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Abstract—FElectric field intensity and wall heat transfer measurements have been made for the inlet and
asymptotic regions of Ar, He and N, laminar, aimospheric arcs. Comparisons between the data and avail-
able equilibrium and nonequilibrium theories have been made in an attempt to determine the relative
accuracy of single and multifluid arc models. Equilibrium predictions for the asymptotic arc region in argon
agree with the experimental results to within the combined experimental and theoretical uncertainties.
There exist, however, small but discernable departures at both the lower and higher arc currents in argon.
In contrast, the nonequilibrium theory predictions are in excellent agreement with the data over the entire
range of currents. Additional comparisons suggest that atmospheric helium arcs are characterized by
radical departures from local thermodynamic equilibrium.

NOMENCLATURE
duct diameter ;
duct wall potential ;
electric field intensity;
gas enthalpy, heat transfer conductance ;
arc current;
thermal conductivity;
translational thermal conductivity;
effective thermal conductivity (k. =
k' + Ag);
total (cathode to anode) duct length;
operating gas flow rate;
Nusselt number ;
Ohmic heating parameter;
static pressure;
radiation source density;
total wall heat flux;
heat flux vector;
radiative wall heat flux;
radial coordinate;
duct radius;
temperature ;
duct wall temperature;
axial coordinate ;
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Ax, duct segment width {= 0632 cm);

Az, reactive thermal conductivity;
o, electrical conductivity.
Subscripts

a,  asymptotic conditions;
m,  properties evaluated at the temperature

corresponding to the mixed-mean
enthalpy. &,,.
INTRODUCTION

IN ADDITION to serving as a reliable continuous
energy source for transport and radiation
property studies of high temperature gases, the
electric arc has also served in technological
applications which include industrial arc devices
as well as thermonuclear fusion, MHD, and space
propulsion systems. Accordingly, interest has
evolved in the electrical and thermal character-
istics of arc constrictors. The objective of this
study is to enhance the understanding of these
characteristics through an experimental investi-
gation of electrical and thermal effects in an
atmospheric cascade arc and through an inter-
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pretation of these effects in terms of available
theories. While the major portion of the experi-
mental work has been performed for an argon
plasma, some measurements have also been
made for nitrogen and helium arcs.

The regions of interest for the cascade arc are
shown in Fig. 1. The arc column, which is a
composite of individually water-cooled and
electrically isolated copper discs, is divided into
three regions: inlet, asymptotic, and anode.
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FI1G. 1. Designation of arc-heating regtons.

Although the gas flow in each region is subjected
to an external electric field, the inlet and
asymptotic regions are bounded by nton-current-
carrying surfaces, while the anode surface is
electrically conducting. The inlet region is
further distinguished by a significant axial
variation of the flow variables, whereas the
asymptotic region is characterized by thermally
fully-developed flow.

Although the literature devoted to theoretical
study of the inlet and asymptotic regions is
extensive, few experimental studies have been
performed for purposes of determining the
overall arc energetics. Of particular scarcity are
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experimental studies pertaining to the inlet
region of the water-cooled duct. Skifstad [1]
performed electric potential and wall heat flux
measurements in the inlet region of a helium
arc, and investigators at the NASA-AMES
Research Center [2-4] have made similar
measurements in air and nitrogen arcs. How-
ever, the range of experimental conditions (gas
flow rate, arc current, and duct geometry)
investigated in these studies differ significantly
from those of this investigation. Similarly.
Pfender et al. [ 5] report results for the local wall
heat flux in the inlet region of an argon cascade
arc; however, these measurements were for
turbulent flow and were used primarily for the
support of anode heat transfer studies. In con-
trast, a larger number of experimental investiga-
tions have been performed for the asymptotic
region of the arc [6-12]. While these studies are
primarily concerned with the use of an inversion
method to determine plasma transport proper-
ties, they necessarily include measurement of
the arccolumn electrical characteristics and are
therefore germane to this study. In addition,
Morris et al. [11] present asymptotic wall heat
flux data and Emmons [10] and Maecker [12]
report on the percentage contribution of radia-
tion to the total energy balance.

