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Abstract. The effects of the cathode holder shape on a plasma cutting arc were
investigated using a two dimensional thermo-fluid model developed for arc plasmas
with the consideration of the hafnium cathode evaporation. The shape of the cathode
holder shape was defined a convex structure which protrudes from the surface of the
cathode holder. Results showed that the vortex of gas flow near the hafnium cathode
was created by the effect of the convex cathode holder. The temperature of the cathode
surface decreased markedly with the higher protrusion of the convex cathode holder by
a rapid clockwise rotation of gas flow. The presence of gas flow vortex toward to the
cathode surface reduces the mass fraction of hafnium vapor near the surface cathode.
Finally, the total amount of mass loss of the hafnium evaporation was predicted to
decrease markedly with the effect of the convex cathode holder.
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1. Introduction

The plasma arc cutting (PAC) process is a technique widely used for cutting different
metals with high-speed and high-accuracy in the industrial fields. An arc plasma is
established between the electrode in the plasma torch and a work-piece. Cathode
erosion in the plasma arc cutting is one issue that still introduces a limit on performance
improvement when using a hafnium cathode and an oxygen gas plasma. It is necessary
to understand in detail interactions between the electrode and the arc plasma as well as
the arc cathode erosion on performance improvement and lifetime of plasma arc cutting
devices.

A summary of several investigations related to plasma arc cutting processes can
be found in topical reviews [1, 2]. During operation of a plasma arc cutting torch,
the molten material is ejected from the surface of cathode insert [3]. A significant
amount of the material deposits on the inside surface of the nozzle and also changes the
geometry of the cathode. Thus, the shape of the cathode insert surface changes rapidly
until reaching the preferred concave shape at steady state [4]. As for the cathode with
concave surface insert used in a plasma arc torch, it has been shown in patent literature
[4, 5] that the curvature of this preferred concave shape is a function of the current level
of the torch, and the diameter of the insert and the gas flow pattern in the torch. Use
of this concave insert reduces deposition of the cathode material on the nozzle, and it
thereby reduces nozzle wear in the torch. On the other hand, the results of report [6]
suggested that the arc plasma temperature is decreased by heavy deposits of eroded
cathode material on the nozzle after the large crater forms in the cathode, and the cut
quality also decreases in case of cathode pit wears. Other literatures [7, 8] reported a
start-up erosion mechanism by using high-speed camera imaging. A comparison of the
arc behaviour during the start-up phases of new or used electrodes has been investigated
with different electrode surface shapes. The new ones, both with or without the initially
shaped emission surface, are characterized by a quite short transient phase towards
stabilization of the arc column at the center of the Hf surface with a smooth transition
event without the massive ejection of molted Hf-based particles. In contrast, the used
electrodes are characterized by a quite long transient phase with the ejection of molten
particles.

In addition, multiple reports of studies investigating the process parameters related
to plasma arc cutting have been published [9]-[14]. Nemchinsky [9] confirmed that
swirling the gas enhances the axial gas flow from the cathode. This enhanced axial
gas flow sweeps the evaporated particles away from the cathode and thus increases
the net evaporation rate. Another experimental result indicated the importance of the
flow pattern close to the cathode [1, 10]: The erosion rate decreases with time for
long arc duration tests, because there exists a stagnation zone inside the crater of the
cathode insert. The probability of the evaporated atom/ion returning to the cathode
is increased by the slowing down of the gas flow near the cathode and thus decreases
the net erosion rate. On the other hand, our previous works [13, 14] have already used
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a numerical model for a fundamental study of the effect of various swirl gas angle and
process parameters on behaviour of hafnium cathode evaporation in a plasma cutting
arc torch. Results have shown that a larger swirl gas angle causes a high-temperature
plasma area in front of the cathode surface shrunken in a radial direction. The flow
patterns changed in the opposite direction in front of the cathode, and induced much
hafnium vapor transportation along the center axis direction at a large swirl angle. This
supports the experimental results of higher evaporation rate of the cathode.

