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Abstract By using steady and transient methods, the total heat fluxes and the distributions 

of the heat flux were measured experimentally for an argon DC laminar plasma jet impinging 

normally on a flat plate at atmospheric pressure. Results show that the total heat fluxes measured 

with a steady method are a little bit higher than those with a transient method. Numerical 

simulation work was executed to compare with the experimental results. 

PACS: 52.65, 52.30 

1 Introduction 

Thermal plasmas of very high-energy intensity can 
provide special conditions for materials processing. 
It can be used to promote the surface capabilities, 
such as wear resistance, heat resistance and erosion 
resistance etc. Heat flux, as an important parameter 
of jet-surface interaction, plays an important role in 
materials processing and could determine the scope 
of application of the plasma jet .  DC laminar plasma 
jets with good flow stability were generated at  at- 
mospheric pressure with a specially designed torch 
[l], and preliminary analysis on the flow field indi- 
cates that the low temperature gradient along the jet 
axis could enhance the controllability of processing 
on material surface. But so far the systematic re- 
search on the flow field of laminar plasma jets and 
interactions between laminar plasma jets and mate- 
rials has been seldom done. 

In order to  reveal the feasibility and advantages 
of the laminar plasma jet for processing on material 

surface, the total heat fluxes for a DC arc laminar 

plasma jet impinging on a flat plate are measured 
with a steady method, and the heat flux distribu- 
tions on the plate surface are measured with a tran- 
sient method in this work. The measured results are 
compared with corresponding modeling results. 

2. Methods for measuring the 
heat flux 

2.1 Methods 

There are many methods to  measure the heat flux 
[2-51 according to the different purposes and differ- 
ent conditions. For the high heat-flux measurement, 
both steady-state and transient methods have been 

used. 

2.1.1 Steady method 

A water-cooled flat plate of 120 mm in diameter 
was used to obtain total heat fluxes by measuring 
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the temperature rise and flow rate of the cooling wa- 
ter. By using the equation W = C,QAT the total 

heat, flux W can be easily obtained, where C, is the 
heat, capacity of water, Q and AT are the flow rate 
and the temperature rise of the cooling water respec- 
tively. Since the plate receives heat over a large area, 
the heat flux distribution can not be measured. 

- 

2.1.2 Transient method 

In a transient method, a small or thin-wall sen- 
sor of high thermal conductivity is usually used as a 

heat flux probe, which has the feature of simplicity 
in its structure and high sensitivity. The transient 
method has often been used to  measure the distribu- 
tion of the heat flux. 

A schematic diagram of the transient method is 
shown in Fig. 1. A 1 mm diameter and 1 mm length 
copper slug was embedded in the flat surface: and 
insulated thermally with ZrOz powder on its sides 
and back. A pair of copper-constantan thermocou- 
ple wires of 0.1 m m  in diameter was welded onto 
the rear surface of the slug. A data-collecting sys- 
tem with a response speed of lOOO/s was used to 
obtain the probe temperature variation during the 
plate sweeping across the jet a t  a velocity of about 
0.1 m/s. The input power to generate plasma jets 

was 8 kW. The working gas was argon at  a feeding 
rate of 130 cm3/s. 

Fig 

moving T direction 

plasma torch 
,rrminlr 

thermocouple 

insulator 

.1 A schematic diagram of the transient method. 

Fig. 2 shows a temperature response curve when 
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the plate was put about 20 m m  ahead of the laminar 
plasma torch, Fast Fourier Ttansformation (FF'T) 
was performed to filtrate the noise signals and thus 
can get a smoothed output curve. By differenti- 
ating the temperature with respect to  time in the 
smoothed curve and using the following equation, we 
can get the heat flux distribution q :  

where b is tjhe length of the slug, p and C, are the 
density and heat capacity of the slug material, dT 
is the temperature rise within the time dr. Due 
to the high thermal conductivity of copper (k=398 
W/(m.K)):  the low thermal conductivity of ZrOz 
(k=1.68 W/(m.K)) and the small length of the slug, 
the measured heat flux distribution could be approx- 
imately correspondent to that on the front surface of 
the plate. 
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Fig.2 

smoothed curve. 

