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Introduction

RECENTLY, some investigations1'4 into the possibility of
obtaining the required current density in the diffusion

mode of current conduction to alleviate the problem of elec-
trode erosion in the arcing mode in MHD plasmas have been
reported. These investigations show that the cathode drop is
usually much higher than the anode drop and, for ther-
mionically nonemitting electrodes, the cathode drop accounts
for nearly 90% of the total applied potential between the two
electrodes. On the other hand, in the arcing mode, the poten-
tial drops at the cathode and anode surfaces are considered to
be caused mainly by the ohmic loss;5 hence, the two drops are
nearly equal.

In the diffusion mode, potential drops cannot be explained
by ohmic loss only because they are different at the cathode
and anode. An analysis has been made by Okazaki et al.6
which is, however, applicable only to the anode region. Sodha
et al.2 attempted to explain the observed potential drops at
cathode and anode by using the concept of electrostatic
sheath. The analysis in Ref. 2 assumes that each of the two
electrostatic sheaths contain only one type of charge carriers:
ions in the cathode sheath and electrons in the anode sheath.
This concept is able to explain the potential drops very well
provided the cathode is thermionically nonemitting. However,
when some low ionization potential material, such as the seed
(e.g., K2CO3) in MHD generators, gets deposited on the sur-
face of the cathode, there is a thermionic emission of electrons
beyond a critical cathode temperature and current density in-
creases. For emitting cathodes, the observed variation of
anode potential drop with cathode temperature cannot be ex-
plained reasonably by the sheath theory, as can be seen from
the results of Raju et al.3 This may be attributed to the
assumption that the anode sheath is devoid of positive ions
which is not true because the ions have a much lower mobility
than the electrons and, therefore, cannot completely move out
of the sheath. In the present communication, a new model is
proposed for the evaluation of potential drops at the elec-
trodes in the diffusion mode.

Analysis and Results
The present model is based on the following:
1) There is an electrostatic sheath near the cathode that is

devoid of electrons. In the diffusion mode, the electrons move
out of the cathode sheath due to their high mobility.
Therefore, one can assume the cathode sheath contains
positive ions only, as the charge carries.

2) The electrostatic sheath drop near the anode is negligible.
Depletion of ions from the region very close to the anode is
negligible because of their low mobility. Therefore, the elec-
trostatic sheath near the anode may be much less resistive than
the cathode sheath. Therefore, one can neglect the sheath loss
near the anode without much loss in the accuracy. As a conse-
quence of this, the potential drop in the anode region is mainly
due to ohmic loss.

From the above, it can be concluded that the drop in the
potential at the cathode arises mainly in the electrostatic
sheath, while at the anode, ohmic loss only can be considered.
This differs from other theories which consider the same

Received Oct. 24, 1985; revision received March 3, 1986.
Copyright © American Institute of Aeronautics and Astronautics,
Inc., 1986. All rights reserved.

*Senior Scientific Officer-I, Centre for Energy Studies.
tSenior Scientific Officer-II, Centre for Energy Studies.

mechanism to be dominant at both the electrodes: it is either
electrostatic sheath loss or ohmic loss.

The cathode region consists of two parts: the electrostatic
sheath and ambipolar region. Most of the temperature dif-
ference between the electrode and main plasma is assumed to
drop linearly in a very small region near the electrode, called
the thermal sheath. Thickness of the thermal sheath is
calculated by matching the heat flux entering the electrode
from the plasma with the heat flux leaving the electrode. The
current density inside the electrostatic sheath is equal to the
sum of random ion current density at the sheath edge and the
thermionic emission current density. The ion number density,
required for calculating the random ion current density, is
evaluated by matching the flux of charge carriers from the am-
bipolar region with the flux reaching the cathode. The poten-
tial drop in the cathode electrostatic sheath V\ and ambipolar
drop ^amb are given by the following expressions (Raju et al.3)

dx (1)

(2)

where dc is the thickness of the cathode electrostatic sheath,
n^ the Saha's equilibrium ion density at the sheath edge, KB
the Boltzmann's constant, TQ the plasma temperature,
f = 2^/^r0/(l-lxlO"20/i2s0r0"4'5)«eso the main Plasma
density, ne8 the electron/ion density at the sheath edge after
ambipolar diffusion, e the electronic charge, e the permittivity
of the free space, and /*/ the ion mobility. The total potential
drop Vc in the cathode region is

V =v 'amb

Anode potential drop Va can be written as

"•-r (3)

where bTa is the anode temperature boundary layer thickness,
and Ex the electric field at a point x in the boundary layer.