As discussed above, the geometry of the electrode including cathode insert has a
marked effect on the characteristics of arc plasma. It is, however in general, too much
complicated to investigate the interaction between thermal plasma and surface cathode
insert shape such as evaporation of the cathode material. Experimental investigations
of a plasma arc cutting torches with different shapes of the hafnium cathode insert
are very difficult because of the high running cost of plasma arc cutting. Also, we
confirmed that the 50% running cost of the device is due to the eroded hafnium cathode
exchange. Another approach for the geometry of the electrode is to investigate the
shape of a cathode holder, not a cathode insert. This holder structure may affect the
characteristics of arc plasma, especially gas flow pattern. Thus, this can also control
the amount of cathode material evaporation. For this purpose, numerical modeling
is extremely important to predict the erosion amount of hafnium cathode in different
holder geometry and to enhance the performance and the lifetime of plasma arc cutting
devices.

The aim of this work is to investigate the effects of cathode holder shape, not the
cathode insert itself, on hafnium cathode evaporation by a developed two-dimensional
numerical model for oxygen arc plasma in a torch. Arc cathode erosion is a very
important but still not completely understood phenomenon in plasma arc cutting
processes. The cathode erosion occurs not only during arc cutting but also during the
processes of switching the arc on and arc off [2, 3]. This paper paid attention to steady
state evaporation of cathode material during arc cutting because it is also important
for long operation of the plasma arc cutting torch. The shape of the cathode holder
shape was defined a convex structure which protrudes from the surface of the cathode
holder. The governing equations for mass, momentum, and energy transfer from the
evaporated material in the arc plasma were used to obtain the simulation results which
have been set up in the previous works [13, 14]. This developmental model incorporates
evaporation phenomena of the hafnium cathode and the re-deposition of hafnium vapour
on the cathode surface [9]. Using this model, the temperature field, gas flow pattern,
and mass fraction of hafnium vapour inside of plasma cutting torch as well as the total
amount of mass loss of the hafnium cathode caused by evaporation were obtained with
different the shapes of the cathode holder.
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2. Mathematical model

2.1. The shape of the cathode holder

Figure 1 portrays a schematic diagram of the cross section of the DC plasma arc cutting
(PAC) torch used in this work. The PAC torch has axisymmetric structure. The copper
electrode holder has a hafnium tip insert of 1.27 mm in diameter, at the center of the
holder. Oxygen, which is the plasma gas used in the experiments, is supplied from the
inlet by swirling gas flow. The distance between the cathode surface and nozzle bore
exit is approximately 8 mm. The arc plasma is constricted by the copper nozzle. The
nozzle outlet has 1.33 mm in diameter.

It is considered that the shape of the cathode holder can affect the gas flow pattern
and the arc plasma temperature profiles, which also influences the Hf cathode erosion
rates. In this paper, thus, the calculation is performed for different the shapes of the
cathode holder shape, which are shown in figure 2. In this figure, holder O is the
original flat surface holder, which is usually used in the experiments. The holders A
and B indicate two of ”convex cathode holder”, which has a protruded shape as seen in
figure 2. The shape of these holders is defined by a distance ¢ from the flat surface of
the cathode and the top of the convex cathode holder at the radial position of 1.6 mm.
The holder A has the distance ¢ of 0.4 mm, while the holder B has the distance ¢ of
0.5 mm. The convex shape of the holders A and B are formed as a part of an arc of an
ellipse.

2.2. Assumptions

The developed two-dimensional numerical model assumes the followings. The plasma
is in a steady state and axisymmetric. As the maximum value of the Reynolds number
found in the nozzle was estimated to be around 1800, we assume the gas flow to be
laminar in the nozzle. For simplicity in modeling, the thermal plasma is under local
thermal equilibrium (LTE) conditions, which means that the electron and heavy-particle
temperatures are equal under chemically equilibrium condition. The plasma is optically
thin the wavelengths greater than 200 nm. For the wavelengths of less than 200 nm,
20% of the total emission coefficient is accounted for radiation loss to consider the
effective light absorption [16, 17]. The effect of swirl gas flow is considered. A simple
energy balance equation is set up on the cathode surface to determine the hafnium
evaporation process and to calculate the mass loss of the hafnium evaporation. The
evaporation amount of the hafnium cathode was predicted considering the evaporation
flux estimated using the saturation vapour pressure and the re-deposition flux. The arc
radiation was estimated according to the emission coefficient as described later.

