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Anode Power in

A. J, Saber* and R. G. Jahnf
Princeton University, Princeton, N.J.

Anode heat flux in a quasisteady MPD accelerator has been measured directly and locally by thermocouples
attached to the inside surface of a shell anode. These measurements show that over a range of arc current from
5.5 to 44 kA, and argon mass flow from 1 to 48 g/s, the fraction of the total arc power deposited in the anode
decreases from 50% at 200 kW to 10% at 20 MW. A theoretical model of the anode heal transfer asserts that
energy exchange between electrons and heavy particles in the plasma near the anode occurs over distances greater
ihan the anode sheath thickness, and hence the usual anode fall voltage, electron temperature, and work func-
tion contributions to the anode heat flux are supplemented by a contribution from the inierelectrode potential.
Calculations of anode heat flux using the measured current density, plasma potential, and electron temperature
in the plasma adjacent to the anode agree with the direct measurements and indicate that the decrease in anode
power fraction at higher arc powers can be attributed to the smaller mean free paths in the intereSeetrode plasma.

Introduction

T HE efficiency of magnetoplasmadynamic accelerators
operating below 1 MW is dominated by anode losses

which may exceed 50% of the total arc power.1"3 Con-
sequently, considerable attention has been paid to the
evaluation and understanding of anode heat transfer in such
devices.4"14 Earlier measurements in this laboratory of plasma
properties adjacent to the anode indicated indirectly that the
fraction of the total power delivered to the anode may
decrease as arc power is increased,15 so that a larger portion
of the input power would be available for conversion to
directed kinetic energy in the exhaust stream. This promise of
improved conversion led to the research described herein,
which involves direct measurement of anode heat flux in a
quasisteady MPD accelerator over a range of arc powers from
200 kW to 20 MW, and verifies the inferred drop in fractional
anode power with increasing arc power. Supplemented by
measured anode plasma properties, these data are employed
in an heuristic anode heat flux model based on electron
transport through the discharge.

Apparatus
The quasisteady MPD accelerator16 used in this research,

its argon injection system,17 and 160 kJ power supply18 are
shown schematically in Fig. 1. The discharge chamber is a
12.7-cm-diarnx 5.1-cm-deep cylindrical cavity formed by a
plexiglas cylinder 0.64-cm thick, backed by a 1-cm-thick
plexigias plate on which is centrally located a conical, 2%-
thoriated tungsten cathode which is 2.7-cm long and I.9-cm
base diameter. Six nylon injectors with 4-mm diam orifices
are uniformly spaced around the cathode at 2,5 crn from the
chamber axis. Argon is fed to these injectors from a reservoir
through a high-speed solenoid valve mounted directly behind
the discharge chamber. The 3000-jiF capacitor bank supplies
900-/iS flat-topped, nonreversing current pulses of up to 26 kA
amplitude, triggered when gas from a second reservoir and
valve combination is injected into an evacuated closed
chamber in series with the accelerator. The initiation of this
gas-triggered switch is delayed electronically with respect to
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the mass pulse injected into the accelerator chamber until a
steady flow of the required magnitude has been ob-
tained—typically a few milliseconds.

The anode normally used with this accelerator is a 1-cm-
thick aluminum plate with a 10.2-cm-diam orifice,15 The
present experiments, however, employed a special anode
which is a 1-mm-thick shell formed to the same outer
dimensions as the usual solid anode. As shown in Fig. 2,
twelve #34 gage, copper-constantan thermocouples are welded
directly to the inside surface of this shell anode. These
thermocouples are mounted within a 15-deg azimuthal sector
of the anode, and their leads pass through a hole in the anode
support, which also serves as a vacuum line to the shell to
preclude its distortion or rupture upon evacuation of the
exhaust tank. The thermocouple cold junctions are bundled
together in a glass tube sealed at one end and immersed in ice
water.

