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A numerical model is developed for the process of oxygeneutting of mild steel uses oxygen as the assist gas to provide
assisted laser cutting of mild steel. Coupled oxygen concenexothermic energy and to help increase cutting speed. In work
tration and energy balance equations are solved by a controlthat dealt with oxygen assisted cutting, a fixed percentage of
volume-based computational scheme, while the velocity field imaterial participating in the reaction was assumed [7], or small
obtained by analytical boundary theory. The enthalpy methodgerturbation and simplified assumptions were used [8]. One
is adopted to trace the free boundary of the phase change aniinportant phenomenon in oxygen-assisted cutting is the forma-
thus determine the molten-layer thickness. The steady-stat#on of stria, which has received much attention since the early
simulation results include the temperature and oxygen concerstage of laser cutting because it strongly affects the cut quality
tration profiles at the cut front, the effects of impurity gas on[9]. The explanations given for this phenomenon have been
the cutting speed, reaction energy, conduction loss and heatydrodynamic instability [10], internal instability of the cutting
affected zone. The striation phenomenon is studied and thprocess [8], cyclic oxidation [9,11], and, more recently, cyclic
temperature fluctuation range versus cutting speed and oxygeoxidation caused by hydrodynamic instability [12]. More quan-
pressure shows similar trends to the experimental results. titative and in-depth understanding as well as prediction capa-
bilities can be achieved through numerical studies.
Keywords: Laser cutting; Oxidation; Striation This paper presents an oxidation model based on heat trans-
fer, transport and chemical rate theory. By solving the coupled
energy and oxygen concentration equations, the model is cap-
. able of describing the details of the oxidation process and
1. Introduction estimating the effects such as reaction energy, and oxygen
purity on cutting speed. The energy balance equation is written
Laser cutting is one of the most common manufacturing proin the form of enthalpy for the convenience of dealing with
cesses involving lasers and has made headway into welphase change and thus for determining the change of the molten
established areas of manufacturing. Modelling of the lasefayer thickness. The velocity field is obtained by balancing the
cutting process has been addressed by many investigators &épear stress at the interface. Both steady-state and transient
help understand the phenomena and basic mechanisms involvggdhaviours are studied. In conjunction with the hydrodynamic
and to help predict the effects of process parameters. Owingstability analysis of the molten layer [12], temperature fluc-
to the complexity of the physical phenomena these modellinguation caused by periodical removal of the molten layer is
efforts are normally focused on particular aspects of the proces§mulated and related to striation characteristics.
under certain assumptions. For instance, most of the early
modelling efforts used the energy balance, with heat conduction
derived from the analytical solution of a moving heat source .
[1,2]. More involved models have been proposed by Modesg- Theoretical Background
and Abakians [3], Schulz etal. [4,5] and Cai and Sheng [6]
where other effects such as phase change, kerf geometry adl Physical Model
surface absorption were taken into account.
Most of the above models, however, pertain only to inerta simplified model is shown in Fig. 1. The workpiece is fed
gas cutting, whereas in the majority of industrial practice, laselat a constant speed in a direction perpendicular to the laser
beam. Laser irradiation together with the reaction energy heats
Correspondence and offprint requests r L. Yao, Department of up the metal, and the gas jet exerts momentum on the molten
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known parabolic law for diffusion-controlled reaction and that

the oxide layer is subsequently removed by hydrodynamic

forces. The input heat sources are the absorbed laser heat and

( the exothermic reaction heat. Heat is lost from the cutting
zone by conduction, phase change and convection.

Center of
Gas Jet 2.2 Governing Equations and Boundary Conditions
; 2.2.1 Mass Balance
"
gas diffusion fim The governing equation for mass transfer in the gas phase is

Molen Front (neglecting diffusion in they-direction and convection in the
x-direction, shown in Fig. 1):

c—axoz+cvaxoz——iN 1
at ay ~ ox 2 @)

Fig. 1. Physical model.

