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Abstract When materials processing is conducted in air surroundings by use of an

impinging plasma jet, the ambient air will be entrained into the materials processing

region, resulting in unfavorable oxidation of the feedstock metal particles injected into the

plasma jet and of metallic substrate material. Using a cylindrical solid shield may avoid the

air entrainment if the shield length is suitably selected and this approach has the merit that

expensive vacuum chamber and its pumping system are not needed. Modeling study is thus

conducted to reveal how the length of the cylindrical solid shield affects the ambient air

entrainment when materials processing (spraying, remelting, hardening, etc.) is conducted

by use of a turbulent or laminar argon plasma jet impinging normally upon a flat substrate

in atmospheric air. It is shown that the mass flow rate of the ambient air entrained into the

impinging plasma jet cannot be appreciably reduced unless the cylindrical shield is long

enough. In order to completely avoid the air entrainment, the gap between the downstream-

end section of the cylindrical solid shield and the substrate surface must be carefully

selected, and the suitable size of the gap for the turbulent plasma jet is appreciably larger

than that for the laminar one. The overheating of the solid shield or the substrate could

become a problem for the turbulent case, and thus additional cooling measure may be

needed when the entrainment of ambient air into the turbulent impinging plasma jet is to be

completely avoided.
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Introduction

When materials processing (plasma spraying, remelting, hardening, etc.) is conducted in

atmospheric air surroundings by use of a turbulent or laminar plasma jet impinging nor-

mally upon a substrate (or workpiece), the ambient air will be entrained into the materials

processing region, leading to the oxidation of the metallic particles injected into the plasma

jet and of the metallic substrate material, while the material oxidation is often not desirable

for many cases. According to our previous study [1], for the typical case that the maximum

temperature and velocity at the inlet center of an argon plasma jet are 14,000 K and

1,000 m/s, the distance between the plasma jet inlet and the substrate is 80 mm whereas

the radius of substrate is 50 mm, a large amount of ambient air would be entrained into the

impinging argon plasma jets if no solid or gas shield was employed to prevent the air

entrainment: The maximum mass flow rate of the ambient air entrained into the laminar

impinging plasma jet was shown to be 2.6 times as large as the argon mass flow rate at the

jet inlet, while its turbulent counterpart was even much larger, i.e. the maximum mass flow

rate of the ambient air entrained into the turbulent impinging plasma jet was 18 times as

large as the argon mass flow rate at the jet inlet. Wang et al. [1] also revealed such an

important fact that the existence of the substrate significantly enhanced the maximum mass

flow rate of the entrained ambient air due to the additional contribution to the air

entrainment of the wall jet formed along the substrate surface. For the typical case men-

tioned above, the substrate causes the enhancement of maximum entrained-air mass flow-

rate 5.47 times larger for the laminar impinging plasma jet, while 1.56 times larger for the

turbulent impinging plasma jet in comparison with corresponding free jets (without

accounting for the existence of the substrate) [1]. Such a predicted result is quite different

from that of [2], in which it was claimed that the existence of the substrate would reduce

(instead of increase) the mass flow rate of surrounding gas entrained into the turbulent

plasma jet.

In order to reduce the unfavorable effect of the ambient air entrainment, using a

chamber enclosing the whole material processing region was suggested and studied

numerically [3], but it can only be applied to a fixed small-size substrates and thus is not

applicable to the case where materials processing is continuously conducted by laterally

moving the substrate with respect to the incident plasma jet. Using a shrouding gas and/or

solid shield to screen the plasma jet was proposed and adopted in plasma spraying,

showing appreciable improvement of coating quality [4–8]. In order to better understand

the effectiveness of adding shrouding gas, modeling studies were conducted in [2, 9, 10]. It

is anticipated that although the shrouding gas can affect appreciably the flow of the

ambient air entrained into the upstream region of the main plasma jet and thus the oxi-

dation of metallic particles injected into the plasma jet can be lessened to a certain extent, it

is not too useful to avoid the oxidation of metallic substrate since the shrouding gas cannot

prevent effectively the air entrainment into the wall jet region developed along the sub-

strate surface. Another approach to screen the plasma jet is using a conical hollow metallic

or ceramic shield [2], which is placed co-axially with the plasma jet and actually represents

a conical extension of the anode-nozzle of the plasma torch, as shown schematically in

Fig. 1. A drawback of employing such a conical solid shield is that its inner wall surface

contacts directly with the hot plasma jet and thus an effective cooling measure must be

adopted to prevent the solid shield from overheating. Using a cylindrical solid shield as

shown schematically in Fig. 2 may avoid such an overheating problem at least when the

axial length of solid shield is comparatively short, and thus the present study is concerned

with the case with a cylindrical solid shield. It is expected that if the length of the
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cylindrical shield or the size of the gap between the downstream-end section of the

cylindrical solid shield and the substrate surface (D–E in Fig. 2) is selected suitably, only

the working gas can outflow from the cylindrical solid shield while the ambient air cannot

enter the material processing region. The present paper aims at studying how the length of

the cylindrical solid shield affects the entrainment of ambient air into the impinging plasma

jet and determining the shield size suitable to avoid completely the material oxidation for

both the turbulent and laminar impinging argon plasma jets by using a modeling approach.

