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Low pressure plasma spraying (LPPS) is a thermal spraying technique that has found a niche for low oxi-
dation products. It uses a low pressure environment (i.e., chamber pressure between 2 and 90 kPa) and yields
supersonic plasma jets. The enthalpy probe technique is a common measurement method in plasmas. How-
ever LPPS jets are difficult to diagnose as their supersonic nature forces the apparition of a shock wave in
front of any measuring device inserted in the jet. Incomplete or erroneous assumptions are usually invoked
to overcome the difficulties associated with this shock wave and carry out the LPPS jet diagnosis from
enthalpy probe measurements. In this work, a new device is designed to gain access to an additional physical
quantity, which is needed to assess the aerodynamic non-equilibrium state of the jet. It is combined with
enthalpy probe measurements, and the resulting set of experimental data is used with a numerical procedure
based on gas dynamics theory, yielding free-stream supersonic plasma jet values from the measurements
behind the induced shock wave. The results agree well with the phenomenology of supersonic jets in aero-
dynamic nonequilibrium. However this new method is restricted by the local thermodynamic equilibrium
assumption, which is directly linked with the pressure and temperature conditions of the plasma jet.

Keywords enthalpy probe, low pressure plasma spray, modeling,
supersonic plasma

1. Introduction

Thermal spraying is a worldwide growing industry, worth
billions of dollars annually, and has become an important part of
the materials processing industry (Ref 1, 2). It consists of the
deposition of a metallic or ceramic coating providing new char-
acteristics to a substrate. These new characteristics can be im-
proved resistance to heat, wear, corrosion, abrasion, erosion or
oxidation, a change in electrical properties, or even a dimen-
sional restoration (Ref 1-6). Plasma spraying techniques gener-
ally rely on two possible plasma sources, namely the direct cur-
rent (dc) and radiofrequency (rf) plasma torches. From a
scientific perspective, the choice of the source depends mainly
on the requirements of the sprayed material, such as the melting
temperature, the in-flight residence time and the speed upon im-
pact. Low pressure plasma spraying (LPPS), also termed
vacuum plasma spraying (VPS), was developed in the early
1970s. It uses plasma torches equipped with a de Laval nozzle1

inside a low-pressure chamber (Ref 8); hence the plasma exits
the torch at supersonic velocities. For spraying purposes, the su-

personic low-pressure plasma jet is seeded with particles that are
accelerated and melted before impacting the substrate. A sec-
ondary gas with high enthalpy and thermal conductivity is often
used in plasma spraying to enhance melting of the injected par-
ticles. The result is a high-quality, high-density coating with ex-
cellent bonding and cohesive strength (Ref 1, 4). The controlled
environment also has the advantage of lowering the oxidation of
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Nomenclature

c speed of sound, m/s
cp specific heat at constant pressure, J/(kg K)
cv specific heat at constant volume, J/(kg K)
h enthalpy, J/kg
ṁgas gas mass flow rate, kg/s
ṁw cooling water mass flow rate, kg/s
M Mach number, 1
p static pressure, Pa
pc chamber pressure, Pa
pe torch exit pressure, Pa
po stagnation pressure, Pa
R specific gas constant, J/(kg K)
s entropy, J/(kg K)
Ssw shock generated entropy, J/(kg K)
T static temperature, K
To stagnation temperature, K
Tw cooling water temperature, K
v velocity, m/s
z axial location, m
� specific heat ratio, 1
� density, kg/m3

( )s isentropic process (ds = 0)
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the sprayed material, which enables a better control of the coat-
ing composition and morphology. This reflects through a greater
structural homogeneity, an absence of oxides, and hardness im-
provement (Ref 1, 4). The drawback of an LPPS system is
mainly its elevated initial and operational costs, as it requires a
closed chamber with an efficient pumping unit to achieve the
desired conditions of controlled atmosphere. Thus LPPS is
mainly used for the production of coatings with a high added
value.

The development and optimization of LPPS processes are
dependent upon knowledge of the involved physics. However, a
complete process characterization based on measurements is
highly demanding, if not an unreachable objective. Therefore,
the use of theoretical models is prescribed. To be useful for un-
derstanding the encountered phenomena, these models have to
be validated with measurements. In addition to the difficulties
pertaining to any thermal spray process, LPPS measurements
are further complicated by the supersonic nature of the plasma
jet, which might lead to aerodynamic and/or chemical nonequi-
librium. These measurements are carried out using an intrusive
technique (i.e., an enthalpy probe) to obtain the temperature and
velocity of the plasma jet. As the jet is supersonic, a natural
mechanism (i.e., a shock wave) slows it down at the tip of the
probe. This shock abruptly changes the properties of the plasma
jet by increasing both its temperature and pressure, making it
difficult to link the measurements with the free-stream plasma
jet values.

This paper is devoted to explaining and solving problems en-
countered with enthalpy probe measurements in supersonic
plasma jets. First, an enthalpy probe measurement review high-
lighting the specific problems in supersonic flows is carried out.
From a brief overview on the characteristics of supersonic flows,
the major problems pertaining to the measurement and physical
interpretation of such flows are presented. Second, a new
method to interpret supersonic enthalpy probe measurements is
described, eluding the preceding problems. Third, the experi-
mental setup and the results are presented, followed by a discus-
sion of the supersonic free-stream plasma jet characteristics ob-
tained from the new method. Finally, conclusions are drawn
from the results of the new method.

2. Enthalpy Probe Measurements Review

The development of the enthalpy probe in its current form is
attributed to Grey et al. in the 1960s (Ref 9, 10). Miniaturization
of the high pressure water-cooled probe was realized by Greyrad
Corporation and then commercialized by Calprobe under patent
license from Grey (as cited in Ref 11).

The early works on enthalpy probe diagnostics were con-
cerned with the elaboration of different types of thermodynamic
probes to establish a convenient and reliable measurement
method. This led to the development and testing of single-
jacketed probes (Ref 9, 10, 12, 13), double-jacketed probes
(Ref 9, 11-13) and fast-response uncooled probes (Ref 12, 14).
The single-jacket enthalpy probe was retained as an effective,
simple, and low-cost technique.