1. The solid and liquid are isotropic with homogeneous proper-
ties. where c is the molar densityX the gas concentration; the

2. The main mechanism of material removal is melting andgas velocity along thg-direction andN is the mass flux. The
the effect of vaporisation is neglected in this calculation.subscript @ denotes oxygen.
The measured molten front temperature in the continuous The oxygen diffusion consists of the molecular diffusion
wave cutting process is well below the boiling temperatureand the net bulk convection according to Fick’s Law. Assuming
of mild steel [9,11], and thus evaporation plays a minorthat a small amount of impurity gas (e.g. nitrogen) exists, the

role in material removal. molar flux of oxygen is expressed as:
3. The effect of plasma is not considered. While in laser
welding or evaporative cutting of metals, the effect of the %o,
9 p 9 ’ No, = — €Do, 4 Tox + Xo, (No, + Ny,) (2

plasma plume above the cut front must not be neglected,

this effect is negligible in continuous wave cutting becausewhereD is the diffusion coefficient and the subscripts and
of the relatively lower front temperature and the strong gas

jet which continuously dissipates the plume g denote nitrogen and gas phase, respectively.
’ It is reasonable to assume that no impurity gas enters the

4. The radiative heat loss is neglected. It has been calculatgglig oxide layer, thusNy, =0, and Eq. (1) can be combined
by other published models that the surface losses are neglzith gq. (2) to yield: 2

gible [3].
5. The chemical reaction is of the heterogeneous type and 3X02+ 3on_i Do,y 9Xo, 3
takes place at a single planar interface. €t T ay ax\1-— Xo, X (3)

The mass transfer in the oxidation process consists mainly of: In our transient calculation, a thin oxide layer with a large

1. The mass transfer from the bulk gas phase to the mekesistance is assumed to be present and the oxygen must
surface (e.g. fromx = & to x = 0 in Fig. 1). diffuse through the liquid oxide layer before a chemical reaction

takes place. The reaction is thus diffusion controlled and is

largely dependent on the behaviour of the oxide layer. The

governing equation for mass transfer in liquid phase oxide

The reason for taking into account the presence of a gakyer is:

diffusion film is that in almost all cases, the oxygen stream

has some impurity, typically due to the presence of some inert Xo, . o, _ 9 (c 3X02> 4

gases. When the oxygen is consumed by the oxidation, the ot ay X ©2M 9%

inert gases are left there and quickly build up into a boundary

layer through which oxygen must diffuse to participate in theWhere the subscripin denotes the melt phase.
reaction. This makes the cutting process sensitive to even small 1€ boundary condition for the above described mass transfer

levels of impurity in the oxygen jet [13]. The molten layer IS Xo, = Xo,puk @t the bulk gas stream. At the reaction frant
order chemical reaction leads to

including the oxide layer is highly unstable under the highi" Fig. 1, & first-
speed gas jet. It may rupture and grow cyclically [12], and N. = L 5
the oxide, once formed, is highly resistive to oxygen diffusion. 0, = k&lXo,i ~ Xo,d) ®)
In our study, the simulation consists of two stages: the steadyhere the subscripts and e stand for reaction front and

state computation stage which also assumes that the reac“%uilibrium state, and the kinetic rate constant has an
occurs at the gas-liquid interface without the formation of anrrhenius temper,ature dependence:

oxide layer; and the time-dependent calculation stage which
assumes that the growth of the oxide layer follows the well- k. = ko exp(—EJ/RT) (6)

2. The mass transfer in the reacted layer (from O to x = i).
3. The first-order reaction at the reaction plame=(i).
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wherek, is the kinetic rate constang, the reaction energy, 2.2.3 Momentum Balance
R the universal constant anfl is the temperature.

The equilibrium concentratiorXo,. is obtained from the
equilibrium constantK, which is determined by Gibbs free
energy of the reaction:

Instead of solving complex two-phase Navier—Stokes equations,
the velocity field is assumed from boundary-layer theory. For
the gas phase, the air velocity profile close to the liquid surface
is assumed to be the same as that for turbulent flow in a
Fe,(l) + 30,(g) = nFeO() (7)  smooth-walled channel. The seventh-power velocity-distribution
law is adopted here [17].

AGS, = —RTInK, (8)

. . ) ) \Vi _Xvk 1/7
wherem is a reaction number andand g denote liquid and v 8.74( ) (14)
gas states. The standard free energy for the above reaction Vg
is [14]: where v, is the kinematic viscosity, an@* is the friction

AGS, = —56900 (cal)+ 11.821 ) velocity determined by
. _ . . S U Hyx \ V7
Owing to the non-stoichiometric nature of iron oxidg,is not — =874 <7> (15)
a constant. It is taken to be one, since experimental observation 2vg
reveals that FeO accounts for 97.6% of the oxides [15]. where U is the main stream gas velocity ardl is the kerf
width.

