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Experiments on Heat Transfer to Wires in a Partially
Ionized Argon Plasma

I. KIMURA* AND A. KANZAWAJ
University of Tokyo, Tokyo, Japan

The heat input rate to wires in a partially ionized atmospheric pressure argon plasma (the
degree of ionization is 75% at maximum), of which temperature and stream velocity are
known, was measured with an estimated accuracy of ±8%. The thermodynamic and trans-
port properties of atmospheric pressure argon at temperatures below 20,000 °K were calcu-
lated taking into consideration the effect of ionization. It was found that the incompres-
sible empirical equations of heat and mass transfer are available for the estimation of the heat
input rate in such a high temperature case. It was also shown by means of probe measure-
ments that the boundary layers in the case of our experiments are near the frozen state and it
is probable that the temperature of electrons is higher than that of atoms or ions in the
boundary layers.

Nomenclature

Cv = specific heat per particle
D = wire diameter
Aimb = ambipolar diffusion coefficient
d = thickness of electrical sheath
Ei = energy of ionization or recombination
e = charge of electron
h = heat-transfer coefficient
tiD = mass-transfer coefficient
I = gage current
j = current density
K = thermal conductivity
Kc = as shown by Eq. (1)
Kd = as shown by Eq. (2)
Ki = mobility of ion
k = Boltzmann's constant
Le — Lewis number
M = mass-transfer rate
m = mass of particle
Nu = Nusselt number
NUD = Nusselt number for mass-transfer coefficient
n = number density
pjk = persistence for the collision of j and k particles
Pr = Prandtl number
Qc = convective heat input rate to wire
Qd = diffusive heat input rate to wire
Q6 = heat loss rate of wire due to thermionic emission
Qr = heat input rate to wire due to radiation from plasma
Qr' = heat loss rate of wire due to radiation
Qf = heat loss rate to supporter due to thermal conduction
Qt = total heat input rate to wire
Qjk = collision cross section for j particle —>• k particle
Rc — resistance of probe circuit
Re = Reynolds number
Sc = Schmidt number
T = temperature
Uint == internal energy of particle
v = mean velocity of particle
AF = potential difference in electrical sheath
\j = mean free path of j particle
£ = as defined by Eq. (4)
p = density

Subscripts
a = atom
i = ion
e = electron
ela = elastic collision
ce = charge exchange collision

I. Introduction

THE process of the heat transfer in the case of dissociated
or ionized high temperature gases is complicated by the

features that the thermodynamic and transport properties are
greatly influenced by dissociation and ionization, and that the
diffusion of atoms or ions, which subsequently recombine with
a high energy release, may appreciably increase the heat-
transfer rate. Some investigations on the stagnation-point
heat transfer in ionized gases1' 2 and on the heat transfer to
electrodes from ionized gases3"5 have been reported recently.

We conducted an experimental study of the heat transfer
in the case where a wire is placed perpendicularly to the flow
of a partially ionized atmospheric pressure argon plasma.
The heat-transfer problem of such a geometry is an elementary
one, and its theoretical analysis is difficult for the evaluation
of the heat input rate. The purposes of the present paper
are to investigate the possibility of estimating the heat input
using the incompressible empirical equations of heat and
mass transfer, and also to investigate the state of the gas in
the boundary layers by means of probe measurements. (In
this paper, we consider thermal and concentration boundary
layers averaged around the wire, although a wake is formed
behind it.)

II. Experimental Method and Results

Argon Arc and State of Gas in It

The experiments were performed using a direct current
thermal arc in atmospheric pressure argon, arranging its
electrodes vertically. The arc current is kept at 105 amp
and the distance between electrodes at 5.8 mm, whereas the
potential difference between them is maintained at 13.7 v.
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Fig. 1 Temperature
distribution at a sec-
tion 2 mm from the
cathode in a 105-amp,
5.8-mm atmospheric
pressure argon arc.
Degree of ionization:
at center 75%
(15,900°K), 1.5-mm ra-
dius 15% (12,300°K),
3-mm radius 0.5%
(9,000°K).
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125,

Fig. 2 Stream ve-
locity distribution at a
section 2 mm from the
cathode in a 105-amp,
5.8-mm atmospheric
pressure argon arc; the
dotted line shows cor-
rected result in which
size of drag plate is
taken into considera-

tion.

RADIUS, mm

It is shown by Olsen6 that, except for the regions near the
electrodes, the assumption of the local thermal equilibrium of
the argon plasma is allowable throughout the arc column.

