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Abstract

Modeling study is performed concerning the heat transfer and fluid flow for a laminar argon plasma jet impinging normally upon a
flat workpiece exposed to the ambient air. The diffusion of the air into the plasma jet is handled by using the combined-diffusion-coef-
ficient approach. The heat flux density and jet shear stress distributions at the workpiece surface obtained from the plasma jet modeling
are then used to study the re-melting process of a carbon steel workpiece. Besides the heat conduction within the workpiece, the effects of
the plasma-jet inlet parameters (temperature and velocity), workpiece moving speed, Marangoni convection, natural convection etc. on
the re-melting process are considered. The modeling results demonstrate that the shapes and sizes of the molten pool in the workpiece are
influenced appreciably by the plasma-jet inlet parameters, workpiece moving speed and Marangoni convection. The jet shear stress man-
ifests its effect at higher plasma-jet inlet velocities, while the natural convection effect can be ignored. The modeling results of the molten

pool sizes agree reasonably with available experimental data.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Stable and silent long laminar plasma jets have been suc-
cessfully generated at the atmospheric pressure in recent
years with elaborately designed DC arc plasma torches
[1,2]. Since only molecular diffusion mechanism is involved
in the laminar plasma jet, the entrainment of the ambient
air into the laminar plasma jet is significantly reduced.
The length of the high-temperature region in the laminar
plasma jet is therefore much longer than that in the conven-
tional turbulent plasma jet, leading to much smaller axial
gradients of plasma temperature, axial velocity and species
concentration in the laminar plasma jet. Furthermore, the
length of the laminar plasma jet can be easily adjusted by
changing the arc current and/or the working-gas flow rate
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of the plasma torch used for generating the laminar plasma
jet [2]. These merits inherent in the long laminar plasma jet
make it attractive from the viewpoint of materials process-
ing, since it provides a new possibility to achieve low-noise
working surroundings, better process repeatability and
controllability, and reduced oxidation degree of metallic
materials processed in air surroundings. The preliminary
attempts [2-4] that use the laminar plasma jet in the prep-
aration of thermal barrier coatings, in the re-melting hard-
ening of cast iron and other metals and in the stainless-steel
surface cladding, have shown rather encouraging results
such as the fine microstructure, low surface roughness
and small porosity of the prepared coatings, the good re-
melting process controllability and surface morphologies,
as well as the preferable metallurgically bonded clad layer.

The schematic of the laminar plasma jet re-melting hard-
ening of metal surface is shown in Fig. 1 [3]. The plasma jet
impinges normally upon the workpiece moving in the direc-
tion perpendicular to the plasma jet axis. With the laminar
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Nomenclature

p specific heat at constant pressure (J kg™' K™)

=/

*s  combined ordinary diffusion coefficient (m*s ")

DLy  combined thermal diffusion coefficient (kg m™'

s

liquid-phase fraction

argon mass fraction in argon—air mixture
gravity acceleration (m s~?)

wm;x\

specific enthalpy (J kg™ '); workpiece thickness
(m)
diffusion mass flux vector (kgm 2s™ )
latent heat (J kg™")
particle mass (kg)
average mass of all the heavy particles (exclud-
ing electrons) (kg)
average mass of all the gas particles (including
electrons) (kg)
gas particle number density (m~°)
pressure (Pa)
heat flux density (W m~?)
plasma jet-inlet radius (m)
z radial and axial coordinates (m)
source term
temperature (K)

I b~

<

N3 RS 3

Ty highest temperature at jet-inlet center (K)

Uy maximum axial-velocity at jet-inlet center
(ms™)

U, radiation power loss per unit volume of plasma
(Wm™)

U, workpiece moving speed (m s )

u, v, w x-, y- and z-velocity component (ms~')

Xa argon mole fraction

x, y, z Cartesian coordinates

Greek symbols

p volumetric expansion coefficient (K~!)

Iy transport coefficient in mass conservation equa-
tion (kgm~'s™)

viscosity (Pa s)

mass density (kg m—>)

surface tension (N m™")

shear stress (N m™~?)

