the time step was reduced
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to 10 s to speed up the calculation process. The maximum number of iterations per
time step were set as 10 and a fixed time step approach was implemented [167]. The
volume fraction of air and velocity contours of an underwater gas jet expansion model
were generated at an inlet pressure of 8 bar up to a flow time of 2.2 s. The simulation
was stopped at this time because the flow had fully developed from the nozzle inlet to
the outlet.

Table 17: Solution controls

Control factor Value
Energy (J) 1
Turbulent kinetic energy (J/kg) 0.8
Turbulent dissipation rate (J/kg.s) 0.8
Turbulent viscosity (kg/m.s) 1
Density (kg/m3) 1
Momentum (kg.m/s) 0.03
Pressure (bar) 0.3

6.1.6 Gas jet development

The physical problem investigated in this model is a supersonic gaseous jet injected
underwater by a converging nozzle. The nozzle is operated in the under-expansion
condition - the pressure at the nozzle exit is larger than the back pressure so the flow
of a buoyant gas jet must continue to expand upon leaving the nozzle [1].

A buoyant jet can be defined as the fluid motion caused by the sustained injection of
a low-density fluid (air) with large momentum through an orifice into a fluid ambient
of higher density (water). Due to Rayleigh—Taylor instability (instability of an interface
between two fluids of different densities which occurs when a lighter fluid is pushing
a heavier fluid), the jet breaks up into a train of bubbles. Depending on its initial
momentum and the density difference between the two fluids, the gas jet breaks up
either immediately at the nozzle exit or at some distance downstream. As the jet
expands underwater, it gradually evolves along a trajectory within it [22].

The volume fraction of air at the external region of the nozzle exit is 1 for the flow time
simulated (see Figure 76). The horizontal distance from the nozzle exit’s centreline to
the point when the flow becomes a mixed phase was measured using ImageJ, a Java-
based image processing program [168]. The volume fraction of air is 1 at the nozzle
exit’s centreline for a horizontal distance of 0.12 to 0.15 m. This shows that a dry cavity
is well formed in this area of the flow field.
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Figure 76: Air volume fraction contour at an iIet pressure of 8 bar for a flow time of
(a)0.02s,(b)0.2s,(c)1.2sand (d) 2.2 s

It was also observed clearly that the submerged jet expanded continuously and rose
toward the water surface because of the large density difference between water and
air. The flow structure and processes are essentially unsteady and turbulent. The
unsteady and turbulent characteristics together with the large density ratio across the
interfaces lead to difficulties in modelling underwater gas jet expansion with numerical
approaches [22].

The gas jet air volume fraction at an inlet pressure of 8 bar was compared to an image
of a submerged air jet expanding underwater during the cutting trials in a 1m?3 tank.
Figure 77 (a) depicts the gas jet air volume fraction at a flow time of 2 s, whereas Figure
77 (b) shows an image of a submerged air jet captured 2 seconds after the gas jet
pressure was increased to 8 bar.
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Figure 77: Air volume fraction of (a) numerical model and (b) submerged air jet
expanding underwater during the cutting trials in a 1m?3 tank

Figure 77 (a) shows that the simulated gas jet trajectory is comparable to that of the
submerged air jet in Figure 77 (b). In the initial section of the submerged air jet, the jet
shape remains straight or is slightly diverging due to the high momentum of the jet. As
the jet continues to expand underwater, buoyancy makes the jet bend towards the
free surface [22]. The momentum of the gas decreases as the gas jet develops such
that the influence of gravity and buoyancy dominate. As a result, buoyancy and density
effects cause bubbles to move upwards [119, 169].

6.1.7 Velocity distribution

An assessment of the velocity distribution was also investigated. Figure 78 shows the
velocity contour at an inlet pressure of 8 bar for a flow time, t, of (a) 0.02 s, (b) 0.2 s,
(c)1.2sand(d) 2.2s.
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Figure 78: Velocity contour at an inlet pressure of 8 bar for a flow time of (a) 0.02 s,
(b)0.2s,(c)1.2sand (d) 2.2 s

The velocity distribution during the development of the gas jet is nonlinear but bends
towards the outlet because of buoyancy. The velocity magnitude in the flow field
decreases with increasing horizontal or vertical distance from the nozzle exit due to
the inertia forces of the water [130]. As a result, the velocity magnitude is greatest at
the nozzle exit. The velocity at the throat of the nozzle is nearly 320 m/s, indicating
that the condition of choked flow is achieved.

Figure 79 depicts a velocity contour comparison for a flow time of approximately 0.5 s
at different inlet pressure conditions of (a) 2, (b) 4, (c) 8, (d) 16 and (e) 32 bar.
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Figure 79: Velocity contour comparison for a flow time of approximately 0.5 s at an
inlet pressure of (a) 2, (b) 4, (c) 8, (d) 16 and (e) 32 bar.

At all inlet pressure conditions, when an air jet is injected underwater, an under-
expanded supersonic air jet is formed which expands along the centreline of the
nozzle. The expansion process is turbulent and unsteady. As a result, the velocity
fluctuates during the flow, increasing and decreasing in different regions along the
flow field. The velocity magnitude in the flow field is proportional to the inlet pressure
condition of the nozzle. Accordingly, the velocity flow field area distribution increases
with inlet pressure. At all inlet pressure conditions, the velocity flow field trajectory is
nonlinear and bends towards the outlet due to buoyancy.

It is crucial to form an air cavity with denser and more linear characteristics to extend
the permissible thickness of steel workpieces for underwater laser cutting [170]. The
nozzle exit velocity and mass flow rate are important variables that have a significant
effect on the underwater cavity formation. The two variables are correlated to the
nozzle thrust, and their values are determined by the nozzle throat diameter,
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upstream stagnation pressure, and internal geometry of the underwater cutting nozzle
[170].

6.2 2D underwater gas jet expansion model of an obstacle with a
virtual kerf/opening

A 2D underwater gas jet expansion model of an obstacle with a virtual kerf was
simulated to study the characteristics of a gas jet expanding through an
opening/virtual kerf of an obstacle. The obstacle represents the workpiece, and the
opening represents the kerf created during the underwater cutting process. This
model was simulated using the same nozzle geometry specification and inlet pressure
conditions used in the underwater laser cutting trials in a 1 m3 tank. The volume
fraction of air was generated to identify a mixed phase (water, water vapour (steam)
and air) region along the path of the laser beam. The velocity contours were generated
at different inlet pressure conditions to investigate the velocity flow field under the
effect of gravity and buoyancy.

A 2D underwater gas jet expansion model with an obstacle and an opening was
simulated based on the previous 2D gas jet expansion model influenced by gravity and
buoyancy. Therefore, the governing equations specified in the previous model were
adapted. The geometry and boundary conditions were the main modifications applied
to the model.

6.2.1 Geometry and boundary conditions

The geometry consists of the nozzle, an obstacle with a virtual kerf/opening and a
water domain. The geometry is based on the dimensions of the cutting geometry of
the underwater laser cutting trials in a 1m3 tank. Figure 80 shows the 2D geometry and
boundary conditions.
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Figure 80: 2D geometry and boundary conditions

The inlet, wall, interior and outlet boundary conditions are indicated by A, B C and D,
respectively. The concerned flow field of the geometry is the external region of the
nozzle through the opening as this is the path of the laser beam. Therefore, split lines
were set to establish a finer mesh in this region to allow an efficient definition of mesh
densities to ensure sufficient resolution of interfaces. All the split lines of the geometry
were defined as interior boundary conditions.

The length of the obstacle is set as 0.05 m, which corresponds to the maximum cut
thickness achieved in the underwater laser cutting trials. The horizontal distance
between the nozzle and obstacle is 0.004 m, which corresponds to the stand-off
distance adapted in the cutting experiments. The vertical distance of the opening in
the geometry is defined as 0.0015 m, which corresponds to an estimate of the average
kerf width produced on the workpiece during the underwater cutting process.

