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Recently, direct current (dc) plasma torches equipped with converging-diverging (Laval) nozzles, in-
stead of standard cylindrical ones, have been shown to present several advantages for both vacunm and
atmospheric plasma spraying, such as diminishing the gradients of temperature and velocity and reduc-
ing the turbulence intensity in the jet fringes. The present study was concerned with the diagnostics of the
plasma jets produced by three nozzles of various contours: a standard cylindrical anode and a Mach 2.5
and Mach 3 Laval nozzle. Emission spectroscopy (absolute intensity) and enthalpy probe techniques
were used to measure temperature and velocity fields. Special attention was given to the effects of spray
chamber pressure on flow regime inside the nozzles and to the distribution of the temperature and veloc-
ity fields in the plasma jet. Results showed that under the chamber pressure conditions used (vacuum),
for which Laval nozzles originally were designed, the generated plasma jets had greater centerline veloci-
ties and larger high temperature zones compared to standard cylindrical nozzles. The results showed sig-

nificant improvement in the deposition efficiency by using nozzles with these computed contours.

Keywords compressible flows, diagnostics, laval nozzles, plasma
spray, thermal plasmas

1. Introduction

With the aim of improving deposition efficiency and coating
quality produced by direct current (dc) plasma spraying process,
it was found that plasma jets with a relatively large hot core and
flat temperature and velocity profiles were preferable to ensure
uniform treatment of the powder. Moreover, the powder injec-
tion setup and conditions must be favorable for the entry of pow-
der particles into the central region of the jet, which should take
place as close as possible to the plasma generation source.

Conventional dc plasma torches equipped with standard noz-
zles of cylindrical shape do not provide the most favorable par-
ticle melting and acceleration conditions for injected powders.
Plasma jets generated by such nozzles at atmospheric pressure
are dominated by strong interactions with the surroundings. The
relatively cool ambient gas entrained by the jet to its central core
is responsible for the rapid cooling and deceleration of the
plasma flow (Ref 1, 2). These aspects, combined with the typical
jet properties of a narrow hot core and strong radial temperature
gradients, render the process particularly sensitive to the powder
injection conditions. Elaborate powder injectors, whether inter-
nal or external to the torch, and stringent requirements on parti-
cle size distribution of the powder often have been necessary to
optimal control of the quality of deposits obtained.

The use of standard nozzles under vacuum conditions results
in jet overexpansion and the formation of so-called Mach knots
under supersonic flow conditions. The pressure oscillations and
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the extended surface of the jet, due to the presence of the knot,
lead to stronger interaction with the surrounding gas and hence
to relatively rapid decay in flow velocity and increased cooling
of the plasma.

In several conventional dc plasma torch designs, a rotational
motion is introduced in the gaseous envelope enclosing the
plasma flow to increase the arc voltage and hence to increase
plasma enthalpy. The plasma gas is swirled in these cases as it
enters the discharge chamber by means of holes helically drilled
into the plasma gas distribution ring placed around the cathode.
This causes an intense cross-interactional cooling between the
cold injected gas and the discharge, forcing the discharge to be-
come narrower and screw-like in form (Ref 3). The anodic spot
(arc root) of the discharge is thus forced to rotate, which pre-
vents local overheating and destruction of the inner anode wall.
However, plasma rotation within the torch also affects the {ree
plasma jet emerging from the torch. The plasma jet (or atleast its
envelope) rotates so that the radially injected powder particles
are diverted around the jet and thus prevented from entering the
jet core (Ref 3).

