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The LPPS processes, which use DC plasma jets expanding at low pressure, are widely used for the deposition of
various kinds of layers. The supersonic expansion of the plasma jet in a low-pressure environment requires special
care in the operating conditions in order to obtain the desired properties of the flow, regarding powder injection and
transport and plasma jet-surface interaction.

This paper presents measurements of the plasma jet properties for different chamber pressures. The torch is oper-
ated both in the over-expanded and under-expanded regimes, according to pressure measurements at the exit of
the nozzle as a function of the backpressure. The topology of the expansion-compression zones of the plasma jet
for the different operating pressures is inferred from imaging of the plasma jet. In addition, a modified enthalpy
probe system is used to measure the specific enthalpy and the stagnation pressure profiles throughout the jet. De-
termination of the local free-stream jet parameters, such as the temperature and velocity, for the case of supersonic
flow is made assuming an isentropic frozen stagnation process at the probe tip. For these calculations the pressure
dependence of the equilibrium thermodynamic and transport properties is accounted for. Discussion on expanded
jet rarefaction is made for chamber pressure below 20 mbar, in the light of plasma jet imaging and nozzle exit pres-

sure measurements.

1 Introduction

Low Pressure Plasma Spraying (LPPS) or Vacuum
Plasma Spraying (VPS) make use of plasma torches
operated inside a vessel under reduced pressure. In
contrast to Atmospheric Plasma Spraying (APS) these
processes offer the advantage of a controlled atmos-
phere to avoid oxidation or contamination of the pow-
ders and sprayed deposit. This also allows an exten-
sion of the specific operation parameter space by con-
trolling the chamber pressure.

Even though these LPPS processes are extensively
used in a wide range of applications, only a few stud-
ies aiming to determine their plasma jet properties,
either experimentally or numerically, have been re-
ported to our knowledge. This is probably due to the
great complexity of these high enthalpy, supersonic
plasma jets, and to the inherent difficuities to set-up
and interpret measurements when the jet is not in
aerodynamic equilibrium. Most of the previous experi-
mental investigations were limited to range of pres-
sures down to 100 mbar [1, 2]. Several numerical
simulations of supersonic DC plasma jets expanding in
this pressure range have been made, but without {3]
or with only limited [4] direct experimental validations.
On the other hand, enthalpy probe measurements in
supersonic plasma jets have been reported [5}, but
were limited to atmospheric pressure.

At lower chamber pressure (below 10 mbar) the
plasma jet exhibits unconventional behavior related to
very weak collisionality and large dimensions. In this
regime a new process (LPPS Thin Film [6]) has been
shown to rapidly deposit thin dense layers of metals or
ceramics over large areas. Preliminary enthalpy probe
measurements have been reported under these condi-
tions [7], but these were interpreted using Local Ther-

modynamic Equilibrium (LTE) plasma properties which
is doubtful at low pressure.

On the other hand, plasma jets expanding at very low
pressures (below 1 mbar) and with low gas flow and
power are used for PECVD of thin films [8]. These
have been extensively investigated both experimen-
tally and numerically, but are not relevant to the pre-
sent investigations which cover the pressure range 2
to 100 mbar.

Hereafter we show the effect of chamber pressure on
the jet expansion characteristics by imaging of the
plasma jet structure and measurements of the nozzle
exit pressure. Enthalpy probe measurements are pre-
sented for the high side of the pressure range investi-
gated, and have been used to validate simulations
presented in an associated paper [9].

2 Experiment

The plasma gun investigated is a Sulzer Metco F4-VB
gun with a 6 / 12 mm diameter conical nozzle. It is
mounted on a 2-axis displacement system inside a
2m® vacuum vessel (Fig. 1A). The vessel pressure is
regulated in the range 2 — 100 mbar by means of a 3-
stage pumping system, equipped with pressure feed-
back controlled throttle valves. A dedicated enthalpy
probe system, described elsewhere [7], allows meas-
urement of the stagnation pressure and enthalpy in
low pressure plasma jets. In this study, a 4.3/1.55 mm
external/internal diameter probe is used. A fast, 12 bit
CCD camera (SensiCam Fast Shutter from PCO),
equipped with a 18 —108 mm zoom lens and a neutral
density filter, is used to visualize the total plasma jet
emission. It is also used to visualize the shock in front
of the probe tip during enthalpy measurements [9].
The camera exposure time is 100 ps. The gun anode



(shown in Fig. 1B) has been maodified to allow static
pressure measurements inside and at the exit of the
nozzle. This is used to determine whether the jet ex-
hibits over-expanded or under-expanded flow. This
also served as input for the simulation boundary con-
ditions in reference [9].
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Fig. 1. Schematic top view of the experimental ar-
rangement (A), and cross-section of the torch nozzle
showing the pressure taps (B).