Theoretical consideration of arc behavior
has been extensive, and detailed reviews of
work up to 1969 have been provided by Skifstad’
[13] and Bower [14]. Of the many theeries, two
in particular have been selected for consideration
in this study. These include the approach by
Stine and Watson [15], because of its inherent
simplicity, and the treatment by Bower and
Incropera [16], because of the completeness of
the model and the attention given to the overall
arc energetics. The Stine and Watson approach
involves an approximate, analytical solution
which ignores radiation and employs linearized
property relations, whereas the Bower and
Incropera approach involves numerical solu-
tion of a comprehensive flow model. Both
theories have in common the assumption of
Jocal thermodynamic equilibrium.
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Two other theories, which account for non-
equilibrium effects and which have been chosen
for consideration in this study, are those due to
Pytte and Winsor [17] and Clark [18]. The
Pytte and Winsor theory applies for the asymp-
totic region of a helium arc; however, the
approach is semi-empirical due to its depend-
ence on experimental arc-column characteristics.
In addition, the theory suffers from the use of the
Saha equation to compute the plasma composi-
tion. In contrast, Clark has formulated and
numerically solved a complete multifluid model
for the inlet and asymptotic regions of an arc
constrictor.

The primary objective of this study is the
measurement of the axial distribution of the
electric field intensity, the mean enthalpy, and
the heat flux for the inlet and asymptotic regions
of an atmospheric Ar cascade arc. The measure-
ments are made for a wide range of laminar flow
operation conditions. An important secondary
objective includes comparison of the asymptotic
wall heat transfer and electric field strength
measurements with various theoretical results.
Attention is also given to ascertaining the
validity of existing Nusselt number correlations
and the adequacy of singlefluid models for the
description of arc energetics. The measurements
are also used to provide a greater understanding
of the development length characteristics of the
constricted tube, laminar arc. Additional experi-
mental results are obtained for N, and He arcs
to ascertain the influence of operating gas.

This study, which is the first serious attempt
to experimentally varify existing theoretical
predictions of thermal parameters for the arc
heating region, is intended to provide informa-
tion useful to the arc designer and to contribute
to an improved understanding of arc physics
and flow modeling.

EXPERIMENTAL APPARATUS AND
INSTRUMENTATION
A well-defined, stable plasma flow is achieved
through use of a constricted tube plasma arc
generator manufactured by Creare, Inc. [19].

The constrictor is formed by stacking together
a series of individually water-cooled copper
segments, each of which is 0632 cm wide with a
1'0 cm central bore. Each segment is electrically
insulated from adjoining segments, and the
length of the arc heating region may be varied
according to the number of segments used to
form the stack. A thoriated tungsten cathode is
precisely centered with respect to the initial
nozzle-shaped segment through micrometer
adjustment, and the cathode-nozzle geometry
provides for a high degree of flow symmetry.

Electrical power is supplied by a dc motor-
generator set capable of delivering 75 kW at
300 A. Stable operating conditions are insured
through use of a step-wise variable ballast
resistor which is connected in series with the
power supply and plasma generator. Cooling
water is passed continuously through the cath-
ode, each segment in the arc heating region, and
the additional downstréeam ducting required to
cool the gas for discharge. The coolant flow
rate through each of these components may be
independently controlled and monitored to
within 1 per cent accuracy. The operating gas
flow rate is also controlled and monitored to
within 1 per cent accuracy. Stringent purity
requirements are maintained throughout the
gas system including use of research grade gas,
prior ultrasonic cleaning of all components
exposed to the plasma stream, and continuous
outgassing of the system prior to operation. A
detailed description of the plasma generator
and supporting systems is provided by Lukens
[20].

The overall and local electrical characteristics
of the arc are determined by measuring the
potential difference between the “floating” duct
segments and the cathode. The arc voltage
measurements are used to determine the axial
distribution of the electric field intensity and,
along with the arc current and calorimetric
measurements, to determine the mixed-mean
enthalpy of the gas at each segment location.
The energy loss to each of the constrictor seg-
ments, to the cathode, and to the remaining



938

plasma generator components is determined
calorimetrically. Accordingly. each of these
components is equipped with a special tem-
perature difference (AT) transducer. Consider-
able care was taken in the shielding and calibra-
tion of the transducers, and they are accurate to
within 5 per cent. The operating gas absolute
temperatures at both inlet and discharge loca-
tions are measured with copper—constantan
thermocouples.

A unique radiation gage is used to delineate
the radiative contribution to the total wall heat
flux. The gage consists of two semi-cylindrical
copper segments which are thermally isolated
from each other, individually water-cooled, and
supplied with individual AT transducers. The
inside (duct) wall of each half-segment is coated
with either a highly reflecting (thermally
evaporated aluminium film) or highly absorbing
(black) surface. The overall dimensions of the
radiation gage are precisely the same as those of
a standard duct segment. A thorough discussion
of the fabrication and principle of operation of
the radiation gage is provided by Lukens [21].

