1{op

8 p (OT)x

AS = salinity difference, kg-m—3

AT = temperature difference between two neighboring cells
or between buik and film, K

Ax = difference of liquid-phase mol fractions, dimension-
less

Ap = difference of liquid density for two neighboring cells
or between bulk and film, kgm=3

K = thermal diffusivity of LNG (x = k/CCy), 1.267 X
107 7m2s~1

Ar = molar latent heat of vaporization of flash vapor, J-
kgmol—! .

A(f) = latent heat of vaporization of species j at 99.82 K, J-
kg™?

U = viscosity of LNG, kg-m—1.s~!

v = kinematic viscosity of LNG, 2.787 X 10~7 m2s~1

0y = density of cell i liquid, kg-m—3

P = averaged liquid density between two neighboring cells
or between uppermost cell and the film, kg-m3
le.g.,p =Yo(ps + pis1)]

ppuLk = density of bulk liquid of the uppermost cell, kg-
m=3

pribv = density of liquid in the vaporizing film, kg-m—3
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Characteristics of a Transferred-Arc Plasma

The basic characteristics of a transferred arc argon plasma were determined

M. T. MEHMETOGLU

using a cathode assembly suitable for transferring the electric arc to a molten metal
bath or to a cooled anode. They indicated that the sustained voltage depended
strongly on the arc length and much less on current. The inlet gas velocity past the
cathode tip was determined to be an important operating parameter, rather than
the volumetric gas flowrate.

The measurement of the axial and radial profiles of temperature was effected
with £8% accuracy by a novel diagnostic technique. Temperatures up to 18,500
K were observed on the axis of the plasma column, near the cathode tip, and de-
cayed in both radial and axial directions. A sweeping microprobe was used to
measure the axial and radial profiles of velocity. Velocities up to 190 m/s were
recorded. The presence of a relatively colder flow surrounding the plasma column
was detected. Mass and energy balances performed by taking this flow into account
agreed with the measured input rates.

SCOPE

and W. H. GAUVIN

McGill University
Montreal, Quebec, Canada

The application of plasma technology to chemical and met-
allurgical processes has been receiving increasing attention in

0001-1541-83-6605-0000-$2.00.
© The American Institute of Chemical Engineers, 1983.
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the last two decades. Not only does a thermal plasma as a heat
source permit greatly increased rates of reaction in most pro-
cesses of industrial interest, but it frequently allows reactions
to occur which would not be feasible at the lower temperature
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levels obtainable by conventional methods. A good example of
this is the thermal decomposition of MoS; to yield molybdenum
metal directly, with evolution of vapors of elemental sulfur
which can be collected separately with no pollution problem.
In addition, the plasma-forming gas can often be used as a
reactant, for example, for oxidation (O, air), reduction (CO, Hy,
CH,), chlorination (Cly) or nitriding reactions (Ng).

To date, most of the research in this field has been devoted
to exploring the technical feasibility of effecting the desired
reactions under plasma conditions, rather than optimizing and
controlling the plasma system so as to make it economically
viable (Sayce, 1977; Gauvin et al., 1981). The latter is a consid-
eration of the highest importance, in view of the high cost of
electrical energy. As a consequence and although plasma gen-
erators capable of continuous operation at a power of several
megawatts are commercially available, the use of plasma re-
actors on a commercial scale is limited to a few processes: the
production of acetylene, that of titanium oxide, the dissociation
of zircon sand, and smelting operations in steel making. Rykalin
(1976), Sayce (1972, 1977), Hamblyn (1977), Aubreton and Fau-
chais (1978), and very recently Fauchais (1980) have reviewed
the use of plasmas for high-temperature heterogeneous systems.
From these reviews, it is the authors’ contention that the

transferred arc plasma in which an arc is struck between a
cathode and a molten bath (acting as the anode) is often far more
thermally efficient than the nontransferred arc plasma (for ex-
ample, r.f. plasmas and d.c. jet plasmas).

