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Arc Transition and Growth of Big-Arcs in
Magnetohydrodynamics Generator Channels

K. A. Satheesh,* Y. Okumura,t and K. Okazakit
Toyohashi University of Technology, Toyohashi, 441, Japan

The arc transition in MHD generator channels from a low-current micro-arc mode to a high-current big-arc
mode has been studied. An arc model, which considers the arc region to include an arc spot, an arc column,
and a current spreading zone, has been proposed to obtain the critical parameters for such a transition. The
model specifically aims at studying the possibilities for the occurrence of arcs that may extend up to, or beyond
the thermal boundary layers, which has been reported in some experimental observations. The model predicts
the critical values for the growth of such arcs, and were found to compare well with experimental observations.

Nomenclature
Aa = 1.53 x 10-2//,,A
AR — Richardson's constant, taken to be

1.20 x 106A/(m2K2)
60 = Ze2/(127re0kT)
C, Cp = specific heat at constant pressure, J/(kg-K)
Cft = function of ar/r2

d = characteristic length for cooling of the electrode,
0.01 m, for the given experimental conditions

Ea = arc column electric field, V/m
e = electronic charge, C
/ = constant in Eq. (6), 0.26
h = heights of various arc regions, m
Ia = arc current, A
/ = current density, A/m2

k = Boltzman constant, 1.38* 10-23J/K
€, L = characteristic lengths for heat loss in the

transverse (normal to electrode surface) and the
radial directions, respectively, m

ID = (eQkT/nee2)m is the Debye's length
m, n = exponents in the relationship for Nusselt number

with Reynold's and Prandtl numbers
ne = number density of electrons, m"3

' nf — number density of ions, m"3

Pr = Prandtl number
<2 = heat loss term, W
Re = Reynold's number
r = radii of various arc regions, m
Si = steady-state temperature gradient, K/m
T = temperature, K
Ts = arc spot temperature, K
u = gas velocity, m/s
V = voltage drops V
Vj = average thermal velocity of ions, m/s
jc = distance from leading edge, m
^sPr = total arc length from electrode surface to top of

current spreading region
y = transverse distance from electrode surface, m
Z = charge on the nuclei
a = thermal diffusivity, m2/s
j8 = ratio of gas velocity at any distance y and the

main stream velocity
y = exponent in the temperature dependence of

electrical conductivity
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8 = boundary-layer thickness, m
e() = 8.854* 10~12 F/m, is the permittivity of free

space
0 = the parameter in the solution of the heat-

conduction equation (Eq. 4) in units of rad/m
A = lDlf>Q, may be interpreted as the impact

parameter for a 90-deg scattering
A = thermal conductivity, W/(m-K)
H = dynamic viscosity, Pa-s
v — kinematic viscosity, m2/s
£ = ratio of the gas velocity in the arc region to the

ambient gas velocity, 0.8
p = gas mass density, kg/m3

a — plasma electrical conductivity, S/m
r = characteristic times, s
<$>e = <fc + 2kTJe
<De/ = & + 2kTelle
$/ = <t>i ~ <t>e
(f)e = effective electron work function of cathode

surface, eV
fa — ionization potential of neutral seed atoms, eV

Subscripts
a = arc column parameters
00 = main flow parameters
d = diffuse region values
e = electronic component of the parameter
el = electrode
g = gas or plasma outside the arc
/ = ionic component of the parameter
/ = value at a distance € in the electrode, from the

surface
m = metallic or electrode value
o = reference values
r = radial component
s = arc spot parameter
spr = current spreading region parameter
T = temperature
w = electrode wall
x, y = x and y direction components

Introduction

I N MHD generator channels, the current transport in the
near-electrode cold boundary layers, inevitably tends to

be in the arc mode at operational current densities. The tran-
sition from a uniform current transport at very low current
densities to a constricted or arcing discharge at higher current
densities has been very widely studied,1-7 and is a well under-
stood phenomenon. However, as mentioned, arcing in MHD
channels is almost unavoidable and, hence, a detailed study
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of the arc regime itself becomes very important in minimizing
the damage caused by the arcs.