A QT =

Subscripts

0 jet inlet center

A gas A (argon)

B gas B (air)

f about mass fraction

<— Substrate moving

Fig. 1. Schematic of the plasma re-melting processing and coordinate
system.

plasma jet re-melting hardening of cast iron and other
metallic surfaces [3,4] as the main research background, a
detailed modeling study is performed to consider the heat
transfer and fluid flow in laminar-plasma material re-melt-
ing processing. Such modeling study is thus far not avail-
able, although many papers have been published about
the modeling of heat transfer and fluid flow in plasma,

arc, laser and electron-beam welding, melting and other
materials processing [5]. Different approaches were used
in those previous papers, from various pure heat conduc-
tion models (e.g. using a moving point, line or surface heat
source method) to much more complex models considering
the convection caused by the surface tension gradient, Lor-
entz force, buoyancy, jet impact pressure and shear stress,
etc. The special feature of the laminar plasma-jet re-melting
process discussed here is that there exists no Joule heating
nor Lorentz force in the workpiece (unlike the plasma or
arc welding [6,7]), but there exists the shear stress caused
by the impinging plasma jet (unlike the laser welding or
re-melting [8]).

In this paper, modeling study is first conducted concern-
ing the heat transfer and fluid flow for a laminar argon
plasma jet impinging normally upon a flat workpiece
exposed to the ambient air. The diffusion of the ambient
air into the plasma jet is handled by use of the combined-
diffusion-coefficient method [9,10]. The distributions of
the temperature, velocity and argon mass fraction in the
plasma jet and the heat flux density, shear stress and
impact pressure on the workpiece surface are obtained
from the jet-region computation. Numerical simulation is
then conducted using the computed heat flux density and
shear stress distributions on the workpiece surface caused
by the impinging laminar plasma jet as the boundary con-
ditions to study the heat transfer and fluid flow in the re-
melting processing of the metallic workpiece. Besides heat
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conduction within the workpiece, the plasma-jet heat flux
and shear stress, workpiece moving speed, Marangoni con-
vection, natural convection etc. are also considered to
examine their effects on the re-melting molten pool charac-
teristics. It is expected that the workpiece motion in the
direction perpendicular to the plasma-jet axis will cause
three-dimensional (3-D) effect in the plasma-jet region.
Such a 3-D effect can, however, be safely neglected in the
plasma-jet region since the workpiece moving speed is
always much less than the jet velocities (a few mm s~ vs.
10°m s~ '). A 2-D modeling approach is thus justified for
the plasma-jet region modeling. On the other hand, the
effect of workpiece moving speed on molten pool shape
and sizes in the workpiece cannot be ignored, and thus a
3-D modeling approach is employed to the workpiece re-
melting process.

2. Modeling approach
2.1. Laminar plasma impinging-jet

The main assumptions used in the modeling study of the
plasma jet include steady, laminar and axi-symmetrical
flow with negligible swirling velocity component; local
thermodynamic equilibrium (LTE) and optically thin
plasma; diffusion of the ambient air into the plasma jet
can be handled by the combined-diffusion-coefficient
method [9-13]. The governing equations including the
mass, momentum, energy, and gas species conservation
equations in the cylindrical coordinate system are similar
to those used in [11-13] and can be written as follows:
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where v. and v, are the axial and radial velocity compo-
nents, p, u, k, ¢,, h and U, are the temperature- and
composition-dependent plasma density, viscosity, thermal
conductivity, specific heat at constant pressure, specific en-
thalpy and radiation power per unit volume of plasma,
respectively, and p and f are gas pressure and argon mass
fraction in the argon—air mixture. In Eq. (4), the terms con-
taining (ha — hg) represent the contribution of species dif-
fusion to the energy transport, where /5 and /g are the
temperature-dependent specific enthalpies of gases A (ar-
gon) and B (air), respectively. J. and J, are the axial and
radial components of the argon diffusion mass flux vector
which can be expressed as Ja = —(n*/p)mampDipx
VXx —D;VInT, where n is the total gas-particle number
density, m5 and mp are the averaged particle masses for all
the heavy gas particles (excluding electrons) coming from
argon and those from air, X4 is the mole fraction of argon
in the argon-air mixture, whereas D, and D), are the
combined ordinary diffusion coefficient associated with
the argon mole fraction gradient VX, and the combined
thermal diffusion coefficient associated with the tempera-
ture gradient VT, respectively [9]. The transport coefficient
in Eq. (5) can be expressed by I't = [mamp/(MM4)|pDy
[11,12], in which M and M, are the averaged gas-particle
mass for all the gas particles (including electrons) of the
gas mixture and that for all the gas particles coming from
argon, respectively [9], whereas the source term Sy can be
expressed as [11,12]
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The computational domain employed in this study is the
region A—G-H-I-A shown in Fig. 2, i.e. only the right
semi-plane of the axi-symmetrical impinging jet region is
included. The upper side of plane J-D-E is the plasma
torch with A-B being the plasma flow inlet. B-C-D is a
backward-step region, whereas J-D is the torch exit. I-H
is the workpiece surface, whereas F-G and G-H are the
free boundaries, respectively. In the computation, the
radial size (AG) of the computational domain is set to be
50 mm, whereas axial size (AI) is 18 mm. Other sizes
adopted are as follows: the radius of plasma jet inlet
(AB) is 2 mm, torch exit inner radius (JD) 4 mm, torch-
wall thickness (BF) 33 mm, backward-step length (CD) is
8 mm.