Initially, face meshing and sizing were adapted to set a fine quadrilateral mesh with a
maximum element size of 15 mm on all faces of the geometry. Afterwards, face sizing
with an element size of 5 mm was set to generate a finer mesh on the faces around
the nozzle exit and obstacle (see Figure 81). Edge sizing was then specified at the
interior boundary conditions within this region to set a face size of 0.15 mm. The
generated mesh for the whole geometry consists of 8 823 nodes and 8 469 elements.
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Figure 81: Mesh configuration

The quality of the mesh was assessed by checking for errors, together with adapting
medium smoothing and setting a target skewness of 0.9 [112, 162]. After setting up
the mesh conditions, all the previous model's setup and solution settings were
adapted. The solution of an underwater gas jet was simulated up to a flow time, t, of
1.1s.

6.2.2 Gas jet development

The flow structures of a 2D gas jet expanding though an opening of a 50 mm obstacle
were generated. Figure 82 shows the air volume fraction contours at an inlet pressure
of 8 bar for a flow time of (a) 0.01 s, (b) 0.35s, (c) 0.75 s and (d) 1.1 s.
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Figure 82: Air volume fraction contour at an inlet pressure of 8 bar for a flow time of
(a)0.01s, (b)0.355s,(c)0.75sand (d) 1.1 s

Initially in Figure 82 (a), when air is injected into the water, the jet expands until it
impinges onto the obstacle. Only a portion of the gas jet that impinges on the obstacle
enters the opening. This fraction of the gas jet continues to expand throughout the
opening until it exits as an unsteady and turbulent flow (see Figure 82 (b) and Figure
82 (c)). When the gas jet exits the opening, it flows upwards due to buoyancy (see
Figure 82 (d)). The part of the air jet that does not enter the opening expands
downwards and upwards along the obstacle.

Figure 83 provides a closer look of the air volume fraction of air through the virtual

kerf/opening at an inlet pressure of 8 bar for a flow time of (a) 0.01 s, (b) 0.35 s, (c)
0.75sand (d) 1.1s.
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Figure 83: Air volume fraction contour through the opening/virtual kerf at an inlet
pressure of 8 bar for a flow time of (a) 0.01's, (b) 0.35s, () 0.75sand (d) 1.1 s

An air volume fraction of 1 was observed within the virtual kerf/opening for the flow
time simulated. A mixed volume fraction is present near the kerf exit when the gas jet
exits the opening (see Figure 83(d)). As a result, the opening exit is the location where
water will most likely interact with the beam or molten material during underwater
laser cutting.

The air volume fraction contour was compared to an image of a submerged air jet
expanding underwater during the cutting trials in a 1m?3 tank. Figure 84 (a) indicates
the gas jet flow structure at a flow time of 1 s. Figure 84 (b) depicts an image of a
submerged air jet captured during the underwater laser cutting process when a
thickness of 50 mm was being cut. Figure 84 (a) corresponds to the x-plane of Figure
84 (b) at the centreline of the nozzle.
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Figure 84: Air volume fraction at an inlet pressure of 8 bar for (a) numerical model
and (b) submerged air jet expanding underwater during the cutting trials in a 1m?
tank

Figure 84 (a) shows that the simulated gas jet has similar characteristics to that of the
submerged air jet in Figure 84 (b). The part of the gas jet that impinges on the
workpiece surface flows sideways along the workpiece in both air jet flow structures.
The influence of buoyancy can be seen in both gas jets, as a part of the gas jet that
enters the opening expands and rises toward the water surface. Figure 84 (a) shows
that at a flow time of 1's, the opening/kerfis enclosed with air. This would likely change
as bridges normally occur in underwater laser cutting (poor melt removal) than in
conventional laser cutting.

6.2.3 Velocity distribution

The velocity distribution of the flow field through the opening was simulated. Figure
85 shows the velocity contour at an inlet pressure of 8 bar for a flow time, t, of (a) 0.01
s, (b)0.35s,(c)0.75sand (d) 1.1 s.
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Figure 85: Velocity contour at an inlet pressure of 8 bar for a flow time of (a) 0.01 s,
(b) 0.355s,(c)0.75sand (d) 1.1 s

Initially, when the gas jet is injected underwater, an under-expanded supersonic air jet
is created that expands along the obstacle and through the opening. The under-
expansion condition occurs because the external pressure of the environment is lower
than the exit pressure of the nozzle [1]. The velocity magnitude in the flow field
decreases with increasing horizontal or vertical distance from the nozzle exit due to
the inertia forces of the water [130]. The velocity flow field that exits the opening is
nonlinear and fluctuates with time.

Figure 86 shows a velocity contour comparison for a flow time of approximately 0.5 s
at various inlet pressure conditions of (a) 2, (b) 4, (c) 8 and (d) 16 bar.
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Figure 86: Velocity contour comparison for a flow time of approximately 0.5 s at an
inlet pressure of (a) 2, (b) 4, (c) 8, (d) 16 and (e) 32 bar

The velocity magnitude in the flow field increases with the inlet pressure condition of
the nozzle. As a result, the inlet pressure increases with the velocity flow field area
distribution. At all inlet pressure conditions, the velocity flow field is nonlinear and
bends towards the outlet due to buoyancy.

To plot the velocity of the gas jet within the kerf, a line was specified at the centreline

of the nozzle, from the inlet to a point 5 mm from the kerf exit. Figure 87 shows the
definition of the line at the centreline of the nozzle.
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Figure 87: Definition of line at the centreline of the nozzle

The velocity along the along the centreline of the nozzle was plotted at different inlet
pressure conditions. Figure 87 shows the velocity plot comparison for a flow time of

approximately 0.5 s at various inlet pressure conditions of (a) 2, (b) 4, (c) 8, (d) 16 and
(e) 32 bar.
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Figure 88: Velocity plot comparison for a flow time of approximately 0.5 s at an inlet
pressure of (a) 2, (b) 4, (c) 8, (d) 16 and (e) 32 bar

Figure 88 indicates that immediately after leaving the nozzle, a supersonic jet is
created at almost all inlet pressure conditions. In the case of a 4 mm stand-off, as used
in this project, the air jet continues to expand until it impinges on the workpiece
surface whereby a shockwave between the nozzle and the workpiece is created, below
which the flow is subsonic [1]. Therefore, the lowest velocity in the concerned flow
field for this study is before the opening entrance. In general, the velocity of the gas
jet that enters the opening increases along the length of the opening at all inlet
pressure conditions. After the gas jet exits the opening, the velocity starts to decrease.

For underwater laser cutting, the locations where the velocity decreases can cause a

mixed phase (water, water vapour (steam) and air) medium to interfere with the laser
beam and affect the melt removal process. The occurrence of bridges in some of the
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cuts for underwater laser cutting could be due to a mixed phase medium being
transported into the kerf.

6.3 3D underwater gas jet expansion

A 2D underwater gas jet expansion model for underwater laser cutting is enough to
capture essential flow features but creating a 3D model is necessary for a more
realistic simulation. A 3D model is more realistic than 2D because it can capture
gradients along the 3D direction, which are indefinitely extended in a 2D model.
Therefore, 3D computations accurately represent the real fluid flow problem, whereas
2D computations are normally made by assuming that the net mass flow in one of the
spatial dimensions is zero and the surface and body forces acting in that direction are
neglected [171]. As a result, a more realistic simulation of a gas jet expanding
underwater was created to investigate the flow field characteristics under the action
of gravity and buoyancy.

A 3D underwater gas jet expansion model was simulated using the same nozzle
geometry specification and inlet pressure condition used in the underwater laser
cutting trials in a 1 m3 tank to investigate the characteristics of a gas jet expansion
underwater. The simulated volume fraction of air was compared to an experimental
image of the gas jet expansion underwater to validate the model. The velocity contour
was generated to examine the velocity flow field characteristics underwater.

The set of governing equations adapted for the 3D model consists of the conservative
form of the Navier-Stokes equations, the original k-& two-equation turbulence closure,
and a transport equation for the gas volume fraction. The continuity, momentum,
energy, VOF model equations and turbulence model are specified in Chapter 2.6.6.