A detailed uncertainty analysis is used to
obtain the experimental uncertainty of each
reported result. The method used in this analysis
is the standard approach for single-sample
experiments [22]. The uncertainty calculations,
as well as the conversion and reduction of raw
data, are performed on the computer. The
thermophysical properties required for these
calculations are obtained from Devoto [23] and
Drellishak, Knopp and Cambel [24] for Ar;
Lick and Emmons [25] and Devoto and Li [26]
for He ; and Drellishak, Aeschliman and Cambel
[27] and Avco [28] for N,.

To experimentally verify the accuracy of the
diagnostic methods employed in this study, an
attempt was made to “close off”” the energy
balance for the entire plasma generator. In all
cases, it was possible to obtain closure to within
the calculated total experimental uncertainty
of this measurement (420 per cent). A more
precise check is one based on a local energy
balance performed on a segment located in the
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fully-developed portion of the arc heating region.
In every case, closure of this local energy balance
was obtained to within +35 per cent—a value
comparable to the calculated uncertainty of
these measurements. The consistent reproduci-
bility of data taken over a 3-year period provided
further confidence in the accuracy of the
measurements and in the consistency of the
overall system.

RESULTS
Experimental results are presented for Ar,

N, and He arcs over the following ranges of
laminar flow operating conditions:

Argon: I = 35-240 A, m = 0:03-0'11 Ib/min,
constrictor length = 5 in. (20 seg-
ments)

Nitrogen: [ = 100-200 A, m = 003 Ib/min,
constrictor length = 5 in. (20 seg-
ments)

Helium: I =50 A, m =007 Ib/min, con-

strictor length = 2-5in(10 segments).

All measurements were made with a 10 cm
di. duct operating at atmospheric pressure. The
maximum open-circuit voltage of the power
supply, while adequate for obtaining a relatively
wide range of Ar arc conditions, is insufficient to
permit stable operation over as wide a range in
N, and He.

Typical wall potential distributions are shown
for an Ar arc in Fig. 2. For each distibution, the
potential varies linearly with axial distance for
entry lengths greater than 25 in. The 025 in.
{1 segment length} location of the zero potential
intercept is due to the positioning of the cathode
within the initial nozzle-shaped segment. Poten-
tial distribution measurements were also made
over the entire flow rate range, and although the
potential at any location increased with 7,
the slope of the distribution in the asymptotic
region was independent of flow rate. The
increase in the wall potential value at any
axial location is due to the increase in the
thermal development length with increasing 7.
This results in a larger overall arc resistance;
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F1G. 2. Axial distribution of wall potential with arc current.

hence a larger potential must be applied to [7] and Emmons and Land [8] for Ar, Emmons
maintain a given current. [10] and McKee et al. [29] for He, and Emmons

The asymptotic values of the electric field [10] for N,. The excellent mutual agreement of
intensity for Ar, N, and He are plotted against results is apparent. W hile Emmons [10] con-
arc current in Fig. 3. Included for comparison tends that there are no regions (in a tube with
are the experimental distributions of Runstadler L/D = 14)for which his N, data are independent
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F1G. 3. Experimental asymptotic arc-column characteristics.
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of laminar flow rate, asymptotic conditions (as
evidenced by constant values of E, and ¢ in the
axial direction) were observed in this study for
L/D > 12'6. Consequently, Emmons’ lowest
flow rate data were chosen as being the most
representative of fully-developed flow.
Typical axial distributions of the total wall
heat flux, ¢, and their variation with arc current
in Ar are shown in Fig. 4. Similar distributions
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The right-hand side of equation (1) was com-
puted using the E, ,-I data of Fig. 3 and the
results are plotted for Ar in Fig. 5. The excellent
agreement with the g, results (determined
calorimetrically) establishes confidence in the
validity of these results. Moreover, this agree-
ment provides a check on the overall self-
consistency of the diagnostics, since closure of
this local balance is obtained to within the
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FiG. 4. Axial distribution of total wall heat flux with arc current.

obtained for different values of m verify that ¢
approaches a constant asymptotic value, g,
which is independent of h [ 21]. The dependence
of the asymptotic wall heat flux, g,. on current is
shown in Fig. 5 for the Ar, N, and He measure-
ments of this study. Although the absence of
similar data in the literature precludes a com-
parison with other investigatiors, confidence in
the results may be established from a simple
energy balance for the asymptotic region. For
any segment in this region, the rate of energy
removal through the tube wall must be balanced
by the local input rate of electrical energy.

Therefore,
E. I
= oRd 1

combined experimental uncertainties of g, (46
per cent), E, , (43 per cent), and f (+1 per cent).