With the above improvements to the spray process, the fol-
lowing benefits can be expected:

e Extension of the hot plasma core, combined with a simulta-
neous reduction of the axial peak plasma temperature

e  Reduction of the plasma jet temperature and velocity gradi-
ents

o  Reduction of the level of turbulence in the jet
e  Prevention of shock waves

e Reduction or suppression of the swirling nature of the
plasma jet envelope at the exit of the torch nozzle without
compromising the internal rotation of the arc root in the an-
ode region

In this article, special attention is given to the use of con-
toured, Laval-type nozzles as a means of controlling the charac-
teristics of the plasma jet. Plasma temperatures and flow
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velocities are measured for plasma jets generated by standard dc
plasma torches equipped with nozzles of various contours, e.g.,
cylindrical and Laval profiles. The diagnostic techniques used
include enthalpy temperature (up to 10,000 K) and velocity
measurements, emission spectroscopy (absolute intensity) for
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Fig. 1 (a) Conversion of radial flow into a parallel flow. (b) Axially
symmetric Laval nozzle for a parallel and uniform flow (Ref 4)
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temperatures above 9000 K, and mass spectrometry for plasma
composition analyses. The effects of nozzle contours and spray
chamber pressure on the plasma flow properties are examined.

2. Design of Laval Nozzle Contours

Converging-diverging nozzles have the potential to generate
supersonic flows if the pressure ratio across the nozzle is higher
than its critical value (upstream pressure (p;)/ambient chamber
pressure (p,) = 0.5). To obtain a parallel flow or a jet free of
compression and expansion waves (Mach knots) within the noz-
zle, the nozzle interior contour must possess a special design.
Such nozzles, providing uniform and parallel flows, have long
been required for wind tunnels and for jet propulsion. Seventy
years ago, two-dimensional nozzles were designed by means of

Table 1 Typical data for Laval nozzle design (without
boundary layer correction)

Air,y =14 Argon, Y = 1.67

M 1.5 2.0 25 3.0 1.5 2.0 2.5 3.0
w(deg) 3.0 6.6 9.8 12.4 2.6 5.5 7.8 9.7
D /D, 109 130 162 205 107 124 146 173
AJA, .18 169 264 422 115 153 213 3.00
LD 133 190 230 266 132 191 234 271
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Fig.2 Experimental setup
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graphical methods. The graphical design of nozzles with axial
symmetry represented an even more difficult and time-consum-
ing problem. A simplified method using successive approxima-
tions was proposed by Foelsch (Ref 4). Equations for the
contours of an axially symmetric Laval nozzle were derived by
integration of the characteristic equations of the axially symmet-
ric flow. Because these equations could not be integrated in a
mathematically exact and closed form, it was necessary to find
an approximation, which was achieved by matching the condi-
tions of the flow at the end of the initial conical section with that
at the beginning of the Laval profile combined with the lineari-
zation of the characteristic equations.

The primary function involves the derivation of the equation
for the transition curve by which the conical source flow coming
from the sonic section (see Fig. 1a) is converted to a paralle! and
uniform flow. The second step takes into consideration that the
flow at the throat is usually plane and not spherically curved.

Typically, the compression and expansion waves originating
from the wall and the source of the flow are studied. The flow
streamlines are deflected at these waves depending on the char-
acter of the wave, i.e., at compression waves, deflection occurs
toward the wave line, and at expansion waves, deflection away
from the wave line. Expansion waves originate from wall seg-
ments with convex curvature, whereas compression waves can
arise from the concave parts of the wall. Waves striking a wall
are reflected in a manner corresponding to the reflection law. To
obtain a parallel flow at the nozzle exit, the curvature of the wall
along A to B (Fig. 1a) must be positioned so that the reflected
waves of the incoming expansion waves are superimposed on
and eliminated by the compression waves originating from this
spot. Foelsch (Ref 4) analytically describes the flow field and
transition curve interactions. He also provides the equations and
data needed 1o calculate the coordinates of the nozzle wall to
produce a flow paraliel to the axis. Figure 1(b) schematically de-
picts the contour of such a nozzle.

Typical data for these nozzles (Fig. 1b) are given in Table 1
for several Mach numbers (M) and for two different values of ¥
(ratio of specific heats: Y= C,/C,).