The first studies on thermal plasmas using enthalpy probes
dealt with laminar and turbulent mixing in jets (Ref 15-17). Su-
personic plasma jets with probe-attached shock waves and jet

swallowing, an alternative to the common detached-shock
blunt-nose enthalpy probe, were studied (Ref 18). Studies on
ambient gas entrainment and onset of turbulence for atmo-
spheric plasma jets were also conducted (Ref 19, 20), as well as
a work addressing the specificities of an argon jet discharging in
a controlled argon atmosphere (Ref 21). Combining a mass
spectrometer to the enthalpy probe system allowed to assess the
presence of demixing inside the plasma jet mixture (Ref 22, 23).
The enthalpy probe measurement technique was applied to com-
pressible plasma jets (Ref 24) and more specifically to super-
sonic plasma jets (Ref 25). It was also compared with other
plasma measurement techniques such as laser-doppler anemom-
etry (LDA), emission spectroscopy, coherent antistokes raman
spectroscopy (CARS), and laser light scattering (Ref 20, 26). A
review on the use of enthalpy probes in thermal plasmas can be
found in Ref 27.

The aim of the present work is to propose a solution for en-
thalpy probe measurements of supersonic plasma jets overcom-
ing the incompleteness of supersonic flow analysis found in the
literature. Hence it requires to show the provenance and working
principles of enthalpy probes and to detail the peculiarities per-
taining to supersonic flows. These details and explanations are
mandatory as they provide a logical way to expose the new
method for enthalpy probe measurements in supersonic plasma
jets.

2.1 Enthalpy Probe

The enthalpy probe is similar to a water-cooled Pitot tube
with no circumferential pressure tap, as shown in Fig. 1. Primar-
ily developed to deduce the temperature of a high-energy flow
from enthalpy measurements, the enthalpy probe can also be
used to infer the velocity of high-energy flows if the flow static
pressure is known.

Enthalpy measurements are carried out comparing the cool-
ing water temperature increase �Tw in two different cases: tare
and sample. The former case is the condition of no-flow through
the probe, while in the latter case a known flow rate of gas is
collected by the probe. Nowadays, enthalpy probes are often
covered with a thermal barrier coating (TBC), which provides a
larger heat load difference between the tare and sampling
modes, improving the quality of enthalpy measurements (Ref
27, 28).

From an energy balance on the cooling water circuit, the
plasma temperature is deduced (using LTE assumptions) from
the enthalpy of the high-energy jet hunknown (Ref 10):

ṁgas�hunknown − hexit� = �ṁwcp
w�Tw�sample − �ṁwcp

w�Tw�tare

(Eq 1)

Fig. 1 Schematic illustration of an enthalpy probe
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In Eq 1, ṁgas is the mass flow rate of gas into the probe, hexit is the
enthalpy of the gas leaving the probe, ṁw is the cooling water
mass flow rate, cp

w is the cooling water specific heat at constant
pressure and �Tw = (Tw

out − Tw
in) is the cooling water tempera-

ture rise. The quantities �Tw, ṁw, and ṁgas are all measured,
while hexit is usually neglected.

2.2 Incompressible Jet Velocity Measurements

The incompressible flow regimen is encountered for M < 0.3,
where the Mach number (M = v/c) is the ratio of the flow veloc-
ity (v) to the speed of sound in the fluid (c = (√�p/��)s). Pitot
tubes are effective velocity measurement devices for incom-
pressible low-energy jets. In that case, v is found using the
Bernoulli equation (i.e., an energy balance for a steady, adia-
batic, workless, incompressible fluid flow):

v =�2�po − p�

�
(Eq 2)

The subscript “o” denotes the stagnation point of the flow (i.e.,
zero velocity).

Dealing with high-energy (i.e., with chemical reactions such
as dissociation, ionization, and recombination) incompressible
jets, the Pitot tube can still be used provided that the flow tem-
perature (T ) is known, allowing to find the density (�), and that
the probe is able to sustain the heat flux of the impacting stream
without any damage. These requirements are met by a water-
cooled enthalpy probe. For incompressible jets, the static pres-
sure of the high-energy flow ( p) is the ambient or chamber pres-
sure ( pc).

2.3 Subsonic Jet Velocity Measurements

If the Mach number is in the range 0.3 � M � 1, the flow is
in the subsonic regimen. For such a flow, the Bernoulli equation
does not apply anymore. To take compressibility effects in con-
sideration, the one-dimensional energy equation written be-
tween the free-stream and stagnation points in the jet is used and
combined to the stagnation-to-static temperatures ratio. Then,
assuming the working gas to be calorically perfect (cp = constant
and p = �RT ), the enthalpy change is given by �h = cp�T, the
specific heat ratio is � = cp/cv and the gas constant is R = cp – cv.
Combining these definitions, the velocity (v) is obtained as (Ref
29):

v =�2�RT

� − 1
��po

p
�

�

�−1

− 1� (Eq 3)

Hence to compute the velocity of a compressible subsonic
jet, the stagnation pressure po, the static pressure p, and the tem-
perature T must be known.

2.4 Supersonic Jets

In the supersonic regimen (M > 1), the flow travels faster than
the speed of sound in the fluid, which leads to a completely dif-

ferent behavior. Theoretical grounds of supersonic jets are ex-
posed to highlight common incorrect enthalpy probe measure-
ment interpretations from the one-dimensional isentropic
description of an ionized gas.

2.4.1 Supersonic Flow Generation. In a dc plasma torch,
the gas stream is confined between the outer anode and the cen-
tral cathode. Reducing the exit area of the torch (i.e., converging
nozzle) increases the velocity at constant mass flow rate. De-
creasing the chamber pressure ( pc) also accelerates the flow un-
til the maximum mass flow rate is attained, for which M = 1 (Ref
29). Further decreasing pc will not increase the mass flow rate:
the converging nozzle is choked. As the supersonic flow veloc-
ity increases in a diverging section (Ref 29), a de Laval nozzle
must be used2 for the flow to reach higher velocities (i.e., M > 1).

