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Abstract

During the last years, there has been a growing interest on using Hydrogen (H>)
for the preheating flame of the oxy-fuel cutting since the use of H, improves the
cutting performance, reduces the thermal distortion of the workpiece as well as the
Carbon Dioxide (CO;) emissions during the process. In practical applications of oxy-
hydrogen cutting, fossil gas is mixed with H, to improve the preheating flame
visibility and process safety. The addition of fossil gases deteriorates the cutting
performance, but the mechanism of this deterioration has not been clarified yet.
There is a significant incentive to clarify the mechanism of the process and optimize

the preheating gas composition, and these are objectives of this study.
The present study is composed of six chapters, as follows:

Chapter 1 gives a background of this study. Current problems and challenges
concerning Oxy-Hydrogen cutting are presented. Additionally, this chapter states the

problem, objectives and the structure of this study.

Chapter 2 presents the numerical theory used in this study. An inverse heat
conduction analysis (IHCA) method which can identify the local heat transfer
parameters (the gas temperature right on the plate surface, T;, and the heat transfer
coefficient, a) of the preheating flame, is proposed. A quasi-static three-dimensional

finite element code that employs a moving coordinate system is developed. This



code can perform heat conduction analysis in which the heat supply due to
preheating g, and that due to metallic combustion g are separately assessed. A new
estimation technique of the kerf temperature distribution based on the two-

dimensional Matsuyama’s solution is developed.

Chapter 3 presents the description and results of the experimental tests. Spot
heating tests of thin circular plate are performed to identify T; and a of H,, H,-CO,
mixed and H,-AR mixed gasses by using the IHCA method developed in Chapter 2.
Piercing tests of thick steel plate, in which the minimum piecing time, t,,;, , IS
measured, are performed to validate T, and « identified by the IHCA method.
Cutting tests of thick steel plate are performed, and the groove geometry (cutting
front shape, curvature of the cutting front, kerf width) are measured for various

preheating gas conditions.

Chapter 4 presents the numerical results of IHCA for the spot heating test results
and the direct thermal conduction analysis (DHCA) of the piercing tests. T; and «
are identified from thin plate’s temperatures measured in the spot heating tests. Thick
plate’s heating face temperatures in the piercing tests are analyzed by DHCA where
the heat transfer parameters T, and a are adopted. By employing the steel kindling
temperature as the prerequisite for the piercing process, t,,;, IS calculated. The

results from the numerical simulation and the measured t,,,;,, Show good agreement.



The obtained results show the validity of the identified local heat transfer parameters
and the developed IHCA method. It is found that the heat efficiency and piercing
performance of the Hydrogen preheating flame deteriorates with the increase of the
inert gas’s mixing ratio, and the use of CO, has a harmful effect on the cutting

performance.

Chapter 5 presents the numerical results of three-dimensional quasi-static FE
analyses of the oxy-hydrogen cutting process. It is shown that the kerf temperature
estimation technique developed in Chapter 2 can achieve a smooth three-
dimensional kerf temperature distribution for cases with heavy thickness and
inclined cutting fronts. It is also shown that g, shows substantial decline while gz
remains unchanged when CO, is added to H, gas. This suggests that the cutting
performance deterioration due to CO,, reported in the literature, is caused solely by

the decrease in the heat transfer from the preheating flame.

Chapter 6 summarizes the conclusion and the contributions of this study.
Additionally, recommendations for further works than can be implemented in this

analysis and may improve the validity of the proposed technique are presented.
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Chapter 1

Introduction

1.1 Overview

During metal structure fabrication, very rarely does steel comes in the shape or
size needed. Thermal cutting is an essential step in the production of steel structures
worldwide. Major thermal cutting processes include oxy-fuel, plasma, and laser
cutting. The thermal cutting method best suited for the job is usually chosen based

on the workpiece requirements.

In case of thick plate processing, oxy-fuel cutting process outstand, among other
thermal cutting methods because of its relatively easy setup configuration and the
operational costs. The oxy-fuel cutting process allows the processing of thick plates,
limited only by the amount of oxygen that can be delivered during the process. In
this regard, the torch flame conditions employed during the process has a significant

impact on cut quality. When the torch flame conditions are appropriately adjusted,



the oxy-fuel cutting process delivers a smooth, square cut surface, and the obtained

cutting quality is suited for many applications without any further treatment.

1.2 Oxy-fuel Cutting

1.2.1 Process description

The oxy-fuel gas cutting also known as burning or flame cutting, includes a
group of thermal processes that employs a controlled chemical reaction to remove
the preheated metal by rapid oxidation of the material by a stream of pure oxygen
[1]. During the oxy-fuel cutting process, a workpiece is heated by a preheating flame
until it reaches its kindling temperature (the temperature at which steel rapidly
oxidized) [2], then a stream of oxygen is blown into the workpiece which triggers an
exothermic reaction of the steel that generates additional heat that cut the material.
As the cut progresses, the metal in the path of the oxygen stream burns to make a
narrow slot usually referred to as kerf. During the process, the operator manually
adjusts the pressure of both the oxygen and the preheating flame to control the flame

temperature.

For a successful cutting [3], the material to be cut must fulfill certain conditions:



e The oxide must have a melting point that is lower than the melting point
of the metal itself. It is the melting temperature of the oxides that explains
why stainless steel and aluminum are not suitable for oxy-fuel cutting.

e The ignition temperature of the metal must be lower than its melting
point.

e Combustion of the metal must create sufficient heat to maintain

combustion.

The cutting torch is moved at a speed that maintains an acceptable cut quality.
Major factor affecting the cut quality includes, the oxygen pressure, the preheating
flame pressure, the standoff distance, and the nozzle specifications. The cut quality
ultimately depends on the skill of the operator who controls all these variables for

an specific material with a given thickness [4].

The preheating flames initiates the exothermic reaction and sustain the reaction
by continuously heating the metal at the line of the cut. Additionally, the flame
removes any scale or dirt that may interfere with the cutting process [5]. The rate of
heat transfer in the workpiece influences the heat balance for cutting. As the
thickness of the material to be cut increases, more heat is needed to keep the metal
at its ignition temperature. Generally, Acetylene (C,H,) [6] is used with oxygen to
provide the preheat flame but other gases can be used such as Propane (LPG) or

Hydrogen (H>) [7] [8].



If oxygen flow is insufficient, or the cutting speed is too high, the lower portions
of the cut react more slowly, and the cutting face curves behind the torch. The
horizontal distance between point of entry and exit is called drag as shown on Fig.

1.1.

Cutting
Direction

e
\

Thickness

Fig. 1.1 Schematic view of the workpiece after the oxy-fuel cutting process.

The drag directly influences the cut edge quality. Optimum edge quality results
from zero drag. It is usually achieved when the oxygen stream enters and leave the
cut in a straight line along the cutting tip axis. Increasing the cutting speed or
reducing oxygen flow makes less oxygen available at the bottom of the cut, causing
the bottom of the cut to drag behind the top of the cut. Quality cuts are often achieved

by controlling the heat input of the process. Higher quality demands less drag: more



drag indicates poorer quality and low oxygen consumption. Excessive drag may lead
to incomplete cutting. In very thin sections, drag has little significance. However in

thick sections, the goals is to avoid excessive drag [9].

1.2.2 Oxy-hydrogen cutting

H, is a colorless and odorless elementary gas. In nature it is rarely found in its
atomic form. It is a highly flammable gas that when mixed with air, forms an
explosive mixture. The chemical reaction of complete combustion of H, and Oxygen
(O2) only produces water H,O [10]. In terms of flame combustion, one of the key
difference between Hydrogen combustion and Hydrocarbons combustion is the
production of carbon dioxide (CO,) [11]. Some of the properties that makes H,
attractive for the oxy-fuel cutting process are its high thermal conductivity and
diffusivity. Itis the lightest gas, also has a minimum energy requirement for ignition,

and has a high rate of combustion.

Table 1.1 Cutting gas reaction formula

Gas Reaction Formula

Hydrogen 2H,+ 0O, —2H;0

Acetylene 2 CHy; +50,— 4 CO+ 2 H,O

Propane CsHg+50,— 3 CO2+ 4 H,O




During the last years, as the demand of extra thick plate processing has increase
worldwide, there has been a growing interest in using H; for the preheating flame of
the oxy-fuel cutting process due to its properties since the use of H, improves the
cutting performance [10] [12], reduced the thermal distortion of the workpiece, and
also reduce CO, emissions during the process. In practical application of oxy-
hydrogen cutting, the preheating flame is composed of a mixture of gases. Generally,
H, is mixed with a fossil gas, such as LPG, to improve the visibility of the preheating
flame since the H; flame is almost invisible and the flame condition hard to adjust.
Additionally, by using a fossil gas helps to avoid drastic explosions during the
mixture gas ignition, improving the process safety [11]. However, one of the side
effects of mixing fossil gases in the preheating flame is the reduction of cutting
performance. In this regard, the precise deterioration mechanism of the process has
not been fully clarified yet. Another significant concern with the oxy-hydrogen
preheating flame is that the flame optimization process is performed manually and
usually relies on the individual skill of experienced workers. As a result, there is a
considerable incentive to automate the preheating flame adjustment along with the
gas composition optimization as much as possible. The automation of the oxy-
hydrogen cutting process in terms of the preheating flame adjustment and the gas
composition optimization is highly desirable for the shipbuilding industry in term of

quality, efficiency and production rates. However, in order to automate the process,



clarification on the relationship between the preheating flame conditions and the

cutting performance needs to be addressed.