All the previous model's setup and solution settings were adapted except for the
turbulence model and pressure-velocity coupling method. The original k-& two-
equation turbulence model used in previous studies of modelling horizontal
underwater gaseous jets by Tang et al. [23, 128, 134] and a SIMPLE pressure-velocity
coupling method were specified. These changes were made to reduce computational
cost. The most significant adjustments to the model for 3D analysis were alterations
to the geometry and boundary conditions.

6.3.1 Geometry and boundary conditions

The geometry of the 3D model was designed using SOLIDWORKS 2017 [108] and
imported into ANSYS Fluent 18.2 [21]. Figure 89 shows a 3D geometry of a horizontal
convergent nozzle submerged underwater.
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Figure 89: 3D geometry and boundary conditions

The outlet (red), wall (grey) and inlet (blue) boundary conditions of the geometry are
indicated. The nozzle design parameters of the geometry are as follows: length of
nozzle throat is 2 mm; diameter of the nozzle exit is 4 mm; diameter of the nozzle inlet
is 40 mm; total length of the nozzle is 52 mm; length of the converging part of the
nozzle is 20 mm; depth of nozzle exit from the outlet is 600 mm.

Initially, a fine mesh with a maximum face size of 100 mm is adapted on all faces of
the geometry. Afterwards, edge sizing was specified at the nozzle region (concerned
flow field) to give a finer mesh of 0.6 mm. Figure 90 shows the 3D mesh configuration

the nozzle region /

0.000 0.500 1.000 (m)
— — )
0.250 0.750
Figure 90: 3D mesh configuration

The generated mesh for the whole geometry consists of 9 116 nodes and 47 795
elements. The quality of the mesh was assessed by checking for errors, smoothness
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and skewness. After setting up the mesh conditions, the setup and solution procedure
of the 3D model was configured.

6.3.2 Setup and solution procedure

All the previous model's setup and solution settings were adapted except for the
turbulence model and pressure-velocity coupling method as specified in Chapter 6.3.

6.3.3 Gas jet development

Figure 91 shows the air volume fraction contour at an inlet pressure of 8 bar for a flow
time, t, of (a) 0.05s, (b) 0.5s, (c) 0.9 sand (d) 1.45 s

135



ir volume fraction

>~y (d) t=1.453 N
Figure 91: Air volume fraction contour at an inlet pressure of 8 bar for a flow time of
(a)0.05s, (b)0.55s,(c)0.9sand (d) 1.45 s

Initially when the air is injected into water, a ‘gas bag’ is formed behind the nozzle exit
in Figure 91 (a). Here the jet is mainly controlled by its initial momentum and an
expansion flow structure is observed. The pressure inside the ‘gas bag’ continue to
increase and accumulate until it is high enough to overcome the suppression of the
water in Figure 91 (b). In Figure 91 (c) the effect of buoyancy causes the gas jet
trajectory to bend upwards towards the outlet [23, 134]. The gas jet continues to
follow this flow trajectory in Figure 91 (d).

Past underwater gas jet expansion studies (e.g. [172, 173]) suggested that a buoyant
jet flow can be divided into three main flow regions, which characterise the
development of the gas flow after leaving the nozzle. These flow regions are: (i) the jet
regime region, (ii) the transition region, and (iii) the plume region (see Figure 92).
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Air volume fraction

Figure 92: Air volume fraction contour at an inlet pressure of 8 bar for a flow time of
1.45 s. The flow regions are indicated as: (i) jet regime region, (ii) transition region,
and (iii) plume region.

In each of these regions, the flow is dominated by a group of independent flow
parameters, and the overall flow behaviour can therefore be described by a sequence
of these distinct flow regimes. In the jet regime region, the discharged flow is mainly
governed by the jet momentum force and the self-generated turbulence plays a
dominated role in the path of the jet; the gas jet does not disintegrate until it reaches
some distance from the nozzle, where the jet breaks up into a column of rising bubbles.
In the plume regime region, the flow is chiefly controlled by the buoyancy force and
characterised by the production of bubbles that break and rise independently in the
direction dictated by gravitational or buoyancy effects. Between the jet and plume
regimes, there exists an intermediate regime called transition stage [174]. In the
transition stage, the effluent flow is governed by both momentum and buoyancy force
and will cause the jet to curve from horizontal to upward direction [22].
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The gas jet air volume fraction at an inlet pressure of 8 bar was compared to an image
of a submerged air jet expanding underwater during the cutting trials in a 1m?3 tank.
Figure 93 (a) indicates the gas jet air volume fraction at a flow time of 1 s, whereas
Figure 93 (b) shows an image of a submerged air jet captured a second after the gas
jet pressure was increased to 8 bar.

Figure 93: Air volume fraction of (a) 3D numerical model and (b) submerged air jet
expanding underwater during the cutting trials in a 1m3 tank

Here it can be seen that the flow behaviour of the gas jet simulated in the 3D model is
almost similar to that of the image captured during the cutting trials in a 1m3 tank.
Both the simulated and submerged air jet expanded continuously and rose toward the
water surface due to buoyancy [22]. The expansion of the gas jet upwards under the
action of gravity and buoyancy is more defined for the 3D model than the previous 2D
model. The disparities between the 2D and 3D model can be related to the limitations
of using a 2D numerical technique to represent a 3D situation.

The jet penetration distance is defined as the maximum length along the jet centreline,
and it is governed by several parameters, such as the diameter of the nozzle, the water
depth, and the jet mass flow rate. The jet penetration length in the ambient water is
pulsated and the penetration distance varies in time along the jet axis [22]. The jet
penetration distance was measured using Imagel, a Java-based image processing
program [168]. The simulated gas jet penetration length is approximately 0.21 m. The
submerged air jet penetration length could not be estimated due to the angle of the
camera, but it is slightly greater than 0.19 m.

6.3.4 Velocity distribution

An evaluation of the velocity distribution throughout the flow field was also examined
at an inlet pressure of 8 bar. Figure 94 shows the velocity contour at a flow time, t, of
(a) 0.05s, (b) 0.5, (c) 0.9 sand (d) 1.45 s.
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Figure 94: Velocity contour at an inlet pressure of 8 bar for a flow time of (a) 0.05 s,
(b)0.55s,(c)0.9sand (d) 1.45 s

Figure 94 shows that the velocity distribution characteristics described for the 2D
model are also presented in the 3D model. Moreover, the range of the velocity
magnitude of the 3D model is comparable to that of the 2D model. A velocity plot
along the centreline of the nozzle is presented in Appendix E.

6.4 3D underwater gas jet expansion of an obstacle with an
opening/virtual kerf

A 3D underwater gas jet expansion model of an obstacle with an opening/virtual kerf
was simulated to identify a mixed phase (water, water vapour (steam) and air) region
along the path of the laser beam during underwater laser cutting. This model was
simulated using the same nozzle geometry specification, cutting geometry and inlet
pressure condition used in the underwater laser cutting trials in a 1 m3 tank. The 3D
model is a more realistic simulation of the 2D model of an obstacle with a virtual
kerf/opening. Modifications to the geometry and boundary conditions are the most
significant changes made to the model.
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6.4.1 Geometry and boundary conditions

The geometry consists of the nozzle and an opening located inside the water domain.
The outlet (red), wall (grey) and inlet (blue) boundary conditions of the geometry are
indicated (see Figure 95).

Water domain

Figure 95: 3D geometry and boundary conditions

All the nozzle and obstacle design specification of the 2D geometry of an obstacle with
an opening were implemented in this model.

Initially, face meshing was adapted to set a fine quadrilateral mesh with a maximum
face size of 500 mm on the geometry. Afterwards, face sizing with an element size of
5 mm was set to generate a finer mesh on the faces around the nozzle exit and obstacle
Finally, edge sizing was specified at the interior boundary conditions within the nozzle
and opening region to set a size of 0.5 mm (see Figure 96). The generated mesh for
the whole geometry consists of 6 369 nodes and 31 732 elements.

Mesh cross section
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Figure 96: 3D mesh configuration (left) and cross section (right)
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The solution was computed up to a flow time of approximately 1.25 s using all the
preceding model's setup and solution settings.