The electric field has only an axial component, whereas the magnetic field has only
an azimuthal component for simplicity. In plasma cutting, the arc is much longer,
and the cathode attachment region tends to be larger. Therefore, the radial component
of current density is expected to be much smaller. This is similar to the case of the
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high voltage circuit breaker [15]. In tungsten inert gas welding, the radial component
of current density is relatively large, since the arc radius changes rapidly from well
under 1 mm at cathode tip to 3-5 mm at the anode and the arc length usually only 3-5
mm. Therefore it is important to include the axial Lorentz force component. Further,
the focus of the paper is on the effects of the cathode holder geometry on the gas flow
pattern around the cathode hafnium evaporation process. The shape of cathode itself is
not changed. There will be some changes to the current density due to changes in the
temperature at the edge of the arc column, but it would not expect these to be critical.

2.3. Governing equations for gas and plasma

On the basis of the assumptions described above, the gas and arc plasma are governed
by the following equations:
- Mass conservation:

V- (pu) = SN (1)
- Momentum conservation:
Axial:
_ Op ou
V- (puu) = ~ 5 +V-(nVu)+ V- (naz)
2 0
_z= . 2
3 8z(nv u) (2)
Radial:
ou
V-(puw)=——+V-(nVu)+V (7787’>
2
v pw 20
—2 g+ = 5, (Y u) — oo By, (3)
Swirl:
_v. _pow pw O
V- (puw) = V- (39w) - 2 = ZE 2 (1 g

- Energy conservation:

A
V- (puh) =V - (CVh) +u-Vp+o|E,|
P
Hf
—4Lrad — LVSp (5)
- Mass conservation for Hf vapour:
V- (p’U,YHf) =V- (pDHf_OQVYHf) + ng (6)
- Ohm’s law:
1
E,=——
[ 2rrodr (")

- Ampere’s law:

Hy= [ B ®

T Jo
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In those equations, u is the gas flow vector; r and z respectively denote the radial and
axial positions. Additionally, u, v, and w respectively represent the axial, radial, and
swirl gas flow velocities. The following are other important variables: p, mass density;
h, enthalpy; p, pressure; 7, viscosity; o, electrical conductivity; A, thermal conductivity;
Cp, specific heat at constant pressure; P,.q, radiation loss; &, radial coordinate; F,,
electric field in axial direction; Hy, magnetic field in azimuthal direction ; Ypy¢, mass
fraction of Hf vapour; Dys_o,, effective diffusion coefficient of Hf vapour in Os; L.,
latent heat for evaporation; Sllff, the mass production rate because of evaporation; and
I, the total electric current. In equation (5), we neglected gradient term of electron
enthalpy for simplicity.

2.4. Governing equations for electrodes

Inside the solid and liquid, the energy conservation equation is established as

9 /X Ohy\ 10/ A oh
_ Y s s Lo s S E 2
az<0ps 82) o (Tcps (92) T oslBal’ (9)

where hg signifies the enthalpy of the solid/liquid, Cps denotes the specific heat of the

solid/liquid, As stands for the thermal conductivity of the solid /liquid, and oy represents
the electrical conductivity of the solid/liquid. The enthalpy of the solid is related to
specific heat as shown below.

Ts
ho(T,) = /T Cef T, (10)
0
Ceﬂ il% + C’ps (Tmelt - AT' S Ts S Tmelt)
ps _ (11)
Chs (otherwise)

Therein, the following variables are used: Tj, temperature of the solid/liquid; Tp,
reference temperature (75=300 K); Tj,e1;, melting temperature; ngf,
heat; L,,, latent heat for melting of solid; and AT, step temperature for melting (AT=5

In this model, interaction between the thermal plasma and solid is solved. Heat

effective specific

transfer to the surface cathode in this model can occur through the thermal energy
of ions, the heating by surface recombination of ions, the energy loss by electron
emission, and the thermal conduction from the arc plasma and the thermal radiation
from the cathode. The heating of the cathode by radiation from the arc was neglected
in comparison with the other energy fluxes for a simplified model. These are described
by the following additional heat flux to the energy conservation equation for the cathode
surface:

jion 3
aKk = e (QkTp + €ion — W()
Ape
Az
The current density, because of the thermionic emission, depends on the cathode

—EW, = T~ T,) = B (T — ). (12)

temperature using the well-known Richardson-Dushman equation with the Schottky
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effect, which is given as presented below.