The arcs that occur in MHD generator channels have been
broadly classified into two types8"14; namely, the micro-arcs
and the big arcs. The micro-arcs carry very low currents (~1
A) and have very short lifetimes (~/is), but they are highly
mobile, moving rapidly down the flow and along the electrode
surface with large velocities (~m/s).13'15 The big arcs carry
much larger currents (100 A or more), have longer lifetimes
(~ms),14 and are much less mobile.13 The intense heating in
the arc spots in the big-arc mode is the main cause for elec-
trode damage in MHD channels. Hence, it is clear that the
best choice in order to achieve long-duration operation of the
electrodes will be to find an effective method to suppress the
big-arc stages. This requires a clear understanding of the con-
trolling mechanisms for the transition from the micro-arc re-
gime to the big-arc regime.

The existence of two arc regimes at the cathode has been
clarified experimentally and theoretically.14-17 Okazaki et al.14

obtained two clearly separated arc regimes, with micro-arcs
having currents of about 1 A and big arcs carrying currents
of about 100 A. The transition from micro-arc to big arc
occurred when the cathode drop increased to 270 V. Buznikov
et al.15 developed a theoretical model for arcs, which differed
from the previous models (see Rosa18) in that it included, in
the spreading region, a region of nonequilibrium conductivity
defined by two reference electric fields, in addition to an
equilibrium hemispherical spreading part. They obtained two
minima in the boundary layer voltage drop, corresponding to
arc heights of the order of a laminar sublayer thickness, at
low current densities, and at about 0.3 d (where 8 is the
boundary-layer thickness), at higher current densities. Fur-
thermore, from an experimental study in a supersonic chan-
nel, Buznikov et al.16 obtained a critical current density for
the transition from micro-arc to big arc, which increased with
increasing Mach number. However, the cause, or the con-
trolling mechanism for such a transition was not clarified. In
Ref. 17, it has been suggested that surface effects, especially
the effective work function of the seed-deposited cathode
surface, plays an important role in the transition from the
micro-arc to the big-arc mode. An increase in the work func-
tion value was found to produce a large increase in the values
of arc current and arc spot temperature.17

Generally, it is considered that the arcs in an MHD gen-
erator channel are confined to the near-electrode boundary
layers and that the current transport in the main flow is always
diffuse. However, the results from a recent experimental study19

reveal that the arcs extended not only beyond the thermal
boundary layer, but also even up to the anode, effectively
short-circuiting the plasma. The reason for such an extreme
behavior should be the low plasma electrical conductivity caused
by very low seeding rates, in these experiments. Although
such an extreme arc behavior is not common in MHD chan-
nels, the extension of arcs beyond the boundary layers into
the flowing plasma, producing tail-like structures, is a widely
observed phenomenon. The arcs in the big-arc mode generally
have larger dimensions, and may extend beyond the thermal
boundary layer and get dragged by the flow. Because these
are the arcs that carry very high currents and, hence, the most
damaging as far as MHD channels are concerned, it is very
important to understand the circumstances for the occurrence
and the extension beyond the boundary layer of such high-
current arcs.

Most of the theoretical arc models15-18 consider a minimum
voltage principle, which assumes that the arc adjusts its height
so as to minimize the overall boundary-layer voltage drop.
Because the arc is no longer considered as necessarily confined
to the boundary layer, this minimum principle does not hold
true for such arcs. Furthermore, most of these arc models do
not consider the arc spot region. In Ref. 15, the arc spot
voltage drop was considered as a very weak function of arc
current, effectively contributing to an almost constant, small

voltage drop. However, as has been suggested in Ref. 17, the
effective work function of the composite electrode surface
may have a significant role in the arc transition process, hence,
the spot region has to be included in the arc model.

