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Modelling of Laminar Plasma Jet  Impinging on a Flatplate 

with Approximate Box Relaxation Method* 
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Abstract Approximate Box Relaxation method was used t'o simulate a plasma jet  flow 

impinging on a flatplate at atmospheric pressure, to achieve a better understanding of the 

characteristics of plasma jet in materials surface treating. The flow fields under differ- 

ent conditions were simulated and analyzed. The distributions of temperature, velocity 

and pressure were obtained by modelling. Computed results indicate that this numerical 

method is suitable for simulation of the flow characteristics of plasma je t :  and is helpful for 

understanding of the mechanism of the plasma-material processing. 

PACS: 52.65, 52.30 

1. Introduction 
Thermal plasma has been widely used in materi- 

als processing since it contains very high energy flux 

density (107-108 W / m 2 ) .  The physical parameters of 

plasma jet such as velocity, temperature and pressure 

distribution etc. play an important role in the mate- 

rial processing. Knowing these characteristics of the 

flow field could bring about favorable improvements 

in controlling the process. However, the very high 

temperature and complex physical and chemical pro- 

cesses would cause a lot of difficulties in the experi- 

mental research on thermal plasma conditions, which 

handicap further development of plasma technologies 

in materials processing [ 1,2]. Thus, numerical simu- 

lation becomes an available and effective method for 
the understanding of plasma processes, along with 

the development of the computer technologies and 

the modeling methods [3-51. 

Numerical simulation of thermal plasma flow has 

been used in three aspects: the modeling of arc inside 

the plasma generator [3,6] , the modeling of plasma 

flow in a finite chamber [7-91 and the modeling of 

plasma jet in the infinite space [3, 4. lo]. Relatively 

fewer papers were involved with plasma jet imping- 

ing on a flatplate . Most of these studies made use of 
the SIMPLE \S,S] algorithm (Patankar 1980) or the 

commercial CFD code such as the PHOENICS 191. 

The Approximate Box Relaxation method [Il l  
(Liu Chaoqun, 1995) is characterized by clear physi- 

cal concept, simple programming and good stability. 
Its main consideration is to satisfy the mass conver- 

sation law in each control volume during iteration. 

This method satisfies the conservation law and can 

be easily used in the multigrid method. 

In this paper The ,4pp~oximate Box Relaxation 
method was used to  simulate the laminar plasma jet 

impinging on a flatplate, in order to  test its appli- 

cability in this area. Distributions of temperature, 

velocity and pressure under different conditions were 

*Supported by the National Katural Science Foundation of China Project No. 59836220, the Key Project of Chinese Academy 
of Sciences KO. KJ951-1-20, and the Institute of Mechanics President's Foundation. 

73 



ZHANG Wen-hong et  al.: Modelling of Laminar Plasma Jet  Impinging on a Flatplate 

obt,ained and analyzed. be accounted for by using an optically thin radiation 

2. Governing equations. 
The time-dependent method was used in this pa- 

per, i e to solve a steady problem with the method 

of solving unsteady one Although this method will 

spend more C P b  time it h a  been used midely be- 

cause of being able to be used in the modelling of 

unsteadj flow on a clear mathematical basis 

The following assumptions wcre made to formu- 

late the transport equations on the laminar plasma 

jet impinging on a Aatplate [13] 
(1) The plasma is in local thermodynamic equilib- 

rium (LTE) at  atmospheric pressure 

(2) The  flow is symmetrical about the torch axis 

loss per unit lolume 

Eased on these assumptions, solutions are sought 

for a set of elliptical partial differential transport 

equations that all have the same form 

Where p is the general variable: r d  the correspond- 

ing diffusion coefficient: and So the source term; U 

and v are the axial and radial velocity components. p 

is the mass density, and 2 and I’ are the distances in 

the axial and radial directions respectively. T h e  dif- 

ferent terms are given in Table 1 with h the specific 

(3) The  temperature velocitj profiles at  the exit enthalpy, p the laminar viscosity The  gas param- 

eters were taken from the work of Maher. Fauchais 

and Pfender [12] 
of the plasma torch are known 

(4) The arc is optically thin so tha t  radiation may 

Table 1 Terms of the Governing Equations 

3. Modelling method 
A VNN 

The  discrete Navier-Stokes equations were derived 

by means of finite volume approach with diffusion 

approximated by central difference and convection 

modeled through hybrid scheme. They were solved 

with the Approximate Box Relaxation method. 