6.4.2 Gas jet development

Figure 97 shows an air volume fraction contour at an inlet pressure of 8 bar for a flow
time, t, of (a) 0.04 s, (b) 0.4's, (c) 0.8 sand (d) 1.2 s.
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Figure 97: Air volume fraction contour at an inlet pressure of 8 bar for a flow time of
(a)0.04s, (b)0.45s,(c)0.9sand (d) 1.2 s

The flow characteristics of the gas jet in the 3D model is almost similar to that of the
2D model of an obstacle with a virtual kerf. The gas jet expands through the virtual
kerf/opening and rises towards the water surface due to buoyancy [22]. The expansion
of the gas jet upwards under the action of gravity and buoyancy is more defined in the
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3D model than the 2D model of an opening with an obstacle. Figure 98 provides a
closer look at the air volume fraction contour at an inlet pressure of 8 bar for a flow
time of 1 s.

Air volume fractiol

Figure 98: Air volume fraction contour at an inlet pressure of 8 bar for a flow time of
1s

The air volume fraction from the nozzle to the entrance of the opening is 1 (see ZX
plane). This shows that the local-dry-zone is well formed within this region. Therefore,
it can be concluded that the transmission of the laser beam between the cutting head
nozzle and the workpiece as well as the interaction zone of the laser beam with the
workpiece material are not affected by the underwater environment due to sufficient
shielding by the cutting gas jet. This can be attributed to the high gas jet momentum
within this region. This agrees with experimental studies of underwater laser cutting,
by Meinecke [1] and Shin et al. [92], which assume that the laser beam is not disturbed
by water from the tip of the nozzle to the workpiece surface at atmospheric pressure
conditions (see Chapter 2.8).

Figure 99 (a) indicates the gas jet air volume fraction at a flow time of 1 s, whereas
Figure 99 (b) shows an image of a submerged air jet captured during the underwater
laser cutting process when a thickness of 50 mm was being cut.
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Figure 99: Air volume fraction of (a) numerical model and (b) submerged air jet
expanding underwater during the cutting trials in a 1m?3 tank

The simulated gas jet in Figure 99 (a) exhibits comparable characteristics to the
submerged air jet in Figure 99 (b). Both gas jets show the effect of buoyancy, as a
portion of the gas jet that enters the virtual kerf/opening width expands and rises
toward the water surface. Furthermore, in both air jet flow structures, the part of the
gas jet that impinges on the specimen or obstacle travels sideways along the
workpiece before rising to the water surface.

To investigate the variation in volume fraction of air with flow time, locations were
defined along the path of the laser beam. These locations were defined at the nozzle
exit, opening/virtual kerf entrance, middle of the opening/virtual kerf, opening/virtual
kerf exit and 5 mm from the opening/virtual kerf exit. Figure 100 depicts the location
of the defined interfaces in the model and Figure 101 indicates the variation in volume
fraction of air with flow time.

ZX plane Air volume fraction

Mid-opening | 5 mm from

opening exit

Opening Opening exit
entrance

Figure 100: Definition of various locations along the path of the laser beam in the ZX
plane

o
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Figure 101: Volume fraction of air with corresponding flow time at various locations
along the path of the laser beam

Initially, as the flow time increases, the phase changes from water to air at all points
along the path of the laser beam. As the gas jet continues to expand, a mixed phase
flow only occurs at the nozzle exit and at a location 5 mm from the nozzle exit. Except
for the nozzle exit and a location 5 mm from the nozzle exit, the volume fraction of air
is one for all the defined locations. This shows that the transmission of the laser beam
between the cutting head nozzle and the workpiece as well as location at the middle
of the opening/virtual kerf are not affected by the underwater environment due to
sufficient shielding by the cutting gas jet.

The exit of the opening/virtual kerf is the location where water will most likely interact
with the beam or molten material during underwater laser cutting. An interaction of
water with molten material might be able to cool the melt to the point where its
viscosity is too high for a complete removal from the kerf by the gas jet. The creation
of bridges inside the kerf might be explained by increased viscosity of melt due to
cooling effects and consequently poor melt removal by the gas jet [1].

If a mixed phase (water, water vapour (steam) and air) medium interacts with the laser
beam at the exit of the opening/virtual kerf, optical effects such as reflection,
refraction, scattering, and absorption of the laser beam can occur [100, 101]. These
effects can change the beam diameter at the exit of the virtual kerf due to possible
variations in the refractive index of a mixed phase. As a result, the energy supplied to
the cut zone at the opening exit decreases, resulting in a low cutting performance in
underwater laser cutting. Mixed phase locations at the exit of the opening/virtual kerf

might explain why underwater laser cutting is less efficient than traditional laser
cutting.
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6.4.3 Mach number distribution

The Mach number distribution of the flow field through the virtual kerf was also
generated. Figure 102 shows the velocity contour at an inlet pressure of 8 bar for a
flow time, t, of (2) 0.4 s, (b) 0.7 s, (c) 1 sand (d) 1.2 s.

Mach number Mach number

Figure 102: Mach number contour at an inlet pressure of 8 bar for a flow time of (a)
0.4s,(b)0.7s,(c)1sand(d)1.2s

When the gas jet is injected underwater, it creates a supersonic under-expanded air
jet that expands along the obstacle and through the opening. Under-expansion occurs
as the external pressure of the environment is lower than the exit pressure of the
nozzle. The nozzle exit and the opening entry have the highest Mach numbers, as seen
in Figure 102. The lowest Mach number can be found in the region close to the opening
exit. The range of the Mach number in the 3D model is comparable to velocity range
of the 2D model.

Figure 103 shows the variation of the Mach number at different locations along the
path of the laser beam.
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Figure 103: Mach number with corresponding flow time at various locations along
the path of the laser beam

The Mach number fluctuates with time at all positions along the path of the laser
beam. This can be attributed to the flow’s turbulent and unsteady nature. The Mach
number also decreases with increasing horizontal distance from the nozzle exit. At all
locations, the amplitude of the Mach number appears to be random and occurs at
indiscriminate frequencies. As the distance from the nozzle exit increases, the
variations of the Mach number increase as the flow becomes more turbulent and
unsteady.

The limitation of simulating a 3D gas jet expansion multiphase flow for underwater
laser cutting is modelling the heat transfer process. The 3D model only considers the
multiphase interaction between air and water; the influence of the laser beam on
these fluids and obstacle is ignored. The influence of the beam on the flow field is not
considered as modelling heat transfer in multiphase flows is complex and
computationally expensive.

6.5 Conclusions of the development of a gas jet expansion model for
underwater laser cutting

In this chapter, five models were simulated to develop a 3D model which examines the
effect of fluid flow on the cutting performance and quality in underwater laser cutting.
The most significant results are presented in the 3D underwater gas jet expansion
model of an obstacle with an opening/virtual kerf. At an inlet pressure of 8 bar, a
volume fraction of air and Mach number contour of an underwater gas jet expansion
model were generated. The variation of the volume fraction of air along the path of
the laser beam was examined. The following are conclusions of the most important
findings:
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The volume fraction of air from the nozzle to the entrance of the opening is
one for the flow time simulated. This shows that the local-dry-zone is well
formed within this region. This finding is supported by experimental studies of
underwater laser cutting in [1] and [92], which assume that the laser beam is
not disturbed by water from the tip of the nozzle to the workpiece surface;
The exit of the opening/virtual kerf is the location where a mixed phase (water,
water vapour (steam) and air) will most likely interact with the beam or molten
material during underwater laser cutting;

An interaction of a mixed phase (water, water vapour (steam) and air) medium
with molten material might be able to cool the melt to the point where its
viscosity is too high for a complete removal from the kerf by the gas jet,
resulting in a poor cut quality in underwater laser cutting;

An interaction of the beam with a mixed phase (water vapour (steam) and air)
region at the opening/virtual kerf exit can decrease the energy supplied to the
cut zone, resulting in a low cutting performance in underwater laser cutting;
The flow behaviour of the gas jet simulated in the 3D model of an obstacle with
a virtual kerf is comparable to that of an image of a submerged air jet captured
during the underwater laser cutting process when a thickness of 50 mm was
being cut;

As the distance from the nozzle exit increases, the amplitude and fluctuations
of the Mach number increase as the flow becomes more turbulent and
unsteady.
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7 Conclusions

7.1 Summary

The goal of this work has been set to develop a scientific understanding of the
underwater laser cutting process and influencing parameters up to a hydrostatic
pressure of 20 bar on steel structures up to 50 mm in thickness. Three approaches
were taken to investigate underwater laser cutting of C-Mn steel using a 10 kW IPG
Ytterbium fibre laser system with a wavelength of 1.06 um. These approaches
comprise of an experimental study of underwater laser cutting, the development of a
power balance theoretical model for underwater laser cutting, and the development
and application of a gas jet expansion numerical model for underwater laser cutting.