In the present analysis, an arc model has been proposed
that considers the arc region to be made up of an arc spot,
an arc column, and a current spreading region. It is assumed
that the arc current (which itself may be governed by param-
eters external to the arc, such as core plasma current density)
determines the values of the arc region parameters. The min-
imum voltage drop principle has been modified so that the
arc height no longer restricts the arc to the boundary layer.
The present model not only obtains the optimum arc param-
eters but also predicts the critical values for the growth of big
arcs, which may extend up to, or beyond, the boundary layer.

Analysis
The arc model considers an arc spot, an arc column, and

a current spreading region. A schematic representation of the
arc model considered is shown in Fig. 1. If the arc extends
beyond the boundary layer, a diffuse current transport region
within the boundary layer will not exist. Hence, for arcs that
have heights (arc column plus spreading region heights) equal
to or greater than the thermal boundary-layer thickness, the
overall voltage drop will not have a diffuse region component.
The arc is assumed to support an arc current for which the
arc region voltage drop will be a minimum. The arc column
height is chosen such that the minimum in the voltage drop
occurs when the total arc height equals the thermal boundary-
layer thickness, or when the diffuse region voltage drop van-
ishes. In order to find this arc height, a diffuse current trans-
port region is also considered initially (shown by the dotted
lines in Fig. 1), which, however, vanishes when the critical
arc height is reached.

Arc Spot
The arc spot is the region that connects the arc column to

the conducting electrode. This region, being located at the
coldest part in the channel, can have large voltage drops,
which should depend strongly on the surface effects at the
cathode.

The model for an arc spot burning at the cathode surface
considers an energy-balance equation in which, the heat lib-
erated within the spot due to ion bombardment is balanced
by the energy carried away by the thermionically emitted
electrons, and the loss due to the thermal conduction cooling,
given by

m*U,(V, + *,) - /.*.] + 2 = 0 (1)
Bulk Plasma Flow

Thermal Boundary Layer

Vd Y

spr

Electrode
Fig. 1 Schematic representation for the arc model.
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where Jt(Vs + <!>,) = J,[V, + (<k - &)] and /A = /.(&
+ 2kTsle) are the energy transported by the ion flux and the
energy carried away by the emitted electrons, respectively.20

The overall heat loss term Q can be expressed as the sum
of the radial and the transverse heat loss terms, as

Q = (2)
where

f i dr j d2r L and Qy = ^^"
Qr is the radial component of the heat conduction term and
Qy is the heat conducted away by the electrode; hs is a pa-
rameter equivalent to the spot height or spot thickness.

Assuming an exponential temperature decrease, the heat
conduction loss in the radial direction is obtained as

Q, = 2wr,M,(r, - relj (7 - f)
W rsl

(3)

where Tel is the electrode temperature far from the spot, and
Ag, the gas thermal conductivity, is assumed to be independent
of r.

For heat conduction by the electrode, a one-dimensional
nonsteady heat conduction law, for a slab of thickness / = in
the ^-direction, but infinite in other directions, was assumed,
as

dt
= a dy2

where am( = \J(pmCm)) is the thermal diffusivity of the elec-
trode material. This equation has a solution of the form21

T = [A cos(By) + B sm(6y)]exp(-0*amT)

where the quantities A, B, and B may be obtained using the
boundary and initial conditions

T = Ts, at t = y = 0, — - Sldy

at t = 0; y = /, T = Th at t = 0

Here, ra is the arc lifetime and Sl is the steady-state temper-
ature gradient.

The heat conduction in the axial direction was then obtained
as

Qy = C4irrJ (4)

where C4 = -\ml02Ts, and 6 is given by the equation

T, - Tse92a«r* cos(0/) + [(7, - T,)/et\ sin(0/) = 0

The importance of Eq. (4) lies in the fact that the heat con-
ducted away through the electrode makes the most significant
contribution to heat removal from the excess heat liberated
within the arc spot.