The temperature-response curve and the FFT- 

2.2 Results 

Fig. 3 plots the distributions of the measured 
heat fluxes derived from Eq.( 1) at  different axial dis- 
tances. It is found that the maximum value of the 
heat flux decreases with the increase in axial distance 
of the plate. 'The distribution curves do not expand 
too much in the radial direction with the increase 
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in the distance. This fact demonstrates that the jet 
diameter almost keeps the same along the jet axis. 
The radial distribution of the heat flux is approxi- 
mately symmetrical about the jet axis, by which the 
symmetry of the laminar plasma jet about the axis 
could be demonstrated. The pulsation of the flow on 
the slug surface could lead to a little fluctuation of 

the heat flux at locations far from the central region. 
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wg 6 . 0 ~ 1 0 ~  
2 

0.0 
-1 0 0 10 

Radial distance (mm) 

Fig.3 The distributions of heat fluxes on the plate sur- 

face with the transient method for different axial dis- 

tances. 

3. Numerical simulation 

In order to better understand the flow character- 
istics of the laminar plasma jet and analyze the pos- 
sible effects of the laminar plasma jet on the mate- 
rials surface processing, an Approximate Box Relax- 
ation method [6,7] was used to simulate the laminar 
plasma jet flow impinging on the flat plate at  atmo- 
spheric pressure. 

3.1 Governing Equations 

Basic assumptions used in this study are as fol- 
lows: 

(a) the plasma is in the local thermodynamic equi- 
librium state; 

(b) the plasma is optically thin, i .e . ,  only the ra- 
diation loss from the plasma is considered; 

(c) the jet flow is steady and symmetrical with re- 
spect to  the torch axis. 

According to the above assumptions, the general 
form of the governing equations can be written as 

a ad 1 a a+ = -(I'$- + --(rr'#-) + S4, ax ax r d r  d r  

where p is the gas density, I'+ is the corresponding 
diffusion coefficient, S,,+ is the source term; U and v 
are the axial and radial velocity components; z and r 
are the distances in the axial and radial directions re- 
spectively. Table 1 shows the different terms, where 
h is the specific enthalpy, U r  is the radiation power 
per unit volume of plasma, and p is the plasma vis- 
cosity. The gas properties are taken from the work 
of Boulos, Fauchais and Pfender [8]. 

3.2 Computational domain and 
boundary conditions 

The computational domain is shown in Fig. 4. 
The inside radius of the torch exit AB is Ri=3.3 mm, 
and AC is 35 mm. The boundary conditions are as 

follows: 

a) BC, EF 

where U, , U, are the axial and radial velocity on 
the wall surface, and Tw is the temperature of the 
wall surface. 

b) AF 

= o  au ah 
v = o ,  - = 0: - dr dr 

c) CD: DE 

dh = 0, - = 0. = 0 ,  - 
au 

dr d r  dr 
d(PV.) 

d) AB 

the axial velocity and temperature profiles at the 
torch exit section were not measured experimentally 
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and were t,aken to  be in the following form 191: 

U = U o [ l  - (-)"I, 21 = 0, 
r 
Ri 

r 
T = (To - T,)[1 - (-)"I + T,. 

Ri 
where the parameters u O ,  To, n and m are related 

to argon mass flow rate and net torch power, and 
according to the experimental conditions of a jet 
power of about 1.3 kW and mass flow rate of 130 
cm3/s, the parameter values used in the present 
simulations were estimated to  be uo = 240 m/s, 
TO = 1150011', n = 2, m = 3.8. 

Fig.4 The calculation domain. 

3.3 Results 

Computed radial distributions of the heat flux on 
the plate surface are plotted in Fig. 5 for the dis- 
tance between the torch nozzle and the plate sur- 

' 
face being 20 mm; 40 mm, 60 mm and 80 mm, re- 
spectively. Heat fluxes at the jet center decrease 
with the increase in the distance from the torch exit, 
while the distribution curves of the heat fluxes ex- 
pand only slightly in the radial direction, implying 
that the diameter of the laminar plasma jet expands 
only slightly with the increase in distance. 