Modeling Approach

Almost the same modeling approach as used in [1] is employed in the present study. The

main change is concerned with the employment of the boundary conditions at the lateral

boundary of the impinging plasma jet. Since a cylindrical solid shield is used here and

partially covers the lateral boundary, the solid-wall boundary conditions will be used at
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Fig. 1 Schematic diagraph of the conical shield as studied in [2]
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Fig. 2 Schematic diagraph of the jet system and the computational domain. A–B is the jet inlet or plasma
torch exit, B–C the rear wall of torch, C–D the cylindrical solid shield, D–E the free boundary, E–F the
substrate, whereas A–F is the jet axis

Plasma Chem Plasma Process (2008) 28:85–105 87

123



the solid shield surface (C–D in Fig. 2), whereas the free boundary conditions are still

used for other part of the lateral boundary not being covered by the shield (D–E in

Fig. 2), in order to reveal the effects of the cylindrical solid shield on the impinging

plasma jet characteristics, especially on the entrainment of ambient air into the impinging

argon plasma jets.

The main assumptions employed in this study include (i) argon is used as the working

gas to generate the plasma jet; (ii) the flow is subsonic, steady and axi-symmetrical; (iii)

the plasma is in the local thermodynamic equilibrium (LTE) state and optically thin to

radiation; (iv) the swirling velocity component is negligible; and (v) the diffusion of the

surrounding air into the argon plasma jet, if any, can be handled using the turbulence-

enhanced combined-diffusion-coefficient method [11] for the turbulent case and using the

combined-diffusion-coefficient method [12, 13] for the laminar case.

Based on the foregoing assumptions, the conservation equations for mass, momentum,

energy, species, turbulent kinetic energy and its dissipation rate can be written for the

turbulent plasma jet case as follows [1, 11, 14]:
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All the physical quantities appearing in those equations are their time-averaged values; u
and v are the axial (x-) and radial (r-) velocity components; p the pressure; fA the mass

fraction of argon in the argon–air mixture; K and e are the turbulent kinetic energy and its

dissipation rate; q, h, l, k, cp and Ur are the temperature- and composition-dependent
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plasma density, specific enthalpy, molecular viscosity, thermal conductivity, specific heat

at constant pressure and radiation power per unit volume of plasma, respectively. In Eq. 4,

the last three terms represent the pressure work and viscous dissipation, which can be

neglected only at low Mach numbers (e.g. for Ma \ 0.3); all the terms containing (hA -

hB) represent the contribution of species diffusion to the energy transport [11, 14], where

hA and hB are the temperature-dependent specific enthalpies of gases A (argon) and B (air),

respectively; Jx and Jr are the axial and radial components of the following argon (species

A) diffusion mass flux vector [1, 11–15]

JA ¼ �
lT
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rfA � n2=q

� �
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x
ABrXA � D

T
ABr ln T ð8Þ

in which the first term on the right-hand side is the turbulent diffusion term [11], n is the

total gas-particle number density, mA and mB are the averaged gas-particle masses for all

the heavy particles (excluding electrons) coming from argon (i.e. species A) and those

from air (i.e. species B), XA is the molar fraction of argon in the argon–air mixture, whereas

D
x
AB and D

T
AB are the combined ordinary diffusion coefficient associated with the argon

mole-fraction gradient, rXA, and the combined thermal diffusion coefficient associated

with the temperature gradient, rT, respectively [12, 13]. The molecular transport coeffi-

cient Cf in the species conservation equation (5) can be expressed as

Cf ¼ ½mAmB=ðMMAÞ�qD
x
AB; in which M and MA 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 [12]. The source term Sf in Eq. 5 can be expressed as [1,

11, 14, 15]
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lT is the turbulent viscosity and is calculated by lT ¼ ClqK2=e when the K-e two-equation

turbulence model is employed. Cl, C1, C2, rh, rf, rK and re are constants in the turbulence

model, and in this study they are taken to be their commonly adopted values, i.e. 0.09, 1.44,

1.92, 0.9, 1.0, 1.0 and 1.3, respectively.

On the other hand, for the study of the characteristics of laminar argon plasma jets

impinging normally upon a flat substrate located in ambient air, Eqs. 1–5 are still be

employed but all the turbulent transport terms are deleted by setting lT = 0. Namely,

(lT + l) in Eqs. 2 and 3 is substituted by l, ½ðlT=rhÞ þ ðk=cpÞ� in Eq. 4 is substituted by k/

cp, and ½ðlT=rf Þ þ Cf � in Eq. 5 is substituted by Cf : Equations 6 and 7 are not used for the

laminar case.

