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Hall Current Plasma Accelerator
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Theoretical and experimental investigatlions are being carried out on a relatively new type of
accelerator, the Hall current plasma accelerator. This paper deals with a self-contained
portion of a theoretical investigation and will be followed by other papers dealing with addi-
tional theoretical results and experimental results. The particular configuration under
study employs the radial component of a fringing magnetic field and the Hall induced cur-
rent of an axial discharge to obtain the electromagnetic acceleration of a neutral plasma.
Using terms derived on the basis of a three-particle gas kinetic theory, a gasdynamic analysis
is made using a simplified model of this configuration. Regimes of operation for a constant
area accelerator are outlined, showing the importance of the critical parameters of Mach
number and ion slip ratio. Integral solutions are obtained showing that arbitrarily high
velocity ratios across the accelerator are obtainable. Expressions for the thrust efficiency

are obtained and evaluated.

1. Introduction

N recent years, many new devices have evolved for the
electromagnetic acceleration of a neutral plasma. Pri-

mary applications have been in the fields of space propulsion
and hypervelocity wind tunnels. Recently a new concept
for plasma acceleration has been advocated: the Hall current
plasma accelerator.!

In the system proposed in Ref. 1 and sketched in Fig. 1,
an electric field is applied axially to a stream of flowing plasma,
by a pair of electrodes. An external electromagnet is em-
ployed to generate a magnetic field with a strong radial com-
ponent. When the axial field is applied and a current flows
through the plasma, an azimuthal component of current is
induced, i.e., the Hall current. The azimuthal current inter-
acting with the radial magnetic field gives rise to an axial
Lorentz force, which accelerates the plasma. An alter-
native field arrangement can be used in which the magnetie
field is axial or parallel to the plasma flow, and the applied
electric field is radial. A Hall accelerator with this con-
figuration is currently under investigation by Hess et al.2 3

Close relatives to the forementioned Hall accelerators (or
electrostatic neutral plasma accelerators) include the mag-
netic annular arc,* the oscillating-electron ion engine,® and
the eyclotron resonance plasma accelerator.®

2. Physical Concepts of Hall Acceleration

There are actually two bases upon which the physical prin-
ciple of Hall acceleration of a neutral plasma can be ex-
plained. One is in terms of J X B or Lorentz forces acting
upon a continuum plasma and the other in terms of the ac-
celeration of ions in an electric field. For either, the sche-
matic representation of a Hall accelerator given in Fig. 1 is
applicable.

To obtain Hall acceleration, the magnetic field strength is
made high and the plasma properties are controlled so that
the Larmor radius is small compared to the mean free path
for the electrons but is large for the ions; i.e., wer, > 1 and
witr K 1, in which w is the cylotron frequency and 7 is the
mean time between collisions. Under such conditions and
when an axial current flows, a Hall component of current
flows in the azimuthal or 6 direction. The Hall current can
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be made large compared to the axial current by making w.r,
large, of the order of 10 or higher. The azimuthal Hall cur-
rent interacting with the applied radial magnetic field pro-
duces an axial Lorentz force that acts upon and accelerates
the plasma. Since the Hall current is large compared to
the ordinary or axial current, the axial Lorentz force domi-
nates, thus providing useful acceleration to the plasma. Based
on this phenomenon, the name Hall current accelerator was
adopted.!

Consider now the plasma acceleration from a particle view-
point. When an axial electric field is applied to the plasma
with no magnetic field present, the forces exerted upon the
ions and the electrons are identically equal and opposite.
Normally, no net momentum is added to the system although
the ions and electrons are accelerated in opposite directions.
Because of the higher electron mobility, the electrons re-
ceive most of the energy. However, when a strong radial
magnetic field is applied so that w.r. > 1, the mobility of the
electrons in the axial direction is greatly reduced. Since
normally w;7; will remain small, the ion mobility is not ap-
preciably increased. Hence, the electric field energy is now
given mainly to the ions instead of to the electrons, and the
ions are “‘electrostatically’” accelerated in the direction of the
electric field. By collisions the particles are also accelerated.
Therefore, the entire neutral plasma is accelerated.