The spot radius rs is given by r2 = I(l/(7rJs), where /„ is the
arc current, Js( =7, -I- Je) is the total arc spot current density,
and /, is the ion current density, given by

J, = i nleVl

where, the number density of ions «, has been assumed to be
that given by the Saha equation at the arc temperature Ta.
The thermionic emission current density Jf is given by the
Richardson-Dushman equation

where, the Schottky effect has not been considered because
the electric field strength in the arc regime is not large enough
to affect the work function. Equation (1) can then be solved
to obtain the arc spot voltage drop as a function of the arc
current, provided the arc spot temperature Ts and the arc
temperature Ta are known. The arc spot temperature Ts has
been related to arc spot voltage drop and arc spot current,22

and the variation of spot temperature with arc temperature
has been obtained in an earlier study.17 Hence, the arc spot
voltage drop Vs can be obtained as a function of only the arc
current 7a, for given values of arc temperature Ta and work
function <j>e of the electrode surface, from the expression17

V, = ZV(A + #0 (5)

where

Al = 2M,(<VAeI)[l/L - (7rJs/Iay/2} 7rJs

B, = /,. - (2kle)[(d </>/Ael) + (C/r/Ael)«/fl)l/%

D, = /,<f>el - /,4>; - C4; <Del = <fc + 2kTJe

Here, Cft is a function of (ar/r2), which depends upon the
heat flux to the electrode through the arc spot area,17-22 and
(/> is the average current density through the electrode.

Arc Column
The arc column has been considered as a solid cylinder of

radius ra and height ha. The plasma temperature in this cy-
lindrical region has been assumed to be constant at Ta, which
has been defined as the arc temperature. The arc temperatures
being extremely high, the electrical conductivity in the arc
column has been assumed to be that given by a three-halves
power law.

The energy-balance equation for such a system can be ex-
pressed in the form18-23

IaEa = f7rPr™\a(&T)Re» (6)

where

Pr = (vjaa) = (»aCpa/\a)

is the Prandtl number

Re = (pauaDJiia) = (2pauttrJi*.a)

is the Reynold's number; and AT = Ta - T = arc temper-
ature - ambient temperature. Also, uu = gug where ug, the
ambient gas velocity, is assumed to be given by that for a
laminar flow

(uju,) = !-[(!- (y/8))]< = (7a)

where ux is the mainstream plasma velocity and 8 is the ve-
locity boundary-layer thickness. Because the Prandtl number
for a combustion plasma is close to unity, the thermal and
velocity boundary-layer thicknesses may be assumed to be
equal; then, the thermal boundary-layer thickness 8T for a
laminar flow (taking the Blasius solution for the boundary
layer on a flat plate) can be written as21



SATHEESH, OKUMURA, AND OKAZAKI: MAGNETOHYDRODYNAMICS CHANNELS 455

where

Rex = (uxlv) — (puxlp,)

is the Reynold's number, x is the distance from the leading
edge (a value of x - 0.0685 m has been obtained from ex-
perimental determinations19). The kinematic viscosity v was
calculated for a temperature that was the average of electrode
and plasma temperatures.

Then, the ambient temperature profile can also be written
in the form

hence

where

(T - rel)

AT = Ta - T = T, - T2p

(7b)

(7c)

T, = Ta - Tel and T2 = Tx - Te[

The arc column radius can be given as

ra =

where cra is the plasma electrical conductivity in the arc col-
umn. Because the gas temperature itself is very high in the
arc column, there may not be a significant elevation of the
electron temperature over that of the gas temperature. The
electrons are also in a perpetual state of exchange of their
energies with the heavy species. Hence, both the electron and
gas temperatures in the arc column are assumed to be the
same and equal to Ta, the arc temperature. The electrical
conductivity in the arc column is then assumed to be that
given by a three-halves power law, as24

_ — A J-3/2
^a ~ ™aL a

where, Aa = 1.53 x 10~2/(^A), and the value of (&A) has
been obtained from Mitchner and Kruger,24 corresponding to
the arc temperature Ta.