Suppose there are 5 variables u E  ~ U ,  uAv7 z‘, 

and P in a control volume (or called as box) as shown 

in Fig.] ,  we can write 5 different equations in the 

cylindrical coordinates: Fig.1 Staggered grid. 
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B& + pS - pc = S"C, 
br 

(3 )  

(4) 

( 5 )  

SYhere A B-coefficients S--source terms 

There are two steps for the Approximate Box 

Relaxation method 

1.The first step: 

Assume the pressure P to be a constant; Solve 

above equations by means of Gauss-Seidel iteration 

just a few times, so that the velocity U and v basically 

are fit for the above equations. 

2. The second step: 
Adjust all variables U ,  2: and P as follows: 

U E e w  t u p  - &I, 

v y  t 1 p  - 61 
u y =  t u p  + & 2  

v y  t y p  + 52 ( 7 )  1 PZew t PEid + A P  

where, the variables with superscript 'old' present 

the values before adjusting, 'new' representing the 
v-alue after adjusting. 

Replace the corresponding variable of equation 

(2)-(5) with the equation ( 7 ) )  since the variables be- 

fore adjusting basically are fit for equation ( 2 ) - ( 5 ) '  
we can get the equations: 

Solving equation (8): we get the values of 

E Z  61 , 62, Ap.  According to formula (7) 
of the variables are obtained. 

new values 

Redo the above two steps until the iteration 

converges 

4. Calculatioii domain and 
boundary conditions 

The calculation domain is sketched in Fig. 2 and 

the corresponding boundary conditions are given as 

follows: 

............ ............ ............ ............ 
............ ............ ............ 

Fig.2 Calculation domain. 

(a) LValls (include solid torch exit and substrate) 

uw = Z'w = 0. 

Tw = 300 A' 

(b) Axis of symmetry: 

75 



ZHANG Wen-hong et al.: hlodelling of Laminar Plasma Jet Impinging en  a Flatplate 

v = 0  

= 0  
d h  = 0  - aP - = 0  - 

d U  

d r  d r  d r  

(c) Top free boundary: 

- = 0  
d U  d h  

d r  d r  d r  
= 0, - = 0, d( f . r )  

(d) Torch nozzle: 

The  radius of torch nozzle R = 0.005 m .  the radial 

velocity component L 

The axial velocity 

to have been known: 

4.04 
p: b '  Oh5 olt 

Axial distance (m) 
= 0. 

and temperature are assumed 
Fig.3 

constant temperature flatplate. 

Isotherms of nitrogen plasma jet  impinging on a 

uo = 200 m/s  

T ( r )  = (To - T,) 1 1 - ($1 +T, To = 10000 Ii' 

5 .  Computed results 
(1)Temperature and velocity fields: 

Fig.3. Fig.4 and Fig.5 show the simulated results 

of temperature contours: velocity vector field and 

streamlines of the laminar plasma jet  respectively. 

These figures shows that the  diffusing angle of lam- 

inar flow jet  is small and the temperature decreases 

slonly along the d i a l  direction of the plasma jetl  

compared with a turbulent plasma jet  [4,10]. These 

indicate a greatly reduced exchange of heat and mo- 

mentum between laminar flow jet  and surrounding 

atmosphere. The  shape of the high temperature re- 

gion in Fig.3 is similar as the appearance of laminar 
plasma jet in the experiment [14]. This suggests that  

the modeling method here is suitable for the simu- 

lation of the thermal plasma. Moreover, this kind 

of jet conditions is beneficial for increasing the avail- 
able efficiency of heat energy and for improving the 

controlling capability. from the material processing 

point of view. 