Figure 2 illustrates the possible pressure distributions inside
the de Laval nozzle when pc is varied. They can be regrouped to
represent different physical behaviors of the jet as pc is lowered.
Starting from no flow condition, pc is decreased until the flow
attains the subsonic regimen. When pc = pI, sonic flow is reached
at the throat of the nozzle (Mthroat = 1), the converging section is
choked, and the flow stays subsonic in the diverging section. For
the pressure range pI > pc > pII, the flow becomes supersonic
with a shock wave forming inside the nozzle, progressing from
throat to exit as pc decreases. When pc = pII, a shock wave is
formed exactly at the exit of the nozzle. As pII > pc > pIII, shock
waves are forming outside the nozzle (i.e., overexpanded jet).
For pc = pIII, the flow is supersonic and shockless (i.e., aerody-
namic equilibrium). Finally when pc < pIII, the flow is supersonic
with expansion waves forming outside the nozzle (i.e., underex-
panded jet).

2.4.2 Shock Waves and Aerodynamic Non-Equilibrium
in Supersonic Flow. A shock wave is a discontinuity created
from the coalescence of pressure waves forming a sharp front. It
is an irreversible process characterized by viscous and heat con-
duction phenomena that converts the flow kinetic energy into
thermal energy, raising its temperature and pressure (Ref 29).

External shock solutions (i.e., over- and underexpanded jets)

2The rf plasma torch, which consists of a cylindrical glass tube sur-
rounded by an electromagnetic coil, can also be used in combination
with a de Laval nozzle to achieve supersonic velocities (Ref 25, 30).

Fig. 2 Pressure distributions inside a de Laval nozzle (p* is the pres-
sure at the minimum area where M* = 1)
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represent aerodynamic nonequilibrium of the flow where the jet
static pressure at torch exit ( pe) differs from the chamber pres-
sure (i.e., pe � pc). This inequality brings an oscillatory pressure
pattern, as shown in Fig. 3, caused by expansion and compres-
sion waves that readjust the flow for the jet static pressure to
reach pc.

2.4.3 Supersonic Jet Velocity Measurements. To obtain
the velocity of a supersonic flow, Eq 3 cannot be used because of
the appearance of a shock wave in front of the measurement
device. Two different states are to be accounted for when using
a probe inside a supersonic jet. As shown in Fig. 4 and 5, these
states are located on both sides of the shock wave (before = 1,
after = 2).

If the gas is calorically perfect and the flow between the
shock wave and the probe is one-dimensional, steady, isen-
tropic, and workless, the following relationships apply (Ref 29):

To

T
= 1 +

� − 1

2
M 2 (Eq 4)

po

p
= �1 +

� − 1

2
M 2�

�

�−1 (Eq 5)

Combining Eq 4 and 5 yields:

po2

p1
= �1 +

� − 1

2 � M1
2 +

2

� − 1

2�

� − 1
M1

2 − 1�	
�

�−1

�2�M1
2 − � + 1

� + 1 �
(Eq 6)

Solving Eq 6 requires knowledge of the jet stagnation pres-
sure after the shock po2 , the jet static pressure before the shock
p1 and the jet temperature T (to evaluate �). In the special case
of aerodynamic equilibrium ( pe = pc), p1 is known ( p1 = pc),
and enthalpy probe measurements give access to po2 and
ho2. The calorically perfect gas assumption is also required for
� to be constant. When the preceding requirements are met,
the free-stream jet velocity v1 is found from Eq 6 and from the

evaluation of the speed of sound in the free-stream plasma jet c1

(c1 = v1/M1).

2.5 Supersonic Plasma Jet Enthalpy Probe
Measurements: Common Interpretation and
Related Problems

This section presents the common approach found in the lit-
erature to interpret enthalpy probe measurements in supersonic
plasma flows (Ref 24, 25, 27).

2.5.1 Common Interpretation. Equation 6 is solved to
yield the free-stream plasma jet Mach number M1 by assuming
that the gas is calorically perfect (i.e., � is constant through the
evolutions between states 1, 2, and o2). From the energy conser-
vation law, the definitions of the Mach number, the velocity of
sound in a calorically perfect gas applied to the free-stream
plasma jet:

h1 +
v1

2

2
= ho1 = ho2 (Eq 7)

v1 = M1c1 (Eq 8)

c1 = ��RT1 (Eq 9)

Fig. 3 Axial free-stream static pressure of a supersonic jet in aerody-
namic nonequilibrium (overexpanded jet shown; pc is the chamber pres-
sure and p1 the free-stream jet static pressure)

Fig. 4 Normal shock wave in a one-dimensional, isentropic flow

Fig. 5 Normal shock wave formation from the insertion of a measur-
ing device inside a supersonic jet
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Equations 7-9 can be rearranged as:

h1 = ho2 − M1
2

�RT1

2
(Eq 10)

where ho2 (from measurements) and M1 (from Eq 6 solved with
the assumption that p1 = pc) are known. Equation 10 is iteratively
solved using thermodynamic tables of the working plasma gas,
simultaneously obtaining T1 and h1. It must be noted that the
specific heat ratio � and the gas constant R are both functions of
temperature and pressure. The velocity v1 is found using equa-
tions 8 and 9 while the density �1 is computed from the perfect
gas law � = p/(RT ). Hence all the free-stream plasma jet prop-
erties are found from isentropic gas dynamics theory for a ca-
lorically perfect gas assuming aerodynamic equilibrium.

2.5.2 Problems Related to the Common Interpretation.
Theoretical efforts were presented in Sec. 2.5.1 to infer the super-
sonic plasma jet free-stream properties from the stagnation
quantities measured using an enthalpy probe. With Eq 6 linking
both sides of the shock wave appearing in front of the probe, two
major problems arise.

