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Influence of Surface Parameters on Anode Losses in Arcjets

H. A. Hassan* axp NEiLt S. Svitaf
North Carolina State University, Raleigh, N. C.

An analysis is presented in which the influenee of the various surface parameters on the
dominant mode of energy transfer to the anode, namely, that due to the electron current,
is considered. It is found that, for the range of parameters investigated, the important
parameters are the work function, the thermal accommodation coefficient, and diffuse re-
flection coefficients of the electrons, with the latter being important only for incomplete
thermal accommodation. For typical degrees of ionization and a given current density,
the anode loss decreases with an increase in the thermal accommeodation coefficient and in-
creases with an increase in the diffuse reflection coefficients; this behavior is a result of the
necessary adjustment in the anode drop to maintain a fixed current density.

Introduction

HE high rates of heat transfer in arcjets result in reduced

thermal efficiency and severely limit the lifetime of the
electrodes. Because of thermionic emission, cathode losses
are usually small and the bulk of the loss takes place through
the anode. The dominant energy transfer to the anode is
generally believed to be that due to the electron current..2
Because such an energy flux is influenced by the anode surface
conditions, an attempt is made to assess the influence of the
various surface parameters on the anode loss and, in turn,
identify the important parameters that affect the thermal
efficiency.

The analysis is restricted to situations where the sheath
thickness is less than the mean free paths and the Larmor
radii. Because of the continuity of the fluxes at the sheath
edge, the influence of the surface parameters on the anode
loss can be obtained from a consideration of their influence
on heat losses calculated from a collisionless sheath model
which takes into consideration surface effects. The calcula-
tions presented here are based on a model similar to that
developed in Ref. 3 and takes into consideration emission,
reflection, surface ionization, and incomplete accommodation.
The parameters investigated include the diffuse and specular
reflection coefficients of particles coming from the sheath
edge and the anode, thermal accommodation coefficients,
pressure and degree of ionization at the sheath edge, and
temperatures of incoming particles for tungsten and thoriated
tungsten electrodes and lithium and argon propellants. To
obtain quantitative results, one needs to assume a given anode
drop or a given current density. Both of these possibilities
are considered in this investigation.

It should be noted that, at present, values of the thermal
accommodation coefficients and reflection coefficients for
the energy range of interest (<10 ev) do not exist.*® These
coefficients vary, however, between zero and one and calcula-
tions were carried for such a range. The results shown in
the figures are representative of the computations, and
because of the lack of experimental data, direct comparison
of this theory with experiment has not been possible.

Analysis

The steady-state motion of the particles in a collisionless
sheath is governed by Vlasov’s equations and Poisson’s equa-
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tion. An infinite planar anode with uniform work function
is assumed; thus, the distribution functions and electrical
potential are functions of the coordinate normal to the
electrode. This assumption implies that the analysis is valid
in those situations in which conditions along the anode do not
vary appreciably in a distance of the order of a sheath
thickness.

For a computation of the anode loss and current density,
one needs to specify the distribution functions for the incident,
reflected, trapped, and emitted particles and appropriate
boundary conditions. The distribution functions are assumed
Maxwellian; thus for the incident particles one can write

Fij=a; (#}:)m H(e; — e;0) [H(eipy — €) +
H(~u)H(e; = exn)] exp[”(—k;——e&)]
j = 1; 2) 3 (1)

H(z) is a step function which equals one when z is positive
and zero otherwise; T is the temperature; % is the Boltz-
mann constant; e; is the charge of speciesj; ¢ is the potential;
m is the particle mass; and ¢; is given by

& = Imau® + ¢¢ @)

where u; is the particle velocity normal to the electrode.
Subseript ¢ denotes an incident particle, subseripts 0 and <«
refer to the anode surface and sheath edge, respectively,
while subseripts 1, 2, and 3 denote electrons, ions, and atoms,
respectively. The second part of Eq. (1) represents the
distribution functions for electrons, atoms, and those ions
with enough energy to reach the anode, while the first part
represents the distribution function for ions unable to reach
the anode. Similar expressions are written for diffusely re-
flected, trapped, and emitted particles but with a; being re-
placed by b;, ¢1, and d;, respectively.