1.3 Literature Review

The oxy-fuel cutting is a very complex process. It affects the material
microstructure, its hardness and mechanical properties. Additionally, the process
introduces surface roughness and residual stresses to the workpiece [13]. Next, a
literature review of the research works devoted to studying the oxy-fuel cutting

process is detailed.

Direct measurement and observation of the oxy-fuel cutting process are often
difficult because of the severe operating conditions. Moreover, the process is
influenced by many factors [14] (e.g., the plate thickness, the preheating state,
simultaneous solid/liquid/gas interactions, chemical reactions, heat and mass
transfer), that are difficult to implement on analytical models. In this regards the first
mathematical formulation for the heat conduction from a line source in an infinite
solid had been proposed by Rosenthal [15] for materials with thermal properties

invariant with temperature.

Initial investigations of the process focused on the assessments of cut width,
cutting speed, nozzle diameters, oxygen pressure, and flow rate and fuel-gas flow
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rate for various steel plate thicknesses. For example, Suitsu [16] [17] focused on the
role of the preheating flame in the oxy-fuel cutting process. Nakanishi [18] [19] [20]
[21] studied the shielding effect of oxygen, the surface activation effect, and the
maximum cutting thickness during the oxy-fuel cutting process. Ueda [22] study the
effect of the preheating flame pressure in the oxy-fuel cutting process. These
investigations helped considerably in the selection of optimum conditions for
making straight cuts on plates. However, these studies could not derive the
relationship of the preheating flame conditions (e.g., the gas composition, the fossil

gas) and the cutting performances (e.g., the cutting speed, the thermal distortion).

Further investigations on the oxy-fuel cutting process comes from the analysis
of the oxidation reaction. In this regard, most of the studies have been focused on
laser-oxygen cutting which in principle is similar to the oxy-fuel cutting process.
Sato et al. [23] studied the ignition process of iron in an oxygen atmosphere, Ivarson
et al. [24] studied the effects of oxygen purity during laser cutting of mild steel.
Powell et al. [25] proposed a series of guidelines to be considered during the
modeling of laser-oxygen cutting of mild steel. El-Rabii et al. [26] proposed an
analytical model of the dynamic combustion. These investigations are of great value
to understand the mechanism of the mild steel combustion in oxygen flows.
However due to the number of parameters considered in these analyses it is very

difficult to implement the mathematical models in the oxy-fuel cutting process.



To assess the heat input required to produce a cut of given width and speed, a
guantitative study of heat flow by metallic conduction must be addressed [27]. In the
regard, Wells [28], for the first time established a relationship between significant
variation of shape of weld ripples and heat input rates during the welding process.
Terasaki et al. [29] experimentally investigated the heat input generated during the
gas cutting process. In the analysis the identified thermal flux distribution was
approximated by considering a Gaussian distribution of the heat input. However, the
preheating heat input was evaluated without the contributions made by the gas

thermal flux within the cutting groove.

Osawa et al. [12] developed a method to study the thermal effects of the
preheating flames during the piercing process. In this study, the distribution of the

heat transfer parameters, the gas temperature T, and the local heat transfer

coefficient a were identified by performing an inverse heat conduction analysis of a
thin circular plate during spot heating test. This method was applied to analyze the
piercing performance of an oxy-hydrogen preheating flame (H,-LP), and an oxy-fuel
preheating flame (LPG). They reported the superiority of the oxy-hydrogen

preheating flame in terms of the local heat transfer efficiency.

Osawa et al. [30] developed a finite element code to perform a three-dimensional
heat conduction analysis in which the preheating and the material combustion heat

Input are separately assessed. Their method was used to analyze gas cutting tests
9



using the preheating flames H,-LP, and LPG. Although they successfully show the
ratio of the preheating heat input and the material combustion heat input for the
selected gases, the preheating flame composition effect was not taken into
consideration as they used a fixed mixing ratio of H,-LP and 100%LPG. On the other
hand, the analysis is focused on thin plates (12 mm) where the cutting front

inclination can be neglected.

Ikegami [31], studied the influence of CO, on the cutting performance by
performing gas cutting tests of 50 mm thick plates using H, and a mixture of H,-CO,
gases. As a result, he reported that the cutting performance declined with the increase
of CO, mixing ratio, and that CO, affects the metallic combustion during the process.
However, from this study it is not clear the reason of the deterioration whether it is
originated by the preheating flame heat input or by the metallic combustion heat

input.

The numerical simulation of the oxy-fuel cutting process considering the heat
input from the preheating flame and the material combustion have been successfully
established by several authors [32] [33] [34]. However, these studies considered
idealized heat sources models that cannot take into consideration the characteristics
of the preheating flame state. In the regard, the method developed by Osawa et al.

[30] allows the evaluation of the practical conditions of the oxy-fuel cutting process.

10



1.4 Problem Statement

Although the oxy-fuel cutting process has improved over time, it strongly relies
on the knowledge and skill of the operator. Unfortunately, the inheritance of this
skills is a very difficult task that takes long time and cost to master, and it may reduce
the productivity of the shipyards if it is not carefully planned. The advantages
associated with the oxy-hydrogen cutting automation in terms of preheating flame
adjustment, and gas composition optimization are of great value for shipyards

concerning the quality, efficiency and production rate for thick plate processing.

In order to automate the preheating flame adjustment, clarification on the
relationship of the preheating flame condition and the cutting performance needs to
be addressed. Ikegami’s [31] results shows the importance of the separate evaluation
of the preheating heat input and the material combustion heat input, and also the
need to consider the preheating flame composition during the analysis. Although
Osawa et. al [30] successfully analyzed the ratio of the preheating heat input and the
material combustion heat input of the oxy-fuel cutting process for thin plates, it is
necessary to study this relationship for thicker plates (> 12 mm), where the oxy-fuel
cutting process achieves its highest efficiency and produced the most satisfactory

cuts.

11



By considering that CO, is a product of the preheating flame combustion, the
present study is devoted to study the influence of the CO;, on the oxy-hydrogen
cutting performance in terms of the CO; content on the preheating flame, and the
CO; heat transfer role on the cutting process. To study the influence of CO> content
on the preheating flame a numerical simulation of the piercing process is carried out
and validated with an experimental piercing process test. On the other hand, to study
the heat transfer role of CO,, a simulation of the oxy-hydrogen cutting process is
performed. Based on these simulation results, CO,’s deterioration mechanism on the

cutting performance is compared with Ikegami’s [31] gas cutting test results.

1.5 Objectives and Structure

The results of this study will help to clarify the relationship between the
preheating flame state and the performance of the oxy-fuel cutting process. In this
regard, it will help to solve the skill inheritance problem, providing an alternative
for the preheating flame adjustment and allowing to find optimum preheating flame
properties for the selected preheating gas. In the same manner, the study can
contribute to the environmental protection by improving the oxy-hydrogen cutting

performance and the promotion of hydrogen gas cutting among other gases.

12



The present work is divided into six chapters; below is detailed the structure of

this study:

Chapter 1 presents the background of the oxy-fuel gas cutting, as well as the
problems and challenges when analyzing the process. Additionally, the problem

statement, the objectives, and the outlook of this study is presented.

Chapter 2 discusses the numerical theory used during this study. It revises the
formulation for the estimation of the heat transfer parameters and the piercing times
as well as the formulation for the three-dimensional heat conduction analysis of the

oxy-hydrogen cutting process.

Chapter 3 presents the description and results of the experimental tests carried
out during this study. Spot heating test is performed to identify the heat transfer
parameters, piercing test are carried out to quantify the performance of the
preheating flames and gas cutting test are performed to measure the cutting front

geometry after the cutting process.

Chapter 4 presents the numerical simulation of the piercing performance. This
chapter also review the identification of the heat transfer parameters as well as the

validation.

Chapter 5 discusses the three-dimensional simulation of the oxy-hydrogen
cutting process. The first half of the chapter present the methodology used during

13



the analysis. A new technique for the kerf temperature estimation considering
inclined cutting fronts is established. The ratio of the preheating heat input and the
material combustion heat input is examined. Based on the simulation results, CO,

deterioration mechanism on the cutting performance is then discussed.

Chapter 6 summarizes the conclusions as well as the contributions in this study.
Also, recommendations for further works than can be implemented in this analysis

and may improve the validity of the proposed technique are presented.

14



Chapter 2

Methods of Analysis

2.1 Introduction

In order to understand the relationship between the preheating flame state and
its influence on cutting performance, numerical simulations of the cutting process
are prepared. Numerical simulations of both the piercing process and the gas cutting
process are carried out to analyze the influence of CO; in the cutting performance.