All the energy supplied to the plasma system (less the small
amount lost to cool the cathode) is present in the plasma column
which is established between the cathode and the anode when
an electric arc has been struck between the two electrodes. The
length of this column may range between a few centimeters and
up to a meter or more depending on the power. From a chemical
engineering point of view, the temperature and velocity fields
in the plasma column of a transferred arc are the most important
parameters for the study, design and control of the plasma sys-
tem, since they govern the amount of energy which will be ra-
diated to the surroundings from the plasma column (and which
must be utilized, for example, for heating the feed material) and
the energy which will be transferred to the molten material
acting as the anode, as well as the other lesser modes of heat
transfer (e.g., by convection).

The objective of this study was, therefore, to characterize
these parameters as a function of the operating variables which
can be controlled in a transferred arc plasma system.

CONCLUSIONS AND SIGNIFICANCE

The basic characteristics of a transferred arc plasma and their
variation with the operating parameters were studied experi-
mentally. Argon was used as the plasma-forming gas. The
plasma was operated between power levels of 8.4 and 38.5 kW.
The current was varied between 150 and 350 amperes and the
arc length between 4 and 8 cm. It was observed that the inlet
velocity of the plasmagen gas past the cathode tip (calculated
as the cold gas flow rate divided by the free annular nozzle area)
was an important parameter and should be used instead of the
volumetric gas flow rate alone, if the results are to be general-
ized.

The voltage characteristics under the major operating con-
ditions showed that voltage depended strongly on the electrode
separation and much less on the current and on the inlet gas
velocity. The voltage gradient of the plasma column was cal-
culated from the gradient of the linear portion of the voltage vs.
electrode spacing graphs. The experimental measurements of
the potential variation along the length of the column by means
of probes confirmed the above approximations.

Calorimetric measurements were carried out to determine
the fractions of the power supplied: (a) lost to the cathode tip and
nozzle cooling; (b) dissipated to the cold surroundings by ra-
diation from the plasma; and (c) released at the anode. The
fraction of the power lost to the cathode and the nozzle was
invariably small and almost constant with current and electrode
separation. As the current was increased, substantial increase
was observed in the amount of the power released at the anode.
The electrode separation also had a considerable effect on the
latter. Depending on the electrode separation the power ra-
diated by the arc could be varied between 41% and 53%, in-
dependently of the current. The inlet gas velocity was found to
decrease the cathode tip temperature by convective cooling.

The temperature measurements in the plasma column were
effected with a novel electro-optical system capable of mea-
suring the temperature profile of plasmas above 8,000 K with
an accuracy of +8%. The results indicated higher centerline
temperatures near the cathode. Increasing the current and the
inlet gas velocity both increased the temperature of the plasma.
The validity of the LTE in the plasma was checked theoretically
and its existence was confirmed. The maximum temperature
measured in the work was 18,500 K for a 250-A arc with 4-cm
electrode separation and 41-m/s inlet gas velocity.

A miniature, uncooled pitot tube connected to a high re-
sponse-time differential pressure transducer was swept through
the plasma to determine the plasma gas velocity distribution.
Because of the low Reynolds number of the flow encountered
under most of the plasma operating conditions, a correction for
viscosity effects had to be included into the Bernoulli equation.
The velocity profiles showed a strong decay in the radial di-
rection, and a somewhat slower decay in the axial direction. The
velocities tended to increase with increasing current and inlet
gas velocities. When mass flow densities were calculated, ex-
istence of a relatively cold flow outside the boundaries of lu-
minous column was discovered. It was observed that this flow
was decreasing downstream which was taken as an indication
of entrainment. The maximum axial velocity measured was 190
m/s near the cathode with an accuracy of +7%.

Mass and energy balances computed at various axial distances
for various operating conditions agreed with the input rates and
thus confirmed the accuracy of the temperature and velocity
measurements.

These findings are of significant importance for the design,
control and optimization of plasma systems based on transferred
arcs,

INTRODUCTION

The overall basic characteristics of a transferred-arc plasma have
received little attention in the past. The work of Stojanoff (1966,
1968) in which a 3-cm long transferred arc was diagnosed for the
purpose of obtaining the transport properties of argon plasmas is
a notable exception. The scatter of the transport parameters ob-
tained by this author and the large deviations from the theoretical
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values at high temperatures raise serious doubts about the accuracy
of his temperature and velocity profiles, probably linked to the
inaccuracy of his diagnostic techniques.

