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Entrainment and Demixing in Subsonic
Argon/Helium Thermal Plasma Jets

' J.R. Fincke, W.D. Swank, and D.C. Haggard

The velocity, temperature, entrained air fraction, and Ar/He concentration profiles were measured in a
subsonic thermal plasma jet using an enthalpy probe and mass spectrometer. Through interaction with
the surrounding atmosphere, air is guickly entrained into the jet, resulting in rapidly decreasing veloci-
ties and temperatures. Due to the difference in ionization potential, a significant diffusive separation or
demixing of Ar and He is also observed in the large temperature gradients present. Near the exit of the
torch, in the jet center, the relative He concentration is enhanced by approximately 50% over that of the
premixed feed gases. Demixing occurs primarily in the discharge region and torch nozzle. AS jet mixing
progresses in the downstream direction, the Ar to He ratio approaches the initial input ratio.

1. Introduction

THE entrainment of cold gas into turbulent, high-temperature,
and high-velocity atmospheric pressure plasma jets dominates
their behavior.[!] Entrainment alters chemical composition and
greatly influences velocity and temperature profiles. Ultimately,
heat and momentum transfer to injected particles is affected. In
addition, the presence of oxygen in the plasma spraying of
reactive particles can result in the formation of oxides, gen-
erally degrading the coatings produced. The entrainment proc-
ess has been the subject of several recent investigations.[-3] The
evidence suggests that entrainment is more of an engulfment
process!!-4] rather than simple diffusion. The cold engulfed gas
bubbles are rapidly transported toward the core of the jet by tur-
bulence, quickly cooling and slowing the jet. These entrained
lumps of fluid are subsequently broken down into smaller and
smaller scales. During this process, the interfacial area rapidly
increases. Once the interfacial zones start to overlap, molecular
diffusion quickly annihilates the local concentration gradients
and homogenizes the mixed fluid. Dissipation of these bubbles
is a relatively slow process, and they persist well downstream.
The result is an effective lowering of the average temperature
experienced by entrained particles.

The entrainment and mixing characteristics of jets are pri-
marily dependent on the nozzle exit diameter, jet Mach number,
and density ratio of the flow field. The velocity and temperature
profiles at the nozzle exit play an important, but generally secon-
dary, role. The density ratio is defined as the density of the sur-
roundings into which the jet issues divided by the density of the
jetitself. For high-temperature plasma jets, this ratio approaches
70. The Mach number characterizes the effects of compressibil-
ity on the dynamics of the jet. Mach numbers for plasma jets
vary from 0.5 for typical subsonic guns up to 2 or more for some
supersonic guns. In general, high density ratio jets decay faster
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than low density ratio jets, whereas higher Mach number jets
typically exhibit the opposite trend.

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 charged particles exist. This results in ther-
mal diffusion, normal mass diffusion, and ambipolar diffusion.
Because diffusion rates depend on the characteristics of the con-
stituents (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 dis-
charges.[é-13 I Near the torch exit, Ar depletion in the core of
Ar/He thermal plasma jets due to ambipolar diffusion in the dis-
charge region is observed. These demixing effects persist for
some distance downstream and are slowly remediated by jet tur-
bulence.

In this article, measurements of entrainment and demixing
effects were obtained by enthalpy probe measurement. Origi-
nally developed in the 1960s, enthalpy probesm"g} currently
are enjoying renewed ag lication to a number of thermal plasma
processing problems.[2 “24] Their range of application has been
extended by integration with a mass spectrometer for measure-
ment of gas composition,[24] and their performance has been
validated over a wide range of Mach numbers by comparison to
Jaser scattering measurements.'>>2%!Results show rapid entrain-
ment of external air and significant demixing of the Ar and He
plasma gas.