First, as the temperature is high enough for ionization to oc-
cur, the gas cannot be considered calorically perfect as the val-
ues of cp and � change along with temperature and pressure.
Thus discrepancies are found between the different �s of Eq 6
(i.e., Eq 6 has two steps: the shock wave, from 1 → 2, and the
stagnation, from 2 → o2). Due to these considerations, Eq 6
should be seen as po2/p1 = f (M1, �1, �2, �o2), where the different
�s expose a difficulty in working with Eq 6. In fact, all the one-
dimensional isentropic equations were developed for calorically
perfect gases (Ref 29): their use with thermal plasmas bring un-
avoidable errors.

Secondly, as typical LPPS operating conditions deal with
over- and underexpanded jets for which the axial free-stream
static pressure distribution ( p1) displays an oscillating behavior,
the plasma jet is not in aerodynamic equilibrium. Thus, p1 can-
not be directly measured due to the shock wave forming in front
of any measurement device inserted in the supersonic plasma jet,
preventing the solution of Eq 6 and 10. However, it was shown
that p1 and M1 could be obtained from a tedious numerical jet
study (Ref 31, 32).

Consequently, most LPPS flows are neither in aerodynamic
equilibrium ( p1 � pc) nor calorically perfect (cp � constant),
preventing the use of Eq 6. To overcome these problems about
p1 and � with supersonic plasma jets, it is often assumed that
(Ref 24, 25, 27) p1 = pc even if the jet is not in aerodynamic
equilibrium, and the flow is frozen, i.e., the hydrodynamic ti-
mescale is smaller than the chemical timescale and thus cp and �
are constant.

As detailed in Fig. 3 and in Ref 33, the aerodynamic nonequi-
librium cannot be neglected as the use of p1 = pc in overexpanded
jets lead to a large overestimation on the velocity profile.
Furthermore, even if the frozen flow assumption is achievable
in a supersonic plasma jet, it might not hold in the region behind
a shock wave where the flow is slowed down with its tempera-
ture and pressure increased, three conditions promoting chemi-
cal equilibrium inside an aerodynamic nonequilibrium flow
(Ref 34).

Taking into consideration the preceding difficulties with su-

personic flow measurements in plasma jets, a new method is
tailored to infer free-stream supersonic plasma jet properties in
the next section without having to use the assumption of a ca-
lorically perfect gas in aerodynamic equilibrium.

3. New Method for Enthalpy Probe
Measurements of Supersonic Plasma
Jets in Aerodynamic NonEquilibrium

To avoid the pitfalls presented in the previous section, a new
method is developed and detailed (Ref 33). A procedure is used
to infer the plasma jet values before the shock, using a new de-
vice to gain access to the static pressure after the shock ( p2), as
detailed in section 3.1. The conservation equations governing
the normal shock wave process are presented in section 3.2. The
solution procedure is discussed in section 3.3.

3.1 Post-Shock Static Pressure Probe

The post-shock static pressure probe (PSSPP) consists of a
conical truncated piece of tungsten with a pressure tap located on
its surface, as shown in Fig. 6. It is fixed as a cap on the tip of an
enthalpy probe. A detached shock forms in front of the PSSPP,
and the resulting flow is parallel to the conical surface. The idea
behind the PSSPP design is allowing the flow to recover the
pressure it had just after undergoing the shock wave as it reac-
celerates on the PSSPP surface. Consequently the pressure tap
measures the static pressure ( p2) of the plasma jet after the
shock. Numerical simulations were conducted to describe the
flow reacceleration on the PSSPP conical surface (Ref 33), and
the results are presented as iso-pressure contours in Fig. 7, where
p2 is found on the PSSPP surface during the reacceleration.
These simulations were used to obtain the location of the tap for
a meaningful p2 to be measured (i.e., fixing the value of d on
Fig. 6).

It is critical to establish a similarity between the PSSPP- and
probe-induced shocks. If both shocks have similar shapes and
magnitudes, it allows combination of PSSPP and stagnation
measurements. Two indicators of shock similitude are obtained
by comparing the standoff distances between the shock front and
the tip of the intrusive measurement tools (probe and PSSPP)
and by comparing the stagnation pressures ( po2) measured with
the probe and with the PSSPP. Figure 8 presents two pictures of
the supersonic plasma jet impinging the enthalpy probe and the

Fig. 6 Schematic illustration of the PSSPP
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Fig. 7 Static pressure recovery from the reaccelerafion of the :flow on: 
the PSSPP surface (M ~ 1,5, p 411}00 Pa, and T ~ 1000 K/ 

Probe 
(z = 29tara) 

PSSPP 
(z = 29tara) 

Fig. 8 Shock/measurhag device distmnces; both devices are located 29 
mm downstream of torch exit (top: enthalpy probe, bottom: PSSPP) 

PSSPP at a distance o f  29 ram from ~he torch exit. Under the 
sarae free-stream plasma jet conditions, the norraN shocks and 
ensuing subsonic flows are siraiIar, as indicated by the constant 
shock-toN distaoce o f  approximately 2 ram, which implies from 
gas dynamics considerations that p2op,.o~ ~P2opSSpP. It should be 
noted that the Nasraajet looks different in the two pa~s of  Fig, 8 
as differem filters were used on the charge-coupled device 
(CCD) caraem m account ~br the bright reemission of  the incan- 
descent PSSPP. The correspondence between the stagnation 
pressures Po2 obtained from enthalpy probe measurements and 
~ r a  PSSPP raeasurements was Nso veri~Sed using a speciNly 
desigmed PSSPP 0.e,  with a hole m: its tip), 

3.2 N o ~ a l  Shock Equations 

The assumptions to describe the normal shock wave process 
require that the shock is thin and of  constant area and file flow is 
one dimensional, stea.@, adiabatic, and workless. Furthermore, 
the charaber pressure and the jet temperature must provide 
enough cNlisions 0.e., relatively small raean ~ e  path and large 

number density) fbr the ionized gas m be above the continuum 
limit. Under ~/hese conditions, the conservation equations de~ 
scribing the flow on both sides o f  the shock (Fig, 4 and 5) are: 