The theories behind these numerical simulations are detailed in the next sections.

2.2 Numerical Estimation of Heat Transfer Parameters

2.2.1 Heat transfer parameters between gas flame and steel plate.

Osawa et al. [35], proposed a hypothesis on heat transmission during line
heating which assumes that the distribution of the temperature of the gas adjacent to

the heated surface T, and the local heat transfer coefficient  are time independent,

15



therefore they only depend on the distance from the torch. This hypothesis is based
on the measurement of gas temperature fields within the combustion flames during
spot heating test, by using a laser induced fluorescence (LIF) measurement system
[36]. This hypothesis can be represented in terms of a linear relationship between

the heat flux g and the heated surface temperature T as shown in Eqg. 2.1.

qt;r) = —a(M)Ts(t;7) + a(r)Te(r) (2.1)

Time histories of plate backface temperature Ty are recorded during a spot
heating test, as shown in Fig. 2.1. Time histories of g and T can be estimated by an
inverse heat conduction analysis from the recorded T. The gas temperature T,; and
the heat transfer coefficient a can be identified by a linear regression analysis on the

relation between g and T.

Osawa et al. [12], proposed a direct identification technique for T; and a based
on genetic algorithms. The validity of this technique was demonstrated by
comparing the identified T,; and the one measured by LIF system. The results of this
study [12], demonstrate that the proposed technique allows the evaluation of cases

where ignition temperature on the workpiece surface is reached.

16
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Fig. 2.1 Schematic view of the spot heating test.

2.2.2 Genetic representation of heat transfer parameters

Hereafter, r denotes the distance from the nozzle center, R, is the distance from
the nozzle center to the spouts of preheating, and Ry is the outer end of the analysis
region, as shown in Fig 2.2b. The region with 0 < r < R is called “inner region”,

and that with R, < r < Ry “outer region”

In Osawa’s analysis, the following considerations were taken in order to analyze

the preheating for the oxy-fuel gas cutting:

o T, shows it maximum at r = R,, and the maximum T is close to the
theoretical flame temperature.

e T, approaches room temperature at r = oo.

e o shows it maximumatr = R,.

e « approaches the natural convection heat transfer coefficient when r = oo,

17



Based on these assumptions, T; and « are represented as follows:

a) Set the upper and lower bound of T; and e at r = 0, r,,, and 1
TC,min’ TC,max7 To,min’ TO,max’ TE,min’ TE,max’ aC,min’ aC,max’ aO,min’

ao,max’ aE,min’ aE,max-

b) GiveT;andaatr =0,r =1y, and r = ry as:

Te = TC,min + dC (TC,max - TC,min)
Ac = Acmin T+ €c (aC,max - aC,min)
Ty = To,min + dO(TO,max - TO,min)
Ay = Agmin T+ €o (ao,max - aO,min)
Ty = TE,min + dE (TE,max - TE,min)

Xp = g min + eg (aE,max - aE,min)

(2.2)

Where d, e., dy, ey, dg, eg are real numbers ranging from 0 to 1.

c) Arrange the number of control points n; inside the inner region, and
enumerate them (i; = 1,2, ..., n;) as the distance from the center of the nozzle

(r = r0) increases. Give T; and «a at each control point as:

Th =T = fl(Tmax - TC); app = Q¢ = gl(amax - aC)
T, =Tc = (T —Te)apy = ac = go(ay — ac) (2.3)

Where fi, 91, f2, 92.-.. are real numbers ranging from 0 to 1.

18



d) Inthe same manner as c, arrange the number of control points n, in the outer
region, and enumerate them (i, = 1,2, ..., ny) as the distance from the spout

(r = rg) increases. Give T; and a at each control point as:

Tor = Tg = hi(Thnax — Tg), @01 = ag = ki (Amax — ag)
Toz =Tg = hy(Tp1 — TE);.aoz = ag = ky(ap1 — ag) (2.4)
Where hq, kq, hy, k,... are real numbers ranging from 0 to 1.

e) T, and a between the control points are given by 3" order spline interpolation.
2 X 3 4+ 2 xXny + 2 X ny number of reals numbers d., ec, dy, €y, dg, €z, fi,
91, f2, 92, hq, kq, hy, k, are the genes of employed during the genetic
algorithm analysis. An example of genetic representation of T; and « is shown

in Fig. 2.2
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Fig. 2.2 Representation of the heat transfer parameters distribution over the region
of analysis. (a) gas flame temperature and heat transfer coefficient
distribution. (b) employed gas nozzle and the analysis region.

2.2.3 Fitness function

The distributions of T; and « are identified by carrying out spot heating test of
a thin circular plate. Let B, x be the measured plate back face temperature at the J-th
measurement point (J=1,2,..,Ng) at time ¢, (K=1,2,...,N1), and Y; x be the calculated

temperature at the same point and time. The fitness function E is defined as follows,
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(2.5)

2.3 Three-dimensional Gas Cutting Simulation

2.3.1 Kerf temperature

Matsuyama et al. [37] developed a technique in where the heat flux through the
kerf is determined so that it is the same as the heat flux necessary for melting the
metal to be cut at the cutting groove’s leading edge. A quasi-stationary heat
conduction field around the moving heat source is determined so that the temperature
at the groove leading edge is kept at the melting point, and the adiabatic condition is

fulfilled at the groove surface at the rear of the torch.

Matsuyama et al. [37] proposed to determine the coefficients of two-dimensional
quasi-stationary heat conduction field around a moving heat source so that they
minimize the residual error between the temperature/thermal flux and the thermal
boundary conditions at multiple evaluation points on the cutting groove. The
boundary conditions of the cutting groove used in Matsuyama et al.’s [37] analysis
are shown in Fig. 2.3. At the leading edge (the S; boundary in Fig. 2.3), the
temperature equals the melting point of the material. The kerf is assumed to be

adiabatic and well separated from the torch to the rear (the S3 boundary in Fig. 2.3).
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The temperature and flux between S; and S; (the S, boundary in Fig. 2.3) are

calculated by using the determined coefficients.

Cutting Direction A y

Fig. 2.3 Boundary conditions given on the cutting groove.

The application range of Matsuyama et al.’s [37] analysis is limited to two-
dimensional linear problems. For that reason, these results cannot be directly applied
to the analysis of oxy-fuel gas cutting where a temperature gradient in the through
thickness direction is generated due to the heat transmitted from the preheating
flame. In this study, Matsuyama’s method is modified so that the temperature
dependency of the thermomechanical properties and the temperature gradient in the
thickness direction can be taken into consideration during the gas cutting simulation.
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2.3.2 Heat conduction analysis using a moving coordinate system
Consider the case where a fixed speed torch is aligned above a steel plate. Fixed
coordinates (x, y, z) are placed on the steel plate, with the xy plane in the steel plate
plane. The elapsed time from the start of calculation is expressed as t and the xy
component of the speed vector of a torch moving in the xy plane as (u, v). Finite
element analysis of heat conduction using fixed coordinates [38] is performed by the

following procedures.

a) Let torch’s xy coordinates and temperature field, at time to be (x,,y,) and
To(x,y,2). EQ. (2.6) is solved, for given time increment At and the thermal
boundary conditions around the torch centered on (x,, y,). The temperature

T;(x,y,z) at the new time t; = t, + At is calculated by Eq. (2.6).

[KI{T} + [C{9T /dt} = {F} (2.6)

where [K] is the heat conduction matrix, [C] the thermal capacity matrix,

{F} the heat flux vector, {T} the nodal temperature, and (9T /dt) the changing
rate of temperature.

b) With the torch coordinates at the new time being (x, + uAt, y, + vAt), the

heat boundary conditions are updated.
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In procedure b), when the torch position is unchanged at (x,,v,), T1(x —
ult,y — vAt, z) is given as the present temperature at positions (x, y, z). This makes
it possible to carry out heat conduction analysis using a moving coordinate system
fixed to the torch. When the workpiece is of finite dimensions, a domain which was
not in the finite element model appears in At, at the edge in front of the torch, and

the model has to be extended behind the torch.

A schematic view of the model is shown in Fig. 2.4. The moving coordinate
system (&,7n) and the fixed coordinate system (x,y) are defined on the workpiece.
The torch velocity in the (x,y) system is (u,v), the torch position in the (&,7)
system is (O, 0,)) and the norm of vector (u, v) is |v|. (O, 0,) is unchanged over
time and the temperature fields move in parallel by (—u, —v) in a unit time. This
vector is referred to as ‘temperature field movement velocity’. The distance of torch

movement up to time t is |v|t.

The distance y is defined as shown in Fig. 2.4. ¥ < 0 in front of the torch,
andy > 0 to its rear. As described by Osawa et al. [30], there is a significant
temperature rise within the domain —(16k)/|v|?> < ¥ < 0 in front of the torch. The
Y (a negative value) at the model’s front end of this domain is called ‘fore’ and the
Y (a positive value) at the model’s rear end is called ‘aft’. ‘aft’ increases with t. Let

‘aft’ at t = 0, calculated finish time t; and time t be aft,, aftg, aft;.
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Fig. 2.4 A finite plate model for transient heat conduction analysis using moving
coordinates.

