674 ATAA JOURNAL

VOL 2, NO 4

An Investigation of Hall Propulsor Characteristics

H E Branomaier,*J L Duranp,t M C GourpINE,{ AND A RUBEL§
Curtiss-Wright Corporation, Wood-Ridge, N J

The steady, one-dimensional, inviscid magnetogasdynamic flow equations are derived for the

coaxial, constant area, Hall propulsor using a slightly ionized plasma

For the case of a

radial magnetic field and axial electric field, flow regimes are established for which supersonic
acceleration combined with an inecreasing axial Mach number is possible These are func-
tions of the ratio of the Hall parameter to one plus the ‘“‘ion slip’> parameter, designated as
tang, Mach number, and a nondimensional quantity involving the axial and azimuthal plasma

velocities and the electric and magnetiec field strengths

maximum attainable axial Mach number

For each value of tan¢ there is a

It is further shown that for large tan¢ the maxi-

mum final velocity is just v/(y — 1) times the initial velocity or, for v = §, (V¥ max/¥ initial)
= 25 This veloeity can be increased by staging in such a manner that the maximum Mach
number is approached, thereby minimizing the over-all static temperature rise through the
propulsor An experimental model was designed and fabricated to verify the predictions

of the analytical investigation
frequency generated plasma

Nomenclature

area

magnetic flux density ~ weber/m?
ion slip parameter

electric field intensity

fraction of atoms not ionized
gravitational constant

total enthalpy

current

current density

reference length

Mach number, molecular weight
mass flow rate per unit flow area
oB2L/m(1 4 b)

pressure ~ torr

probability of collision as given by Ref 18
cross section ~ A?

gas constant

radial coordinate

Sz/ (1 — SO)

nondimensional velocity, V ¢B/E
temperature ~ °K

energy ~ ev

velocity

axial coordinate

tan~Y(B./B;)

tan~YE./E,)

specific heat ratio

energy conversion efficiency
magnetic permeability

azimuthal coordinate

mass density .
electrical conductivity, rigid sphere diameter ~ A
time between collisions
tan~lw,7e/(1 + b)

cyclotron frequency

3
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Subscripts
a = atom
¢ = electron
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Experimentation is currently being conducted using a radio

ion

channel inlet value
radial direction

axial direction
azimuthal direction
electron-atom collision
ion-atom collision
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Introduction

HE comparative performance of electrical propulsors can
be expressed in terms of conversion efficiency as a func-
tion of specific impulse Theoretical values for the hydro-
gen arcjet,! the mercury bombardment,? and cesium contact?
ion engines are shown in Fig 1 Between approximately
1100 and 4000 sec, the efficiencies of these propulsors are
less than 509 This specific impulse range is generally con-
sidered to be the region of application of steady-flow mag-
netogasdynamic (MGD) propulsors
Steady-flow MGD propulsors of both the Faraday and
Hall types are currently being investigated ¢ In the former,
the accelerating, or J X B, force results from the interaction
of orthogonal electric and magnetic fields applied externally
to a rectangular channel If the ratio of electron cyclotron
frequency to mean collision frequency of electrons with
neutrals and ions exceeds one, because of large magnetic
fields and/or low particle densities, axial Hall currents
become significant These interact with the applied mag-
netic field, producing undesirable transverse forces and
thereby reduced performance® Axial segmentation of the
electrodes® serves to reduce or eliminate the Hall current
An alternate approach is to use the Hall current directly to
produce an axial accelerating force in an annular channel
This was suggested and initially investigated by Hess et
al 79
Three possible Hall propulsor field configurations are
shown schematically in Fig 2 In Fig 2a the radial electric
field and axial component of the magnetic field induce an
azimuthal Hall current This current interacts with the
radial component of the magnetic field, resulting in an axial
accelerating force Unfortunately, as in the Faraday pro-
pulsor, an axial current is also induced which leads to poor
performance An oversimplified analysis by the present
authors! yielded a maximum conversion efficiency of 10%
for a slightly ionized plasma Segmenting the electrodes, °
as shown in Fig 2b, suppresses this axial current by estab-
lishing an axial electric field On the same basis the con-
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version efficiency increased to 659, Alternatively, a purely
radial magnetic field coupled to an axial electric field pro-
duces the same result This is shown in Fig 2c