In the anode potential drop calculation, there may be Debye
sheath of very small thickness which can be neglected compared
to ohmic region. This leads to a very simplified approach
without an appreciable loss in accuracy. Therefore, using
ohm's law Ex =J/a one obtains

V —r n — (4)

where a is the electrical conductivity at a point x, and / is the
current density which is constant in the diffusion mode of cur-
rent conduction. The equation for Va requires electrical con-
ductivity (a) distribution inside the boundary layer, which, in
turn, requires the electron density distribution. Usually, the
electron density distribution inside the boundary layers is
assumed to be given by Saha's equilibrium. A better estimation
of charge density distribution should include the effects of dif-
fusion and recombination which involves the solving of con-
tinuity and Poisson equation in conjunction with the momen-
tum balance equation. This is a very complicated process and
requires lengthy numerical calculations. Therefore, to illustrate
the effectiveness of calculating anode potential drop through
ohmic loss only, a very simple analytical expression of anode
potential drop shall be derived. The electrical conductivity
distribution inside the boundary layer is expressed as a power
law in temperature7

o/a0 = (T/T0)* (5)

where a0 and T0 are, respectively, the electrical conductivity
and temperature at the channel axis.
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Fig. 1 Experimental variation of anode potential drop with a cur-
rent density for an applied potential difference of 100 V.

Since most of the temperature difference inside the thermal
boundary layer is assumed to drop in a very small region of
thickness bja the temperature Tis given by

T=Ta+Y/dT(T0-Ta) (6)

where Ta is the temperature of the anode surface in contact with
the plasma.

Using Eqs. (5) and (6) in Eq. (4), one obtains

(«-!)' \<K-1' V (7)

where
T/T0 = 0 and Ta/T0

The total potential difference between the electrodes is the
sum of cathode potential drop Vc and anode potential drop Va

K= Vc + Va (8)

Calculations for potential drops have been made for seeded
(with K2CO3) combustion products of liquefied petroleum gas
and oxygen. Composition of the combustion products for the
system has been evaluated and is used in calculating various
parameters such as electron density nesQ mobility of charged
particles and main plasma electrical conductivity <TO. the ex-
perimental curves have been drawn by using data Of Raju et al.3
Limited calculations are presented here to illustrate the validity
of the present model and to show the qualitative improvement
in the potential drop calculations. Figure 1 shows the ex-
perimental observation of the variation of the current density
with anode potential drop Va. Interestingly, it is seen that the
current density varies linearly with anode potential drop which
is a similar behavior to that predicted by Eq. (7). Therefore, it
supports the assumption that one can neglect the electrostatic
sheath losses and consider ohmic losses only for calculation of
the anode potential drop. Swifthook and Wright7 suggested
that a in Eq; (5) varies between 13 and 10 for the electrical con-
ductivity values in the range of 0.1 mhos/m to 100 mhos/m,
Calculation of the exact value of a or the distribution of a in-
side the boundary layer requires the electron density distribu-
tion inside the boundary layer. This can be obtained by solving
the coupled continuity, energy, and momentum balance equa-
tions. However, in the present work, rather simplified calcula-
tions have been made for differnt values of a taking it as con-
stant throughout the boundary layer, since the purpose of the
communication is only to show the effectiveness of the present
approach. A comparison of the variations of the theoretical

Te CK)

Fig. 2 Variation of anode potential drop with a cathode
temperature for an applied potential difference of 100 V.

curves with the experimental curve in Fig. 2 reveals that the pre-
sent calculations show much better behavior than the earlier
calculation of Raju et al.3 It is seen that at high cathode
temperatures* the present theory for a = 12.3 is in agreement,
even quantitatively, with the experimental observation.

For a more exact calculation, one can take into account
the exact dependence of electron density on temperature and
nonlinear temperature distribution inside the electrode
boundary layer. Moreover, recombination and space charge
effects near the cathode may become important for ther-
mionically emitting electrodes.

Conclusion
From the present work it is concluded that in diffusion

mode of current conduction, the potential drops near the
electrodes can be calculated to a reasonable level of accuracy
by considering electrostatic sheath at the cathode and only
ohmic loss at the anode,
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