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Abstract-Measurements of velocity, temperature, entrained air, and Ar/He concentration profiles in a 
subsonic thermal plasma jet were obtained using an enthalpy probe and mass spectrometer combination. 
The rapid entrainment of air into the jet results in rapidly decreasing velocities and temperatures. A 
signifi~nt diffusive separation of the premixed .&r/He feed gases is observed in the large temperature 
gradients present. Predictions are obtained from a comprehensive computational model of the thermal 
plasma jet. The 2-D axisymmetric model includes self-consistent effective binary and ambipolar diffusion 

and uses a k-s turbulence model. 

ENT~INMENT of cold gas into turbulent, high tem- 
perature, and high velocity atmospheric pressure 
plasma jets dominates behavior [ 11. Entrainment 
alters chemical composition and greatly influences 
velocity and temperature profiles. The entrainment 
process has been the subject of several recent 
investigations 12-51. The evidence suggests that 
entrainment is more of an engulfment [I+, rather 
than simple diffusion. The cold engulfed gas bubbles 
are rapidly transported toward the core of the jet 
by turbulence, quickly cooling and slowing the jet. 
Dissipation of these bubbles by molecular diffusion is 
a relatively slow process. 

In addition to entrainment,, the composition of the 
plasma can be altered by demixing of the plasma gases. 
Inside the torch very large temperature gradients and 
concentration gradients of both the neutral and char- 
ged particles exist. This results in thermal diffusion, 
normal mass diffusion, and ambipolar diffusion. Since 
diffusion rates depend on the characteristics of the 
constituents (mass, viscosity, ionization potential, 
etc.) the result is diffusive demixing of the gaseous 
species. The effect is well known in both high pressure 
and low pressure stationary discharges [&13]. Near 
the torch exit we have observed the depletion of Ar in 
the core of Ar/He thermal plasma jets due to ambi- 
polar diffusion in the discharge region. 

In this paper we present experimental and com- 
putational results on entrainment and demixing in a 
subsonic, Ar/He mixture, thermal plasma jet flowing 
into stagnant laboratory air. Experimental results are 
obtained by enthalpy probe measurements. The 
enthalpy probe has been used in high temperature flow 
field research since the 1960s [14--171 and is currently 
enjoying wide application in thermal p!asmas [ 18-231. 

The integration of a differentially pumped quadrapole 
mass spectrometer system with the enthalpy probe 
allows for the accurate determination of species con- 
centration. In addition to concentration measure- 
ments, flow field velocity and temperature are 
obtained. Results show rapid entrainment of external 
air and significant demixing of the Ar and He plasma 
gas. These demixing effects persist for some distance 
downstream in the jet flow and are slowly mixed out 
by jet turbulence. 

Previous modeling efforts in multicomponent 
plasma jets [24, 251 have been limited to simple 
approximations of two-component mixture consisting 
of plasma gas and surrounding air. These models are 
incapable of treating interactions between chemical 
reactions as well as separation of plasma gases. These 
models neglect interactions between multiple chemical 
reactions which consist of the dissociation of molec- 
ular nitrogen and oxygen and ionization of atomic 
species. For example, ionization of argon is sup- 
pressed by the electrons produced by ionization of 
other species. Because ionization processes are highly 
energetic and strongly temperature dependent, such 
interaction effects are clearly important. In addition 
the diffusion process in a plasma is controlled by 
diffusion of each ionized and neutral species. Faulty 
results would be produced from a simple diffusion 
treatment of previous modeling studies, since it is 
based on the total elemental concentration. For exam- 
ple, demixing occurring in the region near the torch 
exit could not be predicted properly, as explained 
later. 

Species diffusion in plasmas introduces additional 
difficulties which are not encountered in conventional 
numerical simulations of multicomponent flows. In 
plasmas, due to the local electric field between elec- 
trons and ions, electron diffusion is controlled by the 
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NOMENCLATURE 

c, specific heat of cooling water I’ axial coordinate [ml. 
[J kg- ’ Km-‘] 

CA2 effective throat area of the orifice [ml] Greek symbols 
h enthalpy [J kg- ‘1 -1 specific heat ratio 
K equilibrium constant i: dissipation of turbulent kinetic energy 
k turbulent kinetic energy [m’s “1 [m’s_ ‘1 
vi? mass flow rate [kg s ‘1 I’ density [kg m ‘1 
P pressure [N m ‘1 (T standard deviation. 