In a recent study, J. E. Fink (1980) has attempted to analyze, by
means of a computer simulation, the complex situation existing
immediately downstream from the tip of a fluid convective cathode
in a transferred arc plasma system. Inclusion of the charge con-
servation eguation and of a more comprehensive current density
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expression gave the solution a considerable degree of generality.
In view of the many assumptions made in the derivations, however,
the results can only be used as first approximations at this time.

The diagnostic techniques used for plasmas show a considerable
diversity. For temperature measurements, either insertion probes
or optical methods, or a combination of both, have been used. The
calorimetric probe is the most commonly used type of the first
group and was mainly developed by Grey and coworkers (1962,
1965, 1968). The applicability of such techniques for transferred
arc temperature measurements is restricted due to their low
measurement range (below 10,000 X), their limited resolution and
their sensitivity to the setting of the coolant rate. The optical
techniques, of which the spectroscopic methods are the most im-
portant, suffer from the fact that the measurements are time
consuming and that the data analysis (as in the Abel Inversion)
require the assumption of circular symmetry of the plasma column
(Lochte-Holtgreven, 1968). In addition, the spectroscopically-
measured temperatures are inescapably weighted averages (Burns,
1964) that can often deviate considerably from simple averages
and therefore yield spurious values. These limitations can be
eliminated if spectroscopic principles are combined with probing
techniques, as done by Stojanoff (1968).

For velocity measurements, again a variety of techniques can
be used; however, the transient uncooled pitot tube seems to be the
most appropriate for measurements in a transferred arc plasma,
basically due to its good spatial resolution and simplicity. Following
the recommendations of Sheer et al. (1969), a correction, called
Barker correction (Barker, 1922), has to be made for viscosity ef-
fects at low Reynolds numbers.

In summary, the diagnostic techniques currently used for ve-
locity and temperature measurement are lacking in simplicity and
reliability. Therefore, the work reported in this paper represents
an attempt to develop simple techniques for plasma diagnestics
and to determine the basic plasma characteristics and their varia-
tions with operating variables in a transferred arc plasma.

EXPERIMENTAL

The apparatus used in the experimental work consisted of a power supply
(maximum power 40 kW), a control console, and a transferred arc system
including a cathode assembly, an anode assembly and a driving mechanism

to adjust the interelectrode distance. A schematic drawing of the overall
setup is given in Figure 1. Argon (purity 99.997%) was used as the plas-
magen gas.

A cathode assembly suitable for operation in the transferred arc mode
and for injection of fine particles, or of a secondary gas other than the main
plasma-forming gas, was designed. The cathode assembly consisted es-
sentially of a water-cooled conical thoriated tungsten cathode tip sur-
rounded by a water cooled brass nozzle. The injection gas was fed through
three equally-spaced feed tubes, each 0.4 cm in diameter. The angle of the
injection channels and of the cathode tip was the same as that of the nozzle
used. The plasma gas was forced to pass through a narrow shroud, the width
of which could be adjusted by moving the cathode tip up or down. The
nozzle directed this thin, high velocity layer of gas so that it impinged on
the arc column in the region of the contraction zone. It was expected that
with this configuration, the component of input gas momentum parallel
to the arc axis exerted a stabilizing influence on the entire arc column. The
thin layer of plasma gas was also intended to convectively cool the cathode
tip and thus reduce the cooling requirements. The anode assembly consisted
of a water cooled flat copper disc, 5.714 cm in diameter.

MEASUREMENT TECHNIQUES AND INSTRUMENTATION

Electrical and Calorimetric Characterizations

In the first part of the experimental work, the electrical char-
acterization of the transferred arc plasma was carried out. For this
purpose, the arc voltage was monitored as a function of various
operating parameters.

The distribution of the voltage along the arc length with respect
to the cathode was also measured. This was achieved by connecting
a 0.1-mm tungsten wire to the positive end of an oscilloscope via
a 100-kohm resistor. The negative terminal of the oscilloscope was
connected to the cathode. The wire was then swept through the
plasma, at various vertical positions, with a speed high enough to
prevent thermal ablation of the wire. The wire velocity did not
affect the results.

To obtain the fractions of the input power lost to the different
parts of the equipment, the cathode, the nozzle and the anode were
used as calorimeters.