The computational domain used in the modeling is denoted as A-B-C-D-E-F-A in

Fig. 2. A–B is the plasma jet inlet and the jet-inlet radius is taken to be 4 mm. C–D

represents the cylindrical solid shield used to reduce ambient air entrainment, and its axial

size (LS) can be changed in this study to reveal the effects of solid-shield size on the air

entrainment. D–E is the lateral free boundary of the impinging plasma jet. E–F is the flat
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substrate impinged by the plasma jet, and the radial size (EF or AC) of the computational

domain is taken at first to be 50 mm, corresponding to typical conditions of plasma

materials processing. The axial size (CE or AF) will be called the substrate standoff

distance and denoted by L hereafter.

The boundary conditions used in the present study are as follows:

(i) At the jet inlet (A–B in Fig. 2): v = 0, fA = 1.0, and the following radial profiles of

axial velocity and plasma temperature are used:

u ¼ U0½1� r=Rð Þ1:4�; T ¼ T0 � Twð Þ½1� r=Rð Þ2:3� þ Tw ð11Þ

in which R is the radius of the jet inlet (4 mm), Tw is the inner wall temperature of plasma

torch and taken to be Tw = 1,000 K, whereas U0 and T0 are the maximum axial velocity

and temperature at jet-inlet center (U0 will be called the jet-inlet velocity and T0 the jet-

inlet temperature hereafter), respectively. For the turbulent cases, K = 0.00005 9 uin
2 and

e = K3/2/LT are used at the jet inlet section A–B, where LT = 0.075d0.1/Cl
3/4 and d0.1 is the

jet width defined by the radial distance at which the axial velocity reduces to u = 0.1 9 U0

[11, 16]. The jet-inlet axial-velocity and temperature profiles (11) were employed in a few

previous studies [11, 16] and were shown to be able to predict plasma temperature, velocity

and species concentration fields in reasonable agreement with corresponding experimental

data [16, 17] for a typical turbulent argon plasma jet (U0 = 1,092 m/s and T0 = 12,913 K)

issuing into the ambient air. For facilitating the comparison of turbulent and laminar

plasma jet characteristics, the same jet-inlet velocity and temperature profiles are used in

this study for both the laminar and turbulent plasma jets, as in [1, 14].

(ii) At the rear wall surface B–C of the plasma torch, for the laminar case, u = v = 0 and

zero diffusion flux are employed, and the wall temperature is assumed to vary in the

radial direction according to the relation T ¼ 1000� 500 � ½lnðr=RÞ=lnðRout=RÞ�; in

which R and Rout are the inner-radius and outer-radius of the plasma torch wall. For

the turbulent jet case, wall function method is used to treat the B–C boundary

conditions.

(iii) Along the lateral boundary C–E, the following conditions are employed: For the case

with x B LS (LS is the axial length of the cylindrical solid shield), i.e. at the inner

surface of the cylindrical solid shield (C–D), u = v = 0, zero diffusion flux and the

constant wall temperature condition

T ¼ Tw;sh ¼ 500 K ð12aÞ

are used for the laminar case, and the wall function method is adopted for the turbulent

case. On the other hand, for the case with x [ LS, i.e. at the lateral free boundary D–E, the

following boundary conditions are employed:

ou=or ¼ 0; o qrvð Þ=or ¼ 0

and

if v\0 : T ¼ 300 K; fA ¼ 0; K ¼ 0; e ¼ 0 ð12bÞ

if v [ 0 : oh=or ¼ 0; ofA=or ¼ 0; oK=or ¼ 0; oe=or ¼ 0

(iv) At the substrate surface E–F, for the laminar impinging plasma jet case, u = v = 0

and zero diffusion flux are employed and the wall temperature is assumed to be

500 K. For the turbulent jet case, the wall function method is also used.
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(v) Along the jet axis A–F, the following axisymmetrical conditions are employed:

o/=or ¼ 0 / ¼ u; h; fA;K; eð Þ; v ¼ 0 ð13Þ

The SIMPLER algorithm [18] is used to solve the governing equations (1)–(7) asso-

ciated with correspondent boundary conditions to obtain the velocities, specific enthalpy,

argon mass fraction and turbulent parameter (for turbulent case) fields in the impinging

plasma jets. In the SIMPLER algorithm, the control volume and finite difference methods

are employed; the combined convection–diffusion terms are discretised using the power-

law scheme formulated based on the exact solution of the one-dimensional convection–

diffusion equation; the source terms are discretised using the central difference scheme;

and under-relaxation factors are employed in the iterative solution processes [18]. After the

convergent results of the specific enthalpy and argon mass fraction distributions have been

obtained, the temperature field in the plasma jets can be easily calculated using the argon-

air plasma property tables compiled for different temperatures (300–30,000 K with interval

100 K) and for different argon mass fractions at atmospheric pressure [13]. The grid points

employed in the computation are 180 (x-) 9 78 (r-direction). Non-uniform mesh is

adopted with finer mesh spacing near the plate surface, the jet inlet and the jet axis. A

special numerical test shows that mesh-independent results have been obtained using the

180 9 78 mesh.