Pr, turbulent Prandtl number 
R gas constant [J kg ’ K ‘1 Subscripts 

4 inside radius of torch nozzle [m] I probe entrance 

& outside radius of torch housing [m] 2 probe exit 

SC, turbulent Schmidt number atm atmospheric 
T temperature [K] CW cooling water 

AT,* cooling water temperature g gas sample 
rise [K] max maximum at inflow boundary 

V free stream velocity [m s ‘1 stag stagnation. 
2: axial velocity [m s ‘1 
x radial coordinate [m] Other symbols 
s;, cold mole fraction of argon [I molar concentration [mol m ‘1. 

ion diffusion, preserving charge neutrality [26]. This 
ambipolar diffusion requires special treatment, since 
applying conventional diffusion formulation will 
result in a charge separation due to the large diffusion 
coefficient of light electrons. Textbook treatments of 

the ambipolar diffusion in single elemental plasmas 
have recently been extended to multicomponent plas- 
mas [27], using a self-consistent effective binary 
diffusion approximation [28]. 

This multicomponent ambipolar diffusion logic has 
been implemented in a newly developed, com- 
prehensive computational model, whose features also 
include transients ; kinetic and equilibrium chemistry 
with arbitrary numbers of species and chemical reac- 
tions ; ideal gas mixtures with temperature-dependent 
thermodynamic and transport properties ; subgrid 
scale (SGS) or k-i: turbulence models; and a stoch- 
astic particle spray model with melting. The model is 
embodied in a new computer code LAVA [29]. To 
our knowledge, no other thermal plasma model of 
comparable capabilities currently exists. This com- 
putational model has been applied to simulate argon 
plasma jets discharging into air [30] and particle 
spraying in an Ar--He plasma jet [31]. In this paper 
results are presented from a numerical simulation of 
the demixing of plasma gases in an Ar-He plasma 
jet, which is a non-trivial application of our general 
multicomponent ambipolar diffusion and chemistry 

logic. 

brief description will be given here. The probe, Fig. I, 
is a water jacketed gas sampling and stagnation pres- 
sure probe from which the enthalpy, temperature, and 
velocity of a hot flowing gas can be derived once the 
composition is known. A schematic of the enthalpy 
probe system showing cooling water and gas sample 
flow paths appears in Fig. 2. The calorimetric method 
used to determine gas enthalpy and hence temperature 
depends heavily on a ‘tare’ measurement. Obser- 

vations of the coolant temperature rise and flow rate 
are made while no gas flows through the inner diam- 
eter of the probe. Gas is then allowed to flow and 
the same coolant measurements are repeated, together 
with measurements of the gas flow rate through the 
probe and gas temperature at the probe exit. The 

enthalpy probe energy balance is given by 

From the measured gas sample flow rate tiE and probe 
exit enthalpy h,, the unknown gas enthalpy h,, is now 
uniquely determined. Given this enthalpy, along with 
the atmospheric pressure and the assumption of local 
thermodynamic equilibrium, the other thermo- 
dynamic properties and gas temperature are 
obtained. 

The exit gas sample enthalpy is determined from 
the measured temperature, composition, and pressure 
and the gas sample flow rate is measured via a sonic 
orifice. The orifice is choked provided the ratio of 
downstream pressure to upstream pressure is greater 
than (2/y+ 1)7’Ym’. Note that 1/’ is dependent on com- 
position of the gas. Provided this criterion is met the 

ENTHALPY PROBE 

The enthalpy probe, its operation, and performance 
have been described elsewhere [22, 231 hence only a 



Entrainment and demixing in subsonic thermal plasma jets 1675 

=iEi 
f v Copper probe tip 

Hot was flow field 

3 Piece 
stalnless body 

Cooling water 
inlet 

Cooling water 
outlet 

Ga 

LOutlet T.C, 

s ou tlet I 

FIG. 1. Schematic of enthalpy probe. 
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FIG. 2. Schematic of enthalpy probe system showing instrumentation in both cooling water and gas sample 
flow paths. S* = solenoid volume, P* = pressure transducer, and TC* = thermocouple. 
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mass flow rate through the orifice is a function of the 
upstream temperature and pressure. 

where R is the composition dependent gas constant 
and CA,, the effective throat area of the orifice, is 
determined by calibration against NIST traceable gas 
mass flow rate meters. 