2.2.2 Energy Balance The velocity profile in the melt phase is assumed to be

The governing equation for heat transfer in the gas phasénear and the surface velocity; is determined by matching
is in the parabolic form which is similar to the case of the shear stress across the interface,
mass transfer:

V,
pv2 = (16)
ac,T ac,T _ 0 T
Pg oy T PV =Ky o (10) _ _ . . .
at ay X aX where . is the viscosity of the melt and is the thickness of

wherep, c,, andK are density, heat capacity, and heat conduc-the molten layer.

tivity, respectively.
The equation for heat transfer, involving phase change ir2.3 Physical Properties
the material, can be expressed in the enthalpy formulation:
Most of the physical properties are temperature dependent and
(11) must be updated during the calculation. The diffusivity of

aph . dpAH . dpvh N dpvAH _ 9 (K aT)

at at ay ax - o9x 1\ oX oxygen in the gas phaddo, , is not affected by concentration

T for low to moderate pressure<(lO atm). It is dependent on

where h is the sensible enthalpy defined Bs= h f c,dT  the absolute temperaturd)( the pressureR), the molecular
Tref weight (M) and the diffusion volume\) of the impurity gas,

and AH is the latent heat content. It either varies with, and can be correlated as [18]:

(latent heat) or is zero, depending upon whether the temperature

exceeds the melting temperature. For simplification, it is 0.001L75 <i+i>l’2

assumed that the melting temperature is the melting point of ’ Mo, My,

pure iron (1527C). If phase change takes place over a tem- Do,g = P(VEE + Vi) 17)
perature range, a liquid fraction is needed to account for this ©2 N

effect [16]. In our calculation, each grid during phase changeThe diffusivity of oxygen in the liquid (melt) phase takes the

is assumed to be in single phase (either liquid or solid). form of
The laser heat source can be described by a Gaussian _
distribution function given by Do,m = Dom eXp(—E/RT) (18)
r\2 The diffusivity of oxygen in liquid FeO is about 4 10~*
q =" exp[ (*) ] (12) cm2 st at 1550°C. It may, however, reduce as the ferric
|

iron concentration increases. The coeffici@y,, in Eq. (18)
whereP, is the laser power density, andr, are the distances is determined so that the diffusivity matches the above value.
from the laser beam centre and the beam radius, respectively. The molar density of the gas can be calculated from the
The average laser power density can be calculated accordinglideal gas law:

The reaction heat source is obtained from: P

0 = 2AHgN,, (13) C=RT (19)

where AHg, is the reaction energy. Few sources are available for the oxidation rate of pure

The boundary conditions for energy balance are that botliron. An approximate rate is inferred from the experimental
the bulk gas temperature, and the solid temperature far awanesults of Robertson and Jenkins [19]. The reaction controlled
from heat sources, are equal to ambient temperature. experiment was conducted by levitating a 1 g sphere iron in
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an ample supply of oxygen. The rate corresponds to an oxito facilitate the convergence. The discretisation equation groups
dation flux of iron of 0.36 g. cm 2 s at a temperature of are solved by a line-by-line tridiagonal matrix algorithm.
1600°C. The oxygen flux is thus about 0.1, gcm 2 s* or In our preliminary calculation, the variation of temperature
3.2x 1072 mol cm2 s, The equilibrium concentration can and oxygen concentration at the gas-liquid interface was found
be neglected in this case and the kinetic rate constant it be insignificant along the direction of workpiece depth for
simply No,/c, about 0.49< 10° cm s™™. thin workpieces (2 mm for our calculation). This was also
The thermal conductivity of oxygen is correlated as [20]: confirmed by other researchers who found that the heat loss
T \15 (273 + 24 at _th_e top and l_oqttom surf_aces owing to convection an_d
Ky = 0_024<7> (73 (20) radiation was negligible even in the presence of a strong gas jet
273 T+240 [3]. It has been reported that the 2 mm thickness corresponds to
a critical thickness beyond which two different patterns of
striation are observed on the cut surface [11]. For simplification,
the top and bottom boundaries of the calculation domain are

Thermal conductivity of liquid metals is related to the
electrical conductivity at high temperature as [21]:

_ s 1 assumed to be under insulation conditions. Thus, the 2D calcu-
Kn=2.45% 10 (21) > . .
Pe lation is equivalent to that of a 1D calculation. All the results
po=1.54x 104 T + 1.081 Q] 22) shown in this paper are of one dimension in the direction

perpendicular to the gas-liquid interface. The 2D calculation
The absorption distribution of the laser power for different scheme, however, has set the stage for a fully 2D extension
cutting front geometry has been studied by Petring et al [22]which is currently under way, and which takes into account
For the TEM, mode and a circular polarised laser beam, thethe effects of the molten front geometry. For this study, the
absorption coefficient is about 30% for inclination betweef 80 incoming laser heat is assumed to be focused down to a point
and 88, but reduces to about 10% when the inclinationand is applied directly in the direction mentioned above. A
increases to 90 Here, a constant of 30% is used for calcu- laser heat flux of 1.2 10® W m~2 is used in the computation.
lation. The heat of reaction is taken to keHg = —257.58  Oxygen purity varies from 1 to 0.9, pressure from 2 to 3 bars,
kJ mol* (of iron). and cutting speed from 20 to 55 mmsin the computation.
The workpiece thickness is assumed to be 2 mm and the type

24 Numerical Scheme of purity investigated includes nitrogen and helium.

A typical computational grid layout is shown in Fig. 2. A 3
control-volume based discretisation method is used to solve”
the coupled covection—difussion problem. A detailed descriptior& 1 Steady State Results
of discretisation of the parabolic governing equation is given

_by Patanka_\r [2.3].' The 2D discretis_a_tion equation_s are Wr_itter':igures 3é) and 3p) show the temperature profile with differ-

in the fully implicit forms. The coefficients of the discretisation oxygen purities, and gas pressures, respectively. As men-
equations are associated with the local convection and condug -4 carier reaction is assumed to take place at the gas—
‘a'?cf aXd mustlbe mtgrpolat_ed be(twaen theh_Vﬁlues Fg grlﬂlquid interface for the steady-state calculation, and the tem-
poInts. power-law scheéme 1S used Nere, WNICh Provides & a4 re is therefore highest at the interface. The temperature
good representatlo_n of the convectlon—dlffu5|or_1 behawour. Th_ rofile increases with both oxygen purity and gas pressure
source term also includes values of the previous time step i ecause of the more reactive energy generated at higher oxygen

:het_ calzulatlo(r; |stt|meffc_ita_pe;1dent. l'_l'he tgmgefrature-hort'conc?rgurity and gas pressure. The temperature quickly drops to the
ration-dependent coetficients are linearised for each iMe-St€Rpient level at the centre of the gas stream because of the

large diffusion effect due to the temperature dependent heat

2 conductivity. Inside the material, the temperature profile has a
lower gradient and the heat affected zone (HAZ) can be

estimated accordingly. If the HAZ is taken to be the region

1.5 above 80C0C, which corresponds to the transitional temperature
of the microstructure of mild steel, the HAZ is about 0.7 mm

— . J () from the interfacg for the parameters used ir_l the calculation.

s T The actual HAZ is the difference between this value and the

—— molten-layer thickness.

‘ : 05 Figure 4@) shows the profile of oxygen concentration with
different oxygen purities. A small decrease of purity brings

about a large drop of oxygen concentration at the interface,

Results and Discussions

coter ot e — 0 thus greatly reducing the reaction energy that could be produced
0Je O 05 1 15 2 because the impurity quickly increases the resistance to further
Orygen Mek (m) oxygen diffusion when oxygen is being consumed as mentioned

x{mm

early. It should be pointed out that if the convective term in
Fig. 2. A typical computational grid layout. Eq.(3) is neglected, the equation can be integrated as
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(Laser heat flux= 1.2X 10° Wm2, oxygen pressure= 2.5 bar,
cutting speed= 45 mm s) (b) The temperature profile with different
gas pressure. (Laser heat flax1.2 X 18 W m~2, oxygen purity=
0.99, cutting speed 45 mm s1)

Fig. 4.(a) The oxygen concentration profile with different oxygen

purities. (Laser heat flux 1.2 10° W m~2, oxygen pressure 2.5

bar, cutting speed 45 mm s.) (b) The oxygen concentration profile

with different gas pressure. (Laser heat flex 1.2 X 10° Wm™2,
o X A

CDOZ,g (XN2,0 — XNZ.s) oxygen purity= 0.99, cutting speed 45 mm s1.)