When the model’s front end is more distant from the torch than [fore|, there is no
temperature increase in the newly generated area. Room temperature is given to the
nodes in this region. The model is prepared up to aft;. Att = 0, elements with ¢ >
aft, are killed (i.e. the thermal conductivity is set to a negligible value). When the
time changes from t to t + At, the elements with aft, < ¢ < aft;, A, are born. The
temperatures at a calculation point of the newly-born elements are then given as the

temperature at y = aft;.

2.3.3 Translation of the temperature field
In an analysis using the moving coordinates described in Section 2.3.2, the

moving coordinate system (&,n) in the plate and the fixed coordinate z in the plate
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thickness direction are combined to give the locations of the calculations points.
During the analysis, the temperature field T, (x, y, z) shows translational movement
to the same extent as the torch displacement (udt, vdt) in At. Thus, the initial value
of the time integration of the temperature at (¢, 7, z) is given by the temperature at
(& —uAt,n — vAt, z) at t. The detail of the time integration procedure is explained

in Osawa et al. [30].

2.3.4 Two-dimensional surface temperature field

Let ‘evaluation plane’ (z) be the plane parallel to the heating face with the
thickness coordinate of z. For the three-dimensional heat conduction analysis, the
provisional temperature distribution on m(z) is given by the analytical method
proposed by Matsuyama et al. [37]. In these calculations, the uniform tentative

length of S, boundary (see Fig. 2.3) is given to all evaluation planes.

2.3.5 Three-dimensional temperature field

The work-piece’s three-dimensional temperature distribution during oxy-
hydrogen cutting process can be calculated by performing a three-dimensional finite
element (3D-FE) moving coordinate quasi-stationary heat conduction analysis, with
the heat flux of the preheating flame estimated in Section 2.2 and the provisional

kerf temperatures given in Section 2.3.4
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The use of moving coordinates facilitates a finite element discretization which
faithfully expresses the groove shape and also it prevents the accuracy deterioration
in the heat input estimation caused by rapid changes in thermal boundary conditions,
without the need for expressing the melting of the cut metal in terms of element

death.

However, the provisional kerf temperatures given in Section 2.3.4 are calculated
without the consideration of the temperature gradients in the thickness direction due
to the preheating, the temperature dependencies of thermal material properties are
ignored, and the uniform length of S, boundary chosen in Section 2.3.4. is
unrealistic. Apparently, the accuracy of the calculated three-dimensional
temperature field is not expected. As described later, a sharp temperature
discontinuity on the border between S, (prescribed non-uniform temperature) and S;

(adiabatic boundaries is calculated in the 3D-FE solution.

It is needed to adjust the kerf temperature on each m(z) in order to reduce this
temperature discontinuity, and achieve a heat conduction field which is consistent
with the temperature gradient in the thickness direction due to preheating, and the

non-uniform thermal conditions for the groove leading edge and rear side kerf.
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2.3.6 Three-dimensional temperature field adjustment

As shown in Fig. 2.3, boundaries S;-S; are set on each evaluation surface m(z).
Let F be the intersection between the heating line center and the groove’s leading
edge, s the gauged path length along the groove from F, I; and I, the length of S; and

S, boundaries. Let T (s, z) be the kerf temperature at a distance s on (2).

During gas cutting, a temperature gradient along the thickness direction is caused
by the preheating flame. Accordingly, the kerf temperature distribution on each (z)
iIs modified by the following procedure, and they are adopted as the thermal
boundary condition for three-dimensional analyses. Because the temperature on S;
equals the melting point and the S; is adiabatic, temperature modification is only
required in the S, boundary. Let T,,(s) be the two-dimensional temperature
distribution at distance s from F determined by Matsuyama’s method [37], and
T5p (s) be the temperature calculated by the 3D-FE analysis in which T, (s) is given

as the S, boundary condition.

Fig. 2.5 illustrates the kerf temperatures on S, and Sz boundaries. ¢ and n are
distances from the torch center measured in the cutting direction and the transversal
direction. Osawa et al. [30] reported that, when m(z) is close to the heating face,

T5p(s) becomes higher than T,,(s) on S,, and a sharp discontinuity arises on the
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S,/S3 border when the provisional kerf temperatures given in Section 2.3.4 are

applied.

Too
— — T3p
Estimated Solution
.................. T3D
Top
§ Al

S, S5

|< >/« >|
|1 |2

Fig. 2.5 Schematic view of the temperature distribution at the heating face.

The S, length (I, in Fig. 2.3) chosen in the provisional analysis is a tentative
value, and it can be changed. Let I;+Al; be the modified S, length. T, (s) is re-
analyzed for this updated S,/S; configuration. When this updated T, (s) is applied
in 3D-FE analysis, the updated T55(s) on S; becomes higher than that before the
updating, and the discontinuity becomes less significant (see Fig. 2.5). Adjusting Al;

on each t(z) by trial and error, the optimized three-dimensional S,/S3 configuration,
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for which the temperature discontinuity on the S,/Ss border in negligible on all = (2),

can be determined.

2.4 Conclusions

The theory and methods considered in the numerical models are described in this
chapter. The heat transfer parameter estimation is carried out by employing the
method developed by Osawa et. al [12]. During the gas cutting simulation, the kerf
temperature is analyzed based on the numerical method develop by Matsuyama et
al. [37]. The three dimensional temperature distribution during the cutting simulation
Is calculated by performing a three-dimensional finite element moving coordinate
quasi-stationary heat conduction analysis. A technique for the estimation of the
three-dimensional temperature fields considering inclined cutting fronts is proposed.
The ratio of the preheating heat input and the material combustion heat input is then
examined by performing moving coordinate quasi-stationary finite element heat

conduction analysis implementing the proposed technique.
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Chapter 3

Experimental Tests

3.1 Introduction

In order to quantify the effects of the preheating flame state on the oxy-hydrogen
cutting performance, a series of experiments were carried out during this study. In
order to identify the heat transfer parameters during the oxy-hydrogen cutting
process, spot heating test for the preheating gases H,, H,-CO, and H,-AR are
performed. The accuracy of the identified heat transfer parameters is then validated

with the results of piercing test of the selected gases.

Additionally, cutting tests are carried out in order to measure the effects of the
selected preheating gases on the geometry of the cut during the oxy-hydrogen cutting
process. All the information gathered from the experiments is then implemented in
the three-dimensional gas cutting simulation. In the following sections, the

description of the experimental tests and the results are detailed.
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3.2 Spot Heating Test

3.2.1 Experimental setup

Spot heating test are conducted to identify the heat transfer characteristics of the
preheating flame. A mild steel circular plate of 6 mm thickness and 300 mm diameter
Is placed horizontally and a cutting nozzle is positioned at the center of the plate with
a standoff distance of 6 mm, as shown in Fig. 3.1. A set of thermocouples are placed
at the back surface to record the temperature distribution on the plate during the

trials, and heat insulation material is used to coat the back of the plate.

Fig. 3.1 Test specimen used during the spot heating trials.
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In order to evaluate the influence of the preheating flame composition on the
cutting performance, five different preheating flames are selected for the trials. Pure
H, (reference preheating flame) and a gas mixture of H, with CO,, and H, with AR
in different mixing ratios are prepared for the test. The preheating flame conditions

of each preheating flame is show in the Table 1.

Nissan Tanaka 3055B D5 No. 4 LPG divergent nozzle [39] as shown in Fig.
2.2(b), was employed in all heating tests. This nozzle is suitable for cutting of steel
plates with a thickness up to 25 mm. The distance from the nozzle center to the exit

of the preheating gas spouts, R, is 2.7 mm.

Table 3.1 Preheating gas flame composition

Preheating Gas 100%H- | 90%H,- | 80%H2- | 90%H,- | 80%H,-
g -0%CO; | 10%CO; | 20%CO, | 10%AR | 20%AR
Standoff distance 6 6 6 6 6
[mm]
Pressure of Hydrogen | 0.105 0.104 0.103 0.104 0.104
[MPa]
Flow of Hydrogen 29 29 29 29 29
[1/min]
Flow of Oxygen 6 6 6 6 6
[1/min]
Flow of CO; [I/min] 0 3 7 0 0
Flow of AR [I/min] 0 0 0 3 /
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The temperature distribution at the back face was measured using chromel-
alumel thermocouples (Type-K) with sheath diameter of 0.1 mm fitted in both
perpendicular directions from the center. As shown in Fig. 3.2, the thermocouples
were fitted using percussion welding. A pitch of 2 mm was used from the plate center
up to 12 mm, then a 4 mm pitch was used from 12 mm up to 40 mm, and finally, a
pitch of 8 mm was used on the periphery of the plate; 26 mm thick steel wool was
stretched over the backface of the plate. During the trials, the thermocouple output
was recorded for 5 s at intervals of 0.2 s once the heating torch had been placed in
the center of the plate. The movement of the torch was controlled by Daiden Fanuc
ARC Mate DR-400 welding robot. The heating time for the tests is fixed to 6
seconds, after that the torch is immediately removed from the plate so that the plate

starts to cool down.
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Fig. 3.2 Thermocouples arrangement employed for the spot heating tests.

