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The heat flux distributions were measured by using transient method for an argon dc laminar plasma-jet flow

impinging normally on a plate surface embedded with copper probes. Different powders were coated on the probe

surfaces and the effect of powder coatings on the heat transfer from jet flow to the probe surface was examined.

Experimental results show that the maximum values of the heat flux to the probe increase with the coating of

fine metal powders, while for the surfaces coated with fine ceramic powders, the maximum values of heat flux

decrease, compared with that to the bare copper probe surface.

PACS: 52.50.—b, 52.40. —w

An effective utilization of thermal plasma sources
requires a thorough understanding of the heat transfer
mechanism from the jet flow to materials, which is a
critical problem in most plasma-material processing,
such as plasma spray and materials surface modifica-
tion. There have been several research works on the
heat transfer process!! 6! in recent decades. Pfender
and co-workers!! 3] measured the energy transport
from the plasma to the wire probe by sweeping the
wire through a free-burning arc, or by using a water-
cooled copper tube and a tube with pyrex-coated sur-
face in argon atmosphere at atmospheric pressure.
Kanzawa et al.[¥! measured the heat flux to platinum-
and silica-coated wires in rarefied argon plasma jet.
Chen et al.l®! measured the heat transfer for an argon
dc plasma jet impinging normally upon a flat plate in
air atmosphere.
under transferred arc conditions or non-transferred
turbulent jet-flow conditions, where flow fluctuation
prevails.[”) Laminar plasma has a long jet length with
characteristics of stable flow field and low-energy gra-
dient in its axial direction, which could result in high
reliability for materials surface processing.[® Meng
et all% performed some simulation and experimental
work about the heat transfer characterization of argon
dc laminar plasma jets impinging on a copper plate at
atmospheric pressure.

In this Letter, we focus our efforts on studying
the heat transfer mechanism from argon dc laminar-
flow plasma jet to copper probes coated with different
material powders by using transient method. The dc
laminar plasma jet used here is generated within the
parameter range as the same as those in Refs. [6,8].

The schematic diagram of the transient method
measuring the heat flux is shown in Fig.1l. The
method is similar to our previous work[®! with dif-
ferences as follows: firstly, five 0.8-mm-diameter, 0.8-
mm-length short copper slugs numbered 1, 2, 3, 4,
and 5 were embedded linearly in the flat surface as

The above works were carried out

heat-flux measuring probes, and their sides and backs
were insulated thermally with ZrOs powder. Secondly,
five Nickel/Chromium-Nickel/Aluminium thermocou-
ples attached at the back surface of the probe were
used to obtain the temperature variation data during
the plate sweeping across the laminar jet. Thirdly, fine
powders of Cu, Al, ZrO,, Al;O3, SiC, and SiO», etc.
were coated at the surfaces of probes 1, 3, 5 (as ex-
perimental probes) respectively using an NaySiO3 so-
lution binder, with probes 2 and 4 as reference probes
without any powder coating. Scanning electron micro-
scope (SEM) images of the powder coating surfaces
with Al, SiOs, and ZrOs are shown in Fig.2, which
shows that the particle sizes are generally less than 20
for all kinds of powders. The measured back surface
temperature is considered equal to the front surface
temperature of the probe for the high thermal con-
ductivity of copper [398]. The sweeping velocities were
chosen to be from 183 mm/s to 245 mm/s. The input
power to generate plasma jet was 7kW. The working
gas was argon at a feeding rate of 9.0 x 10~° kg/s.

Moving direction

Powder coatings

Plate
Generator =

Thermocouple
——1 (connected with data
=\ collecting system)

[ Probe

.. Insulator

Laminar jet

Fig. 1. Schematic diagram of the transient method.