The variation of the radiative wall heat flux
for a fully-developed argon plasma with arc
current is shown in Fig. 6. Also shown are the
experimental data of Barzelay [ 30] and Emmons
[9. 10]. The Harvard data are actually some-
what redundant in that the distribution reported
by Emmons [10] was obtained by applying a
correction factor of 1'5 to the data reported by
Barzelay. In computing the electrical conduc-
tivity and radiation source strength properties
for argon, Emmons determined that the correc-
tion factor was necessary in order to obtain the
best fit to overall arc data. According to Fig. 6,
however, better agreement exists between the
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radiation data of this study and the original
Harvard data reported by Barzelay.

Similarly, the axial distribution of the mixed-
mean enthalpy (k,,) may be obtained by closing
off the energy balance at successive axial loca-
tions. Under the assumption of thermodynamic
equilibrium, the corresponding mean tempera-
tures (7,) may then be obtained from the
caloric equation of state [24. 25, 27]. Such
distributions also reflect an asymptotic condi-
tion, and the variations with arc current of
T, .in Ar,N, and He are shown in Fig. 7. Note
the extremely low value of T, ,in He.
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where k,, is chosen to be the thermal conductivity
evaluated at the equilibrium temperature T, ,
and T, is the duct wall temperature (assumed
constant at 500°K). Bower and Incropera [16]
obtain a simple correlation of the Nusselt
number in terms of an Ohmic heating parameter,

Rzamkm Tm a Tw)
Oh, = ( 12’ . (3)
which is of the form,
Nu,, = 0:135(0h,,)~ *°. (4)

Although this correlation is inferred from para-
metric calculations involving the numerical
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F1G. 7. Variation of the mean temperature with arc current in the asymptotic region.

The Nusselt number (Nu = hD/k) is intro-
duced in an attempt to correlate, in terms of
appropriate dimensionless parameters, the wall
heat transfer in the asymptotic region of the
laminar, constricted tube arc. By defining the
heat transfer conductance (k) in terms of the
total wall heat flux and a temperature potential,
the Nusselt number takes the form

2Rq,

km( Tm, a

Nt = T.)

()

solution of an equilibrium flow model, a similar
correlation of the form,

Nup = 5 (0h) ™0 5)
may be obtained from simple order of magni-
tude arguments [21].

The above correlations are plotted in Fig. 8
along with the experimental results of this study
for an Ar plasma. Although the comparison
verifies the appropriateness of the Ohmic heating
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FiG. 8. Experimental and numerical Nusselt number correlations in the asymptotic region
of an argon plasma.

parameter for arc heat transfer correlations,
more precise corroboration is obtained from
an empirical correlation of the form,

1-145 4.
?(Ohm) e

m

Nu ®
It must be emphasized that the correlations
summarized in Fig. 8 are only appropriate for
an Ar plasma.

INTERPRETATION OF RESULTS AND
COMPARISONS WITH THEORIES

The theoretical studies by Bower and Incro-
pera [16] show that predictions for the inlet
region of a constricted arc depend significantly
upon the form of the assumed entrance profiles.
Similarly, the results of this study show that
measured quantities for the inlet region depend
upon the position of the cathode relative to the
the first segment. In contrast, both studies
(theoretical and experimental) reveal no effect
of entrance conditions on the properties of
interest in the asymptotic region. Accordingly,
meaningful comparisons between data and

theory may only be made for this region.
Comparisons for argon are made between the

experimental results of this study and the
analytical solution by Stine and Watson [15],
the numerical equilibrium solution by Bower
and Incropera [16], and the numerical non-
equilibrium solution by Clark [18]. Due to the
scarcity of experimental data acquired in this
study for helium, the experimental data of
Emmons [10] are used for comparison with the
theoretical results obtained by Bower [31].
Pytte and Williams [32], and Pytte and Winsor
[17]. For nitrogen, comparisons are made
between the experimental results of this study
and the Stine-Watson analytical solution. In
making these comparisons, particular emphasis
is placed upon ascertaining the influence of
nonequilibrium effects on the arc parameters.
The experimental asymptotic values. for an
Ar arc, of the electric field intensity (E, ,), total
wall heat flux.(g,), and fraction of radiative to
total wall heat flux (g,.4,4/9,) are plotted as a
function of arc current and compared with the
aforementioned theories in Figs. 9-11, respec-
tively. In all cases the agreement of the non-
equilibrium predictions with data is excellent.
The large disparities (in both magnitude and the
functional dependence on arc current) between
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the E, , and g, values obtained experimentally
and those predicted from the simplified Stine-
Watson model are thought to be due to two
simplifications inherent in the model. These are
the use of linearized property relations and the
assumption of negligible radiation.
Comparison of the equilibrium numerical
solution by Bower and Incropera and the data
reveals excellent agreement in the 100 A range
for both E_ , and g,. while at lower and higher
arc currents, respectively, the equilibrium theory
overpredicts and underpredicts the data. In
addition, although not shown on the figures, the
deviations between the equilibrium and non-
equilibrium predictions of E, , and g, continue
to increase with increasing current above 240 A.
Although the overall agreement is certainly
adequate verification of the suitability of the
equilibrium theory for engineering purposes
and although any explanation of disparities
must account for the effect of uncertainties in
transport properties on the theoretical results.
an explanation will nonetheless be attempted
in terms of other considerations. Subsequent to
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F16. 10. Experimental and theoretical results for the asymptotic total wall heat flux in
argon.
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F1G. 11. Experimental and theoretical results for the fraction of radiative to total wall
heat flux for the asymptotic region in argon.