On the basis of these physical concepts, the theoretical
description of Hall current acceleration is derived. The two
physical descriptions just given will be shown to be mathe-~
matically equivalent.

A model of the Hall accelerator will be used which consists
of an annulus across which a radial magnetic field is applied.
Current will be drawn through the annulus by applying an
electric field between electrodes placed at either end of the
annulus. In this model, there is no radial force applied to
the gas; hence, radial components of mass motion and diffu-
sion are considered to be zero. The magnitude of the induced
tangential magnetic field due to the axial current will be
assumed to be negligible with respect to that of the applied
magnetic field. Thermoelectric potentials are also con-
sidered to be negligible. In practice, it is not easy to obtain
a long annulus through which a uniform radial magnetic field
extends, and some configuration similar to that shown in
Fig. 1 needs to be adopted.

Before a gasdynamic analysis can be made, expressions are
needed for the momentum and energy exchanged per unit
volume between the gas and the magnetic field. These
expressions are discussed below (see Refs. 79 for their
derivations).

There is assumed to be no charge concentration (n; = n,),
and terms of the order of the square root of the electron to
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jon mass ratio are neglected compared to unity. In addi-
tion, the restriction (I — 7) « 1 is made, where 7 is the ratio
of the ion to electron temperature; in practice, this means
that the electrons may have no more than of the order of
259, greater temperature than the heavy particles before
neglected terms become important.

2.1 Force Equations

The axial force per unit volume X, which is applied to the
gas is expressed by?—*

X, _ $2E. —vB) — (1 + yd)w|B| _

lelns v+ (1 + do)?
¥.|B| {@_}__@B_
1+¢e¢1 ]elnz vi= [6!%1 (1)

The tangential force per unit volume X, which the gas ex-
periences is given by?—*

Xo _ ¥l — ¥¥)(E. — vB)-(B/|B|) + ¥ *wB _
B v+ 0+ dnb)?

)

] [ ] Ny
For a discussion of the equations, including an axial magnetic
field component, see Ref. 7.

The ratio of the axial to tangential forces can be expressed
as

Xo _1+4 s _B/[B
X. Yo 1= (le]nnw/j.)]
The parameter ¥. is equal to the usual w.r., but the param-

eter ¢ does not have such a simple physical interpretation.
It can be written as

®3)

lkl = Wit = wITI’[na/(na + nl)]2

Here o; is the cyclotron frequency of the ions, and 7, is the
average collision time for ions and atoms. The square of the
ratio of atom density to that of the sum of ion and atom
density modifies the quantity cwsr;’. Similar to w.r. for
the electrons, w;r;’ can be interpreted as the cycles per col-
lision which the ions undergo. The remaining notation is
conventional. These equations, along with the original
diffusion equations,! show the following:

1) The axial force is symmetric in the magnetic field ex-
cept for the small term »B, so that reversing the magnetic
field has no effect on it. In addition, the axial force depends
quadratically on the magnetic field for small magnetic fields,
but when ¢.¢; > 1, the magnitude of the axial force becomes
independent of the magnitude of the radial magnetic field.

2) The tangential force is antisymmetric in the magnetic
field except for the small term »B, and the tangential currents
reverse when the magnetic field is reversed.

3) With reference to a real device, the current components
will tend to distribute themselves differently over the radius,
with the tangential currents spreading away from regions of
high velocity toward the walls and the axial currents con-
centrating in the central freestream annulus region where
the velocity and ion density are the highest.

4) When the magnetic field is strong enotgh so that ¢, >
1, then the diffusion equations’ show that the electron diffu-
sion velocity becomes very closely equal in magnitude, but
opposite in direction, to the gas velocity, e.g., the electrons
are effectively trapped by the magnetic field and remain
stationary in space (w, = —w); this indicates that the cur-
rent density can be written as

jo = el (nwr — nawe) = |e|ni(w + wi) 4

This equation implies that the magnitude of the current is
identical to that carried by the absolute velocity (w -+ wi)
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Fig.1 Schematic diagram of a Hall accelerator.

of the ions in space. Furthermore, the axial force may be
written as

X./lelnr = wiB/ 1 (5)

Hence, the axial force is directly proportional to the ion slip
velocity in the direction of the applied electric field. The
expression also indicates that the axial momentum is trans-
ferred directly to the ions from the electromagnetic field.