3. Experimental Procedures

A schematic diagram of the experimental setup used in the
present study is shown in Fig. 2. The setup consisted of a dc
plasma torch system, an enthalpy probe system, and an emission
spectroscopy apparatus. The dc plasma torch was constructed
with a water-cooled copper anode and a thoriated tungsten cath-
ode. The Laval nozzles, with Mach numbers of 2.5 and 3, were
designed using standard methods which are based on several as-
sumptions such as isentropic flow, thermodynamic equilibrium,
and the absence of a boundary layer. Typical nozzle dimensions
are shown in Fig. 3.

Because the three anodes tested have different lengths, a
common reference point was assigned, so that the measured pro-
files of the plasma jet temperature and velocity of the three noz-
zles could be compared at a specified axial location. The axial
zero (z = 0) level was set at the exit plane of the standard cylin-
drical anode (N1).

The plasma jet discharges into a water-cooled chamber
equipped with quartz windows to observe the jet. A sealed scan-
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ning mechanism provides for radial movement of the probe. The
axial location of the probe with respect to the plasma jet nozzle
was adjusted by moving the torch vertically. The plasma torch
was operated with an Ar/H, (1 vol% H,) mixture as the
plasma gas, at a total gas flow rate of 50 slpm. The arc current
was 400 A and voltage was 40 V. The chamber pressure could be
adjusted between 1 and 100 kPa.

The emission spectroscopy study was carried out by means
of a 1-m Jobin-Yvon (Jobin-Yvon, Cedex, France) monochro-
mator fitted with a grating with 1200 grooves/mm, thus provid-
ing a linear dispersion of 0.78 nm/mm. The output signal was
received by a photodiode array in the monochromator output
plane. In the vertical position, the photodiode array recorded the
signal corresponding to the light emitted by the plasma jet in the
lateral direction. The absolute intensity of the radiation was ob-
tained by calibration against a standard tungsten filament lamp.
The determination of local values of the emitted intensity was
undertaken by means of the Abel inversion. Further details on
the emission spectroscopy measurement technique are given in
Ref'S.

The enthalpy probe system included a water-cooled stainless
steel probe, a closed loop deionized cooling water circuit, a gas
sampling line equipped with an appropriate mass flow control-
ler, and a data acquisition and control unit, interfaced with LAB-
VIEW (National Instruments, Austin, TX) software. A mass
spectrometer was connected to the gas line to measure the gas
concentration. The enthalpy probe had an outer diameter of
4.78 mm and an inner diameter of 1.27 mm. It was made from
three concentric stainless steel tubes. The probe cooling system
consisted of a variable-speed positive-displacement pump with
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Fig.3 Contours and dimensions of the cylindrical nozzle (N1), Laval
Mach 2.5 nozzle (N2), and Laval Mach 3 nozzle (N3)

Volume 7(3) September 1998—351



a maximum delivery rating of 0.8 L/min. To prevent boiling in
the probe, the water cooling circuit was operated at a pressure of
6 MPa. On exiting the probe, the cooling water passes through a
double tube heat exchanger, before going to the pressure inten-
sifier, followed by the recirculation pump.

Calibration of the enthalpy probe system was described in a
previous study (Ref 6). Errors associated with the measurements
of plasma enthalpy and velocity by the probe were estimated to
be £7%. A detailed analysis of the uncertainty associated with
such measurements is given in Ref 6-9; consequently, only the
basic equations will be given here. The value of local specific
enthalpy (k;) of the plasma flow can be derived from an energy
balance on the cooling water circuit as given by the equation:

'hw
Iy =y 4= Gy (AT g = ATe) Eq1)
8

where A, is the specific enthalpy of the sampled plasma gas at the
probe exit; m,, and m, are the mass flow rates of the cooling
water and the sampled plasma gas, respectively; Cj, is the spe-
cific heat of water, and AT is the increase in the cooling water
temperature. The subscripts “tare” and “sampling” refer to the
temperature measurements made during the tare measurement
and under sampling conditions, respectively.