- Mass: p~v~ = p~v 2 (Eq 11) 

- Momentum: p~ + p~v~ 2 = P2 + P2V2 ~ (Eq 12) 

° F i ~  Law oFHaennodynaraics: h~ (Eq 13) 

• Second Law of ~ermodynamies:  s 2 =: s~ + S~,,,, (Eq 14) 

• State: p = pRT (Eq 15) 

To solve the systera of  equations describing the shock wave 
(Eq 11-13) and m obtain the free-streara properties of  the flow at 
location I, three measureraents are required after the shock 
wave. Different sets a ~  possible depending on the variables that 
can ~ raeasured. In this work, those values are the static pres- 
sorep2, the stagnation pressure Po2, and the stagnation enthNpy 
he2; the lattex two are frora enthalpy probe measurements while 
the former is Obtained using the PSSPP. With p2, Po2, nod h~,2 
known, the conservation equations are solved to obtain the prop- 
erties o f  the free-stream supersonic plasma jet, as discussed in 
the following section. 

3.3 Solution M e t h ~  

With he2, Po2, andp2 raeasored, it is possible to catty out the 
calculation o f  N1 the plasma stream variables at location 2, 
namely, h~, y~, ½, M;, s2, and P2. The normal shock wave con- 
servat:ion equations of  Sec~ 3.2 can then be numerically solved to 
obtain the free-stream values at location 1. This is the most direct 
solution path;; however it is numerically demandiog. Another so° 
Ntion path was chosen for this work, taking advantage of  No gas 
dvnaraics theory of  the Fanno-Rayleigh lines method (Ref29), 

The Farmo line ~sults frora the simultaneous solution of  
mass and energy conservation (Eq 11 and 13) while Ne Rayleigh 
line ~sutts from the simultaneous solution of  raass and moraen- 
tara conservation (Eq 1 t and 12)(Ref29). Their intersections on 
a Mollier diagram represent both sides of Ne shock w a v e  (Le., m 
these two points, the conservation Eq 11, 12, and 13 are all 
obeyed), as s h o ' ~  in Fig. 9. The two solutions are distinguished 
using the Second Law of  The~odynamics.  In this way', the 
Fanno and Rayle i~  supersonic branch imersectien brings the 
"values tbr h~ and s~, tbe enthalpy and entropy o f N e  ffee-streara 
plasraajet before the shock wave. ~ e  vane of  the pressurep~ is 
deduced since h~ and s, are both function of  pressm'e, and all 
other properties of  fl~e ffee-slream plasma jet can be calculated 
(T1, v ,  M .  and p~). 

3.3.1 Nasma  Properties, To solve 'the conservation laws 
thrcragh the n o ~ a I  shock wave and to Nfer state 2 from state o2, 
the evaluation of  the plasma properties :is required. The argon 
plasma properties are obtained using data derived from argon 
paNtion functions (Ref 35)and the following assumptions: 

• The quasi-neutral plasma is pure argon between 1,000 K 
and 20,000 K; 
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• The perfect gases law is obeyed;

• Only the first ionization of the argon plasma is considered
through the three-body recombination:

Ar + e− ↔
Keq

Ar+ + e− + e−

where Keq is the equilibrium constant (Ref 36);

• The argon plasma is in local thermodynamic equilibrium
(LTE) (Ref 37).

4. Experimental Work

In this section the enthalpy probe and PSSPP measurements
carried out for this work are presented.

4.1 Experimental Setup

The experimental setup includes a vacuum chamber, a pump-
ing unit, a dc plasma torch installation, an enthalpy probe sys-
tem, and a CCD camera, as shown in Fig. 10.

The plasma generation system was a Multicoat industrial in-
stallation from Sulzer-Metco Switzerland AG (Wohlen, Swit-
zerland) for VPS composed of a dc plasma torch inside a water-
cooled vacuum chamber. This chamber was implemented with a
two-axis displacement system on which was mounted the
plasma torch. It allowed the torch to move along and perpen-
dicular to its axis (Ref 31, 33). A 12-bit CCD-camera with a
zoom lens was also mounted on the vacuum chamber, facilitat-
ing the alignment of the torch with the enthalpy probe and the
visualization of the plasma jet. Further details about the camera
can be found in Ref 31.

The dc plasma torch was an F4-VB plasma gun from Sulzer-
Metco, made of a copper anode with tungsten insert (6/12 mm
throat/exit diameters) and a thoriated tungsten cathode. The
plasma gas flowing around the cathode entered through a 16-
hole helicoidal injector with 45° injection angle (Ref 31, 33).

The pumping unit was a Roots Vacuum Pumping Station
WWD5500 from Pfeiffer Vacuum Technology AG (Asslar,
Germany). It is composed of three major pieces: two roots
pumps (WKP6000 and WKP1000) and a rotary vane pump
(PAC400). With this pumping unit, it is possible to reach pres-
sures as low as 10−2 Pa (no gas flowing); this lower limit rises to
50 Pa for 50 slpm argon flow rate (Ref 28, 31, 33). In fact, during

operation the chamber pressure can be regulated between
102 and 5 × 104 Pa independent of the gas flow rate.

The enthalpy probe system supplied by Tekna Plasma Sys-
tems (Sherbrooke, Québec, Canada) was designed to work at
atmospheric pressure. Modifications were made to operate this
equipment at lower pressures, noticeably the addition of a root
pump for gas sampling and of specific pressure and gas flow rate
measuring devices (Ref 31).

4.1.1 Operating Conditions. The enthalpy probe and
PSSPP measurements were made while operating the system un-
der the following conditions: pure argon flow rate of QAr = 40
slpm, plasma torch current of I = 400 A (yielding 14 kW torch
power), and chamber pressure of pc = 4000 Pa.