The boundary conditions used in the jet modeling
include that at the jet inlet A—-B, zero radial velocity, argon
mass fraction fo = 1.0 and the power-law profiles of tem-
perature and axial velocity 7= (T, — Ty)[1 — (/R)**]+
T, v-= Up[1 — (r/R)"*] are used [12,13], where T}, and R
are torch wall temperature (700 K) and jet-inlet radius
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Fig. 2. Computational domain for the impinging laminar plasma jet
modeling.

(2 mm). Axi-symmetrical conditions are employed along
the jet axis A-I; free boundary conditions are employed
along F-G and G-H; and zero velocity, fixed temperature
and zero diffusion flux are used at the solid surfaces.

The SIMPLE algorithm and 92 (z-) x 187 (r-) grid points
are employed in the computation with finer mesh spacing
near the jet axis. The plasma properties are calculated from
local values of plasma temperature (or specific enthalpy)
and argon mass fraction using the property tables pre-com-
piled for different plasma temperatures (300-30,000 K with
a spacing of 100 K) and different argon—air mass fraction
ratios [10]. More calculation details about the plasma jet
characteristics can be found in Refs. [11-13].

2.2. Heating of the workpiece by the plasma jet

The main assumptions employed in the workpiece heat-
ing study include that the re-melting process is steady in the
coordinate system (x,y,z) fixed with respect to the plasma
torch or plasma-jet axis and there is no deformation on the
top surface of the molten pool (flat surface), as assumed in
many previous studies [5-8]. Based on these assumptions,
the governing equations in the Cartesian coordinate system
(x,»,z) to describe the melt flow and heat transfer in the
workpiece are as follows [8]:
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Here x is along the workpiece bottom-surface and in the
direction opposite to the workpiece motion, y along the
bottom surface but normal to x or the workpiece motion
direction, whereas z is normal to the workpiece surface
and directed to the plasma jet region. u, v and w are the
x-, y- and z-velocity components, T and p the temperature
and pressure, whereas now p, u and k are the density, vis-
cosity and thermal conductivity of the workpiece material,
respectively. In order to account for the solid-liquid phase
change in the workpiece, the fixed-grid method suggested
by Voller et al. [14] is used. Namely, the heat and momen-
tum transfer on the solid-liquid phase interface is incorpo-
rated into the governing equations through introducing
suitable volume source terms. The source terms S,, S,
and S,, introduced in the momentum equations (8)—(10)
take the following forms [8]:

S, =A(u+Uy), S,=A4v, S,=Aw, (12)
where parameter 4 depends on the processed material and
the local liquid-phase fraction f (f is in the range of
0<f<1), and 4=—C(1 —f)*/(f + q) for the materials
with a phase-change mushy region, whereas ¢ is merely a
small constant introduced to avoid division by zero in the
computation and C is a large constant (e.g. 10'°). Uy is
the absolute value of workpiece moving velocity and thus
u = —Us is obtained in the solid-phase region with /= 0.
The local value of the liquid-phase fraction f'in the work-
piece is calculated from the local temperature and the
solidus temperature (7s) and liquidus temperature (7) of
the melting mushy-region by use of the following relations:

f =0 for T <Ts (solid-phase region) (13a)
T—-Ts .

f= for Ts < T < Ty (mushy region)  (13b)
Ty, —Tg

f=1 for Ty < T (liquid-phase region) (13¢)



2258 H.-X. Wang et al. | International Journal of Heat and Mass Transfer 49 (2006) 2254-2264

Sy in Eq. (11) is introduced to account for the latent heat
release, and takes the following form [8]:

0 0 0
_pL<u6;§+U%+W6_J;> (14)

Sh =
in which L is the melting latent-heat of processed material.
The additional source term S, in the momentum equation
(10) in the z-(vertical) direction is introduced to account for
the natural convection in the molten pool, and

Sy =fpgh(T —Tv) (15)

where Boussinesq approximation has been used. In Eq.
(15), B is the volume expansion coefficient, and g is the
gravity acceleration.