The probe also may be used as a water-cooled Pitot tube for
stagnation pressure (p,) measurement. At low Mach numbers
(M < 0.3) the flow may be considered to be incompressible and
the axial velocity (U) is deduced from the Bernoulli equation:

U:1/2(po—pa) E42)

p(T)

where p, is the ambient pressure in the chamber and p(T) is the
density of the plasma gas at its local sampling temperature.

If the Mach number is high (M > 0.3), the flow is considered
compressible, and the kinetic energy of the plasma cannot be
overlooked in comparison to its enthalpy. In this case, the free
stream enthalpy (#), axial velocity (U), and Mach number
(M) are determined through iterative solution of the follow-
ing equations:
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Fig. 4 Variation of upstream pressure (inside the nozzles) as a func-
tion of ambient chamber pressure. Plasma gas: Ar/Hj (1 vol% Hj) at
45 slpm. Torch voltage and current: 35 V and 400 A
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h=h-— (Eq3)

U=MRT (Eq4)
¥(y-1)

P, Yy=-1,,

—=({1+"—F—M 5

[ - ] 9

where h; is the stagnation enthalpy of the flow; vy is the specific
heat ratio; and R is the composition-dependent gas constant.

4. Results and Discussion

4.1 Measurement of Critical Sonic Pressure Ratio

To identify the flow regime within the nozzles, the upstream
pressure, p; (inside the anode, close to the cathode tip), is meas-
ured as a function of the variation in chamber pressure, p,. The
results are shown in Fig. 4. For the three nozzles tested (N1, N2,
and N3), the value of the critical sonic pressure ratio was found
to be about 0.44, which is in good agreement with the theoretical
value of 0.48, which was calculated using Eq 6 for isentropic
flow conditions:

* Y(y-1)
Pi) _(y+1
[P—a] —[ > ) (Eq6)

For the standard anode (N1), when the discharge pressure p,, is
decreased below the critical value (45 kPa), the upstream pres-
sure p; remains constant, and visible shock waves are observed
in the plasma jet beyond the nozzle exit plane. The shock waves
are an indication of sonic flow inside the N1 nozzle. However,
for the N2 and N3 nozzles (expanding nozzles), the shock waves
were not visible even at chamber pressures below 45 kPa, de-
spite the existence of supersonic flow conditions based on the
critical pressure ratio criteria.

4.2 Temperature and Velocity Profiles

The radial profiles of temperature and velocity are measured
atdifferent axial locations using the nozzles N1, N2, and N3. For
the operation of each nozzle, the chamber pressure was adjusted
sequentially to the values 27, 53, and 78 kPa. A summary of the
cases investigated is given in Table 2.

Comparison of Enthalpy Probe Results with Emission
Spectroscopy Measurements. The radial temperature profiles
obtained at a chamber pressure of 53 kPa are presented in Fig. 5
for the three test nozzles. Because of the high heat flux to which
the probe was exposed in the high-temperature region, enthalpy
probe measurementis were limited to an axial location equal to or
greater than 35 mm from the standard anode exit plane. Emis-
sion spectroscopic techniques, on the other hand, generally are
not reliable at temperatures below 9000 K (Ref 10). Accord-
ingly, the use of emission spectroscopy was limited to distances
less than 45 mm from the exit plane of the plasma jet. Overlap
between the two techniques was thus limited to two profiles. As
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shown in Fig. 5, for nozzles N1 and N2, there is reasonable
agreement between the results of the two techniques at axial po-
sitions of 35 and 45 mm, whereas for N3 agreement between the
two measured temperature profiles was limited to the core zone
of the plasma jet. A distinct discrepancy was observed between
the results of the two methods in the vicinity of the fringes and
downstream regions of the plasma jet. This finding was consis-
tent with earlier data reported by Pfender and co-workers (Ref 1
and 11), who explained the phenomena by the fact that cool sur-
rounding gases are entrained from the fringes and transported
toward the jet centerline. Emission spectroscopy (absolute inten-
sity) measurements make reference only to the hot plasma tempera-

———

ture, whereas enthalpy probes measure the average temperature
of the hot plasma and the cool entrained gases.