Results and Discussion

Typical computed results are presented in Figs. 3–13 concerning the effects of the

extension length of cylindrical solid shield (LS) on the characteristics of the turbulent and

laminar argon plasma jets impinging normally upon the flat substrate in atmospheric air for

the case with substrate standoff distance L = 100 mm, the jet-inlet velocity U0 = 1000 m/s

and the jet-inlet temperature T0 = 14,000 K. For this typical case, the Mach number at the

jet-inlet center is 0.456, whereas the argon mass flow rate and the plasma jet power are

1.087 9 10-3 kg/s and 8.12 kW (the estimated torch input power is thus about 16–

24 kW), respectively.

Figure 3(a–c) compares the computed isolines of plasma temperature, axial velocity and

argon mass-fraction, respectively, in the turbulent impinging plasma jets without the solid

shield (lower semi-planes) and with a cylindrical solid shield of extension length LS =

40 mm (upper semi-planes). Corresponding comparisons are shown in Fig. 4(a–c) for

their laminar counterparts. Figures 3 and 4 show that the axial decaying-rates of plasma

temperature, axial velocity and argon mass fraction in the turbulent impinging plasma jets

(Fig. 3) are much larger than their laminar counterparts (Fig. 4), because the turbulent

transport mechanism dominant in the turbulent jets is much more effective than the

molecular transport mechanism in the laminar jet [1, 14]. It is also seen from Figs. 3 and 4

that the isoline distributions in the upper semi-planes are almost the same as those in the

lower semi-planes for both the turbulent and laminar impinging plasma jets. This fact

implies that when the extension length of cylindrical solid shield is comparatively short

(e.g. for the case with shield length LS = 40 mm shown in the upper semi-planes of Figs. 3

and 4), the plasma parameter distributions (isotherms, isovels and fA isolines) within the

turbulent or laminar impinging plasma jets are almost not influenced by the existence of

the cylindrical solid shield or the cylindrical shield with length LS = 40 mm cannot reduce

the entrainment of ambient air into the plasma jets.
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It is expected that with the increase of the extension length LS of the cylindrical solid

shield, the effect of the solid shield on the characteristics of the impinging plasma jets may

become somewhat more appreciable. The computed results presented in Figs. 5–8 indeed

demonstrate this expectation. Figure 5(a–d) shows the variation with the shield length LS

of the computed streamlines in the turbulent impinging plasma jets. The extension lengths

of the cylindrical solid shield are taken to be LS = 0, 20, 40, 60, 80, 90 and 95 mm,

respectively. It is seen clearly from Fig. 5 that with the increase of the shield length LS,

marked change appears in the flow pattern within the region covered by the cylindrical

solid shield: When the solid shield is employed (LS C 20 mm), a toroidal recirculation

vortex appears near the corner between the shield wall and the torch rear-wall, whereas the

axial size of the recirculation vortex appearing in the flow field lengthens with the increase

of the shield length. It is noted that near the downstream end of the cylindrical solid shield,

the cold ambient air entrained into the region inside the cylindrical solid shield at first

flows towards the frontal part of the plasma jet (with axial velocity u \ 0) and then

changes its flow direction to u[0 and co-flows with the main jet towards the substrate. An

exciting result is that the total mass flow rate of the ambient air entrained into the turbulent
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Fig. 3 Comparison of the computed isolines of temperature (a), axial velocity (b) and argon mass fraction
(c) in the turbulent impinging plasma jet for the case with a cylindrical solid shield of 40 mm length (upper
semi-planes) to those without shield (lower semi-planes)
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impinging plasma jet is less influenced by the shield length LS in the range of LS = 0–

70 mm (the substrate standoff distance is fixed to be L = 100 mm), as demonstrated by

counting the numbers of the streamlines with mass flow-rate interval 4 9 10-4 kg/s per

radian. After the shield length LS is C80 mm, the mass flow rate of the ambient air

entrained into the turbulent impinging plasma jet decreases with increasing shield length,

and the flow pattern changes to the form with only one large recirculation vortex when LS

is C90 mm. For the case with LS = 95 mm, no ambient air can enter into the turbulent

impinging plasma jet and all the working gas coming from the plasma jet inlet outflows

radially from gap between the downstream-end section of cylindrical solid shield and the

substrate surface, and the computed streamlines and isotherms for this case are shown in

the upper and lower semi-planes of Fig. 5(d). Figure 6(a–c) compares the variations of the

computed plasma temperature, axial velocity and argon mass fraction along the axis of the

turbulent impinging plasma jet for different shield lengths. It is shown that when LS \
95 mm, the plasma temperature, axial velocity and argon mass fraction at the jet axis

decrease monotonically with increasing axial distance from the jet inlet. The axial profiles

of the plasma temperature, axial velocity and argon mass fraction are less influenced by the

shield lengths if the shield lengths are less than about 80 mm since corresponding mass