Substituting the above relations into Eq. (6), the electric
field in the arc column can be obtained as

Ea =
where

^n - r2/3w+1)2/<"+2>

= firiJi?-n\l
a-mC™a(2paux€)n/(<iT(ra)n/2

(g)

Then, the voltage drop in the arc column can be obtained by
integrating Eq. (8) over the arc column height, as

(Ha

Va = Ea dy
Jhs

which yields the following expression:

va = A

- (n + l)T2/3]

where
ir (9)

n - 2
n + 2'

and A4 =

3n + 2
n - 2 '

n + 4
n + 2

(4/8T)n3

Also, substituting for Ea from Eq. (8), the arc column radius
can be obtained as

ra = (10)

Current Spreading Region
The most commonly chosen model for the current spreading

region is that of a hemispherical current spread. In the actual
situation, arcs, especially the big arcs, are generally seen to
be dragged along the flow direction, producing tail-like struc-
tures. However, the micro-arcs, being small and confined to
the boundary layer, could be assumed to possess a definite
structure. Because the drag force is stronger outside the
boundary layer, the big arcs also may be assumed to have a
somewhat definite shape initially, before they grow to large
sizes extending outside the boundary layer. Hence, a hemi-
spherical current spreading region has been assumed in the
present analysis, for the sake of simplicity. The voltage drop
for such a spreading zone can be written as

= /* frspr dr
2irira <7srr (11)

where ra is the radius at the top of the arc column, and rspr
is the radius.at which 4/(7rr2

pr) = /„, the main plasma current
density. The conductivity in the spreading region is a function
pf the radial distance from th& column r and, hence, for each
value of radius r, there corresponds a conductivity such that
r = UT (if we assume the constant of proportionality to be
unity); here u is the ambient gas velocity at a distance y from
the wall, and T is the recombination time for that conductivity.
For such a case, the electrical conductivity may be written
as18

(12)

where a-0 and TO are some reference values of a and T. For
electron three-body recombination, values of cr0 = 120 S/m,
TO = 10~7sand«1 = i could be chosen.18

Substituting for the gas velocity u = ug (the ambient gas
velocity) from Eq. (7a), the voltage drop in the spreading
region can be written as

Ia fr*r dr

Substituting for ra from Eq. (10) and for rspr = (IJ
the spreading region voltage drop can be obtained as

(13)

where j8c = !-(!- yspr/5r)4; yspr = ha + rspr, is the distance
from the electrode surface to the top of the spreading region
(because hs is many orders lower than ha, it will not make
any contribution to this overall arc height). Hence

I - n , V 2

A7 = B6A"*(7rcrayi-n^ n5 = [n -

n6 = (1 - n,)/(n -f 2); n7 = (n 4-

+ 1)]

+ 2)
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Diffuse Region
The diffuse region voltage drop may be expressed by a

simple relation

where

_ 7 f^ dy
— «/oo I ———

JYspr or

•* spr ^a ' ' spr (14)

The electrical conductivity a is assumed to be given by a power
law

where the value of the component y is generally found to
vary from 10 to 12, for combustion products plasma. The
lower value of y = 10 has been chosen in the present cal-
culations, to fit the experimental conditions.

A linear temperature profile has been assumed for the dif-
fuse region, with the temperature at the top of the spreading
region (i.e.,}> = Fspr) considered as that given by the ambient
temperature profile

T = Tel + - Tel)y/8T

Then

where

a =

a = and b = (1 - a)/8T

Hence, the voltage drop in the diffuse current transport region
can be obtained as

vd = ~—

- (a +

dy
p, (a + by

*>Yspr)<'->]

(1 - [(a + l-y)

(15)

Now, the total boundary-layer voltage drop can be obtained
as the sum of the arc spot voltage drop (Eq. (5)), the arc
column voltage drop, (Eq. (9)), the spreading region voltage
drop(Eq. (13)), and the diffuse region voltage drop (Eq. (15)):

Vb = V' (16)