Temperature Measurement Technique

A new electro-optical technique was developed for the mea-
surement of plasma temperatures about 8,000 K. The basic prir-
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ciple of this technique was to determine the total emission coeffi-
cients of the plasma at two wavelengths, as a function of radial
position. The radial temperature distribution was then obtained
by comparing the ratio of the measured emission coefficients with
the theoretically-calculated values. A detailed description of this
technique is given elsewhere (Mehmetoglu et al., 1982).

Impact Pressure Measurement Technique

A dynamic pressure probe was developed to obtain direct flow
field distributions in the transferred arc column. The probe in-
volved in this work follows the design of Barkan and Whitman
(1966). It consisted of a miniature stainless steel pitot tube (1.5875
mm OD, 0.508 mm ID, 3.75 cm long) swept through the column.
The pitot tube was connected via teflon fittings to a pressure
transducer which produced a signal proportional to the local dy-
namic pressure. The velocity and mass flow densities were then
derived from the dynamic pressure with the aid of the Bernoulli
equation corrected for viscous effects. The pressure transducer was
a Celesco Model P109D miniature variable reluctance differential
pressure transducer, with a sensitivity of <0.03 kPa, and was firmly
attached on a mounting assembly which was driven by a linear
motor. The transducer and the pitot tube were calibrated against
an accurate alcohol manometer. It was ascertained that, at a tra-
verse speed of 20 cm/s, the transient response of the system was
satisfactory.

The final equation used to calculate the velocity, U, was:

l~1APexp = ]/2pU2 + S/2I'LU/a (l)

in which the second term on the right represents the Barker (1922)
viscosity correction. The factor 1.1 on the left accounts for a linear
discrepancy observed in Barker’s work. Following the results of
Carleton (1970), the temperature used in the determination of
viscosity and density was chosen to be that corresponding to the
mean enthalpy of the pitot tube wall and free stream. Both u and
p were corrected for departures from the ideal gas law, using
theoretically-derived relations between viscosity and compress-
ibility versus temperature (Ahtye, 1965).

RESULTS AND DISCUSSION

Total Arc Voltage Analysis

Preliminary experiments were first carried out, using sheath gas
only (that is, argon flowing through the annulus surrounding the
cathode tip) to ascertain the effect on the voltage of the following
variables: the applied current, I (150, 250, 350 A); the electrode
separation, [(4, 6, 8, 10 cm); the argon volumetric flow rate, Q (14,
17, 20 L/min); the annular nozzle area, A (0.085, 0.07, 0.055 cm2).
A 60° nozzle (with the horizontal) was used. Typical results of such
measurements are shown in Figure 2. It was, of course, realized that
under these conditions considerable entrainment of ambient air
into the plasma column would take place near the cathode tip due
to magnetic pinching, or the Maecker effect.

A major finding of this part of the work was the observation that
the gas flow rate and the annular nozzle area could be combined
into a single parameter “the inlet gas velocity,”” which is the ratio
of these two variables with the unit of m/s. This observation has
very important implications for the design of commercial plasma
reactors, since it should permit considerable savings by cutting
down the volumetric flow rate of expensive plasmagen gas, as long
as its velocity past the cathode is maintained.

To minimize or eliminate the effect of entrained air, these ex-
periments were repeated with additional argon injection into the
plasma column via the three injection channels in the cathode as-
sembly, in addition, of course, to the sheath gas, as previously used.
Two nozzle angles (60° and 45° with the horizontal) with the same
nozzle diameter (0.381 cm) were used. The results of these exper-
iments are shown as a factorial plot on Figure 3. Predictably, the
values of the sustained arc voltage were lower than those previously
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obtained in the presence of air entrainment, since the electric
conductivity of pure argon is higher than that of air above 10,000
K (Ahtye, 1965; Devoto, 1967).

One important consequence of this observation is that an opti-
mum condition could be found where increasing the injection gas
flow rate will not lower the sustained voltage any more but, on the
contrary, will increase it (the same effect of increasing sheath gas
inlet velocity). At that point, the plasma was 100% argon
plasma.

Finally, the effect of the nozzle angle can be observed from
Figure 3. For all the conditions studied, lower voltages were re-
corded for 60° nozzles, which corresponded to a greater arc sta-
bility, as observed by Sheer et al. (1973). It was estimated that the
accuracy of the voltage results was £2 V.
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Voltage Gradient Study

The determination of the voltage gradient is important since it
reflects the energy content of the column much more realistically
than the total arc voltage (which includes the electrode potential
drops). The standard method for obtaining a voltage gradient is
to measure the potential distribution along the arc length by means
of a sweeping wire.