Underwater laser reactive cutting of a 50 mm thick C-Mn steel workpiece using a solid-
state Ytterbium fibre laser system with a wavelength of 1.06 um has been conducted.
Air, released from a coaxial nozzle, was used as a cutting gas and to provide a local dry
volume between the laser cutting head and the cutting location. Air was adopted as
an assist gas because of safety concerns regarding the use of oxygen underwater in
both nuclear and offshore decommissioning applications [1, 20].

Underwater laser cutting trials were carried out at atmospheric pressure conditions
and increasing hydrostatic pressure conditions of up to 20 bar. The experimental
results at atmospheric pressure conditions were analysed for the effect of power,
cutting gas pressure and stand-off distance on the corresponding maximum cut
thickness, kerf width and dross height. The experimental results at increasing
hydrostatic pressure conditions were analysed for the effect of hydrostatic pressure
on the corresponding maximum cut thickness, kerf width and dross height. Chapter 4
presents the underwater laser cutting results at atmospheric pressure conditions and
increasing hyperbaric conditions.

A complete separation of a 50 mm thickness C-Mn steel workpiece was achieved at a
cutting speed of 125 mm/min in the experimental study of underwater laser cutting in
a 1m3tank. The highlight of the experimental study in increasing hyperbaric conditions
is that a 50 mm thick C-Mn steel workpiece was adequately cut with a maximum
cutting speed of 200 mm/min for hydrostatic pressure conditions of up to 20 bar,
representing a water depth of ~200 m.

Also incorporated in this work was the development of a power balance theoretical
model for underwater laser cutting. The energy balance for underwater laser cutting
was developed by modifying the power balance equation in conventional laser cutting
with conduction and convection heat losses that occur underwater. The predicted
process performance is substantially the same as the experimental laser cutting
results, particularly for higher laser power magnitudes and lower cutting speeds. The
predicted kerf width is nearly identical to the measured width of the cut.
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Additionally, in the course of this work, the development and application of a gas jet
expansion numerical model for underwater laser cutting was investigated. The
objective of this study was to investigate the effect of fluid flow on the underwater
laser cutting process to identify a mixed phase (water, water vapour (steam) and air)
medium along the path of the laser beam. As shown by the 3D underwater gas jet
expansion model of an obstacle with an opening/virtual kerf, a mixed phase (water,
water vapour (steam) and air) medium along the path of the laser beam was found at
the exit of the opening/virtual kerf. A variation in volume fraction of air along the path
of the laser beam is presented in Chapter 6. An image of a submerged air jet captured
during the underwater laser cutting process when a thickness of 50 mm was being cut
is also compared to the generated 3D model of an obstacle with an opening/virtual
kerf.

7.2 Conclusions

The conclusions for this work are summarised according to the three technical
chapters presented: Chapter 4, Chapter 5 and Chapter 6. Specific key observations and
conclusions for the experimental investigation of underwater laser cutting are:

e The most significant parameters influencing process performance in
underwater laser cutting were the laser power intensity on the surface of the
material and cutting speed;

e The most important variable affecting the kerf width was the beam diameter
on the surface of the material, which is determined by the focal position and
stand-off distance;

e For cutting trials in a 1m3 tank, the most significant parameter affecting the
dross height is cutting speed. The average dross height is inversely proportional
to the cutting speed;

e For cutting trials in a high-pressure vessel, the relationship between the
average dross height and corresponding cutting speed is unclear for 5, 10, 15
and 20 bar hydrostatic pressure. The average dross height is inversely
proportional to the hydrostatic pressure at all cutting speeds.

This work on developing an energy balance model for underwater laser cutting has
allowed the following principal conclusions to be made:

e The theoretical process performance is substantially the same as the
experimental laser cutting results, particularly for higher laser power
magnitudes and lower cutting speeds;

e The predicted kerf width is nearly identical to the measured width of the cut.

The development and application of a gas jet expansion numerical model for
underwater laser cutting was also investigated. Crucial conclusions are summarised as
follows:
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The transmission of the laser beam between the cutting head nozzle and the
workpiece as well as location at the middle of the opening/virtual kerf are not
affected by the underwater environment due to sufficient shielding by the
cutting gas jet. This agrees with conclusions drawn in [1] and assumptions in
[92];

The exit of the opening/virtual kerf was found to be the location where water
will most likely interact with the beam or molten material during underwater
laser cutting. A mixed phase region at the exit of the opening can interact with
the beam or molten material during underwater laser cutting, affecting both
process performance and quality.

This work extends the knowledge currently published on underwater laser cutting of
thick section C-Mn steel by high power Yb fibre laser operating in cw mode for
decommissioning by:

investigating the underwater laser cutting process on C-Mn steel in increasing
hydrostatic pressure conditions of up to 20 bar, corresponding to increasing
water depth of up to 200 m. The greatest water depth reported for underwater
fibre laser cutting using air or an inert gas in literature is less than 1 m;
showing that a 50 mm thick C-Mn steel workpiece can be adequately cut with
a maximum cutting speed of 200 mm/min for hydrostatic pressure conditions
of up to 20 bar, representing a water depth of ~200 m;

investigating a theoretical model for underwater laser cutting as research in
this field is mainly experimental;

showing that the predicted maximum cut thickness and kerf width are
substantially the same as the practical underwater laser cutting results;
establishing a correlation between a 3D underwater gas expansion multiphase
model and an experimental submerged gas jet flow behaviour;

showing that the exit of the opening/virtual kerf is the location where water
will most likely interact with the beam or molten material during underwater
laser cutting.

7.3 Outlook and Recommendation for further work on underwater

laser cutting

Further work on the technique of underwater laser cutting will need to spread in
different directions based on the multidisciplinary character of the process. Specific
areas of interest are:

Thermal monitoring of the underwater laser cutting process;

Using different underwater laser cutting techniques such as the step like
increase of the cutting speed or oblique cutting in increasing hydrostatic
pressure conditions to cut thicker materials. The general ability for cutting 100
mm stainless steel underwater has been confirmed at atmospheric pressure
conditions by Shin et al. [91];
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Underwater gas jet visualisation experiments through an obstacle with a virtual
kerf;

Wider numerical investigation of a 3D underwater gas jet expansion model of
an obstacle with an opening/virtual kerf at different inlet pressure conditions
and obstacle thicknesses;

A mathematical model for underwater laser cutting which extends the work
done in this study by including a set of balance equations for mass and
momentum.
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Appendices

Appendix A

Figure 104 shows the Mach number distribution of a gas jet expansion model in air:
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Figure 104: Mach number with the corresponding x-value position at an inlet pressure of (a) 2, (b) 4, (c) 8, (d) 16 and (e) 32 bar. The
dotted line shows the Mach number at the nozzle exit.
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Appendix B

MATLAB code for the process performance in conventional fibre laser cutting:

%%% MODEL FOR LASER CUTTING IN AIR %%%

%%% Power must be balanced such that POWER ON THE LEFT=POWER ON THE
RIGHT %%%

%%% OBJECTIVE IS TO PLOT CUT THICKNESS AT DIFFERENT CUTTING SPEEDS %%%

%% CLEAR EVERYTHING %%
close all

clear variables

clc

%% ALL VARIABLES %%
syms d positive; %%Defining unknown variable of maximum cut

thickness d (m)

b_c=0.0015; %%The average measured cut kerf width (m)
v_c=[50/60000:50/60000:1000/60000]; %%The cutting velocity (m/s)
ro_density=7850; %%Density of S355J2+N mild steel (kg/m*3)

c_p=480; %%Specific heat capacity of S355J2+N mild steel(460-480)(J/kgK)
T_p=2000; %%The process temperature of mild steel(K)

T_infinity=293; %%The ambient temperature (K)

H_m =205000; %%The specific enthalpy of fusion of mild steel(205-281) (J/kg)
T _m=1780; %%Melting temperature of mild steel(1537-1780) (K)

K=40; %%Thermal conductivity of mild steel (36-54 depending on carbon
content)(W/mK)

k=8e-6; %%Thermal diffusivity of mild steel (m”2/s)

[k=K/(c_p*ro_density)]
H_feo=4800000*0.209;  %%The reaction enthalpy of mild steel for oxygen (J/kg)

A=0.8; %%Absorption (setting absorption to 80% of incident laser beam)
P_l_10=10000; %%Laser Power at 10 KW (W)
P_l_5=5000; %%Laser Power at 5 KW (W)

%%Velocities and Peclet numbers%%

v_diff=0.0078; %%Diffusion velocity of mild steel
Pe_diff=v_diff/((2*k)/b_c); %%Peclet number at diffusion
velocity

Pe_min=2*(((H_feo-H_m)/((T_m-T_infinity)*c_p))-1)*(-1.5625); %%Minimum
Peclet number

v_c_min=((2*k)/b_c)*Pe_min; %%Minimum autogen cutting
speed
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%%Burn off - the mass ratio of iron reacting in the kerf

X_abbr_diff=0.57; %%Burn off of P_abs + diffusion-limited combustion capacity
P_r

X_abbr_max=1; %%%Maximum burn-off of 100%

% X_abbr=(c_p/H_feo)*((T_p-T_infinity)+(H_m/c_p)+((T_m-T_infinity).*(Pe(i)/2).7(-
0.64))); %%%Burn off

%% Calculate velocity in power balance equation---------------- %%
fori=1:length(v_c)

Pe(i)=(v_c(i)*b_c)/(2*k);  %%Peclet number

%% RIGHT HAND SIDE %%
%%%POWER FOR HEATING THE LIQUID MATERIAL TO SURFACE TEMPERATURE,
MELTING AND CONDUCTION

P_MW/(i)=2*K*d*(T_p-T_infinity+(H_m/c_p)).*Pe(i); %%%Melting and heating
power WITH PECLET NUMBER (W)

P_hl(i)=4*K.*d*((T_m-T_infinity).*(Pe(i)/2).70.36);  %%%Thermal leakage
power/Conduction (W)

P_right(i)=4*K.*d*((T_p-T_infinity+(H_m/c_p)).*(Pe(i)/2)+ (T_m-
T_infinity).*(Pe(i)/2).20.36); %%%Total power on the right hand side (W)

disp('TOTAL POWER ON THE RIGHT HAND SIDE')

disp(vpa(P_right(i))); %%% Display velocity expression of POWER ON
THE RIGHT
%% LEFT HAND SIDE %%

%%%POWER DUE TO ABSORPTION OF LASER BEAM AND REACTION ENERGY BY
EXOTHEMAL OXIDATION

%P_r=ro_density*b_c*d*v_c_max*H_feo*X_abbr; %%Power arising from the iron
combustion

%P_r=2.*Pe*(K/c_p)*d*H_feo.*X_abbr; %%Power arising from the iron
combustion at diffusion-limited combustion capacity (W)

P_r=@(d) (2*Pe(i)*(K/c_p).*d*H_feo*X_abbr_max).*(d>0 &
d<0.02)+(ro_density*b_c.*d*v_diff*H_feo*X_abbr_max).*(d>0.02 & d<0.05);
%%Power arising from the iron combustion at diffusion-limited combustion capacity
(W)

P_abs=A*P_|_10; %%Absorbed power for 10 kW (W)

P_abs 1=A*P_|_5; %%Absorbed power for 5 kW(W)
P_left(i)=P_abs+P_r(i); %%Velocity expression of power on the left (W)
P_left_1(i)=P_abs_1+P_r(i); %%\Velocity expression of power on the left (W)
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disp('TOTAL POWER ON THE LEFT HAND SIDE')

disp(vpa(P_left(i))); %% Display velocity expression of POWER ON THE
RIGHT

%% POWER BALANCE EQUATION %%
POWER_BALANCE(i)=P_left(i)-P_right(i)==0; %%% POWER BALANCE
EQUATION (W)

POWER_BALANCE_1(i)=P_left_1(i)-P_right(i)==0; %%% POWER BALANCE

EQUATION (W)

disp('TOTAL POWER BALANCE EQUATION')
disp(vpa(POWER_BALANCE(i))); %%% Display velocity expression of
POWER ON THE RIGHT

%%------—--—- CALCULATE VELOCITY FROM POWER BALANCE EQUATION----------- %%
Thickness(i) = vpasolve(POWER_BALANCE(i), d); %%% Calculate velocity from
power balance equation

Thickness_1(i) = vpasolve(POWER_BALANCE_1(i), d); %%% Calculate velocity
from power balance equation

disp('Thickness in (m) is")

disp(vpa(Thickness(i))); %%% Display thickness VALUE in (m)
end
%%---------- EXPERIMENT MAX CUT THICKNESS VS CUTTING SPEED AT 10 KW------- %%

v_exp_10=[50 100 200 400 600 800 1000];
d_exp_10=[7058 40.81 27.01 23.1 20.83 18.5];  %%% focus position -15 stand-off
10 mm

d_exp_1=[706042.03 30.03 22.25 19.01 15.1]; %%% focus position -15 stand-off 10
mm

%%------- EXPERIMENT MAX CUT THICKNESS VS CUTTING SPEED AT 5 KW----------- %%

v_exp_5=[50 100 200 400 600 800 1000];
d_exp_5=[47.540.4 25.9 18.3 14.1 11.3 8.8];
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pl=plot(v_c*60000,Thickness*1000,'b");
xlim([0 1000])
ylim([0 100])

hold on

p2=plot(v_exp_10,d_exp_10,'0','color',[0.67,0.84,0.9],'MarkerSize',7,
'Markerfacecolor',[0,0.5,1]);

p3=plot(v_c*60000,Thickness_1*1000,'k");

p4=plot(v_exp_5,d_exp_5,'+', 'Color',[0.5,0.5,0.5],'MarkerSize',7);

grid on

xlabel('Maximum cutting speed [mm/min]’)

ylabel('Maximum cut thickness [mm]')

hold off

legl=legend([p1 p2 p3 p4],{'10 kW - Theoretical','10 kW - Experimental’, '5 kW -

Theoretical','5 kW - Experimental'},'Location’,'northeast’, 'FontSize',12);
set(legl,'Box','off')
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Appendix C

MATLAB code for the process performance in underwater fibre laser cutting:

%%% MODEL FOR UNDERWATER LASER CUTTING FOR THE CUTTING TRIALS IN A 1\M3
TANK %%%

%%% Power must be balanced such that POWER ON THE LEFT=POWER ON THE
RIGHT %%%

%%% OBJECTIVE IS TO PLOT CUT THICKNESS AT DIFFERENT CUTTING SPEEDS %%%

%% CLEAR EVERYTHING %%
close all

clear variables

clc

%% ALL VARIABLES %%
syms d positive; %%Defining unknown variable of maximum cut thickness d (m)
b_c=0.00175; %%The average measured cut kerf width (m)

v_c=[50/60000:50/60000:1000/60000]; %%The cutting velocity (m/s)
ro_density=7850; %%Density of C-Mn steel (kg/m”3)

c_p=500; %%Specific heat capacity of C-Mn steel(490-510)(J/kgK)
T_p=2000; %%The process temperature of mild steel(K)