1000

1000

10000

x (mm)

r 
(m

m
)

0 20 40 60 80 100
20

10

0

10

20

Ls=40mm

Ls= 0mm

100

100

600

x (mm)

r 
(m

m
)

0 20 40 60 80 100
20

10

0

10

20

Ls=40mm

Ls= 0mm

(a) (b)

0.1

0.1

0.9

x (mm)

r 
(m

m
)

0 20 40 60 80
20

10

0

10

20

Ls=40mm

Ls= 0mm

100

(c)

Fig. 4 Comparison of the computed isolines of temperature (a), axial velocity (b) and argon mass fraction
(c) in the laminar impinging plasma jet for the case with a cylindrical solid shield of 40 mm length (upper
semi-planes) to those without shield (lower semi-planes)
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flow rates of entrained ambient air are less influenced by the shield length, as shown in

Fig. 5(a–c). When the shield length increases to 90 mm, Fig. 6(a–c) shows that the axial

decaying-rates of the plasma temperature, axial velocity and argon mass fraction somewhat

decreases due to that less ambient air is entrained into the turbulent impinging plasma jet,

as seen in Fig. 5(c). On the other hand, when the extension length of the cylindrical solid

shield increases to 95 mm (noting that the substrate standoff distance is L = 100 mm and

thus the width of the gap between the downstream-end section of cylindrical solid shield

and the substrate surface is 5 mm), Fig. 6(c) shows that the argon mass fractions are 1.0

everywhere, demonstrating that no ambient air is entrained into the turbulent impinging

plasma jet. Even for this case with LS = 95 mm (or LS/L = 0.95), the plasma temperature at

the jet axis still decreases with increasing axial distance due to the existence of heat

transfer between the plasma flow and the colder constricted walls (including the substrate

and the solid shield), but with appreciably reduced axial decaying-rate due to nonexistence

of the cold air entrainment. Those results are consistent with our guess deduced from the

computed streamlines shown in Fig. 5(a–d). Although creating a gap of 5 mm between the

downstream-end section of cylindrical solid shield and the substrate surface is not difficult

in practice and thus employing a cylindrical solid shield with the gap (L - LS) = 5 mm to
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Fig. 5 Comparison of the computed streamlines in the turbulent impinging plasma jet for the cases with
shield lengths LS = 0 mm (lower semi-plane in a), 20 mm (upper semi-plane in a), 40 mm (lower semi-
plane in b), 60 mm (upper semi-plane in b), 80 mm (lower semi-plane in c), 90 mm (upper semi-plane in c)
and 95 mm (upper semi-plane in d). Lower semi-plane in d is the computed isotherms for LS = 95 mm.
Stream line interval is 4 9 10-4 kg/s per radian
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avoid completely the air entrainment and substrate oxidation is feasible in the turbulent

plasma materials processing, one has to consider the overheating problem of the solid

shield as shown later on. It is because that when the gap (L - LS) decreases to 5 mm, the

solid shield will be heated directly by the recirculating high temperature argon due to the

dramatic change of the flow pattern (as seen in Fig. 5(d)); while the solid shield can be

effectively protected from overheating by the entrained cold ambient air if the gap (L -

LS) is C10 mm. Another problem maybe also encountered is the overheating of the

substrate, since the plasma temperature at the outer edge of the thermal boundary layer on

the substrate is comparatively high and thus the heat flux to the substrate is also com-

paratively large for the case with LS = 95 mm as seen in Fig. 6(a). It is well known that for

fixed substrate thickness and standoff distance as well as fixed jet inlet conditions, the

magnitude and distribution of the substrate temperature are controlled by the substrate

moving speed and the external cooling condition at the back face of the substrate. Hence,

substrate moving speed and external cooling should be somewhat enhanced to maintain a

desirable lower substrate temperature at the higher plasma-substrate heat flux for

LS = 95 mm.
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Corresponding modeling results are presented in Figs. 7 and 8 about the effects of

different solid shield lengths on the characteristics of the laminar impinging plasma jets for

the case U0 = 1,000 m/s, T0 = 14,000 K and L = 100 mm. Figure 7(a–d) shows the var-

iation with the shield length LS of the computed streamlines in the laminar impinging

plasma jets. The shield lengths are taken to be LS = 0, 20, 40, 60, 80, 90 and 99 mm,

respectively, for the present laminar case. It is seen that totally the flow patterns for the

laminar impinging jet are similar to those shown in Fig. 5 for the turbulent case, and the

difference is only due to much less entrainment rate being involved in the laminar

impinging plasma jet [1, 14]. It is noted that the total mass flow rate of the ambient air

entrained into the laminar impinging plasma jet is less influenced by the shield length LS in

the range of LS = 0–90 mm. However, when the shield length increases to 99 mm (or LS/