While the probe is in the ‘no gas flow’ mode of the 
measurement it behaves as a water cooled Pitot tube 
and the stagnation pressure is measured. For low 
Mach numbers, the free stream velocity, Y, of the hot 
gas may be calculated from 

where p is the mixture density. The 20 uncertainty in 
measured velocity and temperature is estimated to be 
5.0 and 6.3%, respectively, at 1500 m s’ and 12 
500 K. The uncertainty in temperature increases to 
approximately 12% for temperature less than 6000 
K. The velocity ultcertainty is a ‘percent of range’ 
uncertainty. Therefore, the velocity is known to within 
f 100 m s ’ everywhere in the flow field. 

The probe itself is copper and has an outside diam- 
eter of 4.8 mm. The quadrapole mass spectrometer or 
residual gas analyzer (RGA) (Leybold-Heraeus 
Inficon Quadrex 100) samples the gas drawn through 
the probe. The RGA is set up in a differentially 
pumped vacuum system, Fig. 2. The sample line for 
the RGA is evacuated with a roughing pump to a 
pressure of approximately 1 torr. This pressure is regu- 
lated with a controlled leak at the probe and was 
chosen low enough for good response time but high 
enough to prevent preferential pumping of different 
sized molecules. A second controlled leak is located 
very close to the quadrapole sensor and is adjusted to 
maintain the pressure in the sensor vacuum system at 
approximately lO_’ torr. The limitations of the mass 
spectrometer and the largest source of error resides in 
the resolution of its 8 bit digitizer. This resolution 
error is minimized by optimizing the operating voltage 
of the electron multiplier and by adjusting the indi- 
vidual mass channel electronic gains until a reasonable 
sensitivity is achieved. Optimizing the gain in this way 
results in an uncertainty of 10% in the air fraction 
measurement, when the air fraction is in the neigh- 
borhood of 0.2. This un~rtainty decreases with 
increasing air fraction. The uncertainty in the Ar/He 
ratio is also estimated to be approximately 10%. The 
system is calibrated using a known mixture of Ar. 
He, and air. Data acquisition, sample sequencing, and 
probe positioning, via a three-axis translation stage. 
is completely automated and computer controlled. 

NUMERICAL SlMULATlON 

Numerical simulation has been performed to inves- 
tigate the demixing processes using the LAVA code 

[29]. Equations solved by LAVA consist of momen- 
tum and thermal internal energy equations for the 
multicomponent fluid mixture, continuity equations 
for each component of the mixture, and state relations 
for an ideal gas mixture with temperature-dependent 
specific heats and transport properties, Since detailed 
descriptions of the theoretical model and numerical 
scheme have been given elsewhere [29}, only infor- 
mation regarding this simulation appears here. 

Swirl effects are not included, since it is believed 
that the effects of swirl are negligible as reported in 
previous studies [4, 301. Gravity has also been neglec- 
ted. The plasma is assumed to be in the local ther- 
modynamic equilibrium (LTE), which includes 
chemical equilibrium and thermal equilibrium, where 
electron temperature is the same as the heavy particle 
temperature. 

Eleven species and six chemical reactions are con- 
sidered in the calculation. The species considered are 
Ar, Ar . e : He, He+, NI, N, N _, O?. 0, and 0 
Formation of NO, is neglected due to the negligible 
amount observed experimentally and the small 
amount of energy the reaction consumes. The chemi- 
cal reactions are : 

Ar%.Ar* +e 

He+He’ +c- 

Nz +2N 

0>*20 

NeN’+e 

O*O+ +e--. 

These reactions are assumed to be in equilibrium. 
Diffusion coefhcients have been estimated from a 

simplified formula 1301. Viscosities and thermal con- 
ductivities of Ar-He-Air mixture are approximated 
by interpolating Ar-He properties and air properties 
as functions of temperature based on the local argon 
and helium mole fractions. Sophisticated mixture 
rules are not used, due to difficulties reported by Pat- 
eyron rr al. [32] regarding Ar-He mixture plasmas 
and because turbulent transport is dominant. The 
radiation loss term was also approximated by the same 
interpolation between the corresponding terms for 
Ar-He mixture plasmas and air plasmas 1331. 