The axial potential distribution can also be calculated from the
gradient of the linear portion of the graphs of the total arc voltage
vs. electrode separation in the experiments previously described,

for various currents and sheath gas inlet velocities, typical of which
is Figure 4 (the thickness of the anode fall region in the latter is not
accurate, but is known to be quite small). A comparison of the re-
sults obtained by the two methods is illustrated in Figure 5. The
inherent assumption in the latter method is that the electrode
spacing does not significantly influence the magnitude of the
electrode falls. The results shown in Figure 5 indicate that the error
due to this assumption is not very critical. The asymptotic beha-
viour of the curves for various currents at high inlet gas velocities
is extremely interesting and was repeatedly confirmed experi-
mentally for different operating conditions.

These results show that the column gradient increases with in-
creasing inlet gas velocity, which may be explained by a greater
loss of energy. The indirect proportionality between the voltage
gradient and the applied current is obviously due to the increase
in the electrical conductivity with increasing currents and, hence,
temperatures.

Calorimetric Study

A large number of different heat transfer processes occur in a
transferred arc system. A detailed analysis of these processes was
the subject of another study carried out in this laboratory (Choi,
1981). In the present work, however, only the net amount of the
heat released at the anode, at the cathode tip and at the nozzle was
measured. Assuming that the convective losses from the plasma
column to the ambient as well as the sensible energy loss to the exit
gas were small, the heat radiated could be determined by differ-
ence, from the total arc power. The results of the calorimetric study
are shown in Table 1.

Heat Transfer to Anode

It was observed that the anode heat fluxes increased with in-
creasing current, increasing inlet gas velocity and also increasing
electrode separation, in accord with the extensive anode studies
performed by Pfender and coworkers (Smith and Pfender, 1976;
Pfender, 1978; Liu and Pfender, 1979; Johnson and Pfender, 1979).
Although there was an increase in the absolute value of the heat
transferred to the anode with increasing length, when the per-
centage of the arc energy transferred was considered, a steady
decrease (from 44% at 4 cm to 38% at 8 cm) was observed. It is
evident that the increase in the radiation loss was responsible for
this decrease in the fraction of arc energy transferred to the
anode.

Arc Radiation

As expected, arc radiation increased with the applied current.
This is in complete agreement with several previous workers. The

TABLE 1. CALORIMETRIC RESULTS
Cathode Tip Nozzle Anode Arc Power Radiation
U* Pc % Pn % Pa % P P—(P0+Pn+Pa) %
m/s kw kw kw kw kw
l=4cm I1=250A
16.65 0.45 3.5 1.16 9.1 5.67 44.5 12.75 5.47 42.9
33.30 0.43 3.2 1.19 9.1 5.88 44.8 13.13 5.63 429
49.95 0.41 3.0 1.28 94 6.37 46.8 13.62 5.56 40.8
l=4cm I=350A
16.65 0.67 3.6 1.62 8.7 8.03 43.3 18.55 8.23 44.4
33.30 0.65 3.4 L.75 9.3 8.20 43.8 18.73 8.13 43.1
49.95 0.55 2.8 1.79 9.2 8.20 42.6 19.25 8.71 45.4
v* =33.30m/s I=350A
£ Pc % Pﬂ % Pa % P P_(Pc+Pn+Pa) %
cm kw kw kw kw kW
6 0.66 2.6 1.90 7.8 10.22 41.7 24.50 11.72 47.9
8 0.66 2.3 1.95 6.7 10.98 37.8 29.05 15.46 53.2
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inlet gas velocity, on the other hand, was observed to have less in-
fluence on the amount of heat lost by radiation. It should be em-
phasized that the radiation terms shown in Table 1 also contain
convective contributions.

Heat Transter to Cathode Tip and Nozzle

As in the case of the anode, heat transfer to the cathode tip in-
creased with current. This is obviously due to the increased current
density which is the major contributor to the heat transfer to the
cathode tip (Guile, 1971). The increase in the heat transferred to
the nozzle with increasing current was lower than in the case of the
cathode tip. In this case, the heat transfer was basically due to ra-
diation and hence the percentage change in the heat transfer fol-
lowed that of radiation with current.