Figure 6 illustrates the enthalpy probe measurements of
radial profiles of the plasma velocity for the three nozzles at
53 kPa, at the same axial positions as above. Note that the central
value of the plasma velocity decreases when the nozzle profile
changes from the N1 contour to N3. On the other hand, the Mach
values on the centerline (Table 2) indicate that, under the present
operating conditions of the plasma torch (see Fig. 4), the flow re-
sulting from the three nozzles were subsonic (in the investigated
regions of the jet) when the chamber pressure was above 45 kPa.
Because of the presence of these subsonic flow conditions and
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Fig. 5 Enthalpy probe and emission spectroscopy (absolute intensity) measurements of the radial temperature profiles at different axial locations for

the N1, N2, and N3 nozzles (p,; = 53 kPa)
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Fig. 6 Enthalpy probe measurements of radial profiles of the velocity at different axial locations for the N1, N2, and N3 nozzles (p, = 53 kPa)
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enlargements in the inner diameter of the nozzles (Fig. 3), the
plasma velocity was necessarily reduced, in conformity with
Bernoulli’s law.

Influence of Nozzle Profile and Chamber Pressure. The
enthalpy probe measurements of temperature and velocity pro-
file (Fig. 7 and 8) indicate that at 27 kPa, where supersonic flow
conditions exist, the N3 nozzle provided not only a larger
plasma jet hot core, but also a higher centerline value for flow
velocity, compared to the corresponding values for the N2 and
N1 nozzles. Similar observations were found at 53 and 78 kPa
for the temperature profiles (Fig. 7). At 78 kPa, however, the se-
quence of the N2 and N3 curves changed, and the centerline
temperature for the N3 curve was lower. However, it can be ex-
pected thatin the case where technical spray parameters are con-
sidered, e.g., where torch power is above 30 or 40 kW, an

enlarged hot zone will exist even under atmospheric pressure
conditions when using the N2 and N3 nozzles.

Figure 7 also indicates that, for the nozzles investigated, in-
creases in the chamber pressure from 27 to 78 kPa resulted in
lower centerline temperature values at the same axial location
(55 mm). This is due to the fact that the plasma jet becomes
shorter at higher pressures because of decreased flow velocities.
The radial profiles of plasma velocity at 27 kPa are presented in
Fig. 8. The central region values of flow velocity for the N2 and
N3 nozzles are higher than those for the N1 nozzle. However,
the opposite effect is observed at the 53 and 78 kPa conditions.
This influence of pressure can be explained by the supersonic
flow conditions that exist at 27 kPa within the Laval N2 and N3
nozzles and the subsonic flow conditions that prevail at higher
pressure (53 and 78 kPa).
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Ly \ . — N3 I
8,000 . N1 0 N3
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Fig.7 Effect of nozzle profile on the temperature field at different chamber pressures (z = 55 mm)
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Fig.8 Effect of nozzle profile on the velocity field at different chamber pressures (z = 55 mm)
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As indicated in Table 2, Mach values at 27 kPa are still above
0.6 for the three nozzles, even at axial locations as far as 55 mm.
These findings indicate the existence of a transonic region be-
tween z =0 and z =55 mm and confirm the presence of high
temperature and velocity gradients in this case. Thus, the plasma
jet passes rapidly from supersonic flow at the exit of the nozzle
to a subsonic regime within a short distance. Nevertheless, with
the Laval nozzle, the radial velocity and temperature profiles ex-
hibit a larger uniform core compared to those produced by the
standard nozzle.