Using this approach, the motion and heat transfer of both
solid and liquid phases in the workpiece can be solved in a
unified way [8,14] using the SIMPLE-like algorithm [15,16].

Boundary conditions employed in the study of work-
piece heating are as follows: at the upstream (right side)
boundary, u=-U,, v=0, w=0 and T=T, (T, is the
ambient temperature). At the downstream (left side)
boundary, u=—U,, v=0, w=0 and 07/0x =0. At the
vertical symmetrical plane (x-z plane with y=0):
ou/dy =0, v =20, Ow/dy = 0 and 07/0y = 0. At the bottom
surface and lateral surfaces, u=—-U,, v=0, w=0 and
T = T,. At the top surface of molten pool with higher tem-
peratures and non-uniform melt temperature distribution,
the effects on melt flow and heat transfer of Marangoni
convection (caused by the surface tension gradient), the
shear stress produced by the impinging plasma jet and
the radiation heat loss from top surface are considered.
Hence, the following boundary conditions are employed
at the top surface of workpiece:

oo GT ov Oo aT
f(ara ) Pz ™ f(aTa )
w=0, k(0T/0z)=gq;—eXT* (16)

Here 7, and 7, are the x- and y-components of the shear
stress produced by the plasma jet at the workpiece surface;
o is the surface tension coefficient, ¢ and X are the emissiv-
ity and the Stefan—Boltzmann constant, whereas ¢; is the
local heat flux density from the plasma jet to the workpiece
surface. Since the calculated highest temperatures on the
molten pool are always lower than the boiling point of
studied metal (carbon steel) as seen later on in this paper,
the effect of metal vaporization on the heat flux at the
top surface is not considered in Eq. (16).

The computation is actually performed for the cylindri-
cal volume with sizes 0<r<15mm, 0<0<~m and
0 < z < 10 mm using the non-commercial code FAST-3D
[16]. Altogether 36 (r-direction)x 12 (0-direction) x 36
(z-direction) grid points are employed in the workpiece
re-melting modeling for most cases. In the computation,
the averaged values of ¢, (i=1,2,...,N) at all the N grid

points in the O-direction and on the small circle nearest
to the axis in the mesh are employed [11] along the geomet-
rical axis of the computational domain (r = 0).

3. Modeling results and discussion
3.1. Modeling results of laminar plasma impinging-jet
Typical computed results of the temperature, axial-

velocity and argon mass fraction distributions in the
laminar impinging jet are shown in Fig. 3. Due to the
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Fig. 3. Computed temperature, axial-velocity and argon mass fraction
distributions in the plasma jet for the case with 7, = 14,000 K and
Uy=400m s~ (a) Isotherms, outer line—1000 K, interval—2000 K; (b)
axial velocity contours, outer line—50 m s, interval—50 m s'; (c) argon
mass fraction contours, outer line—O0.1, interval—0.1.
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Fig. 4. Heat flux density and shear stress distributions on the workpiece surface for the case with Uy =400 ms~'. (a) Heat flux distributions for
To = 14,500 K (dashed line), 14,000 K (solid line) and 13,500 K (dash-dotted line); (b) jet shear stress distribution for 7 = 14,000 K.

continuous entrainment of the ambient air into the argon
plasma jet, the plasma temperature, axial velocity and
argon mass fraction decrease from 14,000 K, 400 ms™!
and 1.0 at the jet-inlet center to about 7000 K, 50 ms~'
and 0.85 at the upper edge of the stagnation-point bound-
ary layer, respectively. The calculated heat flux density dis-
tributions on the workpiece surface for the cases with the
maximum velocity Uy =400 m s~ and the highest temper-
atures Ty = 13,500, 14,000 and 14,500 K at the plasma jet
inlet are shown in Fig. 4(a). As expected, the calculated
heat flux densities on the workpiece surface assume their
maximum values at the jet axis and decrease rapidly in
the radial direction, whereas the maximum heat flux and
its half-width (width corresponding to a half of the maxi-
mum) increase with increasing jet-inlet temperature (7;) or
velocity (Up). The predicted shear stress distribution on
the workpiece surface in Fig. 4(b) for the case with
To=14,000 K and Uy= 400 ms~' shows that the calcu-
lated shear stress increases rapidly from zero at the jet
center (the stagnant point, where the radial velocity com-
ponent is zero) to the maximum value at r ~ 3 mm, and
then drops rapidly with the increase of radial distance.
The value and radial distance from the stagnant point of
the maximum shear stresses increase with increasing jet-
inlet velocity. The computed results of the heat flux and
shear stress distributions on the workpiece surface are then
employed as the input boundary conditions at the top sur-
face of the workpiece in the modeling study of the work-
piece re-melting process.