There was a small but persistent decrease in the cathode tip heat
flux with increasing inlet gas velocity. This change, however, was
not close to the experimental error predicted, especially for low
current cases. Direct measurements of the cathode tip temperatures
with an optical pyrometer confirmed these findings.

Plasma Temperature Analysis

As already stated, the details of the novel technique of mea-
surement which was used in this section of the study are presented
elsewhere (Mehmetoglu et al., 1982). Suffice it to say that consid-
erable care was taken in its development, and that its estimated
accuracy (4:8%) compares favourably with the conventional
spectroscopic methods.

The plasma temperature was obtained at different vertical lo-
cations with 1 cm separation, except for the uppermost position
which was 0.5 cm away from the cathode tip. No measurements
were attempted for locations closer than 1 em from the anode since
it is well established that LTE does not hold close to the electrodes
{(Eddy et al,, 1973). A typical isothermal contour is shown in Figure
6, for operation with and without injection gas. The axial centerline
temperature distributions for the various conditions used are plotted
in Figure 7. Finally, to demonstrate the effect of the operating
parameters on temperature distribution, sample profiles (obtained
3 cm away from the anode) are plotted in Figure 8.

Examination of these curves shows that the axial temperatures
increase near the cathode as the inlet gas velocity increases. This
effect is considered to be due to the compression of the column
exerted by the radial component of the fluid momentum as it enters
the column. It is interesting to note the rather flat portion of the
axial temperature distribution for 0.5 < z < 1.0 cm, in Figure 7.
It probably represents the section of the contraction zone where
most of the gas is entering the column. The two previous investi-
gators who used similar cathode designs (Sheer et al., 1973; Stoja-
noff, 1968) also displayed similar distributions near the cathode,
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as shown in Figure 7. The theoretical calculations of Fink (1980)
also predict this behaviour.

The plasma temperature increases as the applied current in-
creases. As can be seen from the axial temperature distribution, the
magnitude of this increase does not change along the arc length.
This effect had already been predicted by the calorimetric and
photographic studies. Although the voltage gradient decreases with
increasing current, the increase in the current density more than
compensates for this decrease.

The comparison of the axial distributions shown in Figure 7 for
the 4, 6 and 8 cm columns shows that identical temperatures are
obtained for the initial portion of the column included in these
cases. The fact that the decay in axial temperature decreases con-
siderably beyond a distance of 3 cm away from the cathode for the
6- and 8-cm arc lengths suggests that the phenomenon which is
responsible for the loss of energy in the initial part of the plasma
ceases to be important after 3 cm. Considering that radiative heat
losses constitute a large percentage of the overall heat losses from
the plasma column, the low temperatures encountered around z
= 3 cm results in lower radiative heat losses and thus slower decay.
This cause-effect relationship sets in for the rest of the plasma
column. The results of Choi (1981), who measured arc radiation
as a function of arc length for transferred-arc plasma under similar
conditions, also indicate a sharp change in the percentage of the
arc energy lost by radiation beyond a 3-cm electrode separation.
To complete this discussion, it must be stated that other factors such
as the decreasing effect of the cathode jet are also probably re-
sponsible for the sudden drop in the axial temperature upstream
of 3 cm.

Finally, the effect of varying the nozzle angle can be observed
from Figure 8. The position of the 9,000 X isotherms does not
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O 3504, 205 m/s, 595V
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W 16,000 | {48° NOZZLE)
=]
E 15,000 (ALL 3 cm AWAY FROM ANODE)
< 14,000
w
-
P 13,000
=
g 12,000
a
1,000 =
10,000 |-
9,000 1
(4] | 2 3 4 s 6

RADIUS, mm

Figure 8. Radial distribution of temperature in plasma column. (at 3 cm away
from anode for 4 cm total length, all symbols, except circles, are for 60°
nozzle).
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change between the two conditions at 350 A (Square symbols for
60° and circles for 45° nozzle). Higher temperatures result for the
45° nozzle near the cathode. The magnitude of this difference
decreases downstream from the cathode. The effect of the nozzle
geometry on the energy content of the plasma in the neighbour-
hood of the cathode can be attributed to the change in the electrode
fall potential.