The effects of turbulence were modeled using the 
basic k+ model described in previous studies 129, 301 
with the same values of the various k-c model con- 
stants of Pr, = SC, = 0.7 instead of more conventional 
values of Pr, = SC, = 0.9. The conventional k--c: model 
has particular difficulties in dealing with axisymmetric 
and swirling jets, for which ad hoc correction terms 
[34, 351 have been frequently employed. Effects of 
these correction terms for plasma jets have been stud- 
ied previously [30], and none produced noticeably 
better results compared to the basic model. In the 
present simulation, we did not use any of the cor- 
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forced inflow b. c. 

inflow torch face open boundary 

FIG. 3. Calculation domain and computational mesh. 

rections to the basic k-c model for axisymmetric jets 
[34] or swirling jets [35]. 

The computational domain is shown in Fig. 3. 
Torch geometry is taken from a commercial torch 
(Miller SG-100). The inside radius of the torch nozzle 
at the exit is Ri = 4 mm. The outside radius of the 
torch housing is R, = 33.3 mm. The geometry is axi- 
symmetric, so the simulation was performed in two- 
dimensional cylindrical coordinates. The calculational 
region is 4 cm radially by 10 cm axially, and is sub- 
divided by a nonuniform 35 x 50 computational mesh 
as shown in Fig. 3. The radial coordinate is x and 
the axial coordinate is y. The left boundary is the 
symmetric axis, the bottom boundary is the nozzle 
exit plane, and the flow is upward. The torch face 
portion of the bottom boundary is treated as a solid 
wall. The remainder of the bottom boundary, as well 
as the top and right boundaries, are open boundaries 
at which the pressure is assumed to be ambient. The 
flow at these boundaries is calculated rather than 
imposed, so it can be either inward or outward at 
different locations on the boundary. Where inflow 
exists, the properties of the inflowing gas are taken to 
be those of the ambient air. 

Inflow profiles of temperature and axial velocity are 
forced to match the experimental data at 5 mm from 
the nozzle exit (forced inflow b.c., Fig. 3), the closest 
available data to the nozzle exit. Radial velocities are 
assumed to be zero. In the region between the nozzle 
exit and 5 mm, the temperature and velocity are set 
to be the same as the experimental values at 5 mm. 

The remainder of the bottom boundary not covered 
by experimental data is treated as explained above. 

The integrated inflow rate of total energy is 10% 
less than that implied by the torch operating 
conditions. This difference is consistent with the exper- 
imental uncertainties in the velocity, enthalpy, and 
torch efficiency. Similarly, the mass inflow rate of Ar 
and He is overestimated by approximately 20%, also 
consistent with measurement uncertainties. The 
measurement of mass flow rate is subject to larger 
errors because a larger fraction of the mass flow is in 
the colder region of the jet, where the uncertainty in 
velocity measurements increases. 

Local composition of ionized and dissociated spec- 
ies at the inflow is determined from the equilibrium 
conditions at the experimentally measured tem- 
perature and ‘cold mole fraction’ of argon, helium, 
and air. For example, the cold mole fraction of argon 
is given by 

xi, = [Ar] + [API 

[Ar] + [Ar+] + [He] + [He’] + IN21 

+~~,l+~~~~l+~~+l+~~l+~~+I~ 

(4) 

where [_XJ is the molar concentration of species X in 
the plasma. This is the argon mole fraction measured 
by sampling the plasma and cooling it to room tem- 
perature at constant elemental composition. Helium 
and air cold mole fractions can be represented by 
analogous expressions. These cold mole fractions 
uniquely determine the elemental composition frac- 
tions (i.e. atom fractions of Ar, He, N, and 0). The 
molar concentrations of all species (Ar, Ar+, e-, He, 
He+, Nz, N, N+, 02, 0, and O+) are then determined 
by solving the set of non-linear equations resulting 
from the assumption of chemical equilibrium. For 
example, the equilibrium condition for argon ion- 
ization is 

K(n = [Ar+l WI 
[Arl 

These equations are solved iteratively using Newton’s 
method. These equations actually determine only 
mole fraction ratios, from which absolute molar con- 
centrations are obtained using the state equation 
p = X, ci RT at the ambient pressure, where p and c, 
represent pressure and molar concentration of species 
i, respectively. 