For these operating conditions with nozzle dimensions of
6/12 mm throat/exit diameters, the torch exit pressure was mea-
sured as pe ≈ 3300 Pa and the supersonic plasma jet was over-
expanded. Axial measurements were carried out to obtain the
most salient features of this supersonic plasma jet in aerody-
namic nonequilibrium.

4.1.2 Enthalpy Probe Measurements. The enthalpy probe
had a 4.76 mm outer diameter (od) and a 1.5 mm inner diameter
(id) and was covered with a TBC. With it mounted on the en-
thalpy probe system, the stagnation pressure po2 was measured
in tare mode while the stagnation enthalpy ho2 was obtained by
comparing the heat fluxes from the tare and sample modes. The
sensitivity of the enthalpy probe technique is linked with the
amount of gas collected (Ref 38). In general, the larger the sam-
pling rate, the better the enthalpy probe measurements (Ref 27).
With a chamber pressure of 4000 Pa, the smallest probe avail-
able could not be used; the sampling rate was too low, rendering
enthalpy measurements unsatisfactory. Yet the size of the en-
thalpy probe must not be too large, since it would lead to a re-
duced spatial resolution (i.e., swallowing the probe of section 2).
Hence the present work deals with operating conditions close to
the limit of applicability of the enthalpy probe method, requiring
a certain trade-off on the localness of the measurements to insure
the heat load difference is large enough to obtain the plasma
enthalpy.

Fig. 9 Mollier diagram for the solution of the normal shock equations
using the Fanno-Rayleigh lines technique

Fig. 10 Experimental setup for enthalpy probe and PSSPP measure-
ments
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The po2 axial profile is presented in Fig. 11 (the error bars are
not shown as they are worth less than one percent and would not
appear due to the scale of the graph). As the jet is overexpanded,
the flow exiting the plasma torch encounters shock waves that
reduce its velocity. Consequently an increase in pressure is ex-
pected, with the stagnation pressure always larger than the static
pressure (i.e., the former is related to zero velocity). The aero-
dynamic nonequilibrium state of the plasma jet causes oscilla-
tions of the po2 axial profile. These oscillations have decreasing
intensity along the axis as the jet spreads in the chamber and
energy is dissipated at its fringes. All the preceding features are
found in Fig. 11.

The ho2 axial profile is shown in Fig. 12 with the associated
error bars showing a mean error over all locations around 6%. It
is expected to decrease with axial locations downstream of the
nozzle exit since the jet spreads into the chamber with reducing
velocity from viscous effects. Again the aerodynamic nonequi-
librium state of the LPPS jet causes oscillations of all the plasma
properties. The intensity of these oscillations is linked with the
magnitude of the pressure ratio p1/pc, which reduces from in-
creasing viscous effects with axial location until it vanishes far
from nozzle exit. Thus, Fig. 12 shows the smooth decrease ex-
pected on jet axis from spreading of the plasma jet.

The aerodynamic nonequilibrium state of the flow causes al-
ternating compression and expansion regions that modify the
shape of the supersonic plasma jet. Therefore, radial enthalpy
probe measurements could be used to evaluate the energy con-
servation inside the jet and better assess the shape of the ho2

profile.
4.1.3 PSSPP Measurements. The PSSPP measurements

were carried out using a 10 mm od enthalpy probe. This probe
had a 5 mm id and was covered with a TBC. The 6 mm od PSSPP
was inserted at the tip of the enthalpy probe to measure the static
pressure p2.

The p2 axial profile is presented in Fig. 11. Similar to the po2

profile, it is first expected to increase as the flow exiting the
torch travels through shock waves. Oscillations result from the
aerodynamic nonequilibrium state of the jet; their intensity de-
creases along jet axis from energy dissipation and spreading of
the jet. These trends are all found in Fig. 11.

Combining PSSPP and enthalpy probe measurements, evi-
dence that the plasma jet is overexpanded is to be found from the
p2 and po2 pressure distributions. It should be bear in mind that

the measurements correspond to subsonic values (i.e., after the
tool-induced shock) from which must be deduced the trends of
the supersonic values (i.e., before the shock). Using Eq 5, it is
seen that a small po2/p2 value corresponds to a small Mach num-
ber (M2) while a larger value of po2/p2 corresponds to a larger
M2. The M2 values are to be linked with the normal shock wave
process: the larger the Mach number of a supersonic flow (M1),
the stronger the shock wave and the smaller the Mach number of
the ensuing subsonic flow (M2). Therefore, in Fig. 13, it is seen
that the flow goes through a compression zone first as po2/p2

increases from the plasma torch exit to reach a maximum at z ≈
20 mm, evidence that pe < pc. In other words, the increasing
trend of po2/p2 from torch exit tells that the shock process is
weakening; thus a weaker shock is linked with a compression
process and the jet is indeed overexpanded.

5. Results and Discussion

In this section, experimental results from Section 4 are used
along with the new method to obtain the free-stream plasma jet
characteristics.

The supersonic plasma jet is overexpanded, and alternating
compression and expansion waves develop to bring the jet static
pressure back to the chamber pressure. With compression
waves, the flow is slowed down, raising its temperature and
pressure, which in turn increase density and radiative losses.
Conversely, opposite physical phenomena are observed for ex-
pansion waves: the flow accelerates and its temperature and
pressure decrease, leading to lower density and radiative losses.

Figure 14 gives insight on the mechanisms taking place in an
overexpanded jet. At the exit plane of the plasma torch nozzle,
oblique shocks are formed that increase the jet static pressure ( p)
to reach the chamber pressure ( pc). These oblique shocks meet
on the jet axis and are reflected away, creating a compression
cell where p is larger than pc. Meeting the jet boundaries, the
oblique shocks are reflected as a series of expansion waves to
bring p back at pc. These expansion waves are then reflected on
the jet axis, creating an expansion cell where p decreases under
pc. Reaching the jet boundaries, the expansion waves are re-
flected as compression waves that might coalesce to form ob-
lique shocks and the compression/expansion pattern is repeated,

Fig. 11 Measured stagnation and static pressures along jet axis Fig. 12 Measured stagnation enthalpy along jet axis (note: ordinate
scale starts at 7 MJ/kg)
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Fig. 13 Measured stagnation pressnre/siaIic pressu~ ratio along jet 
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Fig. 14 Compression-expansion wave :pattern in an overexpanded 
plasma jet 

as illustrated in Fig, 3. Each repetition of  this pa~em crones 
along with an attmmation of  the pressure changes due to viscous 
effects at the je~ boundaries until p finally reaches p~.. 