5) The relations expressed by the foree ratio equation can
be used to show that there is a wide range of values Y. and
¥; for which the axial force per unit volume due to the in-
duced Hall current is larger than the tangential force per
unit volume generated by the applied current. The trends
should be such that the particle atomic weight is large, the
electron temperature is high, and the ionization level is either
quite low or quite high. We note at this point that the axial
force may be written in the following form:

- B = _‘/’ﬂj_ _
X, = —joB = T+ o) 1 —-w (6)
where
¥ = |e|nmw/j.

The parameter ¥ turns out to have a controlling role in the
region of operation and performance of the Hall current
accelerator. Obviously, ¥ must be less than unity (¥ < 1)
for positive accelerating body forces to be given to the gas.
Two alternate interpretations of ¥ will be given at this point.

First, we may write ¥ = w/(w; — w.)(w. is negative).
When the electrons are effectively trapped by the magnetic
field, ¥ = w/(w + wi), where ¥ is the ratio of the mass
velocity to the absolute ion velocity.

Second, if the velocity and ion density are fairly constant
over the cross section, ¥ can be written in terms of parameters
over which we have some control:

E]e].mwg]eianwA Ma _ |e]om'1_=_E @

¥ j. I Ma Mal

In the foregoing equation, we have used the degree of ioniza-
tion @ = nz/n and the continuity equation nm.w = m/A,
where 7 1s the mass flow rate.

2.2 Applied Electric Field Strength

A general expression for the electric field strength may be
obtained from the tangential force equation:

Y| Bl {(1 + Yig) 1
E,—vB = 1-v 8
v T+ g v + ){ ®)
When the magnetic field is small, this expression reduces to

E, =j./o for o= |e|nr}./|B| (9)

However, as the magnetic field is increased, the electric field
increases enough to cause appreciable ion slip so that a
significant portion of the current is now carried by the ions.
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Fig. 2 Characteristic regions in M vs & plane.

In the strong magnetic field limit, when ¥.yr >> 1, the electric
field becomes

E.—vB = w|B|/¢D){y2+ (L — W)}  (10)

As long as the quantity ¥ is not close to unity, then an appre-
ciable increase in the electric field results from the applica-
tion of the radial magnetic field.

From Eq. (7), it may be seen that, if the gas remained in
equilibrium and if it were possible to determine the gas
temperature, then it would be possible to evaluate ¥ in
terms of measured quantities and thus evaluate the value of
FE — vB, which is essentially the applied electric field as long
as the tangential gas velocity remains small. What is per-
haps more important is the fact that it should be possible
to control the applied electric field strength by changing
either the mass flow rate, the electric current, or the gas
temperature.

3. Gasdynamics of the Hall Accelerator

In order to obtain some indication of the efficiency of con-
version of electric power to effective jet power, a complete
gasdynamic solution is necessary. The assumptions used
to obtain the present solution to the Hall current accelerator
are discussed below.

3.1 Assumptions and Equations Necessary to Obtain
a Gasdynamic Solution

The effects of wall shear stress due to viscosity and of heat
loss due to thermal conduction at the wall will be neglected.
It also will be assumed that most of the gas mass flows
through a constant area annulus in such a manner that gas-
dynamic properties can be averaged over the channel width.
The equations of conservation of momentum and energy now
become:

Conservation of Axial Momentum

v|Bl I (11)

d 2}y — __ —
@ = gy Y
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where the right-hand side is obtained from the axial force
equation derived previously.
Conservation of Tangential Momentum