Information regarding inflow proties of turbulence 
cannot be obtained by the present experiments. We 
simply assumed the turbulent kinetic energy profiles 
aty=5mmas 

where u is the axial velocity, (&~/ax),,, is the largest 
axial velocity gradient with respect to radial direction 
along the y = 5 mm line, and k,,,,, is defined as 
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FIG. 4. Calculated and experimental axial velocity along the 
centerline. 

k,,,, = go. 1 U,JZ (7) 

and urnax is the largest inflow velocity. The inflow pro- 
file of s was obtained from the turbulent kinetic energy 
profile by the prescription of Leschziner and Rodi 

[351. 
The calculation was initialized by filling the cal- 

culation domain with quiescent ambient cold air, 
which is then displaced by, and mixes with, the 
incoming plasma until steady state is reached. The 
final steady solution is assumed to be unique and 
independent of the initial conditions and transient 
history [29]. 

RESULTS AND DISCUSSION 

The plasma torch used is a commercial unit (Miller 
SG-100) operated with a standard anode and cathode 
combination (Miller * 165 and * 129, respectively). 
The torch has an 8 mm nozzle exit diameter and was 
operated at subsonic conditions. Torch operating con- 
ditions for the data presented are 800 A at 37 V, for a 
total power input of 29.6 kW. Approximately 67% of 
the input power is deposited in the torch gas. The 
argon and helium flow rates, including powder gas 
flow, were 3200 1 h-’ and 1331 1 h-‘, respectively, 
resulting in a mixture ratio [Ar]/[He] = 2.4. The ambi- 
ent pressure is 85.5 kPa. Radial scans were made from 
-20 to +2O mm at regular intervals on the axis 
between 5 and 90 mm. The torch centerline is at 0 
mm. 

Calculated and experimentally obtained axial vel- 
ocity and temperature are shown in Figs. 4-7. Cal- 
culated results show reasonable agreement with the 
experimental results except for the overly diffusive 
behavior near the torch exit. This behavior is con- 
sistent with the previous studies of plasma jets [30]. 
As explained in ref. [30], the results are expected to be 
improved by further studies in both turbulence model 
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FIG. 5. Calculated and experimental radial profiles of axial 
velocity. 
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FIG. 8. Calculated and experimental air cold mole fraction 
along the centerline. 

and uncertain inflow profiles of turbulence at the 
nozzle exit plane. 

The cold mole fraction of air is shown in Figs. 8 
and 9. Air fraction is used as a measure of the entrain- 
ment of surrounding gas. For the turbulent mixing 
layer examined here diffusive separation of nitrogen 
and oxygen was not observed, hence the N2/02 ratio 
is constant. The steep increase of entrained air in Fig. 
8 corresponds to the sharp decrease in the axial vel- 
ocity in Fig. 4 and temperature in Fig. 6. There is a 
noticeable change in the slope in both Figs. 4 and 6 at 
approximately 1.0 cm corresponding to the point at 
which the mixing layer reaches the jet centerline and 
the concentration of air in the core region becomes 
significant. In the periphery of the jet, near the torch 
exit, the radial gradients of axial velocity, tempera- 
ture, and air cold mole fraction are very steep, as 
shown in Figs. $7, and 9. As the external atmosphere 
is entrained, the jet slows and spreads and the profiles 
flatten. This entrainment and mixing process is more 
or less complete at 4.0 cm also corresponding with a 
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8.89 em 

x pm& 

------- 5.oem 
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Radial Distance (em) 

FIG. 9. Calculated and experimental radial profiles of air cold 
mole fraction. 

noticeable change in slope in the velocity and tem- 
perature curves. At this point the mixing process has 
flattened the radial gradients and spread the flow field, 
Fig. 10, to the point that the rate of decay in velocity 
and temperature is greatly decreased. 