Then, by assuming that the arc will adjust the arc current
so as to minimize the overall voltage drop, the optimum arc
parameters could be obtained. However, this requires knowl-
edge of the values of arc temperature and effective work
function of the seed-deposited cathode surface. Because there
were no matching data available for arc temperature, the
calculations were carried out for different values of arc tem-
perature. In the case of effective work function of the com-
posite electrode surface, it is expected that in the high-current
arc mode, the work function should increase to very high
values.17-25 This occurs because, in the transition from micro-
arc to the high-current big-arc mode, the deposited seed layer
gets removed to a large extent, or almost entirely; thereby,
effectively increasing the work function values closer to that
of the clean metallic surface.17 Furthermore, in the big-arc
mode, the work function value was found to remain almost
constant.25 Hence, choosing a constant work function value,
at least in the big-arc mode, may be well justified. However,
in the present calculations, the work function value was varied
in order to estimate its impact on the arc parameters.

Results and Discussion
The calculations have been performed for a kerosine com-

bustion products plasma with very low potassium seeding
(0.0415 wt%). The values of the thermophysical properties
(a, A, v, and Cp) for the chemical combustion products (CO2,
H2O and N2) and that for the properties of the electrode
material (stainless steel, SS-304) have been taken from stan-
dard tables. The calculated results have been compared with
the experimentally obtained data in Ref. 19, wherever pos-
sible.

Figures 2 and 3 show the effect of work function </)e of the
composite cathode surface on arc region voltage drops. From
Fig. 2 it can be seen that an increase in work function causes
a large increase in the cathode voltage drop. This increase in
cathode drop was identical for all the electrode temperatures
considered, with a higher electrode temperature producing a
slightly lower voltage drop. (The dependence of <f>e on the
electrode temperature was not considered because it was not
known. This resulted in much larger emission current den-
sities, hence, lower voltage drops at the higher electrode tem-
peratures.) The increase of cathode drop with an increase in
work function can be understood more clearly from Fig. 3.
As expected, it is mainly the arc spot voltage drop that in-
creases with increasing work function value. The arc column
voltage drop is unaffected by the change in <f>e. The spreading
region voltage drop shows a small increase, which may be
due to slight changes in the arc parameters caused by the
change in cj>e. The overall voltage drop, hence, increases, mainly
as a reflection of the increase in the spot region voltage drop.
An increase in the value of the effective work function, which
will accompany a change in the arcing conditions, is an in-
dicator of an increasing arc activity. Therefore, for higher
values of </>e, the arc should be more intense; hence, more
damaging. This result is in good agreement with earlier ob-
servations.17'25 However, these results will be more convincing
if the arc temperature were also a related function, instead
of the constant value that has been taken in the present cal-
culations. Nevertheless, the behavior of the voltage drops with
increasing effective work function is quite expected.

Figure 4 shows the variation of overall cathode voltage drop
with increasing plasma current density, for different values of
arc temperature. The cathode voltage drop initially shows a

250
2x104 A/my
= 5900 K /

"T. =2600K/

2 3 4 5
WORK FUNCTION <fc ( eV )

Fig. 2 Variation of cathode voltage drop with the effective work
function, for different electrode temperatures.

2 3 4 5
WORK FUNCTION <fe ( eV )

Fig. 3 Dependence of arc region voltage drops on the effective cathode
work function.
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Fig. 4 Variation of cathode voltage drop with main plasma current
density, for different arc temperatures.
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'0 1 2 3 4 5 6 7 . 8 9 1 0
PLASMA CURRENT DENSITY J. (104 A/m2 )

Fig. 5 Variation of the various arc region voltage drops with main
plasma current density.

250

200 .
0 1 2 3 4 5 6 7 8 9 1 0

PLASMA CURRENT DENSITY J. (104 A/m2 )

Fig. 6 Dependence of cathode voltage drop on main plasma current
density for different electrode temperatures.

large decrease with increasing plasma current density for all
arc temperature values. However, for the higher values of arc
temperature, the cathode drop shows a minimum and then,
increases slowly with increasing plasma current density. This
behavior of the overall voltage drop may indicate the occur-
rence of a transition in the arc discharge, which in this case
should correspond to the transition to the big-arc mode.
Therefore, this minimum value of the cathode drop and the
corresponding value of the plasma current density could be
considered as the critical values for the transition from the
micro-arc to the big-arc mode. The minimum in the voltage
drop appears for arc temperatures above 5800 K, and the
behavior is quite clear at an arc temperature of 5900 K. Hence,
this arc temperature has been used in all the other calcula-
tions.