. W, e ek
Jo = agATfeXp( — kTe >exp( ~ 5iT 71'53) (13)

jion = max(O, UEO - je) (14)

In those equations, the following variables are used: gk, heat flux between the surface
cathode and plasma; 7),, temperature of the plasma contacting with the cathode;
T., temperature of the surface cathode contacting with the plasma; T,, ambient
temperature, here 300 K as the wall temperature of nozzle; e, elementary charge;
k, Boltzmann’s constant; og,, Stefan-Boltzmann’s constant; A, thermionic emission
constant; €p, vacuum permittivity; Wy, work function of Hf and Cu; €,, ionization
energy of oxygen ion; dy, solid emissivity; (assumed to be 0.3); ay, material factor for
thermionic emission; j., thermionic emission current density of electron; jio,, ion current
density; Ey, electric field at the cathode surface; A,c, thermal conductivity of cathode;
and Az, distance between the surface cathode and the center of the control volume.
The present calculation neglected the radial components of current density and electric
field for simplicity [15].

2.5. Governing equations for evaporation flux

The mass production rate attributable to evaporation S[flf is calculable approximately
as
GHE _ mut(Levp — Fdep)ﬁ—‘s/ (neighbor to wall) (15)
P 0 (otherwise)
Therein, my; is the effective mass of Hf vapour, I%,, is the mass flux of evaporated
vapour, [ge, is the mass flux of re-deposition, AS' is the surface of evaporated Hf, and
AV is the volume of the control volume.
The mass flux of the evaporated vapour [%,, was calculated using the following
Hertz—Knudsen relation, as

1 PV 8]€Tc muyr
Tttee = THE OGP TV 20kTL (16)

where P, is the saturation vapour pressure of hafnium vapour.

The saturation vapour pressure P, was evaluated using the Clausius—Clapeyron
relation as

Ly (1 1
Pragm exp |:RHf (Tboil Tc ) ]

PV — (Tc Z Tmelt) (]_7)
P Tc_Tmelt"FAT
melt AT

(Tc < Tmelt)

Therein, Ry denotes the gas constant of hafnium vapour, Py, is the standard pressure,
and T is the melting temperature of Hf with AT= 0.1 K.
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The mass flux of re-deposition vapour I4e, was calculated as

1 pYur [8KT, kT,

Ly, = - = G 18
mysl dep = MHS PSR p—— pPYut O ( )

2.6. Thermodynamic and transport properties of the solid material, transport
properties of oxygen plasma and Hf vapour

Table 1 shows the thermodynamic properties of the solid materials used in this work.
The characteristics of Hf with the low specific heat, low thermal conductivity, high
melting and boiling temperature, and with other features, are compared with the
characteristics of Cu.

Thermodynamic and transport properties of oxygen thermal plasma with hafnium
vapour were calculated under the local thermodynamic equilibrium assumption as
follows. First, the equilibrium compositions of oxygen and hafnium vapour at different
pressures were calculated as a function of the temperature from 300 to 30 000 K
by minimization of Gibbs’ free energy of the system. The species included in the
calculations were as follows: for oxygen, Oz, Oz, Oy, OF, O, Of, O*", and e; for
hafnium, Hf, Hf ", and e. Using the calculated equilibrium compositions, we computed
the thermodynamic properties like enthalpy h, specific heat Cp, and mass density p.
Transport properties such as the electrical conductivity o, the thermal conductivity
A, and the viscosity n were calculated based on the first-order approximation of the
Chapman—Enskog method using the calculated equilibrium compositions and collision
integrals [18]-[23]. The collision integrals used in the calculation are classified into a
momentum transfer cross section and viscosity cross sections for interactions between
oxygen species and hafnium species. The required collision integrals for interactions
between oxygen species were calculated using the method given by [20, 23]. The collision
integrals for Hf-Hf interactions were obtained by using exponential repulsive potential
given by Abrahamson [24] and Monchick’ table [25]. The collision integrals for Hf-
Hf* interactions were calculated considering the effects of resonant charge exchange
[23], which is interpolated from the Rapp’s data versus ionization potential [26]. For
interactions of e-Hf, the collision integrals estimated by the hard-sphere method. In
addition, the thermodynamic and transport properties of the mixture of hafnium vapour
and oxygen were found by using a mixture law based on the concentration ratio. The
resulting properties of the gas mixture were applied to thermo-fluid analysis as functions
of temperature.