3.2.2 Results

The comparison of the temperature history at the plate back surface form
100%H;, 90%H,-10%CO,, 80%H,-20%CO,, 90%H,-10%AR, and 80%H,-20%AR
is shown in Fig. 3.3. From the figure can be shown that the highest back surface
temperature is obtained with 100%H,. By comparing the AR mixing ratios, it is
observed that as the ratio of AR increase, the temperature at the plate back face
decreases. In the same manner, by comparing the CO, mixing rations, it is observed
a decrease in the temperature with the increase of the CO, mixing ratios. On the
other hand, by comparing the employed added gas, it is observed that the back face

temperature of the AR trials is higher than the CO; trials.
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Fig. 3.3 Back surface temperature recorded at the center of the plate.

3.2.3 Discussion

From the Fig. 3.3, it is clearly shown that the temperature measured in the disk
is influenced by the gas mixing ratio as well as the employed added gas. However,

it is not clear the reason for this temperature drop.
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3.3 Piercing Tests

3.3.1 Experimental setup

A rectangular steel plate of 12 mm thickness is arranged horizontally, a cutting
nozzle is positioned above the plate with a standoff distance of 6 mm, as shown in
Fig. 3.4. The employed thickness during the tests is comparable to the cutting nozzle
recommended thickness. The temperature distribution over the plate is measured by
a thermal camera FLIR SYSTEM SC620 NTSC placed about 1.5 m away from the
workpiece. The piercing conditions used in the trials (nozzle, preheating flame, torch

movement) are the same as those used during the spot heating tests.

(a)
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(b)

Fig. 3.4 Test specimen employed during the piercing test. (a) succeed piercing test.
(b) failed piercing test.

As a prerequisite for the piercing process, the workpiece must reach its kindling
temperature contrarily, the piercing fail. To ensure that the heated surface reaches
the after mentioned temperature the preheating time for the first piercing test is fixed
to 23 seconds. Then, the piercing process on the workpiece is evaluated to determine
whether the plate pierced or not. For the second trial, the preheating time decreased
by 3 seconds and the piercing process is evaluated once again. This preheating time
reduction method continues until the piercing process fails during the last trial. Table

3.2 shows the summary of the piercing tests.
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Table 3.2 Measured piercing times when employing 100%H preheating flame.

Preheating | Preheating Plate
Gas Time [s] Piercing
14 Failed
17 Succeed
100%H,
20 Succeed
23 Succeed

From Table 3.2 is observed that the minimum piercing time falls between the
range 14 <t < 17 seconds, when the preheating flame 100%H; is employed. It is
observed that the diameter of the area in which the temperature exceeded the steel’s
kindling temperature (about 1300 K) at the end of the preheating was larger than 6

mm for the cases where the plate was pierced.

3.3.2 Results

Table 3.3 shows the measured t,,;,, during the tests for the selected preheating
flames. From the table is observed that the shortest t,,,;,, is obtained when employing
100%H, preheating flame. On the other hand when employing 80%H,-20%CO,,

tmin 1S INcreased around 40 seconds.

39



Table 3.3 Estimated minimum piercing times

Preheating : _Measur_ed :
Minimum Piercing
Flame :
Time [sec]
100%H; 13
90%H>-10%AR 25
80%H>-20%CO; 53

3.3.3 Discussion

The obtained results, clearly shows the negative impact of the AR and CO, in
the piercing time of the oxy-hydrogen cutting process The obtained results support
Ikegami’s claim that the cutting deteriorates when CO; is mixed into the preheating
gas. However, the reason of this deterioration whether is produced by the preheating

heat input or the material combustion heat input cannot be clarified.

3.4 Gas Cutting Tests

3.4.1 Experimental setup

Oxy-hydrogen gas cutting test for thick steel plate was performed. The
preheating gas conditions shown in Table 3.1, which are the same as those for the

spot heating test in Section 3.2. Based on the results of the piercing test, the gas
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cutting test is devoted to analyze the influence of the 100%H; and 80%H,-20%CO,

preheating flames.

Fig. 3.5 shows the shape and size of the specimens. That is mild steel (SS400)
rectangular plate with length 200 mm x width 100 mm x thickness 25 mm. The mill
scale was not removed before cutting. Let x and y be the longitudinal and transversal
coordinates on the plate. The origin is set at the model end on the center line. A 10
mm diameter hole was opened using a drill at the point with (x, y)=(25 mm, 0 mm).
Heating is carried out along the x-axis, starting at the drill hole (x = 25 mm) and
ending at x = 145 mm. During the trials, the specimens were not pierced before the
cutting. The cutting speed VV was set to 5 mm/sec for both preheating flames. For all
the cutting test performed in this study, the cut face quality met the best grade (Grade
1) of JWES WES2801 (quality standard for gas cut surface) [40]), and there was no

dross adhesion.

Let d, be the groove width at the mid-point of the cutting line (see Fig. 2.3), a
be the groove’s half width (d/2), ‘groove tip’ be the intersection between cutting
center line and the leading edge (point F in Fig. 2.3), 1 be the ratio of groove
diameters in x and y directions (see Fig. 2.3) and k the measure of the drag. (see
Figs. 3.5). Once the cutting process finished, d was measured, and then the specimen

was cut along the centerline in order to measure the groove’s leading edge shape.
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On this cut surface, x-coordinates of groove tips on the front and backface were

measured, and the drag x was calculated.
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Fig. 3.5 Steel plate specimen used during the cutting test.

3.4.2 Measurement results

The steel plate specimens employed during the cutting tests are shown in Fig.
3.6, and the shape parameters (d, k, A) are shown in Table 3.4. The side view of the
cutting kerf is shown in Fig. 3.7. From the table can be observed that, for the selected

cutting speed, there is no significant difference in the groove shape and size.
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However, a significant difference is observed in the drag when employing 80%H.-

20%CO:..

3.4.3 Discussion

The obtained results show a clear deterioration in the cut quality when

employing 80%H,-20%CQO,. This deterioration agrees with the results obtained

during the piercing test. Moreover, the results show that for the numerical simulation

of the oxy-hydrogen cutting process the cutting front inclination must be considered

during the analysis.

Table 3.4 Summary of the gas cutting test results.

Preheating Gas 1&3:@82- 288);? (I;_I(Z)Z
Plate thickness h [mm] 25 25
Cutting speed V [mm/s] 5 5
Cutting-front drag x [mm] 1 3.5
Groove width d [mm] 3 3
Ratio of groove diameters A 1.0 1.0
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Fig. 3.6 Steel plate specimen cutting groove. (a) 100%H2-0%C0O2. (b) 80%H2-
20%CO2.
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Fig. 3.7 Steel plate specimen kerf side view. (a) 100%H,-0%CO,. (b) 80%H,-
20%CO..
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3.5 Conclusions

In order to quantify the effects of the preheating flame state on the oxy-hydrogen
cutting performance, spot heating tests as well as piercing process test, and gas
cutting test were carried out. The results from the experimental tests can be

summarized as follow:
Spot heating tests:

e The highest back surface temperature is obtained when employing 100%H,
preheating gas.

e By comparing the mixing ratio of the added gases (AR and CO,), as the
mixing ratio increases, the measured temperature at the back-face decreases.

e By comparing the employed added gas (AR and CO,), the measured

temperature of the AR trials was higher than the CO, trials.
Piercing test:

e The obtained results show a clear deterioration in the cutting performance
when employing 80%H,-20%CO,. The shortest minimum piercing time t,,;,,
(13 secs), is obtained when employing 100%H.. In contrast, when employing

80%H,-20%CO, the minimum piercing time is increased by 40 secs.

Gas cutting test:
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e The obtained results show a clear deterioration in the quality of the cut. The
measurements of the cutting test specimens show an important increase in the

drag when employing 80%H;-20%CO,
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Chapter 4

Numerical Simulation of the Piercing Process

4.1 Introduction

In the present study, to analyze the influence of the preheating flame
characteristics on the cutting performance, the piercing process is numerically
simulated by employing the heat transfer parameters identified from the spot heating
test. Since during the oxy-fuel cutting process, the heat transferred from both the
preheating flame and that from the material combustion arises at once, it is
challenging to simulate the cutting process numerically. However, by studying the

piercing process, the thermal effects can be analyzed.
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4.2 ldentification of Heat Transfer Parameters

4.2.1 Model description

A direct heat conduction analysis is performed by using an in-house
axisymmetric thermal finite element code developed by Osawa et al. [12]. Y; x in Eq.
2.5 are calculated by carrying out axisymmetric finite element direct heat conduction
analyses in which T, (r) and a(r) represented by Egs. 2.2, 2.3 and 2.4 are applied

as boundary conditions.
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Fig. 4.1 Temperature dependency of the material properties.
(from Osawa et al. [12])
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The temperature dependencies of the material properties employed during the

analyses are shown in Fig. 4.1. The model comprises 4 node isoparametric

quadrilateral elements, and the back surface is assumed to be adiabatic. A finite

element mesh is prepared based on the thin circular plate geometry used in the spot

heating test. The employed mesh and its dimensions are presented in Fig. 4.2 and

Table 4.1. The initial temperature of the analysis is set to 300 K. The convective heat

transfer between plate and air is evaluated at the outer end, and its coefficient is 480

WI(m2K).