3.2. Modeling results of workpiece re-melting

In the workpiece re-melting modeling, carbon steel
properties are used, i.e. density 7800 kg m >, thermal con-
ductivity 40 Wm ! K=, viscosity 0.006 Pa s, specific heat
666 J kg~ K~', melting latent-heat 2.7 x10° Jkg~' and
boiling point 3023 K. The solidus and liquidus tempera-
tures of melting mushy-region are taken to be Tg=
1523 K and 71 = 1723 K, respectively, and T is used to
represent the outer edge of the molten pool.

It is anticipated that the power absorbed by the work-
piece from the impinging plasma jet is consumed to the
solid-phase heating and melting, the liquid-phase heating
and the surface radiation loss of the workpiece material.
At first we compare the computed results for the case in
which only heat conduction is considered with that in
which the convection effects are also considered, including
those caused by the surface tension gradient (Marangoni
convection), the plasma-jet-induced shear stress on the
workpiece top surface and the buoyancy force within the
molten pool (natural convection). The computed results
for the case with 7, = 13,500 K are shown in Fig. 5, indi-
cating that the convection effects may appreciably affect
the molten pool shape and sizes even for this case with
lower T, value. This fact demonstrates that only consider-
ing heat conduction is not enough for the workpiece
re-melting modeling.

In order to check whether or not the modeling results is
dependent on the chosen mesh, the computed isotherms on
the vertical symmetrical plane (x—z plane with y = 0) and
on the top surface (x—y plane with z = h, where / is work-
piece thickness) using two different meshes are compared in

10
950
T [
£ |
= |
o Us
L —————————
8-5 L L L L
3 2 1 0 1 2

x (mm)

Fig. 5. Computed molten pool shapes for the case with 7, = 13,500 K,
Up=400ms ' and U; =2 mms~'. Solid line—with convection, do/dT =
—5.0x10"*kgs™2K™!; dashed line—without convection (pure
conduction).
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z (mm)

(b)

Fig. 6. Computed isotherms (a) on the vertical symmetrical plane (y = 0)
and (b) on the top surface (z=1/) by use of the 36 (r-) x 12 (0-) x 36
(z-direction) mesh (solid lines) and the 48 (r-) x 22 (6-) x 36 (z-direction)
mesh (dashed lines). Ty = 14,000 K, Uy=400ms ', U;=2mms ' and
do/dT=—5.0x10"*kgs™> K~!. Isotherm interval: 100 K for (a) and
200 K for (b). The innermost solid or dashed line represents the outer edge
of the molten pool.

Fig. 6 for the case with T = 14,000 K, Uy = 400 m s7!, the
workpiece moving speed U, =2 mm s~ ! and the tempera-
ture coefficient of melt surface tension do/d7T = —5.0 %
10~* kg s> K~'. Solid line in this figure represent the com-
puted results with the 36 (r-) x 12 (6-) X 36 (z-direction)
mesh, whereas dashed lines are obtained with a finer mesh,
i.e. 48 (r-) x 22 (6-) x 36 (z-direction). It is seen in Fig. 6
that almost the same predicted results are obtained, espe-
cially for the molten-pool position, shape and sizes. Hence,
the 36 (r-)x 12 (6-)x36 (z-direction) mesh has been
employed in the modeling study for other cases.

For the same case as in Fig. 6 (i.e. Ty = 14,000 K,
Up=400ms ', Uy=2mms ' and do/dT=-5.0x10""*
kg s~2 K1), Fig. 7 plots the computed velocity vector field
and molten pool shape on the vertical symmetrical plane
(¥ = 0). When the workpiece motion is absent, axi-symmet-
rical temperature and melt velocity distributions about the
plasma torch/jet axis have been obtained (not shown here
as separate figures), as expected. However, as seen in Figs.
6 and 7, the workpiece motion in the —x-direction causes
the asymmetry of the computed isotherms and flow field
in the x-direction even for the case with such a low work-

piece moving speed of Uy =2 mms .