0,0 = X, inid (23)

where 0 andd denote locations shown in Fig. 1, anfl,m ok
is the logarithmic mean concentration and is defined as: A

--5-- Impurity: He
(XN2,0 - XNZ,S)

XNZ,LM =T v (24)

XNZ,O

XNZ,S

In
30 A

Cutting Speed (mm/s)

The “net bulk flow” effect, represented by the logarithmic
mean Xy, v, iNCreases rapidly as the concentration of the
diffusing species approaches unity. This explains the rapid
decrease of oxidation energy when oxygen is contaminated by 100 098 096 0.9¢ 092 090 088
a small mount of inert gas. The numerical results including Oxygen Purity
the convective term_ in Eq. (3) show the S"’?me e_ffect: Flgurq:ig. 5.The effects of oxygen purity and impurity type on cutting
4(b) shows the profile of oxygen concentration with different speeds. (Laser heat flux 1.2 x 10° W m-2, pressure= 2.5 bar.)
gas pressures. As seen, the concentration profile is insensitive
to gas pressure. This is understandable because the kinetic rate
and equilibrium concentration are all dependent on temperaturgensitivity comes from the quickly accumulated gas diffusion
and are not directly related to gas pressure. film when the oxygen impurity increases, as mentioned earlier.

Figure 5 shows the effects of oxygen purity on cutting The effects of various gaseous impurities are also shown in
speed. As seen, the cutting speed is highly sensitive to smaliig. 5. The impurity He has less effect than, Necause its
levels of contamination in the oxygen jet, which is consistentsmaller molecular weight and diffusion volume result in a
with the experimental results given by Powell et al [13]. This larger diffusion coefficient (refer to Eq. (17)), and consequently
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more oxygen flux for reaction, which is confirmed by experi- to a quasi-steady-state process so that the concentration on the

mental observation [24]. oxide surface is independent of the oxide film, that is:
The calculated reaction heat, absorbed laser heat and conduc- d .

tion loss into the solid versus cutting speed are shown in Fig. oS BD Co— G BD& (26)

6. The laser heat input was calibrated so that the calculated dt s(t) s(t)

interface temperature matches the empirical relationshiynere subscript 0 denotes the interface of oxide and oxygen
between cutting speed and interface temperature [9]. AS @ndj the interface of metal and oxide (Fig. 1). The tegis
consequence of the increasing interface temperature with thgear zero owing to consumption of oxygen at the reaction
increasing cutting speed, the reaction heat and conduction 10ggnt . The diffusion coefficienD and oxygen densityg, are
also increase. At lower speeds, the reaction energy contribut@syth temperature dependent, and can be combined into an
nearly half of the total energy input and the heat conductionexponential factor of temperature and a coefficiat®) which

loss takes about half of the total heat loss, which agrees withyresumably has a linear relation with oxygen pressire
the results of other researchers [5,25]. At higher speeds, the

laser beam has better coupling at the molten front, therefore d—S—A(P) exptTy/T)

) ; L . ) = 27

its relative contribution towards total energy input increases. dt S(t) 27)
The equation is then integrated to obtain the growth of the

3.2 Striation Formation oxide layer.

The removal of the oxide layer under hydrodynamic insta-
In oxygen-assisted laser cutting of mild steel, a regularlybility is also a complicated process and its detailed, quantitative
spaced pattern known as striation is routinely observed on thprediction is beyond the scope of this paper. We assume the
cut surface. A commonly accepted explanation is that theprocess happens in a short time so that once the oxide layer
striation is formed from cycles of ignition, burning and extinc- grows to a certain point, the oxide layer is suddenly removed.
tion [9,11]. It is further pointed out that striation formation is After it is removed, the oxide layer starts to grow again. The
associated with the oxide layer which is hydrodynamicallyperiod of this growth-removal cycle is obtained from the
unstable under the gas jet [12]. Since the diffusivity of theinstability theory [12], which correlates reasonably with experi-
oxides is much larger than that of the gas (about filles  mental results. Figure 7 shows typical cycles of front tempera-
higher), the formation of an oxide layer severely hinders theture fluctuation. The coefficient of the parabolic growii(R)
oxidation process. However, the oxide layer is unstable andnh Eq. (27) is not readily available and therefore it is calibrated
will rupture or become wavy under the hydrodynamic forcesso that the temperature fluctuation is around a level obtained
of the gas jet. The cyclic growth and removal of the oxidefrom experiments [9]. When the oxide layer starts to grow,
layer causes fluctuation of temperature and molten layer thickthe oxidation slows down because of the high resistance of
ness, which causes the striation patterns. the oxide layer to the oxygen diffusion, and the temperature
Since the exact behaviour of the oxide layer under the effecstarts to drop. Once the oxide layer is removed, the temperature
of melt ejection is not well understood, a reasonable assumptioquickly picks up owing to a sudden increase of oxygen flux
is that the growth of the oxide layer for the diffusion controlled and reaction energy. This type of temperature fluctuation during