The initial decrease in the overall voltage drop is due to
the drastic decrease in the value of arc spot voltage drop with
an increase in the plasma current density, at lower values of
the current density. This is seen more clearly in Fig. 5. The
very high values of spot region voltage drop suggest that the
spot region is very resistive at low current densities and will
make a significant contribution to the arc region voltage drop
in the low-current micro-arc mode and in the transition stages
of the big-arc mode, but becomes less significant in the high-
current big-arc mode. This should be due to the attainment
of a constant effective work function value (of about 3eV-
4eV) by the cathode surface in the big-arc mode.17-25 Fur-

thermore, in the micro-arc mode, the distinction between the
spot and the arc column may not be very sharp.

The effect of electrode temperature on the variation of
cathode voltage drop with plasma current density is shown in
Fig. 6. It can be seen that the critical values of the current
density as well as the cathode drop decreases slightly with
increasing electrode temperature. These critical values can be
compared with the experimentally obtained critical values from
Ref. 19. The theoretical and experimental voltage drops show
good agreement, as can be seen in Fig. 7. However, the values
of the critical current density obtained from the theoretical
analysis are much higher than that obtained experimentally
in Ref. 19 (where the mean value of critical current density
for the occurrence of big-arcs have been obtained). This dif-
ference may be explained as follows. In the theoretical arc
model, the spreading region radius rspr was defined as the
radius at which /fl/7rr2

pr = /*,, the diffuse or main plasma
current density. This, then, considers the main plasma current
density to be the current density just above the spreading
region. Furthermore, it also assumes another arc to form
immediately adjacent to the first one without including any
distance of separation between two simultaneously burning
arcs. These considerations will result in higher current den-
sities; hence, the large difference in the theoretically and ex-
perimentally obtained critical current densities is not surpris-
ing. However, the values of the critical current density predicted
by the present theoretical model are of the same order as that
obtained by Refs. 15 and 16.

The variations of the theoretically predicted critical arc cur-
rent and critical cathode drop with electrode temperature has
been shown in Fig. 7. The critical cathode drop for the tran-
sition to big-arcs have been compared with the experimental
data obtained in Ref. 19. Furthermore, the experimental data19

for the current per arc in the micro-arc mode has been re-
produced in Fig. 8, which shows the peak value of each arc
current pulse and the respective generation frequencies of
these arcs. It is seen from this figure that the current per
micro-arc remains almost unaffected by the increase in the
applied voltage, until the big-arcs, carrying currents of about
100 A or more, appear at a cathode voltage drop of about

ouu
^^
>

n 250

UJ

^700

o 150

100

:T<rc = 5900 K
ET. =2600K
:<&» =4.0eV

f Exptl.Curv
:Theoretl. Curv
:.

• Arc Curren

-
Cathode Drop :

'--4——_ \
j

\ :
* "

0
x_x

ll

r ̂

2^

i
1 I?

0
600 700 800 900 1000 1100 1200

ELECTRODE TEMPERATURE T.i(K)

Fig. 7 Dependence of the critical arc current and the critical cathode
voltage drop on electrode temperature.

Cathode T—2600K U—58m/3
Td=1200K XK=0.042wt%

cro ac

TV
Big arc

uringtime-1«

^

Big arc

"10-1 10° 101

Arc current la (A/Arc]
102

c)

Fig. 8 Frequency spectra of arc pulses with respect to arc current.