this explanation, attention will be given to the
influence of uncertainties in the transport
properties.

A plausible explanation for the overprediction
at the lower arc currents can be obtained from
Ohm’slaw,

I

X R

2n § ordr

0

7

If the low current arc experiences appreciable
departures from equilibrium, the value of ¢ used
in the equilibrium solution will be less than the
actual value in those regions where non-
equilibrium exists. Consequently, the theoretical
evaluation of E, through equation (7) will
result in an overprediction of actual conditions.
Likewise, through the requirement of equation
(1) for the asymptotic region, an overprediction
of g, must result. Although this explanation
suffices at low arc currents, it is not sufficient
to explain the high current disparity.

Recent studies by Kruger [33], Incropera
and Viegas [34], and Clark [18] indicate that
in Ar nonequilibrium effects are most severe at
low arc currents and diminish with increasing
arc current. On this basis, the experimental
results and equilibrium predictions which are
compared in Figs. 9 and 10 should converge
with increasing arc current when, in fact, they

diverge for I > 100 A. Accordingly, the equi-
librium underpredictions for E, , and g, at
higher arc currents would not appear to be a
result of wall-induced non-equilibrium.

A plausible explanation for the high current
disparity is the inability of the equilibrium model
to properly account for conduction effects at the
elevated temperatures associated with high
current operation. In particular. it is possible
that the equilibrium model is underpredicting
the energy transfer to the tube wall due to con-
duction. This contention is supported by the
results of Fig. 11. Specifically, it is noted that,
while excellent agreement exists between experi-
ment and the nonequilibrium predictions for
a4, /90 the equilibrium prediction, for I > 100
A, is nearly double the nonequilibrium and
experimental distributions. In comparing the
equilibrium and nonequilibrium predictions for
Grad,4/9. it may be argued that the observed
differences are the result of a dissimilarity in the
radiation source density terms used in the two
solutions. This is not the case, however, for it
has been shown by Clark [18] that, in the limit
of equilibrium, the radiation model employed in
the nonequilibrium solution agrees favorably
with the radiation source density used by Bower
and Incropera and with experimental results
[10]. The source density terms do not include
the contributions of resonance radiation ; hence
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the calculated radiation from the arc is not
appreciably influenced by self-absorption effects.
The overprediction of q,,q4 /4, is therefore most
likely due'to the higher temperature levels which
characterize the equilibrium solution. This
explanation is further supported by a compari-
son of values for the asymptotic mixed-mean
enthalpy, h, , obtained experimentally and
from the equilibrium and nonequilibrium solu-
tions. Although good agreement is obtained
between the experimental and nonequilibrium
theoretical results, the equilibrium theory con-
sistently overpredicts the experimental results
(a 40 per cent overprediction at 200 A) [21]. It
is therefore felt that, for the higher arc currents
in Ar, better agreement between experimental
results and those obtained from the equilibrium
theory could be achieved through a reduction
of the equilibrium temperature profiles. This
in turn could be achieved if the equilibrium
model were to provide for greater energy loss
by conduction.