process follows the well-known parabolic law: the cutting process has been recorded via the light intensity
ds ac change picked up by high-speed photography [9,26].
EZBD& (25) The temperature fluctuation is also inherently linked to

molten-layer fluctuation, since the phase change produces a
wheres is the thickness of the oxide layeD, is the diffusion ~ heat sink in the process. As shown in Fig. 8, the calculated
coefficient andB is a constant. The process is then simplified molten-layer fluctuation caused by the temperature fluctuation
shows a similar pattern to the experimental observation of the
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cut front mobility captured by the high-speed photography.
Since, in our calculation, the thickness of the molten layer isOur approach of combining numerical simulation with analyti-
obtained by summation of the grids where phase change také&! instability analysis [12] captures the basic behaviour of the
place, the accuracy is limited by the grid size and the calculate@henomenon and helps to quantify the formation process.
thickness is somewhat stepwise. Given the limited resolution
of the high-speed photography, the discrepancy between the
experimental and numerical results is considered acceptable.4, Concluding Remarks

Figure 9 shows that the range of temperature fluctuation
decreases with the increase of the cutting speed, so dogshe model developed in this paper describes the process of
striation depth, which is experimentally measured. It is knownthe oxygen-assisted cutting of mild steel and the numerical
that the striation frequency increases with cutting speed. Theimulation quantitatively predicts the effects of oxidation. The
higher frequency allows less time for the temperature to fluctunumerical results show that the transport phenomenon in the
ate, therefore the range of fluctuation decreases as the cuttinghs stream cannot be neglected and thus explains why a small
speed increases. At the same time, reduced range of tempergamount of oxygen impurity will greatly reduce cutting speed.
ture fluctuation results in reduced striation depth. The gasThe results also show that the parabolic growth law and the
pressure also has significant influence on the front temperaturguasi-static treatment of the diffusion controlled process yield
When gas pressure increases, so does the molar density of thgasonable results. Other quantities such as reaction energy,
oxygen, resulting in increased oxygen flux and thus enhancingeat conduction loss, and heat affected zone can be predicted
the reaction. Figure 10 shows the range of temperature fluctpy this model. The formation of striation is related to the
ation range versus pressure. The increase of pressure bringgstable behaviour of the oxide layer since the oxidation energy
about the increase of temperature fluctuation range, whicls very sensitive of the oxide layer which has a large resistance
corresponds to increase of striation depth experimentally measo the diffusivity. With the oxide layer oscillation based on
ured. the instability theory, the striation phenomenon is simulated

The striation formation is a complicated phenomenon whichvia transient temperature fluctuation and the molten-layer fluc-
involves heat transfer, chemical reaction and hydrodynamiguation. The trends of the temperature fluctuation range versus
instability, and its full description requires more detailed effort. cutting speed and the gas pressure are consistent with the

experimental results.
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constant in Eq. (25)

molar density

heat capacity

diffusion coefficient, diffusion coefficient of oxygen
in gas and melt phases

diffusion constant

reaction energy

kerf width

thickness of molten layer or sensible enthalpy
latent heat

thermal conductivity, thermal conductivity in gas and
melt phases

equilibrium constant

kinetic rate coefficient

kinetic rate constant

material thickness

molecular weight, and molecular weight of oxygen
and nitrogen

mass flux, mass flux of oxygen and nitrogen
gas pressure

laser power density

laser heat flux

reaction heat flux

universal gas constant

distance from beam centre

radius of laser beam

thickness of the oxide layer

temperature

time

reaction temperature

melting temperature

bulk gas velocity

cutting speed

friction velocity

diffusion volume, diffusion volume of oxygen and
nitrogen

velocity in y-direction

surface velocity

distance perpendicular to melt flow
logarithmic mean concentration

nitrogen concentration at planes 0 addFig. 1)

oxygen concentration at the reaction plan@-ig. 1)
and equilibrium state

distance along melt flow

density, density in gas phase

electrical conductivity

kinematic viscosity, kinematic viscosity in gas phase
thickness of gas diffusion film

viscosity of melt

standard Gibbs free energy

latent heat content

reaction energy