Fig. 4.2 Finite element mesh employed during the heat conduction analyses.

Table 4.1 Finite element model dimensions

Model dimensions [m] 0.3 x0.006
Number of elements (x, y, z) axis 40 x40 x 6
Max./Min element size on x-axis [m] (3.44/13.8) x 1073
Max./Min element size on y-axis [m] (3.44/13.8) x 1073
Max./Min element size on z-axis [m] (5.04/16.8) x 1073
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The genetic algorithm analyses are performed by the Design Analysis Kit for
Optimization and Terascale Applications (Dakota) open source software [41]. The
genes d., dy, dg, €., €o, €g, f1, 91+ f2, 92, ---» N1, k1, Ry, ko, ... are optimized so

that E in Eq. 4 is minimized by Self-Adaptive-Evolution Algorithm [42].

The control points are arranged at r= 1.2, 1.6, 1.8 inside the inner region, and at
r=4.28,7.32,13.4, 21.0 and 32.4 mm inside the outer region. As reported by Osawa
etal. [12], T; and a between the control points are estimated by linear interpolation
because the difference in the calculated back face temperatures derived from spline

interpolation and that from linear interpolation is negligible.

4.2.2 Estimation of heat transfer parameters

In this study, T, and a around the torch center were identified from the
measured back face temperatures following the inverse heat conduction analysis
method explained in Section 2.2. The comparison of the T, distributions for the

chosen preheating flames are shown in Fig. 4.3.
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Fig. 4.3 Comparison of the estimated gas temperature.

From the figure can be observed that the highest T, is obtained for 100%H,, just
below the spout (R,). By comparing the AR mixing ratios, it is observed that as the
ratio of AR increase, the temperature at the plate back face decreases. On the other
hand, by comparing the CO, mixing ratios, it is observed that as the ratio of CO,
increase, the temperature at the backface decreases. By comparing the employed
gases, it is observed that the backface temperature of the AR trials are higher than

the CO, trials. Moreover, it is observed that the temperature in the outer skirt
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becomes significantly lower for the CO, trials while AR trials shows a similar
behavior as the 100%H; trials. As shown in Fig. 4.3, while the increase of the AR
mixture ratio has a small impact on the estimated gas temperature, the increase of

the CO, mixture ratio has a significant impact on the gas temperature.

In addition to the gas temperature, a distribution for the chosen gases is
presented in Fig. 4.4. The figure shows the heat transfer coefficient is at its maximum
below the combustion flame exit for all the chosen gases. In addition, a substantial
decrease in the a distribution near the combustion spout its observed. For example,
when r = 0.01 the transfer coefficient is around 1900 for CO, and around 1700 for

AR.
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Fig. 4.4 Comparison of the heat transfer coefficient.

From these findings, it seems evident that, the reduction of the heat transfer
coefficient for both the AR and CO; is almost same while the gas temperature of the
AR mixture is similar to 100%H; but for the CO, trials, not only the transfer

coefficient but also the gas temperature declines.

To examine the accuracy of the identified parameters, a direct heat conduction

analysis is performed by an FE code that employs the identified heat transfer
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parameters to estimate the back face temperature of the plate during the spot heating
test. Figs. 4.5 to 4.9 shows the temperature over time of the thermocouples located
at a distance r = 4, 6, 8, 10 and 12 mm, from the center of the plate for all the
preheating flame conditions of the spot heating tests. The comparison of the back
face temperature between the FE code analysis (Estimated) and the recorded from

the spot heating test (Experiment) shows the accuracy of the identified heat transfer

parameters.
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Fig. 4.5 Comparison of the estimated and experimental back face temperature for
100%H..
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Fig. 4.6 Comparison of the estimated and experimental back face temperature for
90%H,-10%AR.

56



Preheating Flame: 80%H,-20%AR
800 Estimated: Experiment: l
r=04 mm r=04 mm +

v r=06 mm r=06 mm X
© 700 F| r=08 mm r=08 mm 1
2 r=10 mm r=10 mm + +
©
o r=12 mm r=12 mm
3
3 600 | 1
Q
&)
Ay
S
© 500 F b
e!
)
WY
o

400 | .

300 ! 1 1 1

0 1 2 3 4

Time [s]
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Fig. 4.8 Comparison of the estimated and experimental back face temperature for
90%H,-10%CO;.
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Fig. 4.9 Comparison of the estimated and experimental back face temperature for
80%H2-20%CO0.,.

4.3 Heat Flux Distribution Estimation

Once the time independent distribution of T; and « are obtained, the heat flux
distribution during the spot heating tests can be estimated. In Fig. 4.10, is presented
the calculated heat flux distribution over time for the preheating flame of 100%H..
From the figure is observed the decrease in the heat flux over time and that the

maximum distribution is located at Ry.
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Fig. 4.10 Heat flux distribution over time when employing 100%H2 as the
preheating flame.

The comparison of the heat flux distribution for the chosen preheating flames
are shown in Fig. 4.11. The figure show that the highest heat flux distribution is
obtained for 100%H,. Moreover, as the mixture rate of CO, and AR increases, the
heat flux distribution decreases. In this regard CO,, among all the evaluated

preheating flames, shows the smallest heat flux distribution.
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The obtained results show that the heat flux distribution becomes lower with the
increase of the mixing ratio of the added gas. In addition, by comparing the reactive
gas CO, with the non-reactive gas AR, it is considered that CO, has a harmful effect

on the efficiency of the oxy-hydrogen cutting.
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Fig. 4.11 Comparison of the heat flux distribution between the employed preheating
flames.
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4.4 Estimation of Piercing Performances

4.4.1 Model description

As reported by Osawa et al. (2012) by employing the identified heat transfer
parameters T; and a from the spot heating tests, it is possible to estimate the time
until the place surface temperature exceed the steels kindling temperature during the
piercing tests by conducting a direct heat conduction analysis. The plate temperature
during the preheating process is calculated by using the finite element code
employed during the genetic algorithm analyses. The material properties and the
calculation conditions are the same as those used in the inverse heat conduction
analysis. The employed finite element model is an axisymmetric circular plate with
a radius of 60 mm, and it comprises of 4 node iso-parametric quadrilateral elements.
The element length ranges from 0.1mm to 6.95mm in radial direction and from

0.1mm to 2.02 mm in through thickness direction as shown in Fig. 4.12.

Fig. 4.12 Mesh employed for the direct heat conduction analysis of piercing tests.
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4.4.2 Piercing time estimation

From the results of the piercing tests described in section 3.3, the employed
preheating flame has a significant impact on the minimum piercing time required for
the workpiece cutting. In order to check the accuracy of the identified heat transfer
parameters, a numerical simulation of the piercing tests is performed. In this
simulation, the newly identified heat transfer parameters are given to the model and

the effect of the preheating flames is then evaluated.

Fig. 4.13 shows the calculated plate heating surface temperature atr =2, 3, 4, 5,
and 6 mm during the piercing test preheated by 100%H,. The figure shows the
elapsed time from the beginning of the preheating. The heat surface temperature
within the oxygen jet (r < 4 mm) exceeds the combustion point (1300 K) at 13
seconds. This condition leads us to the assumption that 1300 K is the temperature

that triggers the metallic combustion.
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Fig. 4.13 Time histories of the heating face during piercing test at a distance ‘r’ from
the center of the nozzle.

In a similar manner, the piercing simulation is conducted for the preheating
flames 80%H,-20%CO; and 90%H,-10%AR. The comparison of the time histories
of the plate surface temperature during the piercing test for the chosen preheating
flames is shown in Fig. 4.14. By employing 1300K as the prerequisite for piercing,
the minimum piercing time (t,,;»,) is calculated. From the figure can be observed

that the shortest t,,;,, is obtained for 100%H, (13 secs). On the other hand, when
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employing the preheating flames of CO, and AR, t,,,;,, IS increased. For instance, by
employing 90%H,-10%AR t,,;,, is increased by 12 secs (25 secs), while for 80%H.-
20%CO, t,,;,, is increased by 40 secs (53 secs). The figure shows the negative impact

when employing the preheating flames AR, and CO; in the oxy-hydrogen cutting

performance.
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Fig. 4.14 Comparison of the time histories of plate surface temperature during
piercing test for the different preheating flames.
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Table 4.2 shows the comparison of the estimated t,,;,, and the measured ¢,,;,,
during the piercing tests. The table shows that the simulated t,,;;, shows good
agreement with the experimental results. In this regard, the results show the
effectiveness of the piercing process simulation as well as the accuracy of the

identified heat transfer parameters.