4.3 Influence of Nozzle Profile on Characteristics
of Plasma Sprayed Coatings

For various reasons, it is of interest to know whether nozzles
designed primarily for supersonic flow conditions can also be
operated satisfactorily at atmospheric pressure with subsonic
flows and jet velocities, for example, to operate consecutively
with the same nozzle at both low (vacuum) and high (atmos-
pheric) pressures. One specific task in this regard concerns the
spraying of thermal barrier coating systems, which consist of a
bond coating (MCrAlY), preferably sprayed under vacuum
plasma spraying (VPS) and high-velocity conditions for jets and
particles, followed by the barrier coating (stabilized zirconia)
sprayed at atmospheric pressure and under subsonic conditions.
For this reason, various ceramic powders were sprayed with
such nozzles at atmospheric pressure to gain knowledge of the
resulting coating qualities and deposition efficiencies. Figures
9(a) and (b) illustrate the influence of nozzle geometry on the
layer structure of an atmospheric plasma-sprayed Al,O3-3TiO;
(—45+5.6 um) coating. Figure 9(a) is a micrograph of a depos-
ited coating obtained with the cylindrical nozzle (N1), and

Table 2 Summary of experimental data

Enthalpy probe
Nozzle Test Chamber pressure, axiallocation,
No. No. kPa mm Mach number(a)
N1 1 27 55 0.68
2 27 70 .
3 53 35 0.58
4 53 45 0.49
S 53 S5 0.42
6 78 45
7 78 55 0.30
N2 8 27 55 0.65
9 27 70 .
10 53 35 0.45
11 53 45 0.39
12 53 55 0.34
13 78 55 0.23
N3 14 27 55 0.61
15 27 70
16 27 85
17 53 45 0.39
18 53 55 0.3t
19 78 45 .
20 78 55 0.22

(a) Mach numbers are calculated for pure argon plasma at the local
temperature, velocity, and composition at the measurement point.
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Fig.9(b)showsamicrographofadeposited coating that resulted
from the use of an expanded nozzle (N2). In both cases, the dc
plasma torch was operated with Ar (35 slpm) + H, (10 slpm) as
the plasma gases at an arc current of 600 A. For the N2 nozzle,
the arc voltage was only 59 V compared to 66 V for the N1 noz-
zle when using the same gas and current parameters. Although
the plasma power level was only 35.4 kW (N2 nozzle), and
hence significantly lower in comparison with the 39.6-kW
plasma power level for the N1 nozzle, the observed deposition
efficiency was higher by about 10% when using the expanded
nozzle. Furthermore, the coatings deposited with the expanded
nozzle were of much greater density (Fig. 9a and b).
Improvements to coating quality and deposition efficiency
are clear indications of the more favorable conditions prevailing
for plasma/powder particle interaction, in terms of both heat and
momentum transfer. This has been achieved by the use of the
computed Laval contour nozzles, thus resulting in extended
cross sections of the hot jet core, moderated gradients, and re-
duced interaction of the jet with the cold gas surroundings.

5. Conclusions

Under the reported operating conditions of the plasma
torch (plasma power and plasma gas flow rate), the plasma

Fig. 9 Al;03.3TiOp layers produced by atmospheric plasma
(Ar/Hp) spraying, using (a) standard nozzle, plasma gas, 35 slpm
(Ar) + 10 slpm (Hp), 600 A, 66 V; and (b) Mach 2.5 nozzle, plasma
gas, 35 slpm (Ar) + 10 slpm (Hp), 600 A, 59V
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flow was found to be generally subsonic (compressible) for the
three nozzles when operated at chamber pressures of around or
above 50 kPa, as measured by enthalpy probe investigations.
However, when the pressure was 27 kPa, the flow condition was
supersonic. Emission spectroscopy (absolute intensity) and en-
thalpy probe techniques exhibited reasonable agreement in the
regions of the jet where the local thermodynamic equilibrium
(LTE) condition was valid (the core of the jet). Over the entire
pressure range of interest (low to high pressure), the Laval noz-
zles generated plasma jets with extended hot cores compared to
a standard cylindrical nozzle. At reduced chamber pressures,
e.g., 27 kPa, it was demonstrated that plasma jets issuing from
Laval nozzles were not only shock wave free, but they also had
higher centerline values of temperature and velocity. These ad-
vantages provide for significant improvements to be made to the
layer structure and deposition efficiency of spray coatings using
dc plasma torches equipped with Laval nozzles.
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