The effective diffusion coefficient of Hf vapour in oxygen Dy, was calculated from
the following effective binary diffusion coefficient approximation for simplicity [19, 22]:

I _ 3KT [wkT(mo, + mus)]7 1 (19)
108y 2mo, Mg Qur-0,

where k is the Boltzmann constant, mg, is the mass of Oy atom, my; is the effective mass

of Hf vapour depending on particle composition of Hf vapour, Qus_o, is the effective
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momentum transfer cross section between Oy and Hf vapour, which was estimated from
the hard-sphere method.

The radiation loss P,.,q was computed while taking account of atomic and ionic
spectral lines and the continuous spectrum including the bremsstrahlung and the
recombination radiation by using the following classical expressions [23]:

A7 16medn,  4kT,
(47e0)® 3¢3(6mm3kT.)z |y

ng hpe < Eg)
e s Agexp (- 2
T2 ez e (g (20

Prad:

all—lines
where c is the velocity of light, Z, is the partition function of speccies ¢, n, the number
density of speccies ¢, h,, the Planck’s constant, g, the statistical weigh, A, the transition
probability, E, the energy of the upper level, )\, the wavelength. All data sources used
in the calculation were taken from [27, 28, 29].

2.7. Boundary conditions

Figure 1 shows the computational domain where O-A-B-C-D-E-F-G-H-I-K-L define the
calculation space inside which fluid parameters and scalar quantities were evaluated.
The two-dimensional space coordinates are O (0, 0), A (0, 9.3), B (9.3, 0.67), C (9.3,
4.3), D (0, 4.3), E (0, 3.4), F (1.4, 2.7), G (1.4, 0.63), H (1.4, 0), I (3.8, 1.3), K (5.1,
1.3) and L (6.3, 0.67) where the unit is millimeters. The non-uniform grid system with
a size of 98 nodes in the vertical direction and 185 nodes in the horizontal direction is
applied to the analytic space. The non-slip condition was considered on all the boundary
walls between solid and gas HG, GF, EF, DI, IK, IL and LB. On axis OA, the axial
symmetry condition is applied. The following conditions were set at the boundary of
the computational domain:
At the centre axis (OA):

ou ow oT

E—O, U—O, 5—07 E—O (21)
At the copper wall (OE, DCB):

u=0; v=0; w = 0; T = 300K. (22)
At the outlet (AB):

pu) . 9(pv) INpw) 0T _

9, 0; 5, 0; 5 0; 5 = 0. (23)

At the inlet (ED):

U=1u, v=0; W = Wiy; T = 300K; D = Pin. (24)

Oxygen gas is injected from the inlet ED with a swirl component that can be
expressed by the swirl gas angle [13].

In this paper, the calculation model is performed for different the shapes of the
cathode holder, as shown in figure 2. In addition, the operating parameters for
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simulation are that the swirl gas angle is fixed at 15 deg. The arc current of 100 A
and gas flow rate of 20 slm are fixed in this calculation model. Pressure at the inlet is
also fixed at 0.9 MPa. For simplicity, the boundary shape is assumed not to change by
melting and evaporation. The SIMPLE method described by Patankar [30] was used
for the calculation scheme to solve the governing equations described in the previous
section.

3. Calculation Results

3.1. Effects of the convex cathode holder on the arc plasma temperature

Figure 3 portrays the temperature distributions of the arc plasma with the shapes of the
cathode holder of O, A, and B. The isothermal color fringe for temperature is indicated
in logarithm scale. The arc temperature profiles at axial position z >3 mm are almost
the same to the three shapes of the cathode holder. On the other hand, it is apparent
that the arc root near the cathode has expanded in the radial direction with the effect
of the convex cathode holder. The arc root behaviour tends to move to the surface of
the cathode holder with the higher protrusion of the convex cathode holders A and B.
Another noticeable point is that the temperature inside the copper cathode holder is
decreased in cases of the convex holders compared to the holder O.