The measurements of the temperature and stream velocity
in the arc are described in detail in Ref. 7. Figures 1 and 2,
respectively, show the temperature and axial velocity distri-
butions obtained at the section 2 mm from the tip of the
cathode. In the arc, the degree of ionization extends to 75%
at the center (15,900°K). The values of the viscosity given
in Ref. 7 are corrected somewhat as described below, but
since the effect of the correction on the data of axial velocity
is very small, the data are used without any correction in the
present paper. The errors in the obtained temperature and
velocity are estimated to be less than 10% and 17.5%, re-
spectively.

Measurements of Heat Input Rate

Figure 3 shows the apparatus used for the heat-transfer ex-
periments. A tungsten (or platinum) wire supported hori-
zontally, which is inserted into the arc by a spring, is placed
at any position that is settled by spacers, in the section 2 mm
from the tip of the cathode. The speed of the movement of
the wire is in the order of 1 m/sec, and in the course of the
movement the temperature rise of the wire is relatively small.
Figure 4 shows the photograph of the arc into which a 1.0-
mm-diam W wire is inserted.

The heat input rate to wires is measured by recording their
resistance variations with time, using an electromagnetic oscil-
loscope. The resistance measuring circuit is floated elec-
trically from the power source of the arc, so it is free from the
electrical disturbance when the wire comes in contact with'the
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Fig. 4 Photograph
of a 105-amp,
5.8-mm atmospheric
pressure argon arc,
into which a 1.0-
mm-diam W wire is
inserted.

arc. Figure 5 shows the oscillogram in the case where a 0.5-
mm-diam W wire was placed in the arc. It is seen in the os-
cillogram that the heat input rate is almost constant for some
time after the stoppage of the wire (its time is shown by the
arrow). Such a tendency, that is observed in all oscillograms
obtained, may be explained by the fact that the temperature
difference between the arc plasma and wires is very large
compared with the temperature change in wires. When the
wire is inserted, a little variation of potential difference be-
tween cathode and anode is observed in the oscillogram, but
the variation of arc current was hardly noticed, since the value
of the current is settled mainly by the stabilizing resistance.
It is also confirmed by motion picture records that the aspect
of the arc discharge does not undergo a noticeable change by
inserting the wire.

The variations of the heat input rate (Qt) with the position
of wires are shown in Fig. 6 for three wire diameters (D). In
this figure, the curves are arranged so that their maxima coin-
cide with the origin of the abscissa. The error in the heat
input rate obtained is estimated to be less than 8%, taking
into account some ambiguity of the specific resistance of
tungsten at high temperatures. It is reported that when the
heat input rate to wires, which is extremely high, is measured
by the present method, the result of its measurement varies
with gage current (I)4, but as shown in the figure, such a fact
is not observed in the range of the heat input rate of our ex-
periments.

A second experimental method is then applied to insure
the reliability of the results of the forementioned measure-
ments. A 0.5-mm-diam W wire supported horizontally is
swept across the arc in the forementioned section, and using
the same method as already described, the heat input rate is
obtained at any time. Figure 7 shows the value of the heat
input rate obtained when the moving wire is just at the center
of the arc, taking the sweep velocity to the abscissa. In the
figure, the value for the zero sweep velocity is taken from the
data shown in Fig. 6. It is seen that the obtained value of
the heat input rate is kept constant for the sweep velocity,
and this fact suggests that the inevitable oscillation of wires
due to the sudden stoppage in the first experiments and the
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Fig. 3 Apparatus of heat-transfer experiments.
Fig. 5 Oscillogram of resistance variation (heat input) of

a 0.5-mm-diam W wire placed in the arc.
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Fig. 6 Variations of heat input rate to wires with their
position in the section 2 mm from the cathode of the arc
of which degree of ionization is 75% at maximum; D: wire

diameter, I: gage current.

aerodynamical disturbance caused in the arc by moving wires
do not cause any noticeable effect on the measurements.

Probe Measurements

In order to study the state of the gas in the boundary layers
formed around wires, the probe measurements as proposed by
Langmuir were made. A wire probe, a 0.5-mm-diam W
wire, is swept across the arc in the forementioned section with
the speed of about 30 cm/sec, and currents to the wire for
various wire potentials are measured, using the circuit shown
in Fig. 8. Figure 9 shows the potential-current relations ob-
tained when the moving wire is just at the center of the arc.
It seems that sudden changes exist in the potential-current
characteristics, such as noticed by Fragstein,8 in the vicinity
of 9 v. (Fragstein's experiment is that conducted using
atmospheric pressure arc.) It is confirmed, for low-density
plasmas, that such a change occurs at the plasma potential,
and it is considered that it is caused by the transition of the
electrical sheath from ions to electrons. We suppose that
since these circumstances are the same for high density plas-
mas, it will be allowable to assume that the plasma potential
in the present experiment is approximately 9 v from the
cathode. It was noticed that the potential-current char-
acteristics change to some extent with the wire temperature
that depends on the sweep speed, but on this phenomenon no
detailed study was made, since the knowledge on it is not re-
quired necessarily in the discussions described below.