T_infinity=293; %%The ambient temperature (K)

H_m =250000; %%The specific enthalpy of fusion of C-Mn steel(205-281) (J/kg)

T _m=1780; %%Melting temperature of C-Mn steel(1537-1780) (K)

K=40; %%Thermal conductivity of C-Mn steel (36-54 depending on carbon
content)(W/mK)

k=8e-6; %%thermal diffusivity of C-Mn steel (m”2/s) [k=K/(c_p*ro_density)]

H_feo=4800000*0.209; %%The reaction enthalpy of mild steel for oxygen (J/kg)

n_d=0.0035; %% Nozzle diameter (m)

u=583.1; %% Air flow speed (Mach 1.7) at 8 bar simulations in numerical
model (m/s)
T I=T_p; %%Inclination temperature (K)

%%%CHANGE POWER TO PLOT GRAPH%%%

A=0.8; %%Absorption

P_1=10000; %%Laser Power at 10 KW (W)
P_l_1=8000; %%Laser Power at 8 KW (W)
P_l_2=6000; %%Laser Power at 6 KW (W)
P_| 3=4000; %%Laser Power at 4 KW (W)

%%Velocities and Peclet numbers%%
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v_diff=0.0078; %%Diffussion velocity of mild steel
Pe_diff=v_diff/((2*k)/b_c); %%Peclet number at diffusion velocity
Pe_min=2*(((H_feo-H_m)/((T_m-T_infinity)*c_p))-1)*(-1.5625); %%Minimum
Peclet number

v_c_min=((2*k)/b_c)*Pe_min; %%Minimum autogen cutting
speed

%%Burn off - the mass ratio of iron reacting in the kerf

X_abbr_diff=0.57; %%Burn off of P_abs + diffusion-limited combustion capacity
P_r

X_abbr_max=1; %%%Maximum burn-off of 100%

% X_abbr=(c_p/H_feo)*((T_p-T_infinity)+(H_m/c_p)+((T_m-T_infinity).*(Pe(i)/2).7(-
0.64))); %%%Burn off

%% % Underwater conduction variables

d_sp=0.0015; %% Beam spot diameter at the back of the workpiece
calculated from the beam profile (see Experimental data)
n=60000; %% Constant term which depends on the temperature

distribution in the radial direction

%%% Underwater forced convection variables (values of different thermo-physical
properties of water found at
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781118534892.app2 )

K_w=0.5861; %%% Thermal conductivity of water at 20 degrees (W/m K)
Pr_w=7.152; %%% Prandtl number of water at 20 degrees
d_v=0.001002; %%% dynamic viscosity of water at 20 degrees (Pa s)
p_w=998.2; %%% the density of water at 20 degrees (kg/m3)
Re_w=(p_w*u*n_d)/d_v; %%% Reynolds number of air/water mixture

%% Calculate velocity in power balance equation %%
fori=1:length(v_c)

Pe(i)=(v_c(i)*b_c)/(2*k); = %%Peclet number
%% RIGHT HAND SIDE

%%

%%%POWER FOR HEATING THE LIQUID MATERIAL TO SURFACE TEMPERATURE,
MELTING AND CONDUCTION

P_MW(i)=2*K*d*(T_p-T_infinity+(H_m/c_p)).*Pe(i); %%%Melting and heating
power expressed in terms of the peclet number (W) reduced by 40% underwater

P_hl(i)=4*K.*d*((T_m-T_infinity).*(Pe(i)/2).70.36); = %%%Thermal leakage
power/Conduction (W) reduced by 30% underwater
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Th_diff=2*sqrt ((K*d_sp)./(ro_density*c_p.*v_c(i))); %%% A function of laser
interaction time

g_s=(K*(T_m-T_infinity))./(n*Th_diff); %%% Rate of conduction loss to the
base of the material

H_c=0.797*1e-8*(K_w/b_c)*Re_w"0.5*Pr_w"0.33; %%%Forced convection
heat transfer and the convective heat transfer coefficient

g_w=H_c*(T_I-T_infinity); %%%The rate of convective heat loss from the
surface of molten layer

% P_right(i)=0.8*4*K.*d*((T_p-T_infinity+(H_m/c_p)).*(Pe(i)/2)+ (T_m-

T _infinity).*(Pe(i)/2).20.36); %%%Total power on the right hand side (W)
P_right(i)=P_MW(i)+P_hl(i)+q_s+q_w;

disp('TOTAL POWER ON THE RIGHT HAND SIDE AT 10 KW')

disp(vpa(P_right(i))); %%% Display velocity expression of POWER ON
THE RIGHT

%% LEFT HAND SIDE

%%

%%%POWER DUE TO ABSORPTION OF LASER BEAM AND REACTION ENERGY BY
EXOTHEMAL OXIDATION

%P_r=ro_density*b_c*d*v_c_max*H_feo*X_abbr; %%Power arising from the iron
combustion

%P_r=2.*Pe*(K/c_p)*d*H_feo.*X_abbr; %%Power arising from the iron
combustion at diffusion-limited combustion capacity (W)

P_r=@(d) (2*Pe(i)*(K/c_p).*d*H_feo*X_abbr_max).*(d>0 &
d<0.02)+(0.21*ro_density*b_c.*d*v_diff*H_feo*X_abbr_max).*(d>0.02 & d<0.05);
%%Power arising from iron combustion at diffusion-limited combustion capacity
from AIR with 21%oxygen) (W)

P_abs=A*P_I; %%Absorbed power (W)
P_left(i)=P_abs+P_r(i); %%\Velocity expression of power on the left (W)

disp('TOTAL POWER ON THE LEFT HAND SIDE')

disp(vpa(P_left(i))); %% Display velocity expression of POWER ON THE RIGHT
%% POWER BALANCE EQUATION %%
POWER_BALANCE(i)=P_left(i)-P_right(i)==0; %9%% POWER BALANCE

EQUATION (W)
disp('TOTAL POWER BALANCE EQUATION')

disp(vpa(POWER_BALANCE(i))); %%% Display velocity expression of
POWER ON THE RIGHT
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Thickness(i) = vpasolve(POWER_BALANCE(i), d); %%% Calculate velocity from
power balance equation

disp('Thickness in (mm) is')

disp(vpa(Thickness(i))); %%% Display velocity VALUE in (m/min)
end
%%--------------- EXPERIMENT MAX CUT THICKNESS VS CUTTING SPEED----------------- %%

v_exp=[125 150 200 400 600 800 1000];
d_exp=[5048.54 39.22 26.84 20.91 17.73 15.43];

%% PLOT MAX CUT THICKNESS VS CUTTING SPEED------------------ %%

figure;
pl=plot(v_c*60000,Thickness*1000,'color','k");

xlim([0 1000])
ylim([0 50])

hold on

p2=plot(v_exp,d_exp, '0', 'MarkerFaceColor','b");

grid on

xlabel('Maximum cutting speed [mm/min]')

ylabel('Maximum cut thickness [mm]’)

%title('Maximum cut thickness with the corresponding cutting speed’)
hold off

legl=legend([p1 p2],{'Theoretical','Experimental'},'Location’,'northeast’,

'FontSize',14);
set(legl,'Box','off')
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Appendix D

MATLAB code for the kerf width generated in underwater fibre laser cutting:

%%% MODEL FOR UNDERWATER LASER CUTTING FOR THE PRELIMINARY CUTTING
TRIALS %%%

%%% Power must be balanced such that POWER ON THE LEFT=POWER ON THE
RIGHT %%%

%%% OBJECTIVE IS TO PLOT CUT THICKNESS AT DIFFERENT CUTTING SPEEDS %%%

%% CLEAR EVERYTHING %%
close all

clear variables

clc

%% ALL VARIABLES %%
syms b_c positive; %%Defining unknown variable of maximum cut

thickness b_c (m)

d=0.01; %% Thickness (m)
v_c=[125/60000:25/60000:1000/60000]; %%The cutting velocity (m/s)
ro_density=7850; %%Density of C-Mn steel (kg/m”3)

c_p=510; %%Specific heat capacity of C-Mn steel(490-510)(J/kgK)
T_p=2000; %%The process temperature of mild steel(K)