L = 0.99), a quite different flow pattern appears, i.e. ambient air cannot enter into the

laminar impinging plasma jet and all the working gas coming from the plasma jet inlet

outflows radially from the gap between the downstream-end section of cylindrical solid

shield and the substrate surface, and the computed streamlines and isotherms for this case

are shown in the upper and lower semi-planes of Fig. 7(d). For LS = 99 mm, there also
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Fig. 7 Comparison of the computed streamlines in the laminar impinging plasma jet for the cases with
shield length LS = 0 mm (lower semi-plane in a), 20 mm (upper semi-plane in a), 40 mm (lower semi-plane
in b), 60 mm (upper semi-plane in b), 80 mm (lower semi-plane in c), 90 mm (upper semi-plane in c) and
99 mm (upper semi-plane in d). Lower semi-plane in d is the computed isotherms for LS = 99 mm. Stream
line interval is 2 9 10-5 kg/s per radian
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exists a very large closed gas recirculation vortex in the flow field. Figure 8(a–c) compares

the computed variation of the plasma temperature, axial velocity and argon mass fraction

along the axis of the laminar impinging plasma jet for different extension lengths of the

cylindrical solid shield. It is shown that the plasma temperature, axial velocity and argon

mass fraction at the jet axis also decrease monotonically with increasing axial distance

from the jet inlet, but with appreciably smaller decaying-rates than their turbulent coun-

terparts shown in Fig. 6(a–c) due to that molecular transport in the laminar plasma jet is

much less efficient than the turbulent transport dominant in the turbulent plasma jet. The

axial profiles are less influenced by the shield lengths for the laminar impinging plasma jet

if the lengths are less than about 90 mm. When the extension length LS of the cylindrical

solid shield increases to 99 mm (for substrate standoff distance L = 100 mm), Fig. 8(c)

shows that the argon mass fractions are 1.0 everywhere, demonstrating that indeed no

ambient air is entrained into the laminar impinging plasma jet for this case. Even for such a

case (LS = 99 mm) without air entrainment, the plasma temperature at the jet axis still

decreases with increasing axial distance also due to the existence of heat transfer between

the plasma flow and the colder constricted walls, but the axial decaying-rate of plasma

temperature is appreciably less than the case with LS B 90 mm due to nonexistence of air

entrainment for the case with LS = 99 mm. These results are also consistent with our guess
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Fig. 8 Comparison of the computed variation of plasma temperature (a), axial velocity (b) and argon mass
fraction (c) along the axis of the laminar impinging plasma jet for the cases with shield lengths LS = 0, 90
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deduced from the computed streamlines shown in Fig. 7(a–d). Since keeping a constant

gap between the downstream-end section of cylindrical solid shield and the substrate

surface as small as 1 mm is not convenient technologically when the substrate is contin-

uously moving laterally, it is better to use a somewhat larger gap but employ an additional

measure, e.g. adding a shrouding gas axially injected from the rear end of the cylindrical

solid shield, to avoid the air entrainment and substrate oxidation in the laminar plasma

materials processing.

From their intuitive judgment, researchers often consider that employing a cylindrical

solid shield can always reduce the mass flow rate of ambient air entrained into the

impinging plasma jets. However, the computed results presented in Figs. 5–8 for the

turbulent and laminar impinging plasma jets demonstrate that the cylindrical solid shield

cannot reduce appreciably the ambient air entrainment if the solid shield length is not long

enough. For example, for the case with substrate standoff distance L = 100 mm, the

cylindrical solid shield cannot appreciably reduce the ambient air entrainment if the shield

length LS \*70 mm for the turbulent impinging plasma jet or if LS \*90 mm for the

laminar impinging plasma jet. In order to reveal this fact more clearly, Fig. 9(a) compares

the axial variations of the net increase of axial mass flux in the turbulent impinging plasma

jets calculated by

Fe ¼ F � F0 ¼ 2p
Z Rout

0

qur dr � 2p
Z R

0

qur dr

� �
inlet

ð14Þ

for different shield lengths. Here ð2p
R R

0
qur drÞinlet is the argon mass flow rate at the jet

inlet and thus Fe expresses the net increase of the axial mass flux of the impinging jet at

the section with axial distance x after subtracting the mass flow rate at the jet inlet (F0)

from the total axial mass flux (F) at the same x section. Figure 9(a) shows that for the

case without the solid shield, initially the net increase of axial mass flux, Fe, in the

turbulent impinging plasma jet increases monotonously with increasing axial distance but

rapidly decreases in the near-substrate region since the substrate forces the jet change its

flow direction from axial to radial direction. Fe even takes a negative value at the

substrate surface, representing that all the gas including that coming from the jet inlet

radially leaves the computational domain. The maximum value of the net increase of

axial mass flux Fe appears at the section about 12 mm ahead from the substrate surface.