3.2.1. Effects of plasma-jet heat flux
The computed molten pool shapes are compared on the
vertical symmetrical plane in Fig. 8(a), on the top surface

X (mm)

Fig. 7. Computed velocity vector field on the vertical symmetrical plane
(y=0). To=14,000K, Uy=400ms~!, U;=2mms~! and de/dT=
—50x10*kgs 2K
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Fig. 8. Molten pool shapes for the cases with the same Uy (400 m s~ '), U
(2mm s™!) and do/dT (5.0 x 10~* kg s~2 K™!) but different 7. (a) On
the vertical symmetrical plane; (b) on the top surface; (c) on the y—z plane
with x=0. T, =14,500 K (dashed line), 7T, = 14,000 K (solid line),
To = 13,500 K (dash-dotted line).

(x—y plane with z=/) in Fig. §(b) and on the y—z plane
with x =0 in Fig. 8(c) for the cases with the same U,
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Fig. 9. Molten pool shapes on the vertical symmetrical plane for differ-
ent jet velocities. 7, =14,000K; U;=2mm sl de/dT=—-5.0x
1074 kgs 2 K1, Uy=350m s~ (dash-dotted line) and Uy =400ms~!
(solid line).

(400ms™ ", U, 2mms') and d¢/dT (-5.0x10"*
kgs > K™") but different Tj values (T, = 13,500, 14,000
and 14,500 K). Fig. 8 shows that deeper, longer and wider
molten pools are obtained at higher jet-inlet temperatures
(Tp). The lengths of 3.3, 4.3 and 5.5 mm, the depths of
0.7, 0.9 and 1.2mm, and the widths of 2.9, 3.9 and
5.0 mm of the molten pools are correspondent to the cases
in which T, = 13,500, 14,000 and 14,500 K are applied,
respectively.

Fig. 9 shows the computed molten pool shapes on
the vertical symmetrical plane for the cases with the
same Ty (14,000K), U; 2mms~ ') and de/dT (—5.0 x
107 *kgs 2K ") but different U, values (Uy =350 and
400 m s~ '). It is seen from Fig. 9 that the jet-inlet velocity
(Up) also significantly affects the molten pool shapes and
sizes, i.e. the molten pool becomes longer and deeper at
higher Uj.

The results of Figs. 8 and 9 can be easily understood
because the heat flux density from the plasma jet to the
workpiece top surface increases with increasing 7| for the
given Uy or with increasing U, for the given 7.

3.2.2. Effects of workpiece moving speed

The computed molten pool shapes on vertical symmetri-
cal plane of the workpiece are compared in Fig. 10 for the
cases with the same U, (400 ms™'), T, (14,000 K) and
de/dT (=5.0x10*kgs>K™') but different workpiece
moving speed (Us). It is seen from Fig. 10 that with the
increase of U, shorter, shallower and more asymmetrical
(with respect to the y—z plane at x = 0) molten pools are
obtained. This prediction is reasonable, since the increase
of the workpiece moving speed means that more workpiece
material has to be heated by the incident heat flux. It is
found that the x-locations of the rear edge of the molten
pool at the top surface of the molten pool (on the left-hand
side) are less influenced by the values of Us, while the
x-location of the frontal edge (on the right-hand side)
appreciably shifts towards the molten pool center with
increasing U value.
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Fig. 10. Computed molten pool shapes on the vertical symmetrical plane
for different workpiece speeds. T = 14,000 K; U, =400 m s de/dT =
—50x107* kg s2K: U;=1mms™! (dashed line), Us=2mm s
(solid line) and Uy =3 mms~' (dash-dotted line).

3.2.3. Effects of Marangoni convection

Because the temperature distribution on the top surface
of the molten pool is non-uniform, there must exist an
additional force driving the melt motion due to the exis-
tence of surface tension gradient (Marangoni convection).
If the temperature coefficient of surface tension is negative
(de/dT < 0) as for many metallic materials, the melt on the
top surface of the molten pool will flow radially outwards
from the molten pool center (with higher temperature) to
the molten pool edge due to the driving of the surface
tension gradient.