In aneffortto confirm the above premise, some
attention was given to the thermal conductivity
model of Devoto [23] which was employed in the
equilibrium solution. In addition to the con-
ventional translational mode of conduction.
there is a transport of ionization energy through
the ordinary diffusion of electron-ion pairs
towards the outer regions of the arc. While the
global conservation equations in the equilibrium
model do not explicitly account for ordinary
diffusion, an attempt is made to implicitly
account for the resulting transport of ionization
energy through the use of a reactive thermal
conductivity, Ag, which is defined by the heat
flux vector expression [23]

g= —k'VT — JxVT. (8)

On the basis of somewhat lengthy arguments
[21]. it was conclucded that the inability of the
equilibrium model to provide for sufficient
energy loss by conduction at higher arc currents
is in large part due to its inability to properly
account for the diffusion of ionization energy

L. A. LUKENS and F. P. INCROPERA

through the use of a reactive thermal conduc-
tivity.

Although attempts have been made to in-
terpret Figs. 9-11 on the basis of nonequilibrium
effects and thermal conductivity considerations,
final judgement of the adequacy of the equi-
librium model cannot be made until the com-
bined experimental and theoretical uncertain-
ties are considered. In an attempt to determine
the range of uncertainties associated with the
equilibrium solution, a parametric study was
conducted [31] wherein the properties (g, k.
and Pg) were selectively varied over their
respective limits of estimated accuracy. The
corresponding uncertainty band for the equi-
librium heat flux prediction is shown in Fig. 12,
along with the experimental data. On the basis
of the overlap between the theoretical and
experimental uncertainty bands, and in view of
the previous discussion concerning the use of
Devoto’s formulation for the thermal conduc-
tivity, it is concluded that, to within the existing
knowledge of plasma transport and radiation
properties, singlefluid models are suitable for
predicting asymptotic values for the total wall
heat flux and the electric field intensity in argon,
at least for arc currents up to 250 A. Conversely,
the equilibrium model is not suitable for pre-
dicting q,,4 /4, Over the entire range of condi-
tions investigated; nor is it adequate for pre-
dicting h,, , at the lower (<50 A) and higher
(>150 A) arc current conditions [21]. In
addition, it is felt that the equilibrium model
would not be suitable for predicting E, , and
q, if the above comparisons were extended to
include conditions of lower and higher arc
currents. In this respect, it is felt that a more
rigorous theoretical treatment, such as the non-
equilibrium solution by Clark [18], is required
to accurately model the asymptotic region of the
constricted tube argon arc.

Values of E_ , for helium obtained experi-
mentally [10] and theoretically [17, 31, 32] are
plotted in Fig. 13. Similarly, values of q, for
helium obtain experimentally at I = 50 A in
this study and determined from the E, , data of
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| 10] using equation (1) are plotted along with the
equilibrium predictions of Bower [31] in Fig. 14.
In comparing the equilibrium predictions with
the experimental results, it is apparent that,
unlike the previous comparisons for Ar, the
singlefluid model is extremely deficient in des-
cribing the overall energetics of the helium arc.
This deficiency is believed to be a result of the
severe nonequilibrium conditions which are
known to exist in low current (I < 400 A),
atmospheric, helium arcs.

L. A. LUKENS and F. P. INCROPERA

tion existed to sustain a luminescent arc. Such
a result can only be indicative of a severe non-
equilibrium condition in which free electrons
at clevated kinetic temperatures coexist with
heavy particles at low kinetic temperatures
(~1000°R). For the same arc current. the equi-
librium solution predicts a value of T, , =
15700°R.

On the basis of these findings, it is felt that the
comparisons between experiment and the equi-
librium theory of Bower [31] are virtually
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FiG. 14. Experimental and theoretical results for the asymptotic total wall heat flux in
helium.

The pronounced departure of helium arc
plasmas from local thermodynamic equilibrium
has been observed and discussed by others,
among the first of which were investigators at
Harvard [9, 10, 35]. Further evidence of severe
nonequilibrium conditionsis provided by Kruger
[33] and Aleksandrov [36] and by the data of
this study. In addition, at an arc current of 50 A,
measurements revealed a valueof T,, , = 1350°R
(Fig. 7)* at the same time that sufficient ioniza-

* Note that, although the value of T, , is based on
equilibrium considerations, it provides a reasonable estimate
of the heavy particle temperature for low degree of ioniza-
tion.