The computed heat flux distribution is compared 
with corresponding experimental one in Fig. 6 at an 
axial distance of 20 mm. It is shown that the max- 
imum heat flux is a little bit higher than the exper- 
imental value and the computed distribution curve 
is somewhat wider than the measured one along the 
slug surface. This is just a rough comparison, be- 
cause some assumptions were used in the simulation 
work, and errors also existed in the measurement 
met hod. 
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Fig.5 Distributions of the heat flux on the plate surface 

with the simulation method for different axial distances. 

Table 1. Terms in the governing equations 

4 r 0 

Continuity 1 0 0 

Axial momentum U 

Radial momentum 7.1 P 

d d U  1 d dv d P  
- ( p - ) +  - - (rp-)  - - 
dx dx r d r  dx dx 

d U  1 av 2pv d~ 
- (p -+  - - ( rp- )  - - - 
dx d r  r a r  dr  r dx 

Enthalpy h P/Pr -Vr 
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Fig.6 A comparison of heat fluxes on plate surface of 

the simulation result with that of transient method a t  an 

axial distance of 20". 

4. Comparison of the com- 

puted and measured total 

heat fluxes 

By integrating the heat flux distribution, the to- 
tal  heat fluxes a t  different axial distances can be 
obtained. Fig. 7 shows the changes of the total 
heat fluxes obtained by different methods for differ- 
ent plasma conditions. Curve A was obtained by 
using the steady method for the turbulent plasma 
jet with a gas flow rate of about 240 cm3/s. Curves 
B, C and D were obtained by using the simulation 
method, the steady method and the transient probe, 
respectively, for the laminar plasma jet with the same 
gas flow rate of about 130 cm3/s. 

The total heat fluxes of the turbulent plasma jet 
decrease sharply along the jet axis: while those for 
the laminar plasma jet decrease slowly. The latter 
is in agreement with the computed distribution of 

temperature which shows a relatively low tempera- 
ture gradient along the jet axis of the laminar plasma 
jet [6]. The great difference in the temperature gra- 
dient between turbulent and laminar jets indicates 
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that  the turbulent jet has a short high-temperature 
region in the axial direction while the laminar jet 
has a much longer high-temperature region. For ma- 
terials surface processing, a long high-temperature 
region could make the processing easily controlled, 
and it could be the distinguished advantage of the 
laminar plasma jet. 
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Fig.7 

by different methods. L: laminar jet. T: Turbulent jet. 
The comparison of the total heat fluxes obtained 

It has been found that the computed total heat 
fluxes are less than '1.3 kW. This could be due to 
the data processing method where just the central 
regions of the heat flux were integrated to get the 
total heat flux. It is also found that the simulated 
results are much higher than the measured ones. 

Under the same laminar plasma conditions, the 
total heat fluxes measured with the steady method 
are about 5 ~ 1 5 %  larger than those measured with 
the transient method, and the difference increases 
with the increase in the distance from the torch exit. 
The measurement errors could lead to the lower re- 
sults from the transient method, such as the response 
time of the thermocouple, the heat transfer through 
the copper slug to the surroundings. And the data- 
processing of FFT smoothing, differentiating and in- 
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tegrating could also affect the accuracy of the tran- 

sient results. 

5 .  Conclusions 

Steady and/or transient methods were used to 
measure the total heat fluxes and/or the heat flux 
distributions, and numerical simulation work was 
also executed to  compare with the measured results. 
Main conclusions obtained from this study are as fol- 
lows: 

(1) The heat flux measured by the transient 
method shows a decreased maximum value and 
slightly expanded radial distribution with the in- 
crease in the distance between the torch nozzle exit 
and the plate surface. 

(2) The distributions of the heat flux obtained by 
the simulation and the transient method show an 
identical trend of variation. 

(3) The total heat fluxes measured with the steady 
method are about 5-15 % higher than correspond- 
ing results with the transient method. The difference 
could be due to the errors in measurements, espe- 
cially in the transient method. 
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