The accelerator is installed in the end of a 45-cm-diam x 76-
cm-iong Pyrex bell jar whose background pressure of about
10 ~ 5 Torr is maintained by a 5.1-cm-diam oil diffusion
pump. The opposite end of the bell jar is sealed with a 2.5-cm
thick plexiglas slab fitted with a manual probe mount and
traverse capable of moving a diagnostic probe over the anode
surface and into and out of the discharge chamber without
opening the tank. Terminal measurements of current and
voltage are made with a Rogowski coil and a P6013 Tektronix
voltage probe, respectively.
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Fig. I MPD arcjet apparatus (schematic).
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Fig. 2 Shell anode.
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Fig. 3 Thermocouple response.
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The thermocouple differential output signals are of the
order of tens of microvolts and are amplified in a 12-channei,
1000 x operational amplifier circuit. The hot thermocouple
junction is fixed to the anode, which is the reference ground
of the accelerator, and the entire amplifier system is arranged
to have a small inductance and is shielded. The output is
displayed on dual-beam Tektronix 555 oscilloscopes with
multiple beam preamplifiers. Calibration of the anode-
amplifier-oscilloscope assembly is checked by immersion of
the anode in a fixed temperature water bath.

Despite all reasonable shielding efforts, it is impossible to
read thermocouple signals during the discharge because of the
intense electromagnetic interference. Fortunately, the thermal
inertia of the anode is sufficiently high that the desired in-
formation can be obtained simply by following the tem-
perature profiles for many milliseconds after cessation of the
discharge.

Typical responses of the thermocouples to a 900-ps
discharge at a current of 16 kA with an argon mass flow of 6
g/s are shown in Fig. 3. The thermocouple signals rise over
several milliseconds as the heat penetrates into the shell, after
which a nearly constant value is reached, modified somewhat
at later times by heat conduction along the anode shell. As a
control, thermocouple P lies under mylar insulation at the
outer edge of the anode shell; the duration of its null response
indicates the period over which conduction along the shell
may be neglected and confirms the unimportance of ohmic
heating in the aluminum. The data presented hereafter are
extracted from the records at times after steady values have
been reached, but short enough that significant heat con-
duction along the shell can still be neglected.

Asiode Heat Flax EFsd Power
The temperature rise of the inside surface of the anode shell

is measured for discharge pulses from 5.5 to 44 kA and argon
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Fig. 4 Anode temperature profile (16 kA, 24 g/s).

flows from 1 to 48 g/s. Typical results are shown in Fig. 4 for
a -16 kA discharge with 24 g/s argon How. The abscissa
represents a linearly rolled-out anode: it traces a line of
constant azimuth along the conduction surface running from
the chamber insulator, around the lip (with rnidplane at 0.0
cm)s and over the downstream face to the outer insulator. The
rise in local anode temperature peaks at-about 20° C just
beyond the anode midplane and drops within 1 cm to less than
0.5°C on the downstream face and to about 0.1 °C on the
chamber side, For the measurements shown, the ther-
mocouples were located radially in line with one of the
propellant injectors; the magnitude and shape of the tem-
perature profile are the same when the bisector between in-
jectors is rotated to be in line with the thermocouples, in-
dicating axial symmetry of the discharge and of the heat flux.

The measured temperature rise of the thermocouples may
be translated to an anode heat flux by a one-dimensional slab
model.i9 The slab, of thickness /, is assumed at an initial zero
temperature. A constant heat flux, F0 W/cm2, is then sup-
plied to one surface for the duration of the discharge T. For
times t > r, the temperature on the unheated side of the slab,
B; ( t ) , is related toF0 by20

x e x p YI)J

where, for the aluminum anode,

c = specific heat = 0.216 cal/(g - °C)
p = density = 2.10 g/cm3

'k = thermal conductivity = 2.01 W/(cm - °C)
K = thermal dif fusivity = 0.823 cm2 /s

The series is calculated by computer and terminated when the
(n + l)th term becomes 10 "7 or less.

The accuracy of this relation depends on the validity of four
assumptions: 1) the heat flux to the anode is constant for the
duration T of the discharge with negligible initial and terminal
transients, 2) heat conduction along the anode shell is
negligible in comparison with the heat transfer through the
shell, 3} ohmic heating in the shell can be neglected, and 4) the
radius of curvature of the shell in the lip region is much larger
than the shell thickness. Each of these has elsewhere been
shown to be adequate within the accuracy of the data.20

The resulting anode heat flux for a 16 kA x 24 g/s discharge
is also shown in Fig. 4. The heat flux profile resembles that of
the temperature, peaking at about 6000 W/cm2 on the lips
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Fig. 5 Anode power fraction vs argon mass flow.
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Fig. 7 Anode power fraction vs total power.

just downstream of the anode midplane, and dropping to 100
W/cm2 on the face and to 40 W/cm2 in the discharge
chamber near the insulating boundary.