III. Thermodynamic and Transport Properties

In this section, we will give the thermodynamic and trans-
port properties of high-temperature argon of atmospheric
pressure, which are used in the next section. In the present
calculation doubly charged ions or more are ignored, since
under 20,000°K the number density of them is usually very
small. The thermodynamic and transport properties of a
partially ionized monoatomic gas under a constant pressure
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Fig. 7 Heat input rate to a 0.5-mm-diam wire1 for sweep
velocity when the moving wire is just at the center of the

arc.

Fig. 8 Circuit used for
probe measurements.

are functions of the composition and the temperatures of
species involved (atoms, ions, and electrons) generally, al-
though these properties in the equilibrium case are decided
by the temperature only.

Composition and Density

The composition and density of atmospheric pressure argon
in the thermal equilibrium are calculated by using the Saha
equation in combination with the perfect gas equation.

Specific Heat

The equilibrium specific heat of the gas is calculated by the
conventional method, taking into consideration the energies
of translation, excitation, and ionization. Figure 10 shows
the calculated result of the equilibrium specific heat at at-
mospheric pressure. The frozen specific heat is calculated,
taking into consideration the energies of translation and
excitation. The necessary spectroscopic data in these calcu-
lations are taken from Ref. 9.

Thermal Conductivity

The equilibrium thermal conductivity of the gas is obtained
from the sum of Kc and Kd) which is expressed as follows10- n:

Kc =

Kd =

where

- kT

(1)
*.i - C/Int,a)}

(2)

= (l/p)(n,me + (4)
Damb in Eq. (2) is the ambipolar diffusion coefficient expressed
by Eq. (5) shown later. The values of necessary collision
cross sections are obtained as described below. Qaa is evalu-
ated from the property values given by Amdur and Mason,12

and Qia.eia or Qai,ci* (elastic collision cross section between

3 4 5 6 7 8 9 1 0
POTENTIAL FROM CATHODE, volt

Fig. 9 Results of probe measurements.
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10 Variation of equilibrium specific heat of at-
mospheric pressure argon with temperature.

atom and ion) is assumed to be equal to Qaa> Qia,ce or
Qai,ce (charge exchange cross section) is taken from Ref. 1,
and, for Qea, Ramsauer cross section of 2 X 10~16 cm2 is used,
and QU, Qei, or Qee is. calculated by the slightly modified
Gvosdover formula13 expressed by (e4A2T2) ln(/cT/eW/3).
The collision of ion -> electron and atom ->• electron can be
neglected in the calculations of the effective mean free paths
of ions and atoms, since the factor of the persistence in
Eq. (3) can be regarded as zero because m» or ma » me. The
quoted charge exchange cross section was used only for the
calculation of Z)amb. Figure 11 shows the calculated result of
the equilibrium thermal conductivity. The values of the
frozen thermal conductivity are calculated by Eqs. (1) and
(3), deciding the values of the cross sections in the same
manner.

Viscosity

The method of the calculation of the equilibrium and
frozen viscosities is substantially the same as that in Ref. 7,
except that Qaa is evaluated from the property values given
by Amdur and Mason. Figure 12 shows the calculated result
of the equilibrium viscosity.

Ambipolar Diffusion Coefficient

The ambipolar diffusion coefficient Damb is calculated by

_ 2 (na\iVi 4- ni\aVa
— ~ I ————————j————————3 \ na + Ui (5)

where A; and X0 are calculated from Eq. (3), excluding self-
collision cross sections.10 In the case where the temperature
of electrons is higher than that of ions, the following equa-
tion is used for the evaluation of Damb14:

Te\/na\iVi +
.+

(5a)

IV. Discussions
Evaluation of Heat Input Rate by Incompressible
Empirical Equations

The total heat input rate (Qt) to a floating wire placed in i
flowing plasma will be expressed by

Qt = Qc + Qd + Qr - Qr' - Qe- Qs (6)
where Qc is convective heat input rate, Qd is diffusive heat
input rate (due to the recombination of ions and electrons
that arrive at the wall by ambipolar diffusion), Qr is heat
input rate due to the radiation from the plasma, Q/ is heat
loss rate due to the radiation of the wire, Qe is heat loss rate
due to thermionic emission, and Qs is heat loss rate to the
supporter of the wire due to the thermal conduction. The
electrical sheath (its thickness is discussed later), which is