In the computation of this subsection, the Ty, U, and U;
are fixed to be 14,000 K, 400 m s~ and 2 mm s, respec-
tively. Fig. 11 compares the computed molten pool shapes
for different temperature coefficients of surface tension
do/dT, and the dashed, solid and dash-dotted lines in this
figure correspond to de/dT=0, —1.0x 10~* and —1.0 x
102 kg s™? K™, respectively. From the computed results
shown in Fig. 11, it is interesting to note some special fea-
tures of fluid flow and heat transfer inside the molten pool.

10
9 -
£ s
~ e B
N
8F  ----- do/dT = 0
do/dT = -1.0x10"kg/(s’K)
e do/dT = -1.0x10°kg/(s’K)
7\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\
-4 -3 2 -1 0 1 2 3

X (mm)

Fig. 11. Comparison of the computed molten pool shapes on the vertical
symmetrical plane for the cases with T, = 14,000 K, U, =400 m s
U;=2mms ' but different temperature coefficients of surface tension.
do/dT = 0 (dashed line), do/dT = —1.0 x 10™* kg s> K~ (solid line) and
de/dT=—-1.0x 10> kgs 2K~ (dash-dotted line).



2262 H.-X. Wang et al. | International Journal of Heat and Mass Transfer 49 (2006) 2254-2264

The x-locations of the frontal edge (on the right-hand side)
at the top surface of the molten pool are less influenced by
the values of do/dT, while the x-locations of the rear edge
(on the left-hand side) appreciably depend on the values of
do/dT (the rear edge of the molten pool at the top surface
shifts towards the molten pool center with increasing abso-
lute value of temperature coefficients of surface tension).
With the increase of |de/dT|, the molten pool becomes
somewhat shorter but deeper. It is found that with the
increase of |do/dT], the maximum melt velocity in the mol-
ten pool increases but the highest temperature decreases.
Corresponding to do/d7=0, —1.0x10™* and —1.0x
10 kgs > K ™!, the maximum melt velocities are 0.35,
0.52 and 0.73 m s !, while the highest melt temperatures
are 2075, 2015 and 1860 K, respectively, in the molten
pool. Since the workpiece moving speed Us is fixed and
the total power absorbed by the molten pool is almost
the same for the three cases, the volumes of the molten pool
would remain approximately a constant, and thus the dee-
per molten pool at larger |do/d7| must be somewhat
shorter. It is noted that the highest temperatures of the
molten pool are always lower than the carbon-steel boiling
point (3023 K), and thus neglecting the effect of workpiece
surface vaporization on the heat flux in boundary condi-
tion (16) at the top surface of the workpiece is justified.
Sometimes, in order to change the surface property of
the workpiece in actual materials processing, some trace
elements such as Mg, S etc. could be put at the workpiece
surface (e.g. as they are contained in a flux put on the
workpiece surface [7]) and thus be added into the molten
pool, resulting in a positive temperature coefficient of sur-
face tension. Fig. 12 shows a typical computed result con-
cerning the molten pool shape and velocity vector field
on the vertical symmetrical plane (y = 0) for the case with
do/dT > 0. It is clearly seen in Fig. 12 that now the melt at
the top surface flows from the molten pool edge towards
the center, in contrast with Fig. 7 where the melt flows with
an opposite direction at the molten pool surface. In addi-
tion, comparison of the result presented in Fig. 12 to that
presented in Fig. 7 shows that the molten pool for the case
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Fig. 12. Computed molten pool shape and velocity vector field on the
vertical symmetrical plane for the case with do/dT=5.0x10"*
kgs 2K Ty=14,500K, Uy=400 ms ' and U;=2mms .
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Fig. 13. Comparison of the computed molten pool shapes on the vertical
symmetrical plane for the cases with (solid lines) and without (dashed
lines) accounting for the jet shear stress effects. 7, = 14,000 K,
Uy=2mms ' and do/dT=-5.0x10"*kgs 2K '. (a) Uy=350ms ';
(b) Up=400m s~ '; and (c) Uy=450m s,

with de/dT > 0 is somewhat longer but shallower than that
for the case with de/dT < 0.