(2) The  change of temperature and velocity along 
the centerline for nitrogen and argon: 

h 

3 0 . 0 4 4  :::::::::::: : : : : : : : : ::::::::::I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  m . . . . . . . . . .  

(d . . _  
U 
I D 0  
-4 a 

d . . . . . . . . . .  

. . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  ; 0.02 . . . . . . . . . .  
. . . . .  

#&b . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . . . .  . . . . . . . . . .  -0.02 . . . . . . . . . .  . . . . . . . . . .  
. . . . . . . . . .  

Fig.4 Velocity vector field of nitrogen plasma j e t .  

Axial distance (m) 

Fig.5 Streamlines of nitrogen plasma jet 

The  t,emperature and velocity distributions along 

the centerline for nitrogen and argon plasma jets are 
shown in Fig.6 and Fig.7 respectively. There is an 

evident difference in the temperature distributions 

on the axis: because of the different nature of these 

two gases, even under the same boundary conditions. 
The  temperature of nitrogen plasma jet  decreased 

76 



Plasma Science & Technology,Vol.l,No.l( 1999) 

much more quickly than tha t  of argon in the vicin- 

ity of the torch exit. When the temperature is lower 

than about, 8000K) however, the temperature of ni- 

trogen jet reduced slower than  tha t  of argon je t ,  be- 

cause the nitrogen enthalpy is higher than argon. 

The  temperature of argon plasma jet  decreased to  

values lower than tha t  of nitrogen jet  (Fig.6)) when 

the axial distance is greater than  90". This result 

is in accordance with the  experimental observation 

that the arc jet length of nitrogen plasma is much 

longer than that of argon. The  velocity distributions 

of the two plasma jets are nearly the same (Fig.7), 

except that  the velocity of nitrogen plasma is a lit- 

tle slower than that of argon plasma. These results 

could provide a useful reference for the selection of 

working gas in plasma materials processing. 

5.53. . , . , . , . , . , . , . , 
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.v 

Axial distance (m) 

Fig.6 Temperature profiles of nitrogen and argon 

plasma jet on centerline. 

O J . . , . , .  , . . . , . , . .  I 

Axial distance (m) 
0.00 0.02 0.04 0:06 0.06 0.10 0.12 0.14 

Fig.7 Axial velocity profiles of nitrogen and argon 

plasma jet on centerline. 

( 3 )  Pressure and temperature distribution on the 
substrate surface: Simulation results showed that the 

temperature of jet near the substrate and relative 

pressure on substrate surface distribution of nitro- 

gen and argon plasma are analogical. Fig.8 shows the 

relative pressure distributions of nitrogen plasma at 

different distances between the nozzle and the  sub- 

strate.  The  relative pressure varies mainly in the 

center region. I ts  value at  the stagnation point is 

inversely proportional to the distance L ( see Fig.8).  

Temperature distribut'ion of the nitrogen plasma at 
the cross section l m m  from the substrate is shown 

in Fig.9. The  central temperature decreases with the 

increase of the  nozzle -substrate distance. 

- 5 0 4 . .  . , . , . , . . . I 
4.06 4.04 6.02 0.00 0.02 0.04 0.06 

Radial distance (m) 

Fig.8 Effect of distance on pressure profiles on the sub- 

strate surface. L is the distance between the nozzle and 

substrate. 

6 . Nitronen 

0 ' .  , . , 1 , .  , . , . I  
-0.10 -0.05 0.00 0.05 0.tO 

Radial distance (m) 

Fig.9 Effect of distance on temperature profiles at the 

cross section 1 mm off substrate. L IS the  distance be- 

tween the nozzle and substrate. 
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6. Summary 

The Approximat? Box Relaxation method has 

been used t o  solve the governing equations of the 

plasma flow 1)istrit)utions of temperature veloclt! 

and pressure were obtained by the modelling The 

results indicate that this numerical method is suit- 

able for siriiulating thP flow characteristics of ari arc 

plasma jet  
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