The anode heat flux may be integrated over the anode
surface to yield the total anode power. For this purpose, the
heat flux is assumed constant over the annular anode surface
area between midpoints of adjacent thermocouples. The
anode power derived in this way for 16 kAx24 g/s arc
operation is 260 kW, some 20% of the 1.3 MW total arc
power. The change of anode power fraction PA/PTj with
injected argon flow rate, is shown in Fig. 5 for fixed arc
currents of 11, 16, and 22 kA. Over the range from 1 g/s to 48
g/s, the anode power maxima shift to higher mass flow as
current increases.

These maxima can be brought close to coherence through
the parameter J2 Im, the ratio of the square of the current to
the argon mass flow, which repeatedly appears in various
other contexts. For example, this ratio has served to correlate
the appearance of fluctuations in arc voltage,21 and the at-
tainment of a maximum exhaust velocity with increasing arc
current for a given mass flow.22 When the data of Fig. 5 are
replotted vs J2Im (Fig. 6), the maxima of anode power
fraction for all currents roughly coalesce at J2 Im between 15
and 20 kA2-s/g. This value happens to coincide with the
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Fig. 8 Enclosed current contours (16 kA, 24 g/s).
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Fig. 9 Anode current density (16 kA, 24 g/s).

known limit of ablation-free operation of this particular
arc23; beyond this value, the arc voltage becomes noisy and
spurious operation ensues.

The general variation of anode power fraction with total
arc power can now be represented using J2 Im as parameter,
as shown in Fig. 7 for a range of arc power from 255 kW, the
level of the highest power steady arc jets,3'24 to 16.5 MW.
Clearly, the anode power fraction decreases monotonically
with increasing input power. For example, PA /PT drops from
45% at 400 kW to about 12% at 3.4 MW.

Note that the data in Fig. 7 cover ranges of arc operation
from J2Im - 5-10 kA2 -s/g, where ablation is not significant,
to J2Im =20-80 kA2 -s/g, where ablation is observed.23 The
persistence of the inverse dependence of anode power fraction
on arc power, even at the highest J2Im conditions, suggests
that the trend to decreasing relative anode power may also
apply to vacuum or ablation arcs where the propellant is
completely supplied by the ablation of a solid insulating
material.25'26

Anode Plasma
The model commonly employed to describe anode heat flux

in an arc discharge is derived from an energy balance over the
anode sheath.4'5'8 In this model, the local heat flux is related
to the flow of electrons of temperature Te at a current density
:ja through an anode fall Va to an absorbing anode of work
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function, <£:

Qa =Ju ( Va + (5/2) (kTe/e) (2)

where k is Boltzrnann's constant, e is the electronic charge,
and qc and qt are convective and radiative contributions
which are negligible here.20 The model in this form cannot be
applied strictly to the MPD discharges under study here. In
view of the much lower number densities and the non-
negligible magnetic fields which prevail, the effective electron
energy exchange mean free paths are not identical with the
anode sheath thickness, and anode fall voltage no longer
accurately represents the potential energy the electrons gain
from the electric field and deliver to the anode as heat.
Rather, Va in Eq. (2) must be replaced by the voltage drop Kx
measured along the current streamline between the effective
position of the last energy exchange collision and the anode
surface. This energy exchange displacement X can be ex-
pressed in terms of the magnitude of the electric field E, the
mean free time between energy exchange collisions re, the
electron mobility pi, and the Hall parameter O20 :

The influence of the local magnetic field appears in. the Hall
parameter,27 which acts to increase electron residence on the
azimuthal magnetic field lines and therefore to decrease the
net displacement.