(d/dz)(pwv) = IB/A (12)
Conservation of Energy

d w? _ _wBlYI .
@{ @* '*)}‘wa+%%m{l vt

1+¢%) vl+¢%}
( v ) YL 13)

where the right-hand side is obtained using the applied elec-
tric field equation (ierived previously. Because of the initial
assumptions, ¥ = ¥; furthermore, it can be argued’;that the
terms containing » are small compared to other terms.
Hence, combining Eqs. (11) and (13), we now obtain

;Z{ (h—l— >} \I/{l—\lf%—(l/xz)}

where

p + pw?)
(14)

= ¢./(1 + ¥e¥1)

We shall next assume that, over the length of the acceler-
ator, the quantity

1 — ¥+ 1/ y 1
\If 1 - 'y—1<I>

(15)

where ® is a constant, and v is the ratio of the specific heats
for the gas. Equation (15) is completely justified for a fully
ionized gas and for a partially ionized gas in which the percent
ionization is constant throughout the accelerator length.
The form of the assumption in Eq. (15) was chosen merely for
convenience in reducing the equations. With the foregoing
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assumptions, Eq. (14) can now be written in the following
form (assuming a perfect gas):

‘ Yy P, W\ v w
d{pw<7_1;+2>}—7—~_1<bd(p+pw2) (16)

3.2 Differential Equations for the Hall Current
Accelerator

A number of differential relations can be obtained from
Eq. (16), the perfect gas relations, and the continuity equa-
tions which are useful in outlining the general performance
characteristics of a Hall device. These are given below in
terms of the parameters of Mach number M, specific heat
ratio v, and the quantity &.

Defining

w P T

W= = = - 17
Wo T Do ’ T, a7
where the zero subscripts refer to some initial values, we have
wdp ®A — MY — yM> (1 —P) W dr
pdw 1-2 T om dW

wdM _ 120 — {1+ [(vy — D/2]MY — (1 — M) _

(18)

Mdw 2 1—@
W aM
L)
'dS/R_ 0% oy -1 1 — M dS/R
Y dw _7—1<1 v q’>1—q>_ aw
(20)
wOS/R 2y (1= v = )/yIRla — Y
aM =120 - ®){1+ [(v—1)/2]M% — Q1 - MY
1)
wdl (L= M) = (1 =)0y =DM _ W dr

T dw 1-@ T dW
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Using Egs. (19-21), it is possible to block out
regimes in the plane of M vs & where various processes are
occurring. (The entropy equations show the allowed direc-
tion of variation in W and M.) These are shown in Fig. 2.
The limit line of veloeity is obtained from the numerator of
Eq. (19). The accelerator mode distinction may be applied
when ¥ < 1. From Eq. (11), it may be seen that the body
force is positive at this point and from Eq. (13) that the
energy term is also positive. Of the six regimes outlined in
the accelerator region, the one in which both Mach number
and velocity increase during supersonic acceleration appears
to be the most desirable. When operating in this region, a
limiting Mach number is approached at the outlet, but the
velocity can be made arbitrarily high. This is a very im-
portant result and indicates that there is no inherent upper
limit to the velocity that is obtainable because of gasdynamic
considerations. Viscous and heat conduction effects will
modify this coneclusion somewhat; hence, the Reynolds num-
ber is likely to be the significant parameter in determining
the upper limit of velocity obtainable by a gas confined In
an annular Hall accelerator.

In Fig. 3, curves are shown along which the temperature
and pressure derivatives with respect to the velocity are zero.
Between the Mach number 1 line and these curves, the tem-
perature and pressure have been continually falling during
the acceleration. Between these curves and the limit Mach
number curve, the temperature and pressure rise.

3.3 Integral Relations for the Hall Accelerator

The differential relations shown by Eqgs. (18-22) can be
integrated, and the results are shown below:

My _ 11— [(v = D/yI®}y M2
M2_1+{1 20 — 1 }X

1
{W<2<1>—1)/(q>—1) - 1} (23)

p/po = = W(M?*/M?) (24)
T/To=171 =W = W2(M2/M?) (25)
AS/R = [v/(y — )] In(7) — In(x) (26)

These relations can be used to determine the over-all per-
formance capability of the accelerator. A sampling of the
computed performance data is shown in Figs. 4 and 5.