Figure 4 shows the radial distribution of the arc plasma temperature just near the
cathode surface. The arc temperature profiles have a local minimum at the center axis,
which is due to the effect of swirl gas flow as described in our previous work [13]. The
important point in figure 4 is that in cases of the holder A and B, the arc temperature at
the radial position r <0.4 mm is lower compared with that for holder O. In addition, the
temperature for holder A and B has wider profiles than holder O. Figure 5 depicts the
radial distribution of the current density in the arc plasma near the cathode surface. The
current density also has similar profiles of the temperature shown in figure 4, against the
shape of the cathode holder. These results suggest that the decreased arc temperature
and current density with the effect of the convex cathode holder occur at the same radial
position around r <0.4 mm. An increase in the protrusion of the convex cathode holder
induces the expansion of the arc root resulting in a low current density in the immediate
vicinity of the cathode, which decreases the efficient heating of the cathode surface and
therefore a descending in the hafnium insert temperature.

The cathode surface temperature determines the thermionic electron emission
current and Hf evaporation flux, which is crucial for erosion process of the cathode.
The radial distribution of the surface temperature of the hafnium cathode for different
the shapes of the cathode holder is presented in figure 6. The hafnium cathode surface
temperature is decreased markedly around radial position r <0.4 mm with the effect of
the convex cathode holder. The higher protrusion of the convex cathode holder results
in the lower hafnium surface temperature. This decrease in the surface temperature
is related mainly to arc behaviour by the changing of the convex cathode holder, as
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described before. This arc behaviour is expected to decrease the heat transferred to
the surface of the hafnium cathode by the effect plasma gas flow. Furthermore, there is
no significant change in the holder surface temperature, which remains lower than the
melting temperature of copper even though the effect of the convex cathode holder.

3.2. Gas flow pattern affected by the convexr cathode holder

The shape of the cathode holder affects the gas flow pattern, which markedly influences
the arc behaviour including the arc temperature profiles, and then the Hf cathode surface
temperature. Figure 7 depicts a comparison of gas flow fields obtained with the shapes
of the cathode holder of O, A, and B. As a result described in the flat surface holder
O, the gas flow in front of the Hf cathode surface moves away from the cathode by the
effect of swirling gas flow. This gas flow from the cathode is reduced markedly using the
convex cathode holder A. In the cathode holder B case, it is noteworthy that a circular
vortex appears in front of the Hf cathode in which the flow direction is mainly toward
the cathode and moves in the direction against that of the swirling gas flow. Figure 8
also shows the axial distribution of velocity along the center axis. It is indicated that
the velocity has a negative value in the axial position close to the cathode in the case
of holder B. This negative axial velocity shows a considerable rise with an increase in
the protrusion of the convex cathode holder.

Furthermore, the #-component of the vorticity wy is simply calculated as following
equation:

ou Ov

where #-component means the component perpendicular to a r — z two dimensional
plane. The quantity wy indicates the local spinning motion of a fluid at each position.
In this paper, negative wy shows the clockwise spinning motion of a fluid, while positive
wy is the counter-clockwise spinning motion. Figure 9 presents the spatial distribution
of wy with different the shapes of the cathode holder. In case of the flat surface holder
O, the high counter-clockwise rotation near the center axis occurs in the nozzle throat
region around the axial position of 5 mm < z < 7 mm, resulting in the high constricted
arc plasma and quality of the speed cutting. Near the hafnium cathode, the value of the
vorticity is low for holder O. On the other hand, it appears a clockwise rotation in the
vicinity of the hafnium cathode with convex cathode holders A and B. The acceleration
of the clockwise rotation of gas velocity is more evident in the case of cathode holder B.
Calculations showed that the convex holder cathodes not only reduces the gas flow
velocity from the cathode surface, but also makes a vortex in the vicinity of the cathode
surface moving in the opposite direction. For this reason, the arc root moves more into
the holder cathode region. On the other hand, the rapid clockwise rotation velocity
against the effect of swirling gas flow from the cathode is expected to provide more
convective heat transfer from the hafnium cathode surface, resulting in the decreasing
of cathode surface temperature. The presence of this vortex can be related to the
evaporation amount of the hafnium cathode which is discussed in the next section.
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3.3. Effects of the convex cathode holder on evaporation amount of hafnium cathode

Figure 10(a) and (b) show the distributions of the mass fraction of hafnium vapour
with or without the consideration of redeposition for different the shapes of the cathode
holder. Results demonstrated that the mass fraction of hafnium vapour with the convex
cathode holder decreases markedly in comparison with the flat holder O. This is because
the current density, and therefore the cathode surface temperature, is lower for holder A
and B than for holder O. The consideration of redeposition of hafnium vapour reduces
the mass fraction of hafnium vapour in three cases of the shape of the cathode holder.