To provide values for calculation of the modified relation
(2) for comparison with the thermocouple measurements,./^
Te, and plasma potential Vp have been measured in the
plasma adjacent to the anode with magnetic probes, and with
double and floating Langmuir probes. These surveys were
carried out for a fixed argon mass flow of 24 g/s with arc
currents from 8 to 22 kA; for a fixed current of 16 kA with
mass flows from 6 to 48 g/s; and for five combinations of
current and mass flow at fixed J2 /m — 10 kA 2-s /g for arc
powers increasing from 0.55 to 3.4 MW.

Local anode current density is determined from enclosed
current contours obtained from the integrated signals of
magnetic probes, each 0.3-cm-diam, for 120 turns, in 0.4-cm-
diam Pyrex tubing. Typical enclosed current contours for
operation at 16 kA and 24 g/s are shown in Fig. 8, where the
1 -cm-wide, anode shell and discharge chamber insulating ring
are indicated for reference, and the numbers on the contours
indicate the total current downstream of the given line.
Probing was carried to about 2 mm from the anode surface
and the contours extrapolated to the anode. The
corresponding anode surface current density is shown in Fig.
9. Like the heat flux profile shown in Fig. 4, the current
density peaks in the lip region at about 300 A/cm2, and falls
to 80 A/crn2 in the chamber and to 10 A/cm2 on the
downstream face. This current conduction pattern at the
anode is maintained for other operating conditions of the
same y2/ m = 10, but as/2/m is increased, a larger portion of
the total current attaches on the downstream face of the
anode.

Electron temperature is determined from the voltage-
current characteristic of a double probe with 0.7-cm-
long x 0.007-crn-diam electrodes.28 Values for 24 g/s mass
flow and arc currents from 8 to 22 kA are shown in Fig. lOa
for a location in the anode midplane, 0.2 cm radially inward
from the lip. The threefold increase, from 0.7 eV to about 2
eV, is nearly linear in arc current; in comparison, Te is found
to be less sensitive to mass flow at a given current (Fig. lOb)
and to arc power at f ixed J2 / m (Fig . i Oc) .

The local plasma potentials are derived from the measured
floating potential distribution, itself obtained with a radially
oriented Langmuir probe with a 0. 1 -cm-long x 0.007 crn-diarn
tungsten tip. A typical floating potential pattern is shown in
Fig. 11 for 16 kAx24 g/s operation. From the separation of
the equipotentials, the electric field at the anode surface is
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Fig. 11 Anode region floating potential (16 kA, 24 g/s).

seen to be highest on the upstream lip. Since the equipotentials
are approximately normal to the current streamlines, there
appears to be little tensor conduction in the anode region.

Plasma potential may be derived from floating potential by
the relation20

«>
where z is the ion change number, me and #?/ are the electron
and ion masses, and u' is the ion streaming velocity com-
ponent normal to the probe axis. This correction term is
typically four to five times the electron temperature in
electron volts.

If the anode fall voltage is taken to be the difference be-
tween the plasma potential extrapolated to the surface and the
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Fig. 13 Anode power surface (16 kA, 24 g/s).

anode potential, the results are shown in Fig. 12. For a current
of 8 kA and a mass flow of 24 g/s (Fig. 12a), the fall voltage
Va is nearly constant at about 5 V over the anode except near
the lip, where it drops to 3 V. As current is increased for the
same mass flow, the voltage changes only slightly until the
current reaches 22 kA, when the fall voltage over the
downstream portion of the anode rises significantly. Con-
versely, for constant current operation at 16 kA, Fig. 12b
shows little difference in anode fall as the mass flow is
lowered from 48 to 24 g/s, but further reduction causes
substantial increases in Ka. If the data are replotted for
constant J2/m (Fig. 12c), there is considerably less variation
over the same ranges of the separate input parameters J and
m, again attesting the utility of this ratio. The electron density
profiles needed for some portions of the calculations were
determined previously from Stark-broadening of Ha and H$
impurity lines,29 which, for the 16 kAx24 g/s discharge,
yield values of about 1022 m 3 along the chamber axis,
dropping an order of magnitude at the anode orifice radius.