The complete distribution functions and boundary condi-
tions have been developed in detail in Ref. 8 and will not be
reproduced here. The boundary conditions make it possible
to express b;, ¢1, and d; in terms of a;. In addition, if charge
neutrality is assumed at the sheath edge, then a,, as, and a3
can be expressed in terms of the pressure p and the degree of
ionization « there. The results of the various manipula-
tions are given in the Appendix.

For the assumed distribution functions, the current densi-
ties and heat fluxes can be expressed as

g1 = e (ETo/2rm)Y? [a:(1 — @) 0 M? exp(—e*/6:1) —
164172 exp(—a/fa,1) — diexp(—a)] (3)
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Fig. 1 Current density vs pressure.

Jo = —e (kTo/2rma)V2 [ao(l — w2 — Be2)fin¥? X
exp(— a/0:i2) — ds] (4)

g = kTo (kTo/2rm)V? [ar(l — )b (e* +
26:1 + @) exp(—e™/0:1) — b102.Y42841 + a) X

exp(—a/ba1) — di(2 + a) exp(—a)] + jiw  (5)
2Ty (kTo/2mma)Y? [as (1 — Qw.2)b:2¥2 exp(—a/6i) —
4 002,032 — do] — 7ol — w) (6)
s = 2ETo (kTo/2mms)V? [as(l — Qe,3)0i5%2 — 0304532 — ds]
‘ ]

Subscript d designates diffusely reflected particles, T is the
anode temperature, a..sand S... are the specular and diffuse
reflection coefficients of particles coming from the sheath
edge, w is the work function, I is the ionization potential, and

0 = T/To, a = 6((250 —_ ¢w)/kT0, 61* = m1u1*2/2kT0 (8)

where %;* is the minimum velocity of incoming electrons.

When ¢ becomes large, the current density approaches a
saturation current density which can be approximated, from
Eqgs. (3) and (4), by

LT, \Vz~ %
jsat. =€ <27r7)21> 11«1(1 - aw,l)oi,11/2 eXp( 061 > (9)

Similarly, Eqs. (5-7) show that, at saturation, the anode
loss is proportional to the saturation current density. Ex-
amination of the expression for a;, which is given by Eq.
(AB), indicates that for the range of parameters investigated,
it is proportional to p/kT, (Fig. 1). Thus, at saturation,
both the current density and anode loss are proportional to p.

G2

Results and Discussion

For all practical purposes, the contribution of ions and
neutrals to the heat flux is negligible, and so is the contribution
of the ion current to the total current. Therefore, of all
the reflection and thermal accommodation coefficients ap-
pearing in the theory, only those associated with electrons
are investigated. Also, because specular reflection coeffi-
cients are usually small for typical surfaces, all were set equal
to 0.05 for the results presented below. Other parameters
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investigated include the temperature of incoming electrons,
anode temperature, pressure and degree of ionization at the
sheath edge for tungsten and thoriated tungsten anodes and
argon and lithium propellants. The results indicate that,
although the type of propellant has an appreciable influence
on the ion and the neutral contribution to the heat flux, it
has very little influence on the electron contribution and thus
on the total heat flux. This would indicate that, for a given
current, the thermal efficiency is practically independent of
the propellant.s Therefore, all the results presented below
are for argon.

Before discussing the influence of the various surface
parameters on the anode loss, attention is directed to Fig. 1,
which shows a plot of the current density vs pressure for
various anode drops. Because of the current saturation,
there is a limited range of allowable currents for a given pres-
sure; thus random selection of current density and pressure
at the sheath edge is not possible. It is also seen that for
current densities of 10-100 amps/cm?, the pressure in the-
neighborhood of the anode has to be very low. The calcu-
lations presented here are for a pressure of 0.1 mm Hg at
the anode sheath.