The results from the shapes of the cathode holder of O and B show that the high
hafnium vapour is concentrated in the radial position with high current density near the
cathode surface, and it is transported to the downstream region of the plasma torch along
the central axis by convection. In case of holder B, as significant effect on the convex
cathode holder, the hafnium vapour spreads out a larger area near cathode surface,
according to gas flow vortex. Moreover, the hafnium vapour without the consideration
of redeposition covers the entire surface of the hafnium cathode by higher concentration
of hafnium vapour.

As described in this paper, the net evaporation mass flux mus et [kg/(m?s)] can
be estimated as

meFnet = me<Fevp - Fdep)~ (26)

The mass flux of hafnium vapour ejected from the cathode for different the shapes
of the cathode holder are given along the radial direction in figure 11. Comparison of net
evaporation mass flux between the convex cathode holders A, B and the flat cathode
holder O indicated that the net mass flux effect of the convex holder has a decrease
markedly in the entire surface of the hafnium cathode. This is mainly due to the lower
temperature of the cathode surface as described in figure 4. The appearance of the
negative net evaporation flux around the arc fringe in vicinity of the hafnium cathode
is dominated by the evaporated atoms returning to cathode surface.

In addition, the total mass loss attributable to evaporation of the hafnium cathode
was estimated from these results obtained using the following equation:

My = / mitt(Cevp — Daep) 2774 (27)
0

Figure 12 shows the calculated total amount of mass loss of the hafnium cathode
different the shapes of the cathode holder comparing with no redeposition of hafnium
vapour. Showing the same trend as that of the mass flux of hafnium vapour, the
effect of the convex holder cathode reduces the amount of mass loss of the hafnium
cathode evaporation. The higher protrusion of the convex cathode holder induces the
lower amount of mass loss, although this progress decreases slowly in comparison of
the convex cathode holder A and B. The reason for a decrease in the amount of mass
loss is that the gas flow vortex close to the cathode surface is present to move in the
clockwise direction. This gas flow vortex motion toward to the hafnium cathode surface
reduces the probability of evaporated hafnium escaping from the cathode surface, and
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also facilitates the evaporated atoms returning to cathode surface. In addition, as shown
in this figure, the redeposition of hafnium vapour decreases the mass loss of the hafnium
cathode.

4. Conclusions

Numerical simulations were performed to study the influence of the shape of the cathode
holder on hafnium cathode evaporation for oxygen plasma cutting arc torch in this
paper. We have developed a two-dimensional thermo-fluid model for plasma cutting
arcs with different convex cathode holders. The simulated results show that the convex
holder cathode not only reduces the gas flow velocity from the cathode surface, but also
makes a vortex in the vicinity of the cathode surface moving in the opposite direction.
The cathode surface temperature decreases markedly with the higher protrusion of the
convex cathode holder, resulting in a rapid clockwise rotation of gas flow. In addition,
the mass flux and total amount of mass loss of the hafnium cathode were predicted
to decrease significantly with the effect of the convex cathode holder. This may result
from the presence of gas flow vortex toward to cathode surface, which reduces the
probability of evaporated hafnium escaping from the cathode surface and also facilitates
the evaporated atoms returning to cathode surface.
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Table 1. Thermodynamic properties of the solid material.

Solid s Chps As Twert  Thon Ly, L, W,
kg/m?] [J/kg/K] [W/mK] [K] [K] [MJ/kg] [MJ/kg] [eV]

Cu 8930 385.62 381 1356 2855  0.206 4.815  4.65
Hf 13310 140 23 2506 4876  0.1347 3.211  3.53
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Figure 1. Schematic diagram of plasma cutting torch



Effect of cathode holder shape

N W A

—

Radial position [mm]

0

Axial position [mm]

Figure 2. The shape of cathode holder.

17



Effect of cathode holder shape 18

Radial position [mm]

3
2
1
0
1
2
3
3
T 9
g
= 1
=]
7 0
& ) Kl
g 33000
o]
g2 n
3
_ 3 10000
g
£ 2
=1 3000
.2
Z0
2 1000
= 1
g2
~ ; 300

01 23 456 7289

Axial position [mm)]

Figure 3. Temperature distribution of arc plasma with different cathode holder
shapes.