The values of constant temperature ratio plotted on Fig. 4
for My = 1 helps to show that it is desirable to operate at
fairly high values of the parameter ® in order to keep the gas
from heating excessively.
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N — to the gas as both work energy and ipternal energy are used
24 | X -100 i to compute relations for the fo]lowmg quantities: 1) the

effective velocity increment per centimeter of accelerator
23 1 7 length, 2) the effective electrical conductivity of the gas, and
22 |- x-30\| 3) the local thrust efficiency defined as [(J X B-U)/J-E].
21 | Using these quantities, the design and operating parameters
20 for a high-specific-impulse, high-efficiency engine can be deter-
- r y mined.
1.9 X=t0 —
18 L Y=5/3 i 3.5.1 Effective velocity increment

$ 17 | X=|—1-—::£|-',u},—r ~ The expression for the force on the gas per unit volume can
16 b _ be rewritten as a net effective velocity increment per unit
s length which the gas acquires because of the interaction with

T N the electromagnetic field. To obtain this veloecity increment,

1.4 |- s integrate over the cross-sectional area and divide by the mass

i3k X flow rate of the gas. The following expression is then

2L j obtained:

b » Awegy = le|a xB 1-¥ X 102 o (28)

0 VAT N Ma N sec-cim

1O M 12 L3 (4 LS 18 1T 16 19 20 21 22 23 24 25 28 Using the equilibrium properties of argon gas, it is possible

r ¥ to evaluate the foregoing expression as a function of the ap-
-1

Fig. 6 Relation between gasdynamic parameter & and
physical eonstant ¥.

The thrust efficiency 9 is defined as follows:

{A® — po) + m(w — wo)}?
2mP

@n

where A is the cross-sectional area of the accelerator channel,
P the electrical power input, and s the mass flow rate of the
gas. The curves in Fig. 5 show the relation among the Mach
number, the velocity ratio, and the efficiency when the initial
Mach number has the value of 2 and the ratio of the specific
heats for the gasis §.

3.4 The Relation between the Gasdynamiec Variable
® and the Flow Variable ¥

The actual relation between these two quantities is shown
in Eq. (15). The parameter

l)Le/(l + ¢e¢1) =X

is determined from the average magnetic field strength and
the gas properties ¥./| B| and ¥i/|B|. Equation (15) has
been evaluated and is plotted over the accelerating region of
interest in Fig. 6.

A very important result appears on this plot, namely, that
there are two possible values of W for each value of ® and
the parameter x. In view of the form of ¥, we shall call
these two possible modes of operation the high-current and
low-current modes. The former occurs for the lower value
of ¥ and is probably the more desirable operating condition
since, as will be seen in the next section, it can be done in a
much shorter accelerator. Figure 6, in conjunction with
Fig. 2, also shows that the exit Mach number attainable is
reduced drastically as the parameter x becomes less than
10. This fact is shown more clearly in Fig. 7, where the eriti-
cal Mach curve is plotted as a function of the variable ¥, with
X as a parameter.

3.5 Application of Analysis to the Design of a Hall
Current Plasma Accelerator

The analytical work discussed below is an attempt to derive
realistic design criteria from the general analysis presented
in the previous sections. The study is carried out for argon
gas only, since the Hall parameters for this gas have been
evaluated previously. Expressions for the force per unit
volume transmitted to the gas and the energy transferred

plied magnetic field strength and the parameter ¥. It has
been shown previously that ¥ must lie between 0.4 and 1.0
for supersonic acceleration. For convenience, the value of
0.70 for ¥ will be used in evaluating the effective velocity
increment shown In the foregoing expression and in other
expressions that follow in which ¥ appears.

A sample plot of effective velocity increment per centimeter
of accelerator length as a function of the applied magnetic
field strength is presented in Fig. 8. These curves exhibit
the expected relation between the velocity increment and the
magnetic field strength. The velocity increment rises ini-
tially with the magnetic field strength squared and then be-
comes asymptotically independent of the magnetic field
strength.