The centerline argon/helium cold mole fraction 
ratio, Fig. 11, is approximately 1.2 at the 0.5 cm axial 
location as compared to 2.4 for the premixed plasma 
gas. Between 0.5 and 1.0 cm the ratio continues to 
decrease due to diffusive demixing. Figure 12 shows 
Ar-He cold mole fraction ratio versus radial position 
for axial locations of 0.5 (inflow), 2.0 and 5.0 cm. In 
the periphery of the jet the experimentally measured 
ratio is 2.6, slightly elevated over the premixed value. 
Calculated results show more mixing, consistent with 
the overly diffusive characteristic discussed above. 
After the shear layer surrounding the jet has reached 
the centerline (the 1.0 cm axial location), turbulent 
mixing overcomes diffusive demixing and the Ar-He 
ratio increases. At 5.0 cm the profile of Ar-He mole 
fraction ratio has been flattened by the mixing process 
and is approaching a ratio of 2.0 on the centerline. 

The observed enhancement in helium concentration 
over that of the premixed feed gases by almost a factor 
of two near the torch exit is driven by diffusive demix- 
ing in the discharge region. In the discharge region, 
due to the differences in ionization potential for argon 
(15.8 eV) and helium (24.6 eV), the argon is pref- 
erentially ionized near the torch centerline where the 
temperatures are highest, creating concentration 
gradients in both argon ions and electrons. This results 
in ambipolar diffusion of argon radially outward. In 
addition, since each ionization event produces two 
particles from one, the helium mole fraction near the 
centerline is reduced. This causes helium to diffuse 
inward, resulting in helium enrichment near the center- 
line and depletion near the torch wall. The degree 
of demixing is primarily determined in the discharge. 
This diffusional separation process continues for some 
distance downstream of the nozzle exit. Eventually, 
however, recombination occurs as temperatures drop 
and the argon and helium remix, approaching the 
initial mixture ratio. 

The calculated results show the same trends and 
reproduce the observed continuation of demixing, 
Fig. 11. Previous simplified approaches based on cold 
mole fraction [24, 251 would predict immediate 
mixing. Hence, it is obvious that complete treatment 
of multi-component diffusion and ambipolar diffusion 
is necessary in order to simulate this diffusive demixing 
process. 

CONCLUSIONS 

The enthalpy probe is a robust tool for studying 
thermal plasmas. Complete maps of the gas flow field 
including velocity, temperature and species con- 
centration, are made with relative ease and expediency 
by automation of both data acquisition and sequence/ 
position control. The enthalpy, temperature, and vel- 



ocity obtained all depend on an accurate calculation 
of the thern~odynamic properties of the gas mixture. 
Accurate properties in turn depend on an accurate 
measurement of the gas composition. Incorporating a 
mass spectrometer with the enthalpy probe system 
provides a quantitative measurement of the gas con- 
stituents. This yields valuable information on entrain- 
ment, demixing. diffusion, and chemical reactions 
taking place in thermal plasmas. 

The numerical simulation of the Ar He plasma jet 
discharging into cold air demonstrated the capabilities 
of our general multicomponent ambipolar diffusion 
algorithm by a successful simulation of further demix- 
ing of Ar and He in the downstream region of the 
nozzle exit and re-mixing processes at the far down- 
stream region. Interactions of all ionization reactions 

have also been treatod in a general and fully self- 
consistent manner. In this numerical simulation. hove- 
ever. cxpcrimentally determined inflow profiics were 

used as boundary conditions due to the lack of models 
capable of predicting muiticomponcnt plasma flow 
inside the plasma torch in a fully self-consistent 
manner. Complete experimental determination of all 
the necessary inflow conditions mcluding radial vel- 
ocity and turbulence was not possible. Hence. it is 
necessary to assume profiles of radial velocity and 
turbulenca. 

WC suspect that inadequacies in the turbulence 
model are among the most significant source oferrors. 
The simple li -c model employed in this study is not 
really satjsfactory even for simpfe flows, requiring 
case-by-case ad hoc corrections. It \+ould be rather 
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FIG. 11. Calculated and experimental argon to helium cold 
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FIG. 12. Calculated and experimental radial profiles of argon 
to helium cold mole fraction ratio. 

remarkable if this model were quantitatively appli- 
cable to thermal plasmas without further significant 
modifications. It appears that more detailed and accu- 
rate turbulence models will probably be required to 
achieve satisfactory accuracy in the simulation of 
complex plasma flows. However, the present simple 
model nevertheless yields useful semiquantitative 
results with fair accuracy. Further research is needed 
to determine capabilities and applicability of various 
turbulence models for thermal plasma flows. 
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