Effect of cathode holder shape 19

| —

Temperature [kK

14-
12-

[am—
[\ EAN (@) o0 )
| L | L | L | L |

0.0 0.1 02 03 04 05 06 0.7 0.8
Radial position [mm]

Figure 4. Radial distributions of the arc plasma temperature near the cathode surface
for different cathode holder shapes.



Effect of cathode holder shape

20
210- holder O
”g 180+ holder A
g 150—_ % ] )
2 120-
=3 ] .
2 90- \Y
o ] ‘“\ holder B
5 60- '\
S - N
30- W\
] W\
0

00 01 02 03 04 05 06
Radial position [mm]

Figure 5. Radial distributions of current density near the cathode surface for different
cathode holder shapes.



Effect of cathode holder shape 21

e

Temperature

holder O

/

holder A

e - - — T T -~

4.0F ==~ N

(\©) W W
W O ()
| ! | ! |

2.0+
1.5 T I T I T I T I T T T T T 1
00 0.1 02 03 04 05 06 0.7
Radial position [mm)]

Figure 6. Radial distributions of the Hf cathode surface temperature for different
cathode holder shapes.



22

Effect of cathode holder shape

Ly
SRR
W

QY ——

{177 ",

0114z,

on

(@\] —

[ww] vonisod eipey

R 2

NI0027272220222258 0

O -

S on N —

[ww] uonisod ferpey

on

i
i
i)
il
VUL L
Y
@0

o —
[ww] uonisod erpey

ial position [mm]

Ax

Figure 7. Gas flow fields with different cathode holder shapes.



Effect of cathode holder shape 23

1050 .

Axial velocity [m/s]
B~ N 9 O
wnh © Whnh O
o O O O

holder B

1.5 2.0 2.5 3.0 3.5 4.0
Axial position [mm]

Figure 8. Axial distributions of velocity along the center axis for different cathode
holder shapes.



Effect of cathode holder shape

3,
) holder O
£
= I
.2
Z 0
o
Q 17
=
B 21
o~
3,
3
— holder A
é 21 -0.2x10° b
= 1
8 \_ ) —
z 0 (oo E_—— ]
& - 1107/s]
'—9 1.0
9 7x10° .
r;sz 2] 1.5x10°
3] 0.81
3, 0.63
= holder B
é 2 0.5x10° l 0.44
gl 0.25
Z 0/
& 0.13
z 1
E 7| -0.31
3+— ——— -0.50

01234567809

Axial position [mm)]

Figure 9. Distributions of vorticity with different cathode holder shapes.



Effect of cathode holder shape

Radial position [mm]
W N = O = NN W W NN —= O = NN W W = O = N W

Radial position [mm]

Radial position [mm]

[ N L
1E-5 3E-5 8E-5 2E-4 6E-4 2E-3 4E-3 1E-2 3E-2 9E-2 3E-1
3
holder O ) holder O
2.6x10" 1 3.6x10"
% 0 %
1
2
3
3
holder A 5 holder A
4.4x10° 1 1.8x10"
0 @
1
2
3
3
holder B D) holder B
4.3x10* 1 3.9x10°
0
1
2
T T T T T T T T T 3 T T T T T T T T T
012 3 456 7289 012 3 456 789

Axial position [mm]

(i)

Axial position [mm]

(i)

25

Figure 10. Distributions of mass fraction of Hf vapour with different cathode holder
shapes: (i) with redeposition; (ii) without redeposition.



Effect of cathode holder shape 26

o
()]
]

holder O

N
HAN
1

holder A

<

(O8]
1

|

holder B

o
(\}
1

<
[E—
|

Net evaporation mass flux [kg/(mzs)]

<
()
1

00 0.1 02 03 04 05
Radial position [mm]

Figure 11. Radial distributions of net evaporated mass flux from Hf cathode for
different cathode holder shapes.



Effect of cathode holder shape 27

0.10- 77] W-redeposition
L _ 2 W/O-redeposition
r -V\— |
| v
| ‘9
0081 |
| | \
| | \\
\
\
0.06 - '

<

(@)

=
|

Amount of mass loss [mg/s]

S

S

(\®)
L

0.00 : . .
O A B

The shape of cathode holder

Figure 12. Total amounts of mass loss of Hf cathode evaporation for different cathode
holder shapes.