In the following sections a detailed analysis of the Hall
propulsor with radial magnetic and axial electric fields (Fig
2¢) is presented The main objective was the development
and solution of a one-dimensional set of differential equa-
tions, representing the gasdynamic conservation laws, which
is consistent with Maxwell’s equations As will be demon-
strated, these equations are similar to the one-dimensional
equations presented by Shapiro for purely gasdynamic chan-
nel low!! and by Yoler!? and Sears,'? for example, for Fara-
day-type magnetogasdynamic channel flow Thus, this
investigation differs from previous Hall device studies,* 7—°
which were restricted to derivations of expressions for local
flow properties, propulsive force, and efficiency A slightly
ionized gas is assumed throughout the analysis Excellent
discussions of the Hall current ion accelerator, which em-
ploys a fully ionized gas, have been given by Hess'* and
Ellis 8

Basic Equations

The magnetogasdynamic (MGD) characteristics of the
Hall propulsor were determined from the solution of the
following equations:

Mass Conservation

vV oV=0 )
Momentum Conservation
VI V+YP—-JXB=20 (2)
Energy Conservation
PVVEVE+ (v/vy — DRTI—EJ =0 3
Equation of State
P = pRT 4)

Implicit in these equations are the following assumptions:
1) steady, continuum flow; 2) electrically neutral, ideal,
slightly ionized, three-species gas mixture; 3) constant fluid
properties; 4) negligible shear and gravitational forces;
and 5) no heat transfer through channel walls

The relation between current density and electric field
was supplied by Ohm’s law, as derived by Cowling ¢ Neg-
lecting electron partial pressure gradients and assuming a
small ratio of ion cyclotron to ion-neutral collision fre-
quency compared to the corresponding ratio for electrons,
Ohm’s law can be expressed as

_ ol +0b) ,_ (w BYB] _
J= (1+b)2+<w%>2{[E (E B)B]

()= R e ()5 ©

E'=E+VXB (6)

where

The Hall effect is embodied in the parameter w 7, the ratio
of electron cycloiron frequency to the mean collision fre-
quency of electrons with neutrals and ions The effect of
the ratio of ion cyclotron frequency to ion-neutral collision
frequency is contained in b, referred to as the “ion slip”
parameter, which is defined as

b= QwaiaTiaw Te (7)

For the slightly ionized plasmas considered in this analysis,
Fe1
In addition to Eqs (1-5), charge conservation requires that

v=0 &
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engines as functions of specific impulse

Finally, Maxwell’s electromagnetic equations are, at steady
state, the following:
Ampere’s Law

V XB = uJ 9
Faraday’s Law
VXE=0 (10)
Gauss’ Law
VB=20 (1)

One-Dimensional Magnetogasdynamie
Equations

With the objective of reducing these equations to a form
similar to that for one-dimensional flow in a Faraday device,!?
additional assumptions were required These are as follows:
1) small axial area variations such that the radial velocity
component can be neglected; 2) axisymmetric flow, 3( )/
90 = 0; 3) negligible radial variations of flow parameters,
o( )/or = 0 (this implies flow in an annular channel whose
height is small compared to its mean radius); 4) negligible
end effects; and 5) negligible induced magnetic fields, v X
B=20

For compactness, the vector components of E and B were
expressed trigonometrically using the angles shown in Fig
2b  Thus, from Eqs (5) and (6), the current density com-

® 2 v |
J',(r ﬁ z
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0) RADIAL ELECTRIC FIELD - CONTINUOUS ELECTRODES
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b) RADIAL ELECTRIC FIELD ~ SEGMENTED  ELECTRODES

B INSULATOR

] AXIAL ELECTRIC FIELD

Fig 2 Hall propulsor electric and magnetic field con-
figurations
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ponents are