3 Results and discussion

The operating parameters' range investigated is 400-
600 A current, 40 — 60 SLPM Ar flow and 2 — 100
mbar chamber pressure. No secondary gas such as
H. has been used because this leads to re-strike of
the arc inside the gun, and to an unsteady flow which
is more complicated to characterize.

3.1 Chamber pressure effect on the jet topology

Figure 2 shows images of the plasma jet as a function
of the chamber pressure in the range 20 — 100 mbar.
At 100 mbar for example, the flow is over-expanded,
as indicated by the oblique shocks which converge
from the nozzle exit edges towards the jet axis. This is
confirmed by a measured nozzle exit pressure smaller
than the back pressure (figure 3). This over-expansion
leads to a radial compression of the jet by the oblique

shock wave originating from the nozzle exit edge. This
builds up a compression zone around the jet axis,
extending between 4.5 and 12 mm from the nozzle
exit, visible as a bright emission patch. This compres-
sion leads to a local static pressure which exceeds the
surrounding pressure and consequently the jet ex-
pands as it flows downstream. This is evidenced by an
increased jet radius with weaker emission around z =
18 mm. This process of successive compres-
sion/expansion repeats further, until the local jet static
pressure is in equilibrium with the surrounding pres-
sure, due to viscous effects (around z = 60 mm in Fig.
2). A more detailed description of these plasma jet
over-expansion phenomena can be found in reference

[9].
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Fig. 2. Images of the plasma jet at different chamber
pressures. Torch parameters : 600A, 60 SLPM Ar.

As the chamber pressure is reduced, these succes-
sive compressions/expansions are stretched, and
build up farther from the nozzle exit. This is mainly
because of the absolute pressure reduction: the jet
needs more distance to equilibrate pressure as evi-
denced in Fig. 2 for 80 and 60 mbar. Around 45 mbar
chamber pressure (for the conditions of Fig. 2), both
exit and chamber pressures are equal which corre-
sponds to the so-called "design pressure" (indicated
by arrows on Fig. 3). The jet static pressure is in equi-



librium with the surrounding pressure and no longer
exhibits successive compressions/expansions. In Fig.
2, the jet at 40 mbar is close to this situation and very
weak shock structure is visible. Since the jet proper-
ties are the most homogeneous at the "design pres-
sure", it might be worth tuning the chamber pressure
to approach this regime as close as possible for best
spraying conditions. However, it should be noted that
the "design pressure" strongly depends on the torch
parameters, as show in Fig. 3 for 400 A, 40 SLPM. In
fact, Fig 4 confirms that the jet flow is still over-
expanded at 40 mbar chamber pressure in that case.
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Fig. 3. Dependence on the chamber pressure of "noz-
zle" and "exit" pressures (referred in Fig.1B) for two
torch parameters. (Arrows indicate the "design pres-
sure").

Figure 3 also shows that the pressure measured at the
beginning of the conical section of the nozzle ("nozzle"
pressure tap in Fig. 1B) is almost independent of the
chamber pressure below 80 mbar. Therefore, here,
the sonic transition (M = 1) of the flow takes place at
the end of the cylindrical section of the nozzle,
whereas for chamber pressures above 80 mbar it
occurs in the conical part. This means that the geome-
try of the nozzle, for given torch operating conditions,
also influences the value of the "design pressure".

If the chamber pressure is further reduced below 45
mbar, the jet progressively switches to an under-
expanded flow. This starts by an expansion at the

nozzle exit as evidenced by the increased jet radius
and the strong emission reduction (e.g between z=20
and 40 mm at 20 mbar in Fig. 2 or 5).

Fig. 4. Image of the plasma jet showing over-
expansion at 40 mbar for 400 A torch current and 40
SLPM Ar flow.

Figure 5 shows images of the plasma jet for pressures
below 20 mbar. These under-expanded jets are char-
acterized by a hot and dense plume exiting the nozzle,
whose length increases as the chamber pressure
decreases. This plume is followed by an expansion
with a significant drop in temperature and pressure
close to the jet axis. The edges of this first expansion
zone are brighter because barrel shocks are formed
by reflection of the expanding flow from the cold,
dense surrounding gas. This leads to a compression
and converts part of the kinetic energy into thermal
energy. There is a local increase of the temperature
and density, and hence of the light emission. The flow
is then redirected towards the axis and forms the first
compression zone (e.g. between z = 60 and 90 mm at
10 mbar on Fig. 5).