2. Enthalpy Probe

The enthalpy probe, its o?eration, and performance have
been described elsewhere.?*1 The probe itself is copper, has
an outside diameter of 4.8 mm, and is integrated with a mass
spectrometer for measurement of gas composition. The quad-
rapole mass spectrometer or residual gas analyzer (RGA) (Ley-
bold-Heraeus Inficon Quadrex 100) samples the gas drawn
through the probe. The RGA is set up in a differentially pumped
vacuum system. The sample line for the RGA is evacuated with
aroughing pump to a pressure of approximately 1 torr. This pres-
sure is regulated with a controlled leak at the probe and is low
enough to provide good response time but high enough to pre-
vent preferential pumping of different sized molecules. A sec-
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ond controlled leak is located very close to the quadrapole sen-
sor and is adjusted to maintain the pressure in the sensor vacuum
system at approximately 1076 torr. Data acquisition, sample se-
quencing, and probe positioning, via a three-axis translation
stage, are completely computer controlled.

The difficulty in the use of intrusive enthalpy probe tech-
niques in common thermal plasma jets, where large radial gradi-
ents exist, is the distortion in the measured velocity and temp-
erature profiles due to streamline displacement. That is, the stag-
nation or sampled streamline does not originate on the axis ofthe
enthalpy probe. The streamline displacement is always toward
the low-velocity side of the jet; hence, the probe measures a
streamline that originated in a higher velocity, higher tempera-
ture region. Based on an agproximate, inviscid, incompressible,
and isothermal analysis,[2 “29%it has been shown that the nondi-
mensional streamline displacement, 8/D, where D is the probe
diameter, is a function of the nondimensional radial velocity
gradient, (D/2U) - (dU/dr). For profiles that are approximately
Gaussian in shape, the nondimensional radial velocity gradient
increases approximately linearly with increasing radius. Hence,
the largest streamline displacements are found in the periphery
of'the jet. Near the jet centerline, the displacement error is small,
and probe performance in both subsonic and supersonic com-
pressible flows compares remarkably well with laser scattering
results. 252 As the jet spreads and the radial velocity gradients
decrease, the effect of streamline distortion also decreases. In
spite of the drawbacks, enthalpy probes will continue to find
wide application in thermal plasma research, due to their rela-
tively low cost and ease of use. Within the limitations noted,
high-quality velocity, temperature, and composition data can be
produced over a wide range of conditions.

3. Measurement Uncertainty

The 206 uncertainty in measured enthalpy is estimated to be
5.3%, with the major source of error being the determination of
the gas mass flow rate through the probe. This error stems pri-
marily from the inaccuracy of the thermocouple temperature
measurement upstream of the sonic orifice. At high tempera-
tures (above 6000 K), moderate changes in the enthalpy of the
gas mixture produce small changes in the gas temperature. For
this reason, the combination of a 5% uncertainty in properties
and a 5.3% uncertainty in the measured enthalpy resuits in an ac-
ceptable 26 uncertainty of 4.9% in temperature. The 26 uncer-
tainty on velocity is 6.3%, and its major source of error is
uncertainty in the density of the gas mixture. Combining the in-
dividual uncertainties on the density, velocity, and enthalpy
yields an overall 26 uncertainty on the integrated energy of
14.9%, which is in good agreement with the values obtained in
performing an overall energy balance.[*

The limitations of the mass spectrometer and the largest
source of error reside in the resolution of its 8-bit digitizer. For
example, when measuring low concentrations of argon in air,
say 10%, the amplitude of the argon mass signal is 5 out of a pos-
sible 25, and a single bit error in this signal results in 20% uncer-
tainty. Thus, a signal that oscillates from a value of 5 to 6 is only
known within 20% of reading. This resolution error is mini-
mized by optimizing the operating voltage of the electron multi-
plier and by adjusting the individual mass channel electronic
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gains until a reasonable sensitivity is achieved. Optimizing the
gain in this manner results in an uncertainty of 10% in the air
fraction measurement, when the air fraction is in the neighbor-
hood of 0.2. The uncertainty in the Ar/He ratio is also estimated
to be 10%.

4. Results and Discussion

The plasma torch (Miller SG-100, Miller Thermal, Inc., Ap-
pleton, WI) was operated with a standard anode and cathode
combination (Miller No. 165 and 129, respectively). The torch
had an 8-mm nozzle exit diameter and was operated at subsonic
conditions. Torch operating conditions for the data presented are
900 A at35V, for atotal power input of 31.5 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 L
and 1331 L/h, respectively, resulting in an Ar/He mixture ratio of
2.4. The atmospheric pressure was 85.5 kPa.