Figures 2 and 3 show plots of ¢ and 7 vs B.,1 for the various
values of the thermal accommodation coefficient v, and
Bo.1, at a given (dimensionless) anode drop, @. The voltage
drop kT, is not to be confused with the “effective” anode
voltage drop defined as the ratio of the power loss to the arc
power. To interpret these figures, it is noted that the number
of diffusely reflected electrons increases with both By, and
Bw, and any increases in the diffusely reflected electrons
will result in a decrease in the heat flux and the current
density. Because the energy given up by the electrons in-
creases with «1, the reflected particles will have less energy to
overcome the potential barrier, and this will result in an in-
creaseinj. Figure 2 shows that when v, is close to unity, the
anode loss is insensitive to the various reflection coefficients;
conversely, when it is not close to unity, a large reduction in
the anode loss can be realized.

Nerheim and Kelly” concluded, after examining available
thermal efficiency data, that the assumption of a constant
anode drop is questionable. Therefore a given current dens-
ity instead of anode drop is assumed next. The conservation
of charge equation in the bulk of the plasma, V-j = 0, re-
duces for an infinite planar electrode to dj/de = 0 or j =
const where z is the coordinate normal to the electrode. The
justification for assuming a constant current density follows
from the continuity of the current density at the sheath
edge. It is expected that this assumption will remain
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Fig. 2 Effect of surface parameters on anode loss (@ = 10).
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Fig. 3 Effect of surface parameters on current density

(a = 10).

plausible as long as changes along the electrodes are small
compared to those normal to the electrode. However, this
may not be the case in all arcjets. The results shown in
Figs. 4-9 are for a given current density. Figures 4 and 5
show a plot of the anode loss vs B..1 and v: for various values
of Bo1 and J, where J designates the fraction of the satura-
tion current density, which is about 100 amps/cm?, at the
assumed pressure. It is seen that ¢ decreases with v, and
increases with 8. and Bo..- This behavior of ¢ is opposite
to that indicated in Fig. 2, where the anode drop and not the
current density was assumed given. The reason for this
behavior follows from the consideration that an increase in
Bo.1 and B..,; results in an increase in the number of diffusely
reflected particles. However, to maintain the same current
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Fig. 4 Influence of reflection on anode loss.
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Fig. 5 Influence of thermal accommodation and current
density on anode loss.

density more particles have to reach the wall; this can be
achieved, as is seen from Fig. 6, by a larger anode drop.
The resulting increase in the kinetic energy of the current
carrying electrons is responsible for the observed behavior
of ¢ with Bo.1 and Be.,1. On the other hand, an increase in v;
results in a decrease in the number of electrons leaving the
anode sheath and thus a smaller number of particles have to
reach the wall to maintain a constant current density. Fig-
ure 5 also shows that the quantity ¢/7, which is equal to the
effective anode drop, is not constant.

The influence of the anode temperature on the anode loss
is shown in Fig. 7. An increase in the anode surface tem-
perature results in more emission, and thus a decrease in the
net current to the wall. To maintain a constant current
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Fig. 6 Anode drop vs thermal accommodation coefficient.
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Fig. 7 Anode loss vs anode temperature.

density, the anode drop has to increase, resulting in more
energetic electrons reaching the anode surface; this results in
an increase in the anode loss. Figure 8 shows, as expected,
that ¢ increases with the electrode work function and the
temperature of the incident electrons.

The preceding results were obtained for a degree of ionization
at the sheath edge, @, of 0.05. The influence of this param-
eter is shown in Fig. 9 for various values of ;. An increase
in «, at given pressure and temperatures, results in an in-
crease in number of electrons. To maintain the current
density at the assumed level, the anode drop will decrease
and this will result in a decrease in ¢. The figure also shows
that, for the higher degrees of ionization, ¢ increases with
v1; as a increases, the sheath drop becomes so small that its
influence on the anode loss is negligible. Thus, the particles
behave in a manner similar to that in the absence of a po-
tential drop. Because of the low anode drops associated
with the high degrees of ionization (less than 1 ev), it is con-
cluded that, for typical operations at the assumed pressure
where the anode drop was estimated to be in the range 4-8
volts,® the degree of ionization at the anode sheath is prob-
ably less than 5%.