Subsequent expansions / compressions occur until the
local jet pressure equilibrates with the chamber pres-
sure, as shown in Fig. 5 for the 20 and 10 mbar cases.
For lower chamber pressures, the flow structure, as
evidenced by the plasma emission, looks different and
can no longer be described by classical gas dynamics.
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Fig. 5. Images of the plasma jet for pressures below
20 mbar. Torch parameters : 50 SLPM Ar, 500 A cur-
rent.

Figure 3 shows that the nozzle exit pressure does not
continually fall as the chamber pressure is reduced in
the under-expanded flow regime. It even tends to
saturate for the lowest achievable chamber pressures.



Muntz et al. [10} have characterized exhaust jet rare-
faction by the following parameter &:
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where D is the nozzle exit diameter (cm), p, and p.
(dyne/cm?) the exit and chamber pressures respec-
tively, and T the mean temperature (K). Figure 6

represents § as a function of chamber pressure,
calculated using the measured exit pressures of Fig. 3
and assuming T = 5000 K and D =12 mm.

For & higher than about 5, the flow is in the continuum
regime, which corresponds to chamber pressures
above approximately 15 mbar in our case. Here the
flow in the expansion region at the nozzle exit consists
of an internal inviscid core surrounded by barrel
shocks and a mixing, turbulent zone. For pressures
below 15 mbar, the rarefaction parameter is character-
istic of a transition flow regime, where the shocks be-
come progressively thicker, as evidenced by the im-
ages at 6 and 2 mbar in Fig. 5. In some cases of
strong under-expansion, a Mach disk shock can be
formed downstream of the first expansion cell [8]. If
the pressure was further decreased, the flow would
have progressively entered the so-called "scattering

regime" around £<1, which is characterized by the
disappearance of well-delimited shock structures.
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Fig. 6. Effect of chamber pressure on the rarefaction
parameter . Torch parameters 600A, 60 SLPM Ar,

3.2 Enthalpy probe measurements

Figure 7 shows radial profiles of the measured stagna-
tion pressure and total enthalpy at axial positions cor-
responding to successive expansion and compression
zones in the 100 mbar jet shown in Fig. 2.

These raw data are used to validate the 2D fluid model
presented in reference [9]. It should be pointed out
that the indicated axial positions correspond to the
probe tip positions, which are slightly downstream of
the points where the measured jet properties take
place (upstream of the shock formed in front of the
tip). In fact, a non-negligible shock-to-probe tip dis-
tance (up to 3 mm, depending on the axial position
from the nozzle exit) has to be accounted for. Specific

problems related to enthalpy probe measurements in
supersonic flows which are in aerodynamic non-
equilibrium are discussed in reference [9].

In Figure 7A, the stagnation pressure profiles are
maximum on axis in the compression zones (z = 26
and 40 mm) whereas they are hollow and broader in
the expansion zones. This reflects the jet topology
depicted in Fig. 2. At z = 18 mm the pressure profile
drops significantly on axis. This is probably because
the flow crosses a Mach reflection at z = 4.5 mm
around the axis (see Fig. 2 and reference [9]). This is
a strong, non-isentropic normal shock which reduces
the dynamic pressure. The stagnation enthalpy pro-
files are always maximum on axis because this is the
region of maximum temperature and velocity, but they
are also broader in the expansion regions.
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Fig. 7. Measured radial profiles of the stagnation
pressure (A) and total enthalpy (B) at different axial
positions under the conditions of Fig. 2 at 100 mbar.

Figure 8 shows the calculated temperature and veloc-
ity radial profiles using the iterative procedure de-
scribed in reference [7], assuming isentropic stagna-
tion process at the probe tip. For these calculations
the pressure dependence of the thermodynamic prop-

erties of the jet, such as y = ¢,/c,, sound velocity and
specific enthalpy, are taken into account and calcu-
lated assuming LTE. The determination of the local
Mach number, and hence of the velocity, depends on
the ratio of stagnation (total) to static pressure. Since



the local static pressure is unknown and can be fairly
different from the chamber pressure through the
successive compression / expansions of the jet, we
used the static pressure profiles from the simulation of
reference [9] for the present calculations.