Figures 15-20 are used m analyze the solution obtained with 
the new method. They p~sent a picture efthe supersonic plasma 
jet (Fig. 15) and the axial profiles o f  salient flow prope~ies on 
both side of  the tool-ind~ced shock wave, namely the static pres- 
sure (Fig. 16), the temperature (Fig. 17), the enthalpy (Fig~ 18), 
the velocity (Fig. i9), and the Mach number (Fig. 20). From 
these figures, four qualitative fmadamental Observations can be: 
made conf i~ ing  the validity of  tlae solution: 

• The static pressure, the entha|py and the temperature before 
the shock (Pi, h~, Tt)are always smaller than the corre- 
sponNng static pressure, enthalpy and temperature a~er the 
shock (p> h> ~) .  

• The Math numbers before the shock: are greater than ~nity 
(M~ > 1) while the Mach numbers after the shock are 
smaller than unity (~6 < 1). 

• All the Nasma jet variables oscillate with decreasing imen- 
sity along the jet axis. 

• The axial s~atic pressure p t attains values three times as high 
asp~ in the first compression zone and values as tow asp~ in 
the first expansion zone. 

The first two observations c o n f i ~  that the solution complies 
with the pa~icular charac*eNstics of  a n o d a l  shock wave pro- 
cess and are supposed by the qualitative agreement of  the solu- 

Fig. 1S Image oft:he overexpanded plasma jet for the chosen o~rating 
conditions (4000 Pa, 40 slpm Ar and 400 A) 

Fig. 16 Slatie pressuN distributions on bo~h sides of the induced shock 
wave along jet axis 
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Fig. 17 Temperature distributions on both sides ofthe induced shock 
wave along jet axis (no~e: ordinate scale starts at 8000 K) 

tion (trends from Fig. I6-20) with Fig. 15~ The third observation 
shows that the supersonic plasma jet is in ~rodynamic nonequi- 
librium from the presence of oscilla:6ons while the fourth is an 
indication of  the hwalidity of  the Pt = P,: assumption. This last 
comment fu~her demonstrates that the obtained Pl axial distil- 
butien agrees with the theoretical jet behavior described in Fig. 
14. The errors oil the free-stream values of  Fig. 16-20 result from 
the error invokred in the stagnation emhatpy measurements ( h j  
since the pressure distributions Po~ andp~ carry small errors. The 
larger influence is found on the emhalpy h t w i t h  rotor extending 
in average N :~8%. The other inferred values encounter much 
smaller fluctuations from the ex~fimental error as the error rep- 
resent an average of  e4% on '(he pressure p~ and approximately 
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±2% for the velocity v1, the Mach number M1, and the tempera-
ture T1. Such error values are acceptable and give an apprecia-
tion of the quality of the new method proposed in this work,
which goes beyond respecting the behavior of jets in aerody-
namic nonequilibrium.

From Fig. 14, the compression and expansion regions inside
the overexpanded jet can be located in Fig. 15. Each region
(compression or expansion) is composed of two zones due to the
wave reflection on the jet axis, which creates a crossed pattern
inside the jet.3 These crossed patterns are surrounded by dashed
boxes to illustrate both compression and expansion regions.
Compression regions comprise two zones: the first has a pres-
sure p < pc since it is located inside an expansion cell while in the
second zone the pressure p > pc as the flow crosses compression
waves, entering a compression cell. An opposite scenario ap-
plies for expansion regions (i.e., first zone in a compression cell,
second zone in an expansion cell).

An overview of Fig. 15 and 16 shows that the first compres-
sion region inside the overexpanded jet spreads from torch exit
(z = 0 mm) to z ≈ 20 mm; the first measurement was taken at z =
11 mm. The first expansion region is found between 20 mm < z
< 30 mm. The second compression region extends between 30
mm < z < 40 mm and is followed by the second expansion region
between 40 mm < z < 50 mm. Further downstream, it can be
deduced from Fig. 3, 14, and 15 that turbulent mixing of the jet
with stagnant gas in the chamber will bring the flow to subsonic
speeds, and shock structures will not be seen anymore as p1 will
become closer to pc.

Further details of the flow inside each region can be obtained
from the trends of Fig. 16-20. As the flow aerodynamic nonequi-
librium state is driven by the jet exit pressure, the analysis must
start from the static pressure profile. Figure 16 shows the static
pressure distributions ( p1 and p2) on both sides of the tool-
induced shock. The free-stream static pressure ( p1) first in-
creases because the jet is overexpanded. It reaches a maximum
after the shock waves cross on jet axis; at this point the free-
stream flow is slower, inducing a weaker tool-induced shock
causing a small pressure rise. Therefore around this axial loca-
tion, p1 and p2 are close to one another. Conversely, when the
flow crosses expansion waves, as happens around z ≈ 30 mm, the
flow velocity is larger and the tool-induced shock is stronger,
causing a larger pressure increase. Hence at this location p1 and
p2 are far apart from one another. It should also be pointed out
that in the first expansion region (z ≈ 30 mm), the pressure
reaches pc as required from Fig. 3 and 14.

Figures 17 and 18 show the temperature (T1 and T2) and en-
thalpy (h1 and h2) of the plasma jet on both sides of the tool-
induced shock where salient physical features are linked with the
compression and expansion phenomena previously described.
As the plasma jet undergoes compression first, higher T1 and h1

values are encountered around z ≈ 20 mm. The weaker tool-
induced shock associated with compression waves brings T1 and
h1 closer to T2 and h2 than the stronger tool-induced shock asso-
ciated with expansion waves, and therefore when the flow is
expanding T1 and h1 are far apart from T2 and h2.