8 10 12 14 16 18 20X103

TEMPERATURE, °K

Fig. 11 Variation of equilibrium thermal conductivity of
atmospheric pressure argon with temperature.

formed at the bottom of the boundary layers, is not taken
into consideration in the evaluation of heat input rate, since
in the case of a floating wire the potential difference across it
is not large and its effect on the heat transfer is small. It can
be shown in the present case that in Eq. (6), Qr, Q/, Qe, and
Qs are negligibly small (for a 0.5-mm-diam W wire the esti-
mated upper-limit values of Qr, Qr', Qe, and Qs are 1.2 cal/sec,
0.5 cal/sec, 0.01 cal/sec, and 0.4 cal/sec, respectively), so the
next relation holds approximately:

Q* = (6a)
A trial of the evaluation of Qt by calculations will be made

in the case where the wires are placed at the center in the fore-
mentioned section of the arc, using the conventional incom-
pressible empirical equations. Since the temperature and
velocity in the arc vary with radial distance, the calculations
are conducted separately on the individual parts of 0.5-mm
length of the wire, assuming a wire temperature distribution
that is 1000°K constant over 7 mm in the middle part of the
wire and ambient temperature in the other part. (The calcu-
lated values of Qt were hardly affected by the form of the
wire temperature distribution.) For the calculation of am-
bipolar mass-transfer rate, it is assumed that the wall of the
wire is fully catalytic and that the concentration of ions or elec-
trons of the gas at the outer edge of the concentration bound-
ary layer is equal to that of the gas in the thermal equilibrium
at the temperature of the outer edge of the corresponding
thermal boundary layer.

4 6 8 10 12 14 16 18 20X103

TEMPERATURE, °K

Fig. 12 Variation of equilibrium viscosity of atmospheric
pressure argon with temperature.
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Fig. 13 Variations of heat input rate with wire diameter,
when wires were placed at the center in the section 2 mm
from the cathode of the arc of which degree of ionization

is 75% at maximum; full line: Qt, dotted line: Qc.

Under the assumption of frozen boundary layers (very slow
recombination rates), the convective and diffusive heat input
rates can be calculated independently. The convective heat
input rate (Qc) is estimated by the empirical heat-transfer
equation15

Nu - hD/K = (0.35 + 0.47#e0-52)Pr°-: (7)
inserting the frozen property values at a reference tempera-
ture corresponding to the arithmetic mean of the gas tempera-
ture at the outer edge of the thermal boundary layer and the
wall temperature, and at a reference composition correspond-
ing to the gas at the position where the temperature is equal
to the forementioned reference temperature. The ambipolar
mass-transfer rate (M) is estimated by the empirical mass-
transfer equation

NuD = = (0.35 + 0.47Ee°-52)Sc°-3 (8)

inserting the frozen property values at a reference composition
with the concentration of ions or electrons corresponding to
the arithmetic mean of the concentration at the outer edge of
the concentration boundary layer and that at the wall (zero
for a fully catalytic wall), and at a reference temperature cor-
responding to the gas at the position where the composition is
equal to the forementioned reference composition. Then, the
diffusive heat input rate (Qd) is obtained by

Qd = E (9)
where Ei is the energy of recombination.

To obtain the reference composition in the calculation of
Qc or the reference temperature in the calculation of Qd) the
ratio of concentration and temperature boundary-layer
thicknesses was estimated at Le1/3 evaluated at the reference
temperature and composition corresponding to the arith-
metic mean, and the distributions of temperature and con-
centration in the boundary layers were assumed in the form of
the conventional cubic expression. It must be noticed that
the value of Lewis number in this case is much smaller than 1,
since the increase of electrons in the gas increases the thermal
conductivity of it remarkably. The order of Reynolds
number related to a 0.5-mm wire diameter is 50 for the stream
at the central part of the arc.

In Fig. 13, the sum of Qc and Qd calculated in the foregoing
manner is shown as "Frozen-1," taking wire diameter to the
abscissa. In the figure, "Frozen-2" is of the case where it
is assumed in the evaluation of properties that over the
boundary layers the electron temperature is equal to the gas
temperature at the outer edge of the thermal boundary layer.
It is seen in the figure that the value of Qc is considerably
larger than that of Qd- generally.

Under the assumption of equilibrium boundary layers (fast
recombination rates), Qc is estimated using Eq. (7), inserting

the equilibrium property values at a reference temperature
corresponding to the arithmetic mean. In this case, it can be
shown that Qd is negligibly small compared with Qc. In
Fig. 13, Qt (=Qe) calculated in this manner is shown as
"equilibrium."