Concluding Remarks

If the electrons behave like light noble atoms, which are
characterized by low thermal accommodation coefficients,?
then surface effects can have a large influence on the anode
loss. In this case, the dominant parameters are the work
function and the diffuse reflection coefficients for the elec-
trons. On the other hand, if the electron thermal accommo-
dation coefficient is close to unity, then the surface parameters
have little influence on the thermal efficiency. Definite
conclusions will have to wait detailed measurements of
electron reflection and thermal accommodation coeflicients
and their effect on anode losses.

Appendix
Using the boundary conditions given in Ref. 3, the coeffi-

cients b;, ¢, and d; appearing in the assumed distribution
functions can be written as

b = 71 {(11(1 - Oy 1)3:»1&' V2 eXp<_el*> +
X042 ' T i
4 Boafl — exp(—a)]}
& = {01Bx0i18:1? exp(—e*/0:1) [l — exp(—a/0a1)] +
dill — exp(—a) ]} {furx[1 — exp(—a/6.1)]} !

27rm1kT0 312 —w
dy = —= v2} —1
1 {4 < e > exp(kT0>}{l + erfal/2} (A1)

|
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by = aZBoo.2(0i.2/0d.2)l/2 eXp(-a/&',z)
dy = vd, (A2)
by = aS,Bm,3(6i,3/0d,3)1/2
ds = (1/1 + »)[ae(l — qws — Bu.2)btZexpl—a/bis) +
as(l - Qw3 — ﬁm-S)ei:i*lﬂ] (A?’)
where
x =1 — apr — Boall — exp(—a/041)]

v = (go/g3) exp[—{T — w)/kT] (Ad)
and «g,s and By, are the specular and diffuse reflection co-
efficients of particles eoming from the anode, A is Planck’s"
constant, and g is the degeneracy of the ground state.

Assuming charge neutrality at the sheath edge, @i, as, and

a3 can be expressed in terms of the pressure, p, and the degree
of ionization, @, at the sheath edge. Thus, setting

o= My, P = E; kng T, no/ns = /(1 — a) at ¢ = ¢
] (a5)
one finds
a; = Mi(aXn + 40,7 = 2,3
a = [(p/kTy) — Bi — MV — Aa¥s] X
[Yii 4+ AV + AiYa)Xu]™? (A6)
where
Xu = (1/2x0:1Y)Boa(l — ap1) M2 exp(—a/0a1) X
exp(—e*/0:1) + 31 + aw.) erfe(e*/0i,) 12

1 —
Aoy = |:X33 - a] X[ X0pXs3 — XosX] ™!
l—«a _
)\31 = o X22 - X23 [X22X33 - X23X32]
a \V2 a \ 12
Xo = erf(e > 4 21 4+ ) erfc(e > +
i2 i.2
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Fig. 8 Effect of work function and temperature of
incident electrons on anode loss.
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Yii = (62:Y%2x)(1 — 0,1) B X
14.0F exp(—a/0u1) exp(—ea™/0:i1) +
1351 (I + 0w1) i1 erfe(e™/ 0:,0)12
130+ Yo = biserf(a/8:2)"* + 31 + awn)bie X
125} a \Y2 B <0¢ 2>1/2
erfe{ — — B4, .
12.0F <0m> T e 0,2
S |15} . 0.5\ Y?
E Yy = %(1 + Owg) iz + %:Bmﬁ(é_g) Oas +
= 1.0} a3
v, 105F _1 (1 = Bas — Q)i 2[1 + » exp(a) erfcal’?]
e 2(1 + v) '
> |0.0r
o
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