4.1 Flow Field

Radial scans were made from —20 to +20 mm at regular inter-
vals on the longitudinal axis of the torch between 5 and 90 mm.
The torch centerline is at 0 mm. The centerline decay of velocity
and temperature are shown in Fig. 1 and 2. The sharp decrease in
velocity and temperature corresponds to the steep increase of
entrained air fraction (Fig. 3). There is a noticeable change in the
slope in both the velocity and temperature curves at approxi-
mately 15 mm, corresponding to the point at which the mixing
layer reaches the jet centerline and the concentration of aiummrthe
core region becomes significant. The entrainment and mixing
process is more or less complete at 50 mm, also corresponding
to a noticeable change in slope in the velocity and temperature
curves. At this point, the mixing process has flattened the radial
gradients and spread the flow field (Fig. 4) to the point that the
rate of decay in velocity and temperature is greatly decreased.
The centerline argon/helium ratio (Fig. 5) is approximately 1.6
at the 5-mm axial location. Between 5 and 20 mm, the ratio con-
tinues to decrease due to diffusive demixing. At 20 mm, the
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Fig. 1 Plot of centerline axial velocity versus axial location.
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shear layer surrounding the jet has reached the centerline. Atthis
point, turbulent mixing overcomes diffusive demixing, and the
Ar/He ratio starts to increase.

The decay of centerline velocity and temperature in jets is a
function of density ratio and Mach number or compressibil-
ity.[3°] The density ratio is defined as the ratio of the surrounding
density, p,, to jet centerline density, p;. Higher density ratio jets
decay faster than lower density ratio jets and compressibility ef-
fects tend to inhibit mixing and decay. Using a correlation from
Ref 31 for centerline velocity decay of jets without ionization
(non-plasma), the effects of density ratio and Mach number
(compressibility) can be compared (Fig. 6). From the plot, it can
be seen that cold jets, with unity density ratio, decay more
slowly than large density ratio jets, and all other things being
equal, increasing the Mach number will tend to inhibit decay.
Also shown are the measured data from this study, plotted on
nondimensional coordinates. Although the agreement is not per-
fect, the trend is reasonably well represented.

Fig.3 Plot of centerline entrained air fraction versus axial location.
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Plots of velocity and temperature versus radial position at
various axial locations appear in Fig. 7 and 8, respectively. In the
periphery of the jet, near the torch exit, the gradients of velocity
and temperature are very steep. This corresponds with the radial
profiles of entrained air fraction (Fig. 9). As the external atmos-
phere is entrained, the jet slows and spreads and the profiles flat-
ten. The gas is predominately air at typical substrate locations
(63.5 to 88.9 mm). A plot of Ar/He ratio versus radial position is
shown in Fig. 10 for axial locations of 20 mm (minimum center-
line Ar/He ratio) and 50 mm, i.e., the point at which the rate of
mixing decreases noticeably. At the center of the jet, the amount
of argon relative to helium is 1.4 compared to a ratio of 2.4 for
the premixed plasma gas. In the periphery of the jet, the ratio is
2.6, slightly elevated over the premixed value. At 50 mm, the
Ar/He profile has been flattened by the mixing process and is ap-
proaching the initial ratio of 2.4 in the jet fringes. For radial lo-
cations greater than £10 mm, the Ar and He concentration is so
low that measurements are not reliable.