3.2.4. Effects of the jet shear stress

In the laminar plasma-jet re-melting processing of metal
surface, the shear stress caused by the impinging plasma jet
at the workpiece surface may affect the melt flow and the
molten-pool shape. Fig. 13 shows the computed molten
pool shapes for the cases with the same T (14,000 K), U;
(2mms ') and de/dT (—5.0 x 10~ * kg s> K1), but differ-
ent Uy, ie. Uy=350ms ' (a), Uy=400ms ' (b) and
Uy =450 m s~ (c). The solid lines represent the cases with
accounting for the jet shear stress, while dashed lines with-
out accounting for the jet shear stress. Fig. 13 suggests that
the jet shear stress may appreciably affect the molten pool
shape, location and sizes, and this effect can be ignored
only at lower jet-inlet velocities (e.g. for Uy=350ms~'
or lower).

3.2.5. Effects of natural convection

Another factor that may affect the melt flow within the
molten pool is the natural convection due to the non-uni-
form temperature distribution within the molten pool.
Typical computed results demonstrate that the natural con-
vection effect can be safely neglected (not shown here as a
separate figure) since the depth of molten pool is usually
small.

3.2.6. Discussion about the employment of boundary
conditions

It is expected that the impact pressure of the impinging
plasma jet may cause the depression of the top surface of
molten-pool. So far there is no direct observed result about
the molten-pool surface deformation for the plasma re-
melting processing. However, experimental and modeling
results [17,18] show that the effect of the surface deforma-
tion on the molten-pool is negligible even for the arc
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welding (with higher impact pressure) provided that the arc
current is less than 200 A. It is believed that employing the
flat top surface assumption in this paper (as in many previ-
ous studies [5-8]) can reveal the main features of the heat
transfer and fluid flow in the laminar-plasma material re-
melting processing, especially for the molten-pool shape
and sizes in which we are most interested. Considering the
deformation of top molten-pool surface will require using
a body-fitted coordinate system [18] and solving an addi-
tional equation about the melt-gas interface form, and thus
require much more numerical efforts. This complicated fac-
tor is remained as the subject of subsequent studies.

Zero temperature gradient in the x-direction has been
used as the downstream boundary condition of the compu-
tational domain. This treatment is reasonable for the case
with higher workpiece moving-speed (Us). When the work-
piece moving-speed is comparatively low, the zero temper-
ature gradient condition will cause inaccuracy of the
temperature field near the downstream boundary. How-
ever, the calculated position, shape and sizes of the
molten-pool are less influenced by the downstream and
lateral boundary conditions.

The isothermal boundary condition has been employed
at the bottom boundary of the workpiece for solving the
energy equation. It is expected that this is reasonable
choice when the workpiece is put on a metallic working
platform. Modeling results show that changing to employ
an insulated condition at the bottom boundary less influ-
ences the predicted shape and sizes of the molten pool,
although the temperature distribution near the bottom
boundary is somewhat different.

3.2.7. Comparison of modeling results with experimental
observation

Although so far no other theoretical predictions can be
used to compare with the present predicted results, we can
compare our modeling results with some available experi-
mental observation. The laminar plasma torch and its
operating conditions used in the experimental study of
Pan et al. [3] are similar to those employed in this modeling
study. In their experiment, the laminar DC non-transferred
arc plasma jet was used to heat the cast iron for re-melting
hardening. The distance from the torch nozzle exit to the
workpiece surface is 9 mm, the workpiece moving speed
0.5-5mm s, the argon flow rate in the range of 75-220
STP cm®s™! and the arc current varies in the range of
180-195 A. It was found that the re-melting trace width
and the hardening layer depth increase with increasing
arc current (or increasing plasma jet-inlet temperature
and velocity), in consistence with the present modeling
results. The molten pool widths observed in their experi-
ment were in the range of 2.0-4.0 mm, whereas the thick-
ness of the hardened layer was the range of 0.6-1.7 mm
corresponding to the molten-pool depths of 0-1.1 mm
(obtained by subtracting the estimated thickness ~0.6 mm
of the solid-phase transfer hardening layer from the
thickness of the whole hardened layer [3]). These experi-

mental results also agree reasonably with the present mod-
eling results.

4. Conclusions

Modeling study has been performed concerning the heat
transfer and fluid flow in the carbon steel re-melting by the
laminar argon plasma jet impinging normally upon the
workpiece located in air surroundings. The results show
that the jet-inlet temperature and velocity, workpiece mov-
ing speed and Marangoni convection affect significantly the
heat transfer and fluid flow in the molten pool and thus
affect its shape and sizes. The effects of the shear stress
caused by the impinging plasma jet are important only at
higher jet-inlet velocities. The effects of natural convection
can be ignored. The predicted results are reasonably consis-
tent with available experimental data.
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