It is interesting to note that the axial distance at which the net increase of axial mass flux

(Fe) begin to assume rising values is just corresponding to the shield lengths when LS B

80 mm. For example, for the shield length equaling to 40 mm, corresponding axial

distance at which Fe begins to rise is also 40 mm. However, such a computed result does

not mean that no ambient air is entrained into the upstream region (with axial distance

less than 40 mm) of the turbulent plasma main-jet when the shield length LS = 40 mm.

In fact, the mass flow rates of the ambient air entrained into the main jet region with

shield length LS = 40 mm is almost equal to that for the case without the solid shield

(i.e. LS = 0 mm), as mentioned above. The reason is that a part of cold ambient air

entrained into the impinging jet for LS = 40 mm at first flows toward the frontal part of

the plasma jet (axial velocity u \ 0) and then changes its flow direction to u [ 0 and

co-flows with the main jet toward the substrate, resulting in that the net increase of axial

mass flux calculated by Eq. 14 assumes zero value until the axial distance increases to

40 mm. Only when the shield length increases to 95 mm, no cold ambient air can be

entrained into the plasma jet, and thus the substrate oxidation can be avoided. In order to

reveal the effects of the shield length on the air entrainment into the main jet region,
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Fig. 9(b) shows the axial variation of the net increase in the axial mass flux of main jet

(Fe,main jet) calculated by

Fe;main jet ¼ Fmain jet � F0 ¼ 2p
Z Ru¼0

0

qur dr

� �
u [ 0

� 2p
Z R

0

qur dr

� �
inlet

ð15Þ

Namely, the net increase in the axial mass flux of main jet (Fe,main jet) is obtained after the

axial mass flux at the jet inlet (F0) is subtracted from the total axial mass flux of the main

jet (Fmain jet). Here the total axial mass flux of the main jet, Fmain jet ¼
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Fig. 9 Comparison of the computed variation with the axial distance of the net increase of axial mass fluxes
in the turbulent impinging plasma jet (a) and in the main jet region (b) for the cases with shield lengths
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Plasma Chem Plasma Process (2008) 28:85–105 99

123



ð2p
R Ru¼0

0
qur drÞu [ 0; is calculated by integrating 2p q ur from r = 0 to such a radial

position Ru=0 where axial velocity reduces to u = 0 (i.e. u begins to change from u [ 0 to

u \ 0). It is seen from Fig. 9(b) that the net increase of axial mass flux of main jet is less

influenced by the shield length in the upstream region for LS B 80 mm.

Corresponding calculated results are shown in Fig. 10 for the laminar impinging plasma

jet. Figure 10(a) shows that the axial distance at which the net increase of axial mass flux

of the laminar impinging plasma jet calculated by Eq. 14 begins to rise also corresponds to

the shield length when LS B 80 mm and assumes its maximum value at the section about

2 mm from the substrate surface. When the shield length increases to about 99 mm (i.e. the

gap between the downstream-end section of cylindrical solid shield and the substrate

decreases to 1 mm), Fig. 10(a) shows that no cold ambient air can be entrained into the jet
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region, as also seen in Fig. 7(d), and the gas entrainment of the main jet and wall jet is

completely provided by the gas flowing in the large closed recirculation vortex. Fig-

ure 10(b) demonstrates that the net increase of axial mass flux of the main jet region

calculated by Eq. 15 is less influenced by the shield length for LS B 90 mm.

It is anticipated that if the ambient air can be entrained into the impinging plasma jet

(e.g. when the solid shield length LS B 90 mm), the overheating of the inner surface of the

cylindrical solid shield is not a serious problem since the solid shield is protected by the

entrained cold air. However, when the gap between the downstream-end section of

cylindrical solid shield and the substrate surface decreases to such a value that no ambient

air can be entrained (e.g. as LS = 95 mm for the turbulent impinging plasma jet or LS =

99 mm for the laminar impinging plasma jet), overheating of the solid shield may happen

since the gas flowing in the large closed recirculation vortex will be the high-temperature

argon for this case. Hence, additional computation is conducted to reveal whether the solid

shield material (e.g. graphite) can endure the heating of the high-temperature recirculation

gas. For this purpose the following heat transfer boundary condition

� k
oT

or

� �� �
w;sh

þeqr ¼ kD
Twi � Twoð Þ

D
¼ a Two � Tað Þ ð16Þ

is employed to substitute the constant wall temperature condition (12a) at the solid shield.