It should be mentioned that the above temperature distributions
are based on the assumption of local thermal equilibrium (LTE)
in the plasma. This assumption has been experimentally tested and
found fully justified for transferred arc plasmas generated under
similar conditions and with similar cathode design as used in this
work (Stojanoff, 1968; Sheer et al., 19783). Busz and Finkelnburg
(1955) obtained the following criterion for thermal equilibrium:

(Te = Ty)/T = (M(eAE)2/4m(3kT/2)2 « 1 (2)

where T,, T, are the temperatures of the electrons and heavy
particles, respectively, E is the applied electric field strength, M
and m are the masses of the atoms and electrons, respectively, and
A is the electron mean free-path length. Using the value of A,

calculated by Olsen (1962), the measured temperatures and derived

E, (T, — T,)/T were calculated to be (at the centre of the arc)
0.006 near the cathode and 0.01 near the anode, for 250 A and 20.5
m/s. In the light of this test, it can be claimed that the assumption
of LTE throughout the measurement range of this work is very
good.

A more restrictive condition for LTE pertains to the gradients
in temperature along the radial coordinate in the arc. The per-
turbation of equilibrium may be considered small if the temper-
ature difference in one mean-free path is small compared with the
temperature itself (Olsen, 1962);

Aegrad T/T K 1 (8)

The maximum temperature gradient measured in the arc is
around 10° K per cm. Since A, is of the order of 10~4 cm with
temperatures greater than 10¢ K, the condition in the above
equation is well satisfied, except possibly in the regions close to the
electrodes, which is outside the scope of this study.

VELOCITY STUDY

Method of Data Resolution

The values of the impact pressures obtained from the continuous
impact pressure profile together with the measured temperatures
at the same radial positions permitted calculation of the plasma
velocities at these points using Eq. 1. The calculation was per-
formed by a minicomputer. Since the viscosity and density in Eq.
1 must be evaluated at the reference temperature, the probe wall
temperature was estimated to be 400 K. The insensitivity of the
reference temperature to the wall temperature justifies this choice.
This particular wall temperature was chosen based on thermo-
couple measurements of the temperature of the probe after it
completed a traverse. The computations were made at 18 equally
spaced positions along the diametrical pressure profile.

Results

A typical velocity contour is shown in Figure 9, for conditions
identical with those used for Figure 6. Figure 10 shows the axial
distribution of the centreline velocity and in Figure 11, a sample
of the radial velocity distributions is given, for the position 3 cm
away from the anode, to assist in the discussions. Finally, Figure
12 contains a set of typical mass flow density distribution curves,
for various distances from the anode. The limiting data points on
the velocity profiles are determined by the limiting points on the
temperature profiles which, in turn, are established by the luminous
diameters of the column. Beyond these positions, impact pressures
could be measured, but temperatures could not.
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Figure 11. Radlal distribution of velocity in plasma column (at 3 cm away from
anode for 4-cm total length).

It can be seen that, as in the case of temperatures, the velocity
profiles are symmetric. The decay of the centreline velocity with
the axial distance from the cathode is observed to be faster than that
of the centreline temperature.

Examination of these figures indicates that both the inlet gas
velocity and the applied current increase centre velocities. How-
ever, when the radial distributions are compared (Figure 10), it can
be seen that, towards the edges of the column, the effect of the
applied current ceases to be significant. Since Reynolds numbers
are quite low near the edges (around one compared to around 90
at the axis), the viscosity corrections are much more important;
however, because the viscosity does not vary significantly with
temperature below 10,000 K, it is normal that the applied current
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(which influences the temperature distribution near the edges) does
not influence velocity profiles in these regions.

While the nozzle angle does not influence the axial distribution,
it does have an effect on the radial velocity distribution in the form
of a slower decay for 45° nozzle. This is predictable from the
temperature profiles and is considered to be an important feature
in favour of the selection of a 45° nozzle for industrial applica-
tions.