458 SATHEESH, OKUMURA, AND OKAZAKI: MAGNETOHYDRODYNAMICS CHANNELS

230V (Tel = 1200 K). No arc pulses were observed between
the micro-arc and big-arc stages. It can be seen further that
the mean micro-arc current also remained almost constant at
about 1,2 A. The value of the critical arc current (about 0.8
A) obtained from the present theoretical analysis (see Fig. 7)
is very close to that of the mean micro-arc current (about 1.2
A) obtained in the experiments. The theoretically obtained
critical arc current is almost insensitive to electrode temper-
ature variations, indicating only a very slight decrease with
increasing electrode temperature. This behavior is exactly
identical to that observed in the experiments, where the mean
micro-arc current was unaffected by any electrode tempera-
ture variations. This implies that the arc transition from micro-
arc to big-arc should occur for a critical arc current of above
1 A, irrespective of the electrode parameters.

In the case of the critical cathode voltage drop, as can be
seen from Fig. 7, both the theoretical and experimental curves
show fairly good agreement. Because the experimental values
of the voltage drop are closer to the theoretical predictions
for a work function value of 4eV, the calculations have been
made throughout for this <f)e value. (The high value of <f>e
should be due to the very low seeding, which causes a low
seed coverage on the electrode surface.) As mentioned be-
fore, the effect of electrode temperature variations on the
critical cathode drop is only slight, with the voltage drop
showing a small decrease for an increase in the electrode
temperature. This insensitivity is probably associated with the
attainment of an almost constant value of the effective work
function at the transition stages to the big-arc mode, irre-
spective of the electrode temperature value. A further in-
crease in electrode temperature should cause a decrease in
the arc intensity; hence, in the arc spot temperature, which
will also lead to a decrease in the thermionic emission current
density (because <f>e is constant). This decrease in thermionic
emission current density causes the total arc spot current den-
sity to decrease; hence, the previously attainable current den-
sities are no longer possible in the micro-arc mode. This makes
the arc discharge transition to the big-arc mode occur at lower
values of the cathode drop and the plasma current density.
This explains the small decrease in the critical values of cur-
rent density and the cathode drop with increasing electrode
temperature.

Figure 9 shows the effect of electrode temperature varia-
tions on the critical arc spot arid arc column radii. As in the
case of the critical arc current, a change in electrode tem-
perature does not have any pronounced effects on the critical
arc radii; both the spot radius and the column radius decreas-
ing only slightly with an increase in the electrode temperature.
These figures show that the arc transition from micro-arc to
big arc and their growth up to or beyond the thermal boundary
layer occurs above certain critical arc parameters, which are
almost constant, irrespective of the electrode conditions. Fur-
thermore, the good agreement between the theoretical and
the experimental values (as seen in Figs. 7 and 8, and also in
comparison with results obtained in Refs. 15, 16, and 19)
suggests that the basic assumption that the arc transition oc-
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Fig. 9 Variation of the critical arc spot and arc column radii with
electrode temperature.

curs when the arc height equals the thermal boundary-layer
thickness in a reasonable one.

Conclusions
1. The theoretical analysis has been able to predict the

critical values for the growth of micro-arcs into big arcs, ex-
tending up to or beyond the thermal boundary layers in MHD
generator channels, and the cause for such a transition has
been clarified.

2. For given plasma conditions, the critical arc parameters
for the transition from micro-arcs to big arcs are almost con-
stant.

3. A comparison with experimental data gives a good
agreement for critical cathode voltage drops. It also predicts
the arc column temperatures during the transition stages to
be about 5800-5900 K, under the given experimental con-
ditions.

4. The critical arc current for the transition to big arcs (~1
A) was almost constant, and compared well with the experi-
mentally obtained value for mean micro-arc current (—1.2 A).

5. The comparison of experimental arid theoretical voltage
drops also predicts the values for the effective work function
of the composite cathode surface: It was also found that the
arc spot region makes a significant contribution to the overall
voltage drop in the micro-arc stages. Furthermore, it is pre-
dicted that the surface effects, especially the effective work
function of the cathode surface, plays an important role in
the micro-arc and the transition stages to the big arcs, but
become ineffective after the transition.
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