meaningless. That is, since the plasma tube flow
situation which the singlefluid model is attempt-
ing to describe bears little resemblance to the
severe nonequilibrium state which actually
exists, a systematic discussion of the differences
is not possible. Asshownin Fig. 13, the prediction
of the arc-column characteristics in helium by
Pytte and Williams [32] offers some improve-
ment over the numerical solution by Bower;
however, this theoretical model continues to
underpredict E, , by some 20 per cent. This
underprediction by the Pytte-Williams model
is attributed to the use of equilibrium calcula-
tions for ¢ and k {25] and to use of the Elenbaas—
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Heller equation. Pytte and Winsor [17] have
given greater consideration to nonequilibrium
effects by proposing a two-temperature theory
which accounts for thermal nonequilibrium
between the electrons and heavy particles.
However, the model suffers from use of equi-
librium thermal conductivity values [25] and
use of the Saha equation to determine the local
composition. From the excellent agreement
which exists between the Pyttc-Winsor predic-
tions and Emmons’ experimental data for E, .
it would appear that use of the Saha equation
and equilibrium thermal conductivities is justi-
fied. This agreement is misleading, however, for
Pytte and Winsor adjusted their electrical con-
ductivity in order to obtain the best fit to
Emmons’ arc-column data for p = 10 atm and
R = 0’5 cm. In applying the resulting value of ¢
to calculations for tube radii other than R =
0'5 cm, the model does predict the trends indi-
cated by the experimentally determined shifts
inthe E, ,Rvs. E_ I curves; however, it fails to
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predict the magnitude of these shifts [17]. It is
believed that this deficiency results from the
failure of the Pytte--Winsor model to properly
account for chemical nonequilibrium effects.
Accordingly, the need remains for a rigorous,
theoretical, multifluid model for the nonequi-
librium flow of helium,

Similarly, the author knows of no multifluid
analyses in the literature from which predictions
of the global parameters, E, and g, can be made
for nitrogen arcs. Consequently. the following
comparisons for nitrogen (Figs. 15 and 16) are
limited to the singlefluid analytical model by
Stine and Watson [15]. Relative to previous
comparisons for argon, application of the
Stine-W atson model to nitrogen provides better
agreement with experiment. This is thought to
be in part due to the lower temperature and
radiation source levels which typify the nitrogen
arc for a given current. As such, the negligible
radiation assumption implicit in the Stine-
Watson model would be less severe for nitrogen
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FiG. 15. Experimental and theoretical results for the asymptotic
electric field intensity in nitrogen.
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than it is for Ar; nevertheless, as shown in Figs.
15 and 16, this assumption continues to render
the model inaccurate at higher arc currents.

CONCLUSIONS
From the work of this study, the following

conclusions are derived.

1.

Variations in the duct entrance conditions can
have a significant effect on the experimentally
determined and numerically predicted electric
field intensity and total wall heat flux distri-
butions for the inlet regions of the constrictor.
As a result, meaningful comparisons between
experiment and theory can be made only for
the asymptotic region.

. Closed form analytical solutions which are

based upon the use of linearized property
relationships and which assume negligible
radiation are inadequate for predicting electric
field intensity and total wall heat flux. This is
particularly evident at the higher current
levels in argon and nitrogen.

. To within the combined experimental and

theoretical uncertainties ( +20 per cent), the
numerical solution of a rigorous singlefluid

model is suitable for use in predicting the
electric field intensity and total wall heat flux
for the asymptotic region in argon, at least
over the range of conditions investigated in
this study. The equilibrium solution does not,
however, appear suitable for predicting the
asymptotic temperature levels or the radiative
wall heat flux over the same range of conditions
in argon. There is a small, but discernible,
nonequilibrium effect at the lower arc currents,
as a result of which the equilibrium solution
tends to overpredict both the electric field
intensity and total wall heat flux. Moreover,
the tendency of the equilibrium solution to
underpredict these two parameters at arc
currents in argon greater than 100 A is
believed to be due to the failure of the equi-
librium solution to provide for sufficient
energy loss to the tube wall by conduction.

4. Solutions which properly account for thermo-

chemical nonequilibrium, as well as for all
pertinent transport phenomena, provide pre-
dictions for the electric field intensity and the
convective and radiative wall heat transfer
which are in excellent agreement with the
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12,
13.

14,

15.
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experimental results over the entire range of
asymptotic conditions investigated in argon.
Atmospheric helium arcs are characterized by
a significant departure from local thermo-
dynamic equilibrium (at least for arc currents
less than 250 A), and singlefluid models are
totally inadequate for representing their
thermal state.
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MESURES DE L'INTENSITE DU CHAMP ELECTRIQUE ET DU TRANSFERT PARIETAL
THERMIQUE POUR LA REGION DE CHAUFFAGE D’UN ARC ATMOSPHERIQUE

Résumé—On a effectué des mesures d’intensité de champ électrique et de transfert thermique pariétal pour
les régions internes et asymptotiques d’arcs atmosphériques laminaires de Ar, He et N,. Des comparaisons
entre les résultats et les théoriés utilisables d’équilibre et de non équilibre ont été faites pour essayer de
déterminer la précision relative des modéles d’arc uniques ou multifluides. Des estimations de 1'équilibre
pour la région asymptotique d’arc dans ’argon s’accordent avec les résultats expérimentaux aux incertitudes
expérimentales et théoriques prés. Il existe cependant des écarts minimes mais discernables a la fois pour
les courants d’arc les plus faibles et les plus élevés dans Pargon. Par contre, les estimations de la théorie de
non équilibre sont en excellent accord avec les résultats sut tout le domaine de variation du courant. Des
comparaisons additionnelles suggerent que des arcs atmosphériques d’hélium sont caractérisés par de
nets écarts a I’équilibre thermodynamique tocal.