When the gas is truly fully ionized, so that no atoms are
present to allow ion diffusion or ion slip, then the velocity in-
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crement should always increase with the square of the mag-
netic field strength. In some cases of Fig. 8, the gas is
ionized more than 98%. The few remaining atoms are,
however, still adequate to allow sufficient ion slip so that
the velocity increment becomes independent of the magnetic
field strength.

3.5.2 Effective electrical conductivity

With ¢, = j./E. = o.(p, T, B,), it is possible to write the
following expression for the effective electrical conductivity:

lel paxB
mas B + (Bx)*(1 — ¥)
The dependence of o, on the magnetic field strength is compli-

cated, but some regimes-can be identified :
Regime 1

B2>» (B)Xl — ¥) Yeyr < 1 (30)

o. 1s then equal to the scalar conductivity and independent
of the magnetic field strength.
Regime 2

(29)

g; =

(Bx)*(1 — ¥) > B? v <1 (31)

In this regime the electron diffusion is impeded by the mag-
netic field, and the ions have not yet begun to have any ap-
preciable slip. The magnitude of ¢. consequently drops with
the square of the magnetic field strength.

Regime 3

\pe¢1 > 1 (32)

When the foregoing condition prevails, the electrons are
effectively trapped by the magnetic field and the ions are
conducting. The magnetic field is not yet affecting the ion
diffusion rate, however, so that the actual magnitude of o,
is independent of the magnetic field strength.

Regime 4

(B)*(1 — ¥) > B?

B2 > (Bx)X(1 — W) vbr > 1 (33)

The magnetic field has now become strong enough to impede
the ion diffusion rate as well as that of the electrons. The
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value of o, now falls again with the square of the magnetic
field strength.

The four regimes just outlined are not necessarily mutually
exclusive. Hence, it may be possible for the value of . to
vary with the magnetic field in some relationship that falls
between an inverse square law and a law indicating inde-
pendence. For example, the effective conductivity may
vary inversely as the linear power of the magnetic field
strength, resulting in a linear dependence upon the magnetic
field strength of the potential drop across the accelerator.

A sample plot of effective electrical conductivity is pre-
sented in Fig. 9 as a function of the magnetic field with the
temperature as a parameter.

3.5.3 Local efficiency

When the tangential velocity component can be neglected
compared to the axial velocity, the local thrust efficiency,
[(J X B-U)/J-E], can be reduced to the following expression:

=¥l - W)/[(1/x) +1 - ¥] (34)

A typical plot of the local efficiency is given in Fig. 10 as a
function of the magnetic field strength with the gas tempera-
ture as a parameter. These curves indicate an interesting
symmetry about an optimum magnetic field for each pressure
if the accelerator operates over a temperature range. This
oceurs because of the form of the x curves plotted against
temperature.

3.5.4 Summary and design parameters

Using the data in the various plots of which only a sampling
has been given here, criteria for the design of a high-perform-
ance Hall accelerator can be formulated and some assump-
tions made concerning viscous and thermal losses.

Probably the most important parameter that one should at-
tempt to determine is the gas temperature in the accelerator.
The quantities that will help to fix the operating temperature
are the ionization level in the gas, the Mach number at the
channel exit, and the interrelation among the Mach number,
the parameters x and ¥, and the temperature. (This is
partly exhibited in Fig. 7.) Since the speed of sound in argon
is not high, being only about 2900 m/sec at 12,000°K, it
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Fig. 10 Local efficiency for the Hall accelerator; argon
gas, P = 1073 atm.

becomes evident that the exit Mach number of the gas must
be high if exhaust velocities of over 20,000 m/sec are to be
obtained. From Fig. 7, this implies that the accelerator must
be operated in a temperature and pressure regime where the
parameter x is large and also where the quantity ¥ is only
slightly less than unity. For the parameter x to be greater
than 10, the temperature must either be less than 6000°K or
greater than 11,000°K. From the point of view of thermal
and ionization energy losses, the low-temperature regime
would appear to be the more desirable one in which to
operate. However, the velocity increment attainable at
gas temperatures of under 6000°K is, at most, 20 m/sec-cm.
Because of viscous losses due to wall friction, this regime does
not appear promising; hence, it seems essential to try to
operate at gas temperatures of over 11,000°K. Over the
pressure range from 107* to 1072 atm, argon becomes prac-
tically fully singly ionized at temperatures of 11,000° to
12,000°K, and at higher temperatures, double ionization be-
comes significant. In order to keep the ionization loss to a
minimum, the gas temperature, hence, should be kept lower
than 15,000°K. The temperature of the gas in the accelera-
tor therefore should be maintained between the limits of
11,000° and 15,000°K.

In the foregoing discussion, it was found desirable to oper-
ate the accelerator with W only slightly less than unity so that
the Mach number at the exit would be high. However,
Fq. (33) indicates that the velocity increment per centimeter
of accelerator length drops to zero as ¥ — 1. It is obvious
that some compromise must be made, and, for the time being,
a value of ¥ = 0.70 is chosen as a reasonable value to design
around, since ¥ must be between 0.40 and 1.0 for supersonic
acceleration.

The static pressure at which the aceelerator channel should
be run can be found from plots of x as a function of tempera-
ture, pressure, and magnetic field. In order to keep the value
of the parameter x of the order of 10 or greater, it turns out
that the pressure must be between 1073 and 10— atm. The
magnetic field strength B can also be determined from these
plots and from plots such as Fig. 10. These curves indicate
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that the ratio of the magnetic field strength to the static
pressure should be kept constant at a value of about B/p =
10~% webers/newton. For pressures of 107% to 107+ atm,
the indicated radial magnetic field strength should be from. -
1000 to 100 gauss, respectively.

A set of design equations that will be useful in obtaining a
first estimate of the characteristics of a high-performance
Hall accelerator can now be written. We shall assume -
that the following information is given: 1) the total power
input = arcjet power P, 4 accelerator power Ps; 2)
the required specific impulse or exit velocity we.i.; and 3) the
conversion efficiency of electrical power into jet power 7.
The mass flow rate, current, accelerator length, and cross-
sectional area can be determined from the following equations:

m o= 2————171(P‘: + PJ) I = M @
Wrexit Ma
L W LI (85)
Awese h P4

In addition to the foregoing expressions, the equation for
the conversion of mass must be satisfied. This expression can
be used to calculate the static pressure at the exit of the ac-
celerator as follows:

(1 + a)mRyycxit

Wexit A (36>

Pexit =
The pressure calculated from this equation must be com-
patible with that chosen at the beginning or else the complete
design must be re-evaluated until compatible values of the
pressure are obtained.

For a sample caleulation, we shall make the assumptions:
P = 200 kw; P; = arcjet power = 25 kw; P, = accelerator
power = 175 kw; g = 0.50 = over-all efficiency; I, =
3000 sec; static pressure = 2 X 107* to 107 atm; average
radial magnetic field = 200 to 1000 gauss; 7' = 11,000°
to 12,000°K.

From these assumptions and the various plots, Awes =
4000 to 5000 m/sec-cm, o = 1.0, 0. = 200 mho/m, m =
0.22 g/sec, I = 765 amp, L = 6 to 7.5 cm, A = 10 to 12,5
cm? and p = 3.6 X 10~* atm.

4. Conclusions

The detailed mechanisms of energy and momentum ex-
change between the electromagnetic field and the ionized gas
in a Hall current accelerator have been computed in very
general terms. Physical interpretations of the mathematical
expressions describing these processes have been carefully
worked out.

Using the equations derived for the momentum and energy
exchange in a Hall current accelerator, sample data for the
performance of argon in an accelerator have been computed
and presented in graphical form. These curves represent
maximum performance capability, since all loss mechanisms,
e.g., wall friction and heat transfer, were considered to be
Ze10.

The gasdynamics of an idealized configuration for a Hall
current accelerator have been worked out in detail. Sample
performance curves for the device are presented which show
the attainable thrust efficiencies and other important prop-
erties. It has been determined that an important parameter,
W = ratio of the ion flux density carried by the mean gas
flow to the current density, characterizes Hall devices.
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