Since the column is cooling and increasing in density as the anode
is approached, the product of density and velocity, or momentum,
is of interest. Figure 12 shows a typical plot of the mass flow density
{rh) versus radial distance. When the distributions of impact
pressure were examined, it was observed that there existed a rel-
atively cold gas flow outside the luminous boundaries of the col-
umn. The mass flow density distribution calculated for this flow
is also shown in Figure 12, as dashed lines. The temperature data
used outside the luminous column were obtained by extrapolation
from the temperature distributions inside the column and are
therefore subject to considerable error. The curves are extended
into this outer region to show qualitatively the changes in flow
pattern at various axial positions. The amount of gas that flows
outside the column seems to decrease downstream. This un-
doubtedly indicates entrainment of the surrounding flow. Itisin-
teresting to note that although the presence of this flow can be
deduced from their results, neither of the two investigators who
worked with an annular nozzle orifice around a cathode (Stojanoff,
1968; Sheer et al., 1973) realized this occurrence. The theories of
classical jet entrainment are found wholly inadequate to account
for this change of entrainment with axial distance. For the exper-
imental conditions reported, the maximum uncertainty in the
calculated velocity ranges from +7.0% in the vicinity of the cen-
treline to £20.0% near the edges.

Mass and Energy Balances

By using the experimentally-measured values of the temperature
and velocity, mass and energy balances could be made for the
plasma flows. The mass flow rate M and the energy flow rate H
are calculated from:

M= j; i j; * ir(r)rdrdd @)

H= j; o j; R () h(rrdrdf 5)

where 1 is the mass flow density and h is the specific enthalpy.
A minicomputer was used to perform the calculations. Ahtye’s

(1965) data for compressibility and enthalpy were fitted numeri-

cally, and the required integrations across the plasma column were

and
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performed by using Simpson’s rule. The integrations were first
performed only out to the luminous profile of the plasma column,
The integration was then carried out to the fringes of the impact
pressure profiles, using the extrapolated temperature values. The
results of the mass and energy balances showed that the agreement
between the measured rates and the calculated values were satis-
factory, with an average error of +:15% for the mass flow and £20%
for the energy flow.

NOTATION

inside radius of the pitot tube
annular nozzle area

voltage gradient

specific enthalpy

energy flow rate

applied current

electrode separation

mass flow density

mass of electron

mass flow rate—also mass of atom in Eq,. 2
pressure

injection gas flow rate

sheath gas volumetric flow rate
radial position

radius of plasma

= temperature

= gas velocity

= voltage

= inlet gas velocity

= axial distance from cathode

NS «@NRIQOQuEI SIS mee
I

Greek Letters

A = length of mean free path
p = gas density

K1 = viscosity of the plasma

f =angle

Subscripts

e = electrons

g = gas (heavy particles)
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Turbulent Velocity Fluctuations That Control
Mass Transfer to a Solid Boundary

The relation between the velocity and concentration fields for a fully developed
turbulent flow which transfers mass to a pipe wall at large Schmidt numbers has
been studied. Measurements of the fluctuations of the concentration gradient and
the velocity gradient were obtained simultaneously at multiple locations on the
wall. Spatial scales were calculated for the low frequency velocity fluctuations

J. A. CAMPBELL and
T. J. HANRATTY

University of lilinois
Urbana, IL 61801

by passing the measured signals through low-pass filters, These scales are the same
size as the scales of the concentration fluctuations. This result provides additional
support for the notion that mass transfer to a boundary at high Schmidt numbers
is controlled by low frequency velocity fluctuations which contain only a small

fraction of the total turbulent energy.

SCOPE

A recent analysis by Campbell and Hanratty (1981a) using the
linearized form of the mass balance equation for a turbulent
flow shows that the magnitude of the Reynolds transport term
is controlled by low frequency velocity fluctuations containing
a small fraction of the total turbulent energy. The work de-
scribed in this paper was carried out to see whether this inter-
pretation is consistent with measurements of the scale of the
turbulence and whether such low frequency velocity fluctua-
tions are universal properties of the turbulence.

0001-1541-83-6668-0215-$2.00. © The American [nstitute of Chemical Engineers, 1983.
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The structure of the velocity field close to a wall was studied
by measuring the transverse component of the fluctuating ve-
locity gradient simultaneously at multiple locations on the wall.
By low-pass filtering the signals from these probes it is possible
to compare the spatial scale of the low frequency velocity gra-
dient fluctuations with the spatial scale of the full signal and
with the spatial scale of the concentration fluctuations. By ex-
amining the measurements of the mass transfer fluctuations in
different systems, it is possible to determine whether these
fluctuations are strongly dependent on the design of the flow
system,
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