Table 4.2 Estimated minimum piercing times

Estimated Measured
Preheating | Minimum Minimum
Flame Piercing Piercing
Time [sec] Time [sec]
100%H 13 15
90%H.-
10%AR 25 25
80%H.-
20%CO, >3 >0

4.5 Conclusions

In this chapter, the influence of the preheating flame composition on the oxy-
hydrogen cutting performance is analyzed. The heat transfer parameters T, and «
are estimated following the heat conduction analysis method explained in Section

2.2. The accuracy of the estimated parameters is then evaluated by estimating the
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backface temperature during the spot heating tests. Then, a numerical simulation of
the piercing tests is performed. In this simulation, the newly identified heat transfer
parameters are given to the model and the effect of the preheating flames on the oxy-
hydrogen cutting is then evaluated. The following conclusions can be dram from the

obtained results.

e The reduction of the heat transfer coefficient for both the AR and CO; trials
Is almost same while the gas temperature of the AR mixture is similar to
100%H,. However, for the CO, trials, not only the transfer coefficient but also
the gas temperature declines.

e The heat flux distribution becomes lower with the increase of the mixing ratio
of the added gas.

e By comparing the reactive gas CO, with the non-reactive gas AR, it is
considered that CO; has a harmful effect on the efficiency of the oxy-
hydrogen cutting.

e The comparison of the minimum piercing time shows the lower performance
of the oxy-hydrogen cutting when employing CO in the process.

e The results of the piercing time estimation show good agreement with the
experimental results. The results show the effectiveness of the piercing

process simulation and the accuracy of the identified heat transfer parameters.
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Chapter 5

Numerical Simulation of the Gas Cutting Process

5.1 Introduction

Although the results of the piercing simulation show the harmful effect of the
CO; in the oxy-hydrogen cutting, the deterioration mechanism has not been clarified.
Based on the identified heat transfer parameters and the measured geometry from
the gas cutting test, a three-dimensional simulation model is prepared in order to
separately evaluate the preheating heat input and material combustion heat input.
Challenges arise from the gas cutting test results, where inclined cutting-fronts was

observed.
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5.2 Gas Cutting Simulation

5.2.1 Implementation of the moving coordinate analysis

Osawa et al. [30] developed an in-house three-dimensional finite element code
MOVEFLUX that can perform the quasi-stationary heat conduction analysis using
a moving coordinate system (Section 2.3.2) and a local heat transfer model for
preheating flame (Section 2.2). The heat transmitted to the workpiece from the
preheating flame and the metallic combustion can be evaluated separately by using

this code.

5.2.2 Model description

Based on the lower performance of the CO, during the piercing tests, the
numerical simulation of the cutting process focuses on the preheating flames
100%H,, and 80%H,-20%CO, on the oxy-hydrogen cutting performance. Figs. 5.1
and 5.2. shows the heat transfer parameters employed during the analysis. The
convective heat transfer coefficient between the workpiece and air is evaluated on
the plate side and backface. Temperature-dependent material properties shown in

Fig. 4.1 are used in analyses. The initial temperature is set to 300 K.

One-half finite element models shown in Figs. 5.3 and 5.4, are used during the
finite element analyses. These models comprise 8 node isoparametric hexagonal

elements. As shown in Table 3.4, it was observed that there was no significant
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difference in the in-plane groove’s edge shape between 100%H2-0%CO, and
80%H,-20%CO,. The groove’s leading edge can be approximated by a semicircle
with radius a (d/2) of 1.5 mm. Therefore, the same in-plane one-half mesh is adopted
for both cases, the three-dimensional meshes are generated by extruding this in-plane
mesh. For this in-plane mesh, fine quadrate elements are arranged along the curved
groove edge, and they are configured so that the mesh becomes sparser as the
distance from F (Fig. 2.3) increases. The minimum element edge length is 0.236 mm

along the edge, and 0.243 mm in the normal direction of the edge.
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Fig. 5.1 Identified gas temperature distribution.
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Fig. 5.3 Finite element mesh used for 100%H,-0%CO; heat conduction analysis. ()
top view (b) side view.
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Fig. 5.4 Finite element mesh used for 80%H,-20%CO; heat conduction analysis. (a)
top view. (b) side view. (c) enlarged view of the cutting groove.

Table 3.4 shows that the cutting front drag x was negligible for 100%H,-0%CO,
while it was about 14 % of the plate thickness (25 mm) for 80%H,-20%CO..
Therefore, the extrusion is performed along the normal direction for 100%H.-
0%CO,, and along the inclined direction for 80%H,-20%CO, (Figs. 5.3 and 5.4).
The element size is configured so that the edge length in thickness direction becomes
larger with the distance from the front face. The minimum edge length in the
thickness direction is 0.5 mm. The total number of nodes and elements are 67536
and 61893 respectively. Because of the inclined extrusion direction, the model end

shows inclined cross section for 80%H,-20%CO,. However, this does not affect the
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accuracy of the temperature calculation because the uniform room temperature is
given to the nodes on this section, during the time integration of the heat conduction

analysis when the temperature is updated.

5.2.3 Kerf temperature estimation

Provisional kerf temperature calculation

Once groove’s geometry (a=d/2 and A) and torch speed V are given, T, (s) in

Section 3.5.3 can be calculated by Matsuyama’s method [37] as

N-1
T; = exp(—p; cos(¢;)) z CnKn COS((I — 1)(151) ;T = T /Ty (5.1)
n—0
Where,
{Cn} = ([Aln]T[AIn])_l[Aln]T{BI}
Am

exp(—pcospp) Ky (uy) cos(ngp) (1 <1<1L)
. 1 - (5.2)
K, (u;) [— cos (E) cos(ng,;) — ;nsin (E — qb,)] (L+1<I<L+M)

B _{1.0(1SISL
F700(L+1<I<L+M)

In Egs. (5.1) and (5.2), K,, is the modified Bessel function of the n-th order, I the

collocation point number, T the melting point, u; = Vr;/2k, k is the thermal
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conductivity, r and ¢ are defined in Fig. 2.3, L and M, numbers of collocation points
in S1 and S2 boundaries. In the same manner as Osawa et al. [30], parameters shown

below are adopted.

1. The groove leading edge is approximated as semicircle with a = 1.5 mm and
y = ¢. T is set to 1800 K [43].

2. The S; boundary starts at point F (Fig. 2.3) and ends at the point right beside
the torch center (point M in Fig. 2.3). The length of S, and S; boundaries I,
and I, are 0.5a and 1.1a. |, is altered in the following iterative analyses.

3. S is divided into 15 equal sections, S, into 7 equal sections and Ss in to 15
equal sections and the collocation points are arranged at the section division

points.

The calculated T,, along the solidification line is shown in Fig. 5.5, This
temperature distribution is given to the finite element nodes on the kerf as the

provisional temperatures for the three-dimensional analyses.
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Fig. 5.5 Change of the kerf temperature along the solidification line.

Three-dimensional kerf temperature distribution

The three-dimensional temperature distribution on the cutting groove is
calculated by MOVEFLUX adopting the provisional two-dimensional kerf
temperature (T,p) to each evaluation plane. This result is called ‘provisional
solution’. For 100%H2-0%CO, model, the provisional solution’s three-dimensional
quasi-stationary temperature field is shown is Fig. 5.6, and the kerf temperature

distribution on the heating face is shown in Fig. 5.7. As expected in Section 2.3.6, a
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sharp temperature discontinuity is observed in the vicinity of the S,/S; border. Fig.
5.7 shows that T, on the S; boundary is higher than T,,. This is due to the heat

supply from the preheating flame (Osawa et al. [30]).

Fig. 5.6 Temperature discontinuities generated during the 100%H,-0%CO; three-
dimensional heat conduction analysis.

As discussed in Section 2.3.6, this discontinuity can be overcome by adjusting
the length of S, boundary |; on each evaluation plane t(z). S, temperature near the
S2/S3 border can be raised by increasing |1, while it can be decreased by reducing I..
This adjustment is performed iteratively so that T5, becomes close to T, at the
border on every m(z), by repeating the process, a smooth and continuous
temperature distribution along both the solidification line and the thickness direction

is achieved.
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For the 100%H,-0%CO, model, the temperature field without discontinuity and
the smooth kerf temperature distribution along the solidification line and the
thickness direction, which are derived from the adjusted kerf temperature on each
plane, are shown in Figs. 5.8 and 5.9. These results demonstrate the kerf temperature
adjustment technique proposed in Section 2.3.6, is effective to the thicker plate (25
mm-thick) considering non-inclined straight leading edge. Fig. 5.10 shows the
calculated heating face temperature distribution for 100%H,-0%CQO, at V=5
mm/sec. by implementing the proposed technique. The result shows the smooth and

continuous temperature distribution in the heating face during the analysis.
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Fig. 5.7 Comparison of kerf temperature on the heating face obtained by
Matsuyama’s two-dimensional solution and that from the three-
dimensional analyses.
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Fig. 5.8 Three-dimensional quasi-stationary temperature field without discontinuity
obtained from the adjusted two-dimensional kerf temperature on each
evaluation plane (case 100%H-0%CO,).
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Fig. 5.9 Kerf temperature distribution obtained from the adjusted groove
temperatures. (a) along the solidification line on each evaluation plane.
(b) along the thickness direction (case 100%H,-0%CO5).
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Fig. 5.10 Calculated heating face temperature for 100%H,-0%CO,.