Returning to the model underlying the modified relation
(2), it remains to evaluate Fx, the effective potential drop felt
by the current-carrying electrons between their last energy
exchange collision and their impact on the anode. Under the
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Fig. 14 Calculated anode power fraction vs total power.

prevailing conditions, the energy exchange process is
dominated by elastic energy exchange collisions between
electrons and ions.20 Using the cross section for that
mechanism along with electron number densities, electron
temperature, and electric and magnetic fields determined
from probing the plasma, the energy exchange displacement
may be evaluated. The results of such a calculation are shown
in Fig. 13 as an "anode power surface/' i.e., the locus of
points of last effective electron collision before reaching the
anode. Along the 8 kA current streamline, the anode power
surface lies about 1.2 cm from the anode, some one-fourth the
anode orifice radius, and far outside of the usual anode fall.
The plasma potential at this location is about 1 i V, which is,
by definition, all carried to the anode. In other words, the 4 V
anode fall along the same streamline is augmented by about 7
V of interelectrode potential.

Assessing the voltage contribution to Eq. (2) in this way,
the anode heat flux may then be calculated. The
corresponding anode power fraction for the 16 kAx24 g/s
discharge is 20% of the 1.3 MW arc power, in good agreement
with the measured anode power fraction for the same
operating condition. If the contribution from the in-
terelectrode potential had been neglected, only about one-half
the anode power would have been accounted for.

Figure 14 compares similar calculations20 for other
operating conditions with the measured values. In the figure,
the calculated values are broken into contributions from
electron temperature, work function, anode fall, and voltage
from interelectrode potential, in terms of which the observed
reduction of anode power fraction with increased total arc
power can be rationalized. The anode work function is, of
course, independent of arc power; so also, to a good ap-
proximation, is the electron temperature (Fig. 10), Hence,
their contributions to the anode power fraction decrease as
arc voltage rises with arc power. The anode fall, as shown in
Fig. 12c, likewise increases only slightly with arc power so
that its corresponding portion of the anode power fraction
also decreases. Finally, the interelectrode portion of the
voltage decreases with increasing arc power since the "anode
power surface5' moves closer to the anode because the higher
plasma densities predicate shorter electron mean free paths.
Indeed, at the highest powers it appears that this surface will
approach anode fall dimensions, and the traditional model
based on fall voltage will become a good approximation.

The same arguments also deal satisfactorily with the ob-
served decrease of anode heat flux with increasing mass flow
at fixed arc current. Anode fall voltage, electron temperature,
and work function are virtually independent of mass flow;
hence, their contribution to anode power fraction changes
little. However, the interelectrode potential contribution to
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anode power decreases with increasing mass flow, again
because the associated higher densities reduce the separation
of the anode power surface.

Conclusions
A series of direct thermocouple measurements of MPD

anode heat flux have thus verified that anode power fraction
decreases with increasing arc power, as suggested by previous
indirect experiments. It follows that a larger portion of the
input power is available for conversion to directed kinetic
energy, and therefore that the thrust efficiency of the ac-
celerator should be substantially higher.

Probe measurements of plasma properties in the vicinity of
the anode are employed in an anode heat flux model modified
for application to the MPD arc. In this model, a key
ingredient is the potential difference between the anode and
the location of the last effective energy exchange collision
between electrons and ions before the electrons are absorbed
by the anode. For the experimental conditions examined in
this study, this last energy exchange collision is located well
outside the anode sheath. Therefore, the energy which is
added to the electron enthalpy and work function terms in-
volves both the anode fall and an additional contribution
from the potential fall outside the anode sheath. Calculation
of the anode power of the MPD arc on the basis of this energy
exchange model agrees well with the measurements. The
decreasing fraction of input power consumed by the anode as
arc power is raised results from the increased plasma density,
which moves the location of the last energy exchange collision
toward the anode faster than the local electric field outside the
anode sheath increases.

This model may also suggest means of further reducing the
anode power fraction, although many of the
possibilities—such as changing arc dimensions, working
fluids, or injection geometries—doubtless will cause other
fundamental changes in arc behavior. One modification
which has been briefly tried with some success derives from
the observation that the anode fall voltage is generally lowest
at the lip, where current density is a maximum. Consequently,
the current conduction area of the anode was artificially
restricted to a 2-mm-wide band at the anode lip. For 16
kAx24 g/s operation, the anode power fraction in this
restricted anode was approximately one-half of that for a
fully exposed anode. Further exploration of this effect may be
warranted.
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