Both the temperature and velocity profiles of Fig. 8 are
broader in the expansion regions in agreement with
the jet topology of Fig. 2. But their values on axis do
not drop substantially downstream, over the axial re-
gion investigated here. This reveals an efficient isola-
tion of the jet core from the surroundings, as regards
heat and momentum losses. However, the area-
integrated heat flux throughout the jet cross section
decreases from 8 kW at 18 mm down to 5 kW, at 40
mm for a net torch power of 10.5 kW. This drop of the
integrated heat flux and the shapes of the radial pro-
files of Fig. 8 show that the jet is cooled and slowed
down from the mixing zone at the edges, outside the
barrel shocks. This differs from subsonic plasma jets
which experience turbulent surrounding gas engulf-
ment and cooling straight through the core. Here the
core jet flow is supersonic and non-turbulent over the
whole region investigated, with Mach numbers ap-
proaching 2 on axis and falling down to around 0.7 at
the edges of the measured profiles.
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Fig. 8. Temperature (A) and velocity (B) radial profiles
at different axial positions determined from the meas-
ured data of Fig. 7.

We have been able to perform total enthalpy and
stagnation pressure measurements at chamber pres-
sures down to 20 mbar with the present arrangement.
Figure 9 shows radial profiles taken at two axial posi-
tions corresponding to the middle of the first expansion
zone (z = 30 mm) and of the first compression zone (z
= 53 mm), according to Fig. 2 for the 20 mbar case.
However the actual iterative procedure used to calcu-
late the free stream jet properties using the measured
total enthalpy and stagnation pressure failed for posi-
tions off jet axis. At these positions, the calculated
kinetic component of the total enthalpy, given by half
of the calculated squared velocity, exceeds the meas-
ured total enthalpy already at the first iteration. This
leads to unphysical negative free stream enthalpies. In
the following we will discuss the possible causes of
this problem.
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Fig. 9. Measured total enthalpy (A) and stagnation
pressure (B) radial profiles at two axial positions in the
conditions of Fig. 2 at 20 mbar chamber pressure.

First, the local static pressure at the measurement
point is difficult to determine with a sufficient accuracy,
because of the large pressure gradients, exacerbated
in under-expanded jets at low chamber pressures [9].

Second the jet is deflected by the probe. When the
probe is on the jet axis, the shock has a normal com-



ponent at the tip axis, but is oblique at the edges, as
shown in reference [9]. When the probe is off jet axis
the shock might no longer be normal at the measure-
ment orifice. This leads to a spurious measurement of
the stagnation pressure, whereas the total enthalpy is
less affected because of conservation laws. Moreover,
the expression which relates the Mach number to the
ratio of stagnation to static pressures is applicable
only if the shock is normal. This jet deflection can be
suspected by inspection of Fig. 9 which shows very
broad stagnation pressure profiles compared with
enthalpy profiles.

Finally, we assumed LTE jet conditions, which might
break down at these low pressures [11].

3 Conclusions

A DC plasma torch expanding in a reduced pressure
environment has been investigated using imaging of
the jet emission topology and enthalpy probe meas-
urements. The most prominent physical mechanisms
governing the flow in this situation have been de-
scribed. A transition from an over-expanded to an
under-expanded flow regime has been evidenced by a
change in the jet topology and measurements of the
nozzle exit pressure as a function of the chamber
pressure. The sensitivity of this transition pressure
(the "design pressure") on the torch operating parame-
ters has been underlined, with regards to optimum
spraying conditions.

The rarefaction of the jet has been characterized by
an estimation of a rarefaction parameter depending on
exit and chamber pressures. At low chamber pres-
sures (around 15 mbar), a progressive change from a
continuum to a transition flow regime has been shown
by the thickening of the shock structures.
Measurements of the stagnation enthalpy and pres-
sure with a dedicated enthalpy probe system have
been performed. An iterative procedure using the LTE,
pressure-dependent thermodynamic jet properties and
simulated static pressure profiles has been applied.
This allowed to calculate the free stream jet tempera-
ture and velocity throughout successive compression
and expansion regions of the jet at 100 mbar. How-
ever, this procedure seems not to be applicable off
axis of plasma jets operated at pressures below 50
mbar. It is suspected that, here, the shock in front of
the probe orifice becomes oblique, deflects the jet, and
leads to erroneous stagnation pressure measure-
ments.

Further work is needed to account for the peculiarities
of enthalpy probe measurements in supersonic jets
which are in aerodynamic non-equilibrium.
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