The proposed kerf temperature adjustment technique is applied to the 80%H,-
20%C0O, model, which shows an inclined cutting-front. The adjusted temperature
field without discontinuity is shown in Fig. 5.11, and the smooth groove temperature
distribution along the solidification line and the thickness direction are shown in Fig.
5.12. In the same manner as 100%H,-0%COQO, case, smooth and continuous
temperature distribution along both the solidification line and the thickness direction
are achieved. This means that the proposed technique can be applied to thicker plates

with inclined cutting-front.
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Fig. 5.11 The three-dimensional quasi-stationary temperature field without
discontinuity obtained from the adjusted two-dimensional kerf
temperature on each evaluation plane (case 80%H;-20%CO,).
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Fig. 5.12 Kerf temperature distribution obtained from the adjusted groove
temperature. (a) along the solidification line on each evaluation plane (b)
along the thickness direction (case 80%H»-20%CO,).

5.3 Cutting Performance Analysis

The heat input from preheating gas, g, can be calculated by integrating the heat
flux due to preheating heat transfer. The heat flux on the kerf can be estimated from

the temperature gradient in the element adjacent to the kerf. The heat input due to
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material combustion (self-burning), gz, is calculated by integrating heat flux on the

kerf. Let q;o:q; D€ the sum of g, and gz. Heat inputs per unit time are calculated.

Table 5.1 and Fig. 5.13 shows calculated q;, g5, and g;,¢4; for the preheating
flames 100%H,-0%CO, and 80%H,-20%CO.. The table and figure show that g per
unit time of 100%H,-0%CO, is about 43% larger than that of 80%H,-20%CO,,

while the difference in g is small (about 0.97%)

Table 5.1 Heat flux per unit time.

Cuttin Heat flux
Preheating g per unit | Total
speed .
gas time
[mm/s] | q¢ | gqp | [Ifs]
100%H,-
0%CO, 5 2299 | 2542 | 4841
80%H,-
20%CO, 5 1606 | 2567 | 4173
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Fig. 5.13 Heat input from the preheating gas flame and that from the material
combustion.

Table 5.1 shows that the amount of the burning gas (H;) and oxidizing agent (O>)
supplied in the 80%H,-20%CO, preheating flame is the same as that for the
100%H,-0%CO, preheating flame. The results of Table 5.1 and Fig. 5.13 show that
the heat transfer from the preheating flame significantly decreases when CO; is
mixed into H,, while the heat efficiency of material combustion is hardly affected

by the presence of CO, when the same amount of Oxygen is supplied.
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Ikegami [31] reported that the cutting performance of Oxy-Hydrogen cutting
deteriorates when CO; is mixed into the preheating gas, and he supposed that this
deterioration was due to the decline in the heat efficiency of material combustion.
However, the results obtained in this study suggest that the cutting performance
deterioration by the presence of CO; observed in Ikegami’s experiment was caused

solely by the decrease in the heat transfer from the preheating flame.

5.4 Conclusions

A new procedure for the kerf temperature estimation throughout the plate
thickness based on the two-dimensional analysis of Matsuyama et al. [37] is
established. The procedure allows a smooth and continuous temperature distribution
through the plate thickness direction by the iterative adjustment of the S, boundary

length on each evaluation plane.

By applying the proposed procedure, it is possible to estimate the three-
dimensional kerf temperature distribution on thick plates and also allows the

consideration of inclined cutting fronts during the analysis.

By evaluating the preheating, and the material combustion heat input, it is
observed a substantial declined in g, while employing 80%H,-20%CO, preheating

flame whereas, gz remains unchanged regardless of the employed preheating flame.
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The results obtained in this study suggest that the cutting performance deterioration
reported by Ikegami [31] was caused solely by the decrease in the heat transfer from

the preheating flame.
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Chapter 6

Conclusions and Recommendations

6.1 Introduction

This chapter summarized the thesis and identifies the major contribution by
this research study. Directions for future work and possible extensions to this

research are presented at the end of this chapter.

6.2 Conclusions and Contributions

In this research, the influence of the CO, on the oxy-hydrogen cutting
performance is studied in terms of the CO, content on the preheating flame and the
heat transfer role of the CO, during the cutting process. To study the influence of
CO; content on the preheating flame a numerical simulation of the piercing process
Is carried out and validated with and experiment piercing process test. On the other

hand, to study the heat transfer role of CO, a simulation of the oxy-hydrogen cutting
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process is carried out and the results are compared with the results from the literature.

The conclusions of the present study can be summarized as follows,

(1) The theories and methods incorporated in the computational analyses
throughout this study are introduced. During this research, heat transfer
parameters of the preheating flames are identified by a genetic algorithm
analysis developed by Osawa et al. [12]. A three-dimensional gas cutting
simulation for the quantitative evaluation of the heat transfer based on the
code previously developed by Osawa et al. [30] is implemented. A new
technique for the analysis of inclined cutting-fronts during the oxy-hydrogen
cutting simulation is proposed.

(2) To quantify the effects of the preheating flame characteristics on the cutting
performance a series of experiments were carried out during this study, the
obtained results can be summarized as follow,

a. From the spot heating test, experiment show that as the mixing ratio of
the added gas (AR, CO,) increases, the measured temperature at the
back-face of the plate decreases. Moreover, by comparing the
employed added gas (AR & CO,), the measured temperature at the

back-face of AR trials were higher than CO; trials.
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b. From the piercing test, the experiments show a clear deterioration in
the cutting performance when employing 80%H,-20%CO,, the
minimum piercing time t,,;,, was increased by 40 secs.

c. From the gas cutting test, the experiments show a clear deterioration in
the quality of the cut when employing 80%H,-20%CO..

(3)To study the influence of the preheating flame state on the cutting
performance, the heat transfer parameters T, and «a are identified and then
validated with the results of the piercing tests. The obtained results can be
summarized as follows,

a. The reduction of the heat transfer coefficient for both the AR and CO;
trials is almost same while the gas temperature of the AR mixture is
similar to 100%H,. However, for the CO, trials, not only the transfer
coefficient but also the gas temperature declines.

b. The heat flux distribution becomes lower with the increase of the
mixing ratio of the added gas.

c. By comparing the reactive gas CO, with the non-reactive gas AR, it is
considered that CO; has a harmful effect on the efficiency of the oxy-

hydrogen cutting.
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d. The comparison of the minimum piercing time shows the lower
performance of the oxy-hydrogen cutting when employing CO; in the
process.

e. The results of the numerical piercing time estimation show good
agreement with the measured piercing times. The results show the
effectiveness of the piercing process simulation and the accuracy of the
identified heat transfer parameters.

(4) The ratio of the preheating heat input and the material combustion heat input
Is examined by performing a three-dimensional simulation of the oxy-
hydrogen cutting process. The results of the proposed technique for the
analysis of inclined cutting-fronts is examined. Based on the simulation
results, CO, deterioration mechanism on the oxy-hydrogen cutting
performance is then discussed. The obtained results can be summarized as
follows,

a. A new procedure for the kerf temperature estimation throughout the
plate thickness based on Matsuyama et al.’s [37] method is established.
The procedure allows a smooth and continuous temperature
distribution through the plate thickness direction by the iterative

adjustment of the S, boundary length on each evaluation plane.
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b. By applying the proposed procedure, it is possible to estimate the three-
dimensional kerf temperature distribution on thick plates and also
allows the consideration of inclined cutting fronts during the analysis.

c. By evaluating the preheating, and the material combustion heat input,
it is obtained a substantial declined in q,; while employing 80%H.-
20%CO, preheating flame whereas, gz remains unchanged regardless
of the employed preheating flame. The results obtained in this study
suggest that the cutting performance deterioration reported by Ikegami
[31] was caused solely by the decrease in the heat transfer from the

preheating flame.

6.3 Recommendations

As the future research, the following issues need to be investigated.

e The present study focuses on the influence of CO, on the oxy-hydrogen
cutting performance. Further validation of the proposed technique through
the comparison with different preheating flames should be carried out.

e During the gas cutting simulation a constant cutting front angle were used
during the analyses. It is highly desirable to study the effects of the cutting

front angle throughout the thickness direction during the analysis.
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During this study, the influence of CO; in the cutting performance was
evaluated employing a cutting speed of 5 mm/s, further validation of the
proposed technique through the comparison with different cutting speeds
should be carried out.

Now that a numerical method to evaluate the heat input ratio during the
oxy-hydrogen cutting process has been established, data bases of common
preheating flames can be generated and the preheating flame optimization
could be carried out automatically by implementing algorithms to select

the best preheating flame composition.
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