From Fig. 19 and 20 are seen the velocity and Mach number
distributions (respectively v1, v2, and M1, M2) behavior on jet
axis. Again the values for the free-stream velocity and Mach

3In this work, the words cell, region, and zone refer to specific divisions
of the overexpanded plasma jet: in a cell, the pressure trend is constant
(i.e., larger or smaller than pc) while a region is described with the
dashed boxes of Fig. 15 and is composed of two zones located before
and after the waves cross on jet axis.

Fig. 18 Enthalpy distributions on both sides of the induced shock
wave along jet axis (note: ordinate scale starts at 4 MJ/kg)

Fig. 19 Velocity distributions on both sides of the induced shock wave
along jet axis

Fig. 20 Mach number distributions on both sides of the induced shock
wave along jet axis
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number, v1 and M1, are closer to the values of v2 and M2 when the
flow undergoes compression.

As seen from Fig. 16, the offset between p1 and pc is larger in
compression zones where p1 can be three times greater than pc.
Calculations were carried out using the technique outlined in
Sec. 2.5.1 and yielded values for the free-stream temperature T1,
enthalpy h1, velocity v1, and Mach number M1 at a static pressure
of pc. The obtained values are indicate by the X’s in Fig. 16-20,
which show an under-prediction for the values of temperature
and enthalpy and an over-prediction for the values of velocity
and Mach number. From these results, it is clear that the p1 = pc

assumption is not valid and should be rejected when dealing with
a plasma jet in aerodynamic nonequilibrium.

5.1 Limitations

The low-pressure environment brings unavoidable interroga-
tions about the LTE state of the plasma jet. Effectively, under
such pressure conditions, fewer collisions inside the ionized gas
lead to different temperature distributions for the electrons and
heavy (i.e., atoms and ions) particles. A plasma jet in the non-
LTE state could not be diagnosed with either the new method in
the form developed so far or with regular enthalpy probe mea-
surements, as the two temperature distributions (i.e., Th and Te)
would be unknown. However, if LTE zones would exist and
could be detected inside a non-LTE plasma jet, the new method
would still be a valuable diagnostic tool. Favorable zones for
LTE could be the compression regions where higher pressure
and temperature multiply the number of collisions in the ionized
gas for Te ≈ Th. It should be understood that for a slight departure
from LTE, the new method may be used with care and discern-
ment.

The present PSSPP design is not yet optimal. An improve-
ment would be to build a one-piece PSSPP; that is an enthalpy
probe with no hole at its tip but rather an off-axis pressure tap to
monitor static pressure. This would ensure cooling-off the tip,
since for now the tungsten-made PSSPP is sustaining a high heat
flux as shown by its bright reemission under plasma conditions.
It would also enable the use of the PSSPP technique under higher
chamber pressures or with binary gas mixtures since both of
these operating conditions increase the heat flux to the PSSPP. A
one-piece PSSPP would eliminate the joint between the PSSPP
and the probe, where leaking can occur after several runs when
both the PSSPP and the probe contact surfaces become worn,
threatening the quality of the measurements.

Another limitation of the PSSPP is linked with the tap mea-
surement distance d held constant in this work. This localization
of the tap is determined by the reacceleration pattern of the
plasma jet impinging on the PSSPP and should be varied de-
pending on the plasma zone under study. Based on the modeling
work, it is expected that the tap measurement distance should not
change by more than a few percent.

6. Conclusions

The new method developed in this work fills a need for un-
derstanding supersonic plasma jets in aerodynamic nonequilib-
rium. Its major outcome is to provide physically meaningful
free-stream supersonic plasma jet descriptions, improving the

diagnostics over previous researches. The aerodynamic non-
equilibrium features of the overexpanded plasma jet are taken
into account considering the possible variation of p1, avoiding
the usual assumptions of aerodynamic equilibrium ( p1 = pc) and
calorically perfect gas (� = constant). The principal influence of
aerodynamic nonequilibrium is an oscillating static pressure dis-
tribution of the flow (i.e., p1 � pc) that results in oscillating ve-
locity and temperature fields from compression and expansion
waves in the jet. Consequently, the aerodynamic equilibrium as-
sumption is clearly wrong, while the calorically perfect assump-
tion has a lesser impact on the results for the operating condi-
tions chosen in this work.

The improved diagnosis of the supersonic plasma jet is
achieved using a new device (PSSPP) to gain access to an addi-
tional physical quantity, the static pressure behind the induced
shock in the supersonic plasma jet. This device has a relatively
short lifespan as it endures large heat flux inside the supersonic
plasma jet. It is doubtful that the present design could sustain the
increase in heat flux that would arise by either raising the cham-
ber pressure or adding a secondary plasma gas. There is, how-
ever, no theoretical reason to limit the application of the new
method to LPPS; it could be used for any supersonic plasma jet
in aerodynamic nonequilibrium. Therefore, the requirement is
obtaining a PSSPP design with the ability to sustain different
conditions of chamber pressure and different mixtures of gases.
For such a task, the one-piece PSSPP discussed in Sec. 5.1 could
be a solution, and if a mixture of gases is used, a mass spectrom-
eter must be implemented with the enthalpy probe system for the
determination of composition. Still, the new method could also
be improved by the inclusion of the radiative energy losses for
the stagnation process (state 2 → o2) when subsonic values are
inferred from stagnation measurements.

The major limitation of this work is its dependence towards
LTE (or close-to-LTE) supersonic plasma jets. Extending the
new method to a non-LTE description (two temperatures model)
would require extra measurements for the species in the plasma.
Yet as discussed in Sec. 5.1, a deep understanding of gas dynam-
ics could lead to use of the new method in certain zones where
LTE could be expected.
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