4.2 Demixing

The observed enhancement in helium concentration over that
of the premixed feed gases by almost a factor of two near the
torch exit was driven by diffusive demixing in the discharge re-
gion. Due to the differences in ionization potential for argon
(15.8 eV) and helium (24.6 eV), a significant number of argon
atoms and relatively few helium atoms were ionized, resulting in
ambipolar diffusive separation, or demixing, in the presence of
large temperature gradients. In addition to ambipolar diffusion,
when two particles (an electron and ion) are created by the ioni-
zation of argon, the molar concentration of the helium is de-

Fig.4 Pulsed Schlieren or plasma flow field. For reference, the circu-
lar image is 75 mm in diameter.
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Fig. 5 Plot of centerline argon/helium ratio versus axial location.
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Fig. 6 Comparison of density and Mach number effects.

creased. This resulted in a helium atom concentration gradient,
which tends to diffuse helium toward the jet core. The process
continues in the jet core, near the torch exit, until turbulent mix-
ing overwhelms the diffusion process. The degree of demixing
was determined primarily in the discharge.

The enhancement of He concentration on the jet centerline,
near the nozzle exit, results in an increase in gas viscosity (at
12000 K) of ~15% and an increase in thermal conductivity on
the order of 30% over that of the input mix. At the same time, the
density and electrical conductivity are decreased by 15 and 6%,
respectively, and the enthalpy is changed by only a few percent.
The migration of Ar to the jet fringes increases the nozzle exit
boundary layer Reynolds number by ~30%, thus influencing the
turbulent characteristics of the exit flow and subsequently the jet
dynamics. Demixing also affects the plasma/particle interac-
tion. For a given particle size, the result is a decrease in the par-
ticle Reynolds number, based on the difference between plasma
and particle velocity, of approximately 25%. Assuming a drag
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Fig. 7 Plot of axial velocity versus radial location. A 10 mm. V 20
mm. T 40mm. o 63.5mm.v 88.9 mm.
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Fig. 8 Plot of temperature versus radial location. A 10 mm. V 20
mm. T 40mm.0 63.5mm.v 88.9 mm.

coefficient (Cp) correlation based on the Oseen approxima-
tion>2)and the Ranz and Marshall®>* Nusselt number (V) cor-
relation results in changes in coefficients of 25 and 5%,
respectively. In calculating the drag force from Cp, the changes
in density partially compensate for coefficient changes, result-
ing in a 15% increase in drag force, whereas the plasma/particle
heat transfer can be enhanced by 20%. The significance of
demixing on plasma spraying is therefore small, but not neces-
sarily negligible. There is an additional implication in reactive
plasma spraying and plasma synthesis where other gases, gener-
ally molecular, are introduced. Due to the relatively low disso-
ciation energy of most molecular gases, a similar diffusive
separation can take place. The molecules are predominately dis-
sociated in the high-temperature regions of the plasma, resulting
in large concentration gradients that drive the diffusion of the
constituent atoms.

Journal of Thermal Spray Technology
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Fig. 9 Plot of entrained air fraction versus radial location. A 10 mm.
V20mm.T 40mm.o 63.5mm.v 88.9 mm.

5. Conclusions

The enthalpy probe is a robust tool for studying thermal plas-
mas. Complete maps of the gas flow field including velocity,
temperature, and species concentration are made with relative
ease and expediency by automation of both data acquisition and
sequence and position control. The enthalpy, temperature, and
velocity obtained all depend on accurate calculation of the ther-
modynamic properties of the gas mixture. Accurate properties in
turn depend on accurate measurement of the gas composition.
Incorporating a mass spectrometer with the enthalpy probe sys-
tem has provided a quantitative measurement of the gas con-
stituents. This yields valuable information on entrainment,
demixing, diffusion, and chemical reactions taking place in ther-
mal plasmas.

The rapid entrainment of air into thermal plasma jets quickly
cools and slows the jet. The dynamics of the process are domi-
nated by the large density ratio of thermal plasma jets, with com-
pressibility or Mach number effects playing a secondary role. At
typical substrate locations, the gas is predominately air. The ra-
tio of argon to helium at the torch exit is altered in the discharge
by diffusive demixing. The effect on jet and particle behavior is
small, but not necessarily negligible. Although little demixing of
the entrained air was observed in the highly turbulent jet studied
here, there may still be implications for reactive spraying and
plasma synthesis. Diffusive demixing may significantly affect
the concentrations of injected reactive gases and may impose
limits on reaction rates and degree of reaction attained.
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