A temperature-response curve of the probe sweep-
ing across the laminar flow plasma-jet was obtained,
and heat flux distribution can be obtained by differen-
tiating the temperature with respect to time according
to the response curve.l®6 Fig. 3 shows distributions
of heat flux at different velocities and at the distance
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Fig. 2. SEM photos of Al, SiOz and ZrO; coatings.

axial L of 15mm derived from probe 2. It is evi-
dent that the maximum heat flux corresponding to
the jet centre increases as the sweeping velocity de-
creases. This phenomenon is consistent with the re-
sults in Refs. [1,2], which could infer that the frozen
boundary layer existed during the heat transfer pro-
cess, because the heat flow from the jet had more time
to reach the probe surface with the sweeping veloc-
ity decreasing. The heat flux values become similar
to each other for the three curves with the increas-
ing radial distance, so in the following discussion, we
would just consider the maximum heat flux at the
jet centre. The experimental data showed that the
maximum heat flux resulted in probe temperature of
200°C to 420°C for different sweeping velocities, axial
distances and surface coatings. In this temperature
range, the theoretical thermal conductivities of Cu,

Al, SiC, Al,O3, ZrO, and SiO, decreased in turn.[®!
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Fig. 3. Distributions of heat fluxes on the plate surface at

different sweeping velocities and axial distance L of 6 mm,
derived probe 2.

The five probes were used simultaneously in this
work. Accordingly, sensitivities of each probe with
thermocouple should be calibrated to obtain the com-
parable data. Figure 4 shows the maximum heat flux
values derived from the five bare probes, by sweep-
ing the flat plate across the laminar jet for 12 times
at axial distance of 6 mm and velocity of 245 mm/s.
The response coefficient of each probe can be obtained

by processing the results in Fig.4. That is, for each
probe, a mean value of the maximum heat flux
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at the jet centre, can be calculated by averaging the
experiment data. The response coefficient a,, of each
probe was defined as o, = /@ (n =1,2,---5), and
the values were a; = 0.94, ax = 0.83, a3 = 1.28,
as = 0.88, a5 = 1.25, respectively. The response coef-
ficients were valid for the maximum heat flux.
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Fig. 4. Maximum heat flux of the five probes.
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Fig. 5. Effect of binder on maximum heat flux. Na2SiOg3:
the result with binder coatings. Cu probe: the result with
bare copper surfaces.



No.5

MENG Xian et al. 687

Figure 5 shows the maximum heat flux changing
with the sweeping velocities, where surfaces of probes
1, 3, and 5 were just coated with binder, and surfaces
of probes 2 and 4 were uncoated as reference ones, in
order to analyse whether the binder has effect on heat
transfer from the laminar jet to probe surface. The
results show that the binder coating had little effect
on the maximum value of the heat flux. Thus, the
effect of the binder on heat transfer can be neglected.
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Fig. 6. Comparison of the maximum heat fluxes at the
sweeping velocity of 245 mm/s and the axial distance of
6 mm.

The comparisons of the maximum heat flux from
laminar jet to solid surfaces with different material
coatings are shown in Fig. 6. The thickness of powder
coatings was about two times of its particle size, and
the maximum heat fluxes were the measured mean
values. For the refractory coated surfaces, the maxi-
mum values are smaller than that of the bare copper
surface. The lower the thermal conductivity of the
material is, the lower the maximum heat flux appears.
While for the metal powder coated surfaces, the max-
imum values are higher than that of the bare copper
surface. This could be explained by increasing surface
area for heat transfer when metal powder is coated on
the probe surface. However, for the refractory pow-
der coated surfaces, low thermal conductivity of the
materials might play an important role for the heat
transfer process, though the heat transfer areas also
increased. The comparison of maximum heat flux at
different distances and with different coatings is shown
in Fig.7. The maximum heat flux decreases with in-

creasing the axial distance, which is due to decreasing
the jet energy distribution with the increasing of the
axial distance.[%:8] For a fixed axial distance, the max-
imum heat flux changes with different coatings as the
same tendency shown in Fig. 6.
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Fig.7. Comparison curves of maximum heat fluxes
at sweeping velocity of 245mm/s and different axial
distances.

In summary, the sweeping velocity can affect the
heat transfer from laminar plasma jet to probe sur-
face. For the refractory powder coated surfaces, the
maximum heat flux is smaller than that to the bare
copper surface. For the metal powder coated surfaces,
the values are higher than that to the bare copper
surface.
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