In Eq. 16 qr is the local radiative heat flux incident upon the inner wall of the solid shield

from the plasma jet and calculated by integrating the contribution of radiation heat transfer

from the plasma in all elementary control volumes of the computational domain using the

method suggested in [19]; e is the absorptivity of the graphite wall and taken to be 0.5 [20];

k the gas thermal-conductivity; Twi and Two the temperatures of the inner and outer surfaces

of the solid shield, kD the thermal conductivity of the shield material (20 W/(m�K) is taken

in this study for graphite), D the thickness of the shield wall (2 mm), Ta the temperature of

ambient air (300 K), whereas a is the convective heat transfer coefficient. Natural con-

vection is assumed between the outer surface of solid shield and the ambient air, and a is

calculated by the heat transfer correlation for a vertical cylinder listed in heat transfer

textbooks (e.g. [21]). Calculated results show that the temperature difference between the

inner and outer surfaces of the solid shield is as small as few degrees for the same axial

location. The computed axial variation of inner-surface temperatures of the graphite shield

wall using the convective heat transfer boundary condition (16) is shown in Fig. 11 for the

case with T0 = 14,000 K, U0 = 1,000 m/s and L = 100 mm. In this figure the continuous

line represents the case for the turbulent impinging plasma jet with shield length LS =

95 mm, while the dashed line is for the laminar impinging plasma jet with LS = 99 mm. It

is seen that the highest graphite shield temperature may be as high as 3,170 K for the

turbulent impinging plasma jet, while its laminar counterpart is lower than 1,300 K. The

highest graphite wall temperature 3,170 K is lower than the melting temperature of

graphite (*3,770 K) but appreciably higher than the temperature that graphite begins to

oxidize and even to sublimate (*2,370 K) [22]. It seems that the graphite shield can

endure the heating of impinging plasma jets, but using an additional measure (e.g. using a

gas flow) to cool the shield wall is desired to reduce the sublimation loss of graphite shield

and reduce the oxidation reaction at the outer wall of graphite shield. The computed axial

variation of shield wall temperature shown in Fig. 11 for the case of laminar impinging

plasma jet with LS = 99 mm (dashed line) assumes a steep change at the axial location of

x = 7.5 mm. This phenomenon is related to the appearance of a small vortex at the lateral-

frontal corner in the computed flow field plotted in the upper semi-plane of Fig. 12. When
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the boundary condition for the energy equation is changed from the constant wall tem-

perature condition (12a) to the convective heat transfer condition (16), the flow field of

laminar impinging plasma jet also changes from that shown in the upper semi-plane of

Fig. 7(d) to that shown in the upper semi-plane of Fig. 12. The computed isotherms also

somewhat change from those shown in the lower semi-plane of Fig. 7(d) to those shown in

the lower semi-plane of Fig. 12.

All the calculated results presented in Figs. 3–12 are for the case with the radial size of

the solid shield (EF or AC in Fig. 2) being 50 mm. Additional computed results for the

radial sizes 40 mm and 60 mm are presented in Fig. 13 for both the turbulent (a) and

laminar (b) impinging plasma jets (with LS = 80 mm and L = 100 mm) to compare with

those for the solid shield radius 50 mm (shown in the lower semi-planes of Figs. 5(c) and

7(c)) and to show the effect of the shield radius on the flow patterns. As expected, different

solid shield radii affect obviously the mass flow rate of the air entrained into the wall jet
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region due to the change in the radial size of wall jet and affect the streamlines in the

recirculation region outside the main jet, but the flow fields and thus the temperature and

concentration distributions in the main jet and wall jet regions are less influenced.

Gas mixtures, such as Ar–H2, N2–H2 etc. instead of pure argon, are often used as the

working gas in plasma materials processing due to their higher specific enthalpy and

thermal conductivity. Unfortunately, so far the species diffusion in the Ar–H2–air or

N2–H2–air system cannot be treated as accurately as for the Ar-air system, since Murphy’s

combined-diffusion-coefficient method [12, 13] cannot be simply employed for the

Ar–H2–air or N2–H2–air system. The modeling study involving Ar–H2–air or N2–H2–air

mixture must wait for the availability of an effective treatment method of the diffusion in

the complex gas mixture. However, it is expected that the effects of cylindrical solid
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shields on the flow patterns for the Ar–H2–air or N2–H2–air system are similar to those for

the Ar–air system.

Conclusions

Modeling study is conducted to show how the length of the cylindrical solid shield affects

the air entrainment into the turbulent and laminar impinging argon plasma jets. It has been

shown that in order to avoid the unfavorable effect of ambient air entrainment in the

materials processing by use of a turbulent or laminar impinging plasma jet, the gap

between the downstream-end section of the cylindrical shield and the substrate surface

must be narrow enough and should be carefully chosen, since shorter solid shield cannot

reduce appreciably the ambient air entrainment. Employing a cylindrical graphite shield is

feasible for the turbulent impinging plasma case but attention should be paid to reduce the

oxidation and sublimation loss of graphite shield wall. On the other hand, since the pre-

dicted gap size is too small for the case of laminar impinging plasma jet, an additional

measure (e.g. using a shrouding gas) may be needed to avoid completely the unfavorable

effect of ambient air entrainment.
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