. MESSUNGEN DER ELEKTRISCHEN FELDSTARKE UND DES
WANDWARMEUBERGANGS FUR DEN HEIZBEREICH EINES ATMOSPHARISCHEN
KASKADENBOGENS

Zusammenfassung—Die elektrische Feldstarke und der Wandwiérmeiibergang wurden in den Einlass-
und asymptotischen Bereichen von laminaren, atmosphérischen Ar-, He- und N,-Bogen gemessen.
Um die relative Genauigkeit von Einzel- und Vielfluid-bogenmodellen zu bestimmen, wurden die Ergeb-
nisse mit erreichbaren Gleichgewichts- und Ungleichgewichts-Theorien verglichen. Gleichgewichts-
voraussagen fiir den asymptotischen Bogenbereich in Argon stimmen mit den experimentelien Ergebnissen
innerhalb der kombinierten experimentellen und theoretischen Ungenauigkeit iiberein. Es gibt jedoch
kleine aber wahrnehmbare Abweichungen sowohl bei kleineren als auch bei hoheren Bogenstromen
in Argon. Dagegen ergeben die Voraussagen der Nichtgleichgewichtstheorie ausgezeichnete Ubereinstim-
mung mit den Ergebnissen iiber den ganzen Strombereich. Zusitzliche Vergleiche legen es nahe, dass
atmosphirische Helium-bdgen durch starke Abweichungen vom lokalen thermodynamischem Gleichge-
wicht charakterisiert sind.

U3MEPEHMA HANPSKEHHOCTU 3JEKTPUYECKOTO I10JIA- U IEPEHOCA
TEILJIA B OBJACTM HATPETOI'O YYACTKA VIO IMTPU ATMOCOEPHOM
TABJEHUU

Annoramua—IIpoBoguanck U3MepeHUA HANPAKEHHOCTH DJIEKTPUYECKOro NOJA M MepeHoca
Temla y CTeHKM Ha JIAMMHAPHHIX BXOJHOM M aCUMNTOTYECKOM y4aCTRAX AYT B aproHe, reann
M asore B ycaoBuaAx armocdepHoro papieHnsa. CpaBHMBAJMCE DKCNIEPHMEHTAIbHHIE WU
TeOPETUYECKUE JAaHHbIE 110 PABHOBECHBIM 11 HEPABHOBECHBIM COCTOSHUAM C LeJIbIO OTNpeaeIeHnA
OTHOCUTEJBHON TOYHOCTHM MPOCTON M MHOTOKOMIIOHEHTHOW Mojedelt ayr. PasnoBecHbie
pacueTsl B 0GJacCTH ACUMNTOTMYECHKOrO YYAaCTHA AYTM B aproHe COrJACYHOTCA C BKCIepH-
MEHTAJbHBIMK JAHHBIMM C TOYHOCTH [0 HEKOTOPHIX JKCHEPUMEHTAIBHBIX U TEOPeTUYeCKUX
norpewrHocTet. OgHAKO CYHIECTBYIOT HebOnblIMe, HO PAa3IUYMMbIE OTKIIOHEHUA KAK NpU
HU3KKMX, TAK ¥ [IPM BHICOKMX 3HAYEHUAX TOKA IJTU B aprone. PacyeTu, BHINOJHEHHEBIE 10
TEOPHM HEPABHOBECUHA, OTIMYHO COTJIACYWTCA ¢ AAHHLIMU I10 BCEMY [UAIA30HY N3MEHEHHH
TOKa. [{OnOJHUTENbHBle CPAaBHEHUA MO3BOJAIOT CAEIATh NPEXNOJa0KeHue, YTo YTH B resmu
B YCJIOBUAX aTMOCEpHOro [IaBJIEHMA XapaKTepusyOTCA pPaJUMKAIbHBIMU OTKIIOHEHUAMHU
OT JIOKARBHOTO TePMOANHAMUYECKOTO DABHOBECHSI,