T_infinity=293; %%The ambient temperature (K)

H_m =280000; %%The specific enthalpy of fusion of C-Mn steel (205-281)
(J/kg)

T _m=1780; %%Melting temperature of C-Mn steel(1537-1780) (K)

K=54; %%Thermal conductivity of C-Mn steel (36-54 depending on carbon
content)(W/mK)

k=8e-6; %%thermal diffusivity of C-Mn steel (m”2/s)

[k=K/(c_p*ro_density)]
H_feo=4800000*0.209;  %%The reaction enthalpy of mild steel for oxygen (J/kg)

n_d=0.0035; %% Nozzle diameter (m)

u=583.1; %% Air flow speed (Mach 1.7) at 8 bar simulations in numerical
model (m/s)

T I=T_p; %%Inclination temperature (K)

A=0.3; %%Absoption

%%%CHANGE POWER TO PLOT GRAPH%%%

P_1=10000; %%Laser Power at 10 KW (W)

%%Velocities and Peclet numbers%%

v_diff=0.0078; %%Diffussion velocity of mild steel
Pe_diff=v_diff/((2*k)/b_c); %%Peclet number at diffusion
velocity
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Pe_min=2*(((H_feo-H_m)/((T_m-T_infinity)*c_p))-1)*(-1.5625); %%Minimum
Peclet number

v_c_min=((2*k)/b_c)*Pe_min; %%Minimum autogen cutting
speed

%%Burn off - the mass ratio of iron reacting in the kerf

X_abbr_diff=0.57; %%Burn off of P_abs + diffusion-limited combustion capacity
P_r

X_abbr_max=1; %%%Maximum burn-off of 100%

% X_abbr=(c_p/H_feo)*((T_p-T_infinity)+(H_m/c_p)+((T_m-T_infinity).*(Pe(i)/2).7(-
0.64))); %%%Burn off

%% % Underwater conduction variables

d_sp=0.0013; %% Beam spot diameter calculated from the beam profile (see
Experimental data) (beam waist diameter at a thickness of 6 mm)
n=60000; %% Constant term which depends on the temperature

distrubution in the radial direction

%%% Underwater forced convection variables (values of different thermo-physical
properties of water found at
https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781118534892.app2 )

K_w=0.5861; %%% Thermal conductivity of water at 20 degrees (W/m K)
Pr_w=7.152;  %%% Prandtl number of water at 20 degrees
d_v=0.001002; %%% dynamic viscosity of water at 20 degrees (Pa s)
p_w=998.2; %%% the density of water at 20 degrees (kg/m3)
Re_w=(p_w*u*n_d)/d_v; %%% Reynolds number of air/water mixture

%% Calculate velocity in power balance equation %%

fori=1:length(v_c)
Pe(i)=(v_c(i)*b_c)/(2*k);  %%Peclet number

%% RIGHT HAND SIDE %%

%%%POWER FOR HEATING THE LIQUID MATERIAL TO SURFACE TEMPERATURE,
MELTING AND CONDUCTION

P_MW(i)=2*K*d*(T_p-T_infinity+(H_m/c_p)).*Pe(i); %%%Melting and heating
power expressed in terms of the peclet number (W) reduced by 40% underwater

P_hl(i)=4*K.*d*((T_m-T_infinity).*(Pe(i)/2).70.36); = %%%Thermal leakage
power/Conduction (W) reduced by 30% underwater
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Th_diff=2*sqrt ((K*d_sp)./(ro_density*c_p.*v_c(i))); %%% A function of laser
interaction time

g_s=(K*(T_m-T_infinity))./(n*Th_diff); %%% Rate of conduction loss to the
base of the material

H_c=0.797*1e-8*(K_w/b_c)*Re_w"0.5*Pr_w"0.33; %%%Forced convection
heat transfer and the convective heat transfer coefficient

g_w=H_c*(T_I-T_infinity); %%%The rate of convective heat loss from the
surface of molten layer

% P_right(i)=0.8*4*K.*d*((T_p-T_infinity+(H_m/c_p)).*(Pe(i)/2)+ (T_m-

T _infinity).*(Pe(i)/2).20.36); %%%Total power on the right hand side (W)
P_right(i)=P_MW(i)+P_hl(i)+g_s+q_w;

disp('TOTAL POWER ON THE RIGHT HAND SIDE AT 10 KW')

disp(vpa(P_right(i))); %%% Display velocity expression of POWER ON
THE RIGHT
%% LEFT HAND SIDE %%

%%%POWER DUE TO ABSORPTION OF LASER BEAM AND REACTION ENERGY BY
EXOTHEMAL OXIDATION

%P_r=ro_density*b_c*d*v_c_max*H_feo*X_abbr; %%Power arising from the iron
combustion

%P_r=2.*Pe*(K/c_p)*d*H_feo.*X_abbr; %%Power arising from the iron
combustion at diffusion-limited combustion capacity (W)

P r=@(b_c) (2*Pe(i)*(K/c_p).*d*H_feo*X_abbr_max).*(b_c>0 &
b_c<0.001)+(0.21*ro_density*b_c.*d*v_diff*H_feo*X_abbr_max).*(b_c>0.001 &
b_c<0.0025); %%Power arising from iron combustion at diffusion-limited combustion
capacity from AIR with 21%oxygen) (W)

P_abs=A*P_I; %%Absorbed power (W)
P_left(i)=P_abs+P_r(i); %%Velocity expression of power on the left (W)

disp('TOTAL POWER ON THE LEFT HAND SIDE')

disp(vpa(P_left(i))); %% Display velocity expression of POWER ON THE
RIGHT

%% POWER BALANCE EQUATION %%
POWER_BALANCE(i)=P_left(i)-P_right(i)==0; %%% POWER BALANCE

EQUATION (W)
disp('TOTAL POWER BALANCE EQUATION')

disp(vpa(POWER_BALANCE(i))); %%% Display velocity expression of
POWER ON THE RIGHT
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%%-=-=====-=- CALCULATE KERF WIDTH FROM POWER BALANCE EQUATION-------- %%

Kerf_width(i) = vpasolve(POWER_BALANCE(i), b_c); %%% Calculate kerf
width from power balance equation

Kerf_width(Kerf_width<d_sp)=d_sp; %%Limit kerf width by beam diameter on
the material surface

disp('Kerf width in (mm) is')

disp(vpa(Kerf_width(i))); %%% %%% Display kerf width VALUE in (m)
end
%%----------------- EXPERIMENT MAX CUT THICKNESS VS CUTTING SPEED-------------- %%

v_exp=[125 150 200 400 600 800 1000];
b_c_exp=[1.875 1.605 1.555 1.545 1.465 1.56 1.456]; %% Average thickness

b c 6 exp=[1.661.61.741.78 1.46 1.67 1.47]; %% Kerf width at 6 mm
thickness

%% PLOT MAX CUT THICKNESS VS CUTTING SPEED---------==--=---- %%
figure;

pl=plot(v_c*60000,Kerf_width*1000, color’,'k');

xlim([0 1000])
ylim([0 5])

hold on

p2=plot(v_exp,b_c_exp,'o’, 'MarkerFaceColor','b");

grid on

xlabel('Maximum cutting speed [mm/min]')

ylabel('Kerf width [mm]")

%title('Maximum cut thickness with the corresponding cutting speed'’)
hold off

legl=legend([p1 p2],{'Theoretical','Experimental'},'Location’,'northeast’,

'FontSize',14);
set(legl,'Box','off")
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Appendix E

Figure 105 and Figure 106 indicate the definition of a line at the centreline of the nozzle
and velocity plot of the 3D model for a flow time of approximately 1.45 s at an inlet
pressure of 8 bar, respectively:
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Figure 105: Definition of a line at the centreline of the nozzle
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Figure 106: Velocity plot for a flow time of approximately 1.45 s at an inlet pressure
of 8 bar
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