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Technical Comments

Comments on “Performance
Characteristics of a Magnetic
Annular Are”

RarraBELE GIOVANELLI*
Politecnico dv Milano, Milano, Italy

N its February 1966 issue, the ATAA Journal published an
article by Patrick and Schneiderman' in which is ex-
plained a simplified theory about the relationship existing
between the V-B characteristics of the MAARC arc and the
nature of several propellants, various mass flows, and input
power. The assumption made and the conclusions outlined
are in accordance with the first analysis, performed by Alfvén?
and discussed by Petschek and others,? about some Fahleson?
experimental results on a “homopolar’” device. In the de-
velopment of the theoretical explanation of the existence
of a critical speed of ions in the ionization region, no differ-
entiation was made between the current density j, which is
used in the energy equation:

nleaqs + CpT + mU?/2) = Pin = jE @
and the current density used in the momentum equation:
B = #(mU) (2

where # is the incoming number density flow rate (per unit
area); eq: is the energy per incoming particle due to dissoci-
ation and ionization; 7 is the temperature at the end of
ionization region; U is the velocity of the exiting ions; j
is the current density; and E is the local electric field.

If 6z is the depth of the ionization region where the incom-
ing room-temperature gas starts carrying current (see Fig.
1), and if 67 is the number of particles dissociated and ionized
per unit cross-sectional area and per unit time, 6z-jE will
be the electrical input power to the gas volume: 1-1-6z.
So the Eq. (1), with the assumption ez > C,T can be re-
written in the form:

e + (mU?/2)] = b62-5.E, (3) ’V

where the radial current density j. is given by 7. = (j +
Jir):  the sum of electron currentt and the ion current in the
radial direction.

In the ionization depth, less than the distance an ion must
diffuse to transfer its momentum to neutral background gas,
if is correct that the ions will drift with nearly the local £/B
velocity, this is also true for electron drift. So, for the
null contribution of the electron gas to the azimuthal com-
ponent in the momentum equation (low pressure field), it
is right to introduce, in Eq. (2), the current density due only
fo ions, rather than the total current j. In the energy
equation (1) however, it is correct to introduce the total
current density to obtain the input power per unit volume.
A strong velocity difference, due to the external applied
voltage of the MAARC electrodes, exists between electrons
and ions in the radial motion. So, by the energy exchange
(see Fig. 1) between electrons, ions and neutral gas in the
radial motion, is justified the total current j, in Eqs. (1)
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t The radial component of the electron current density jer
is also due to the ionization collisions in the ionization region.
Without a sufficiently high frequency of the ionization collision,
no stationary plasma can exist in a moving gas; of course the
collisions are responsible for all of the diffusion process across
the magnetic field.

Fig. 1 Notations for
energy and momentum
equations of ionization
region of MAARC arec.
Local orthogonal co-
ordinates are used (in-
stead of cylindrical
ones) to represent the
volume element 1-1-6z
of ionization region.

and (3). Equation (2), with the new assumption, must.be
written in the form:

8z Ji..B. = 8- (m:U) (4)

Following the Cowling* procedure for the partially ionized
gases from a solution presented by Brunner,® we obtain for
the total current density in a partially ionized gas the fol-
lowing expression:
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where
b = 2f2winnwe7_'e

where the term [b/(1 4 2b)0(E-B/B?) 1B is omitted because
the scalar product E-B can be taken zero. From Eqs. (6-
21),* neglecting the term containing the electron pressure
pe, we can obtain an expression for ji, the current density
due to the ions motion only:

Gy = N1,/ M. w, = eB/m.
f=mn./(n. + n) fraction of atoms not ionized
= [1/7a) + (I/7a)]?
For the r component we have:
o = Lt L @

The electron radial current can be obtained subtracting ji, of
(7) from j, that is derived from Eq. (5):
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From Eq. (4) the current ji, is: 7i = 5 B substitution
for ji» into energy equation (3) gives: )
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But for low pressure field was assumed: U =~ E,/B.; so
Eq. (10) becomes:

jerE’r . . )
U+ o Tenjes =/ mU)
(11)
2 R 2
Ur=2 [ed”/ s mi(aﬁ/ﬁz)}

The expression (11) for ion velocity U differs from the corre-
sponding expression obtained by Patrick and Schneiderman?
for the term —j.H,/[m{dn/6z)]. The radial component of
the current density jo due to electron motion [Eq. (9)] is
strongly affected by the orthogonal magnetic field and its
contribution to the total current j,. can be less than the ion
radial current 7;,. From the data reported by Fahleson? on
the existence of a critical velocity v, of ions, and following the
calculations performed by Alfvén,2 a difference of some
electron volts is found between the measured and the calcu-
lated ion energy. This difference shows that the measured
value of v. is less than the calculated value, faking into
account the total current density in both the momentum
and the energy equations. So could be justified the existence
of the term —j.. E./[m:(6n/82)] in Eq. (11) obtained with
ion current in the momentum equation (4).
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Reply by Authors to R. Giovanelli

R. PATRICK* AND A. SCHNEIDERMAN |
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HE argument presented by the authors was meant only to

illustrate the kinds of arguments that are used in discussing
the critical velocity, and was intended only to make plausible
the appearance of a critical velocity and indicate the relevance
of the original work on this subject by Alfvén and others.
The subject of the eritical veloicity is by no means closed, and a
large literature! 22 has evolved, based upon either the macro-
scopic balances of the kind used by Petschek,! or more micro-
scopic effects involving the electron energy balance as used by
Drobyshevsky.? The approach presented by the authors has
been further amplified by Lin.? However, the basic agsump-
tion of this approach is that the coupling to the neutrals is
small and neutral effects do not play an important role in the
ionized components, energy, and momentum balance. This
assumption is not agreed to by others, including Lehnert* and
Block.® Lin shows that acceptance of this assumption im-
plies that the ions, because of their larger mass, must take up
the momentum caused by the j X B forces, although the elec-
trons can absorb some of the energy. This leads to the use of
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the total current in the ion momentum equation but with an
electron energy term included in the ion energy equation.

It is not clear how this work relates to the effect pointed out
in the aforementioned technical comment. However, this ap-
proach in general is valid only for weak coupling between the
ions and the neutrals wrin > 1, in which case the electron
current is negligible [see previously mentioned Eq.(9)], and
the change in the critical velocity pointed out in the comment
goes to zero.

Because the basic assumptions on which the whole approach
is based are subject to question and because granted that the
assumptions are correct, the change in critical velocity van-
ishes, the authors believe that the work in this note is not
significant to the problem of the eritical velocity.
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