In the figure, the experimental values taken from Fig. 6
are also plotted. The calculated results seem to be satis-
factory in agreement with the experimental results, tak-
ing into consideration that the real boundary layers are
near the frozen state and the temperature of electrons in the
boundary layers is higher than that of atoms or ions there as
described in the following section. (The error in the calcu-
lated results caused by errors in the temperature and stream
velocity data is less than 20%.)

State of Gas in Boundary Layers

In this experiment, the thickness of the electrical sheath,
which is of the order of the Debye distance, is far smaller than
the thicknesses of the boundary layers. The results of probe
measurements shown in Fig. 9 can be used to investigate the
state of the gas at the bottom of the boundary layers, and the
result of such an investigation suggests that the boundary
layers in the present experiment are near the frozen state, as
described below.

It is known that in the case where the collisionless model as
proposed by Langmuir is valid, the following equations hold
for a negative probe:

Jt = T

je = - nevee

9?r \rrii
1/2

(10)

(11)

For the problems in the case where the density and degree of
ionization are such that the collision in the electrical sheath
is not negligible, several investigations based on the con-
tinuum theory have been reported recently.16-17 In the
present problem, it must be noticed that for the cases of the
frozen and equilibrium boundary layers, the Debye distances
related to the state of the gas at the bottom of them differ
considerably from each other, since the number densities of
charged particles are very different in both cases.

At first, under the assumption of equilibrium boundary
layers, the theoretical estimation of ion current collected by a
0.5-mm-diam wire placed at the center in the forementioned
section of the arc will be made. As the densities of charged
particles in the bottom of the boundary layers are very low
in the equilibrium case, the thickness of the electrical sheath
(Debye distance) is generally so large that the collisionless
model is not applicable. Therefore, the following equation,
which was derived in the same manner as Eq. (10) considering
collisions in the electrical sheath, is used here18:

AF2

(lOa)

Assuming the same wire temperature distribution as that in
the case of the evaluation of the heat input rate, the tem-
perature field in the vicinity of the wall of any individual part
of 0.5-mm length of the wire can be decided, since the heat
input rate to the part is already obtained. Then, using Eq.
(lOa), the value of ion current to the part is obtained for a
given wire potential. When the wire potential is 6 v below
the plasma potential, the calculated total ion current takes
the value of 0.015 amp, which is far smaller than that ex-
pected from the results of the probe measurements (the ex-
perimental results shown in Fig. 9 suggest that the ion cur-
rent collected by the wire is in the order of 1 amp when its
potential is slightly negative). On the other hand, under the
assumption of frozen boundary layers, it is shown that the
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ions arrive at the wall by the ambipolar diffusion at a rate
corresponding to about 1.3 amp, when the wire is at the
plasma potential, and this matter, which is considered to be
valid for the slightly negative potential, as well as the plasma
potential, is compatible with the suggestion of the results of
the probe measurements. Thus, it will be reasonable to
assume that the boundary layers in the present experiment
are near the frozen state.

Since the boundary layers in the present experiment are
near the frozen state, the densities of charged particles in the
bottom of the boundary layers are fairly high and the cor-
responding Debye distance becomes small. Under the as-
sumption of Te = Ti, the thickness of the electrical sheath
estimated using Eq. (31) of Ref. 17, which was derived on
the basis of continuum theory, takes the value of 5 X 10 ~5

cm, whereas the order of the mean free path of ions or elec-
trons in the bottom of the boundary layers is 10 ~5 cm. (In
this case the collision cross section between charged particles
given by the Gvosdover formula becomes very large, since the
temperature is low.) On the other hand, considering that in
the boundary layers the temperature of electrons does not
decrease in accordance with that of ions or atoms, the mean
free path of electrons in the bottom of the boundary layers
becomes comparable to the thickness of the electrical sheath
or more. (For the electrons of 104°K, the mean free path in
the bottom of the boundary layers is in the order of 10~3 cm.)
On the basis of such a consideration, we tried to estimate the
electron temperature at the outer edge of the electrical sheath
from the data shown in Fig. 9, using Eq. (11). (In this case
it is assumed that, for the change of the electron current
density, the effect of the factor exp[—e&V/kT e] in the right
side of the equation is dominant.) The result of such an in-
vestigation showed that the mean electron temperature is
about 10,000°K there. Although the accuracy of it is not
satisfactory, this fact seems to suggest that the temperature
of electrons in the boundary layers is higher than that of atoms
or ions there.
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