B cos?’¢sina . _ _
7 = TR inta — §) + S
tangS cosa} + oF costa — B) cosa  (12)
2
Jo = w{tanﬂsin(a — B) + Sl + S cosa} (13)
145
=0k cos’¢ cosa | . _ _
J = T {Isin(e — B) + So)
tangS cosa} + oF cos(a — B) sine  (14)
where
VB W _
S—E Sg——E tan¢—1+b

are dimensionless flow parameters
Inserting Fqs (12-14) into Eqs (1-3) yielded

oV =m (15)
B d aBL cos?¢p .
Ed—z,Ve-i‘ AL bm {[sin(ae — B) + So] —
tangS cosa} = 0 (16)
d 1 4 cEBL cos*¢ cosa
& +mdzP atom
{tang {sin(ae — B) + Sp] + 8 cosa} =0 (17)

where 2’ is the axial coordinate nondimensionalized by the
propulsor length, and
a4 o — oB2L cos?p
de' " a1+ bdm

2
tangS cosa} — oB’L

sin(e — B){[sin{e — B) + Sp] —

cos?la — B) = 0 (18)

where
hr = Ve + 3V + [v/(y — DIRT (19)

The pressure gradient term in Eq (17) was eliminated
using the equations of state, Eq (4), and mass conservation,
Eq (15), in differential form Thus,

1 d 1 4d 1 d 1 d
peltveY Tandt e’ =0 @O

Substituting (d/dz)T from Egs (18) and (19) into Eq (20)

and the result into Eq (17) along with the definition of Mach
number gave, after using Eq (16) to eliminate the (d/dz)
oB2L cost¢ (

Voterm,
M\
Ve= M2—1 A% "V A Fom s)x

1 i 1 {1 dA
= tan¢[s1n(a — B) + 86]8, cosa +

V. d
I:(Sz cosc)? +

~ ! fin — 8) + Sop? +%<1+b>><

cos(la — B)
e ) @

where M, is the Mach number based on ¥V  For accelera-
tion by electromagnetic forces, the bracketed term must be
negative for supersonic flow and positive for subsonic flow
This requires that

[sin(e — B) 4+ Sp] cosa < O (22)

for supersonic flow
The purely radial magnetic field and axial electric field in
Fig 2¢ @ = 0 and B8 = =/2, satisfy this condition when
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Ss < 1 Reversing the magnetic field, « = 7 also
produces acceleration  In this case Sp > —1, since V4 changes
direction as can be seen from Eq (16) In both cases, from
Eq (18), the stagnation enthalpy increases, since energy is
removed from the electric field The radial electric field
cases can be analyzed in a similar fashion

The differential equation for axial Mach number was ob-
tained from the definition for M in differential form:

1 d 1 d 1 d
vael vV “wa’ (23)

Substituting Eqs (16, 18, 19, and 21) into (23) yielded

1 d :1+[(7—1)/2]M2{1 d A

Mz d M= 1 Aaz 2~ N X

cos2¢p (]“;’ ) |:(S cosar)? + 1 +(FE7+—1)1/)2/;]M2
[sin(a — B) + S4]S cosa +

v —1 yM?241
( 2v ) 1+ [(v — 1)/21M®

([sin<¢> — 8) + Sol*+ (1 +b) “"S(“—‘B)ﬂ} (24)
cos?¢p

X

where N is a magnetic interaction parameter defined by
N = ¢B2L/(1 + b)my (25)

Although not required for the determination of the flow prop-
erties, the differential expressions for static pressure and
temperature are

ldP__ —yM:? 1 d A M.\?

P M2—1{Ad’4 VNACOS%(s)X
14 (v — DM,

[T(S oS )2+ MzSID(Ot—ﬁ)—{-Sg] X

cosa + <7—’-;—1> <[sin(a — B8 + Sz +

ucos2(oz — B))]} (26)

cos*¢
1d ., (y=DM2f1 d M\
Tar ! =7 wmr_1 {Adz A=y 00824’( > X
[(S cosa)? + ];2 [sin(a — B) + So] S cosa +
(M2 —=1) (.
TR ([sm(a = B+ SeI* +

a+y
o5 (¢ — B) } (27)

Satisfaction of Maxwell’s Equations

The numerical solution of Eqs (16, 21, and 24) for the
magnétogasdynamic flow properties depends on the varia-
tion of the electric and magnetic fields within the channel
This information was obtained from Maxwell’s relations,
Eqs (9) and (10), consistent with the assumptions of this
analysis For v X B = 0, either B = const or Bz must
exist (in the Fig 2c¢ case) and vary radially to balance the
axial variation of Br Similarly, from v B = 0, Br must
vary radially to balance the axial variation of B2 However,
for small magnetic field variations, these two-dimensional
effects are also small For the remainder of this study, it
was assumed that Br = const

Similarly, from v X E = 0 it followed that the radial
electric field, in Figs 2a and 2b, is approximately constant
along the channel Inserting Ohm’s law [Eq (5)] into
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charge conservation [Eq (8)] gave, for constant magnetic
field,

o cos’e B B _
v]= {V(E+VXB>_BV(EB>

146
tanqbli v(V B) — BY V}}-l—

O’%V(Eg>=0 (28)

Performing the indicated operations yielded (d/dz)J. =
or J = const Thus, in the case of a radial electric field
with continuous electrodes (Fig 2a), charge conservation can-
not be satisfied in a one-dimensional model, since E = 0
In the cases of a radial electric field with segmented elec-
trodes (Fig 2b) and an axial electric field (Fig 2c), it is satis-
fied The limit for the Fig 2b configuration, considered by
Hess et al * ® which yields optimum performance is J = 0
To the same degree of approximation that flow in a variable
area channel can be studied using a one-dimensional model,
the constant axial current density condition can be replaced
by a constant axial current, or I = fJ d4 = const

Simplification for Axial Electric Field
and Radial Magnetic Field

The system of equations governing flow in a Hall propulsor
with an axial electric field (8 = #/2) and a radial magnetic
field (o = 0) (Fig 2¢) was reduced to the following form
To determine the significant flow properties without excessive
complications, a constant area channel was assumed Thus,

1 -1
T %
Y

(1 + tangS) (29)

M2>_

Y ] eo

Ao 2 :
Sdz’S — YN cos ¢M . [S

1 d M,
ﬁd—z,M,— —-'chos¢>M2_ll:(1+

y+1 Y —
5, tan ¢s 9

These relations were obtained from Eqs (16, 21, and 24) using
Eq (14) with J = const The dependent variables are
axial Mach number and the parameter S, defined as

S=8/1 -8y @31

The following important flow properties were derived as
simple funetions of S from Eqgs (14) and (31) and the defi-
nitions of Spand S :

14 [(1/8) + tang]

Vo T 1A/8) + tang] (52)
Yo |1 :
v, = [So + tanzﬁ] N cos’p (33)
5 N + ———1—] (1 + 8, tang)
Eo cos?o i+ 5 tang 0 tang)  (34)
Also, from Eq (4) and the definition of M.,
T _ (Ve My
T, T \V. I (35)
PV <Mz0 2
Py Vo \ W (36)

where the zero subseript designates the parameter values at
the channel inlet The initial azimuthal velocity was as-
sumed zero Equation (33) shows that Vy increases linearly
with distance along the channel This resulted since the
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azimuthal accelerating force equal to J B is constant for
constant J,and B

In addition to the foregoing flow properties, an integrated
conversion efficiency was defined as

_J& (J X B).V.4dz
JOE JAd:

It represents the ratio of axial body force work to electrical
energy input Substituting the axial component of Eq (2)
for the numerator and Eq (3) for the denominator and using
the fact that oV A = const yielded

@37

1 e dP
SV =V A+ [RT =

n= hr — hr

(38)

It should be noted that the present analysis doesn’t con-
sider the possibility of converting the azimuthal velocity
and the static enthalpy into axial velocity in a suitable
nozzle Either would improve the Hall propulsor perform-
ance by increasing the specific impulse However, the
maximum specific impulse, considering the plasma as a per-
fect gas, is (2H p/g) Y% for any gasdynamie propulsor

Flow Regimes

The axial distributions of S and M were determined from
the numerical integration of Eqs (29) and (30) Inserting
these into Eqs (32-36) gave the remaining flow properties
However, many characteristics were determined without
actually solving these equations Thus, given M, the
signs of dV /dz, dS/dz, and (d/dz)Md depend on the signs of
the bracketed terms in Eqs (21, 29, and 30), respectively
For supersonic acceleration these must be negative Limit-
ing values for S and M. are obtained when the foregoing
derivatives and, consequently, the bracketed terms are zero
Thus

v —1

=0 (39)

for (d/d2)S =

(147

for (d/dz)M = 0 Similar relations can be obtained for
dP/dz = 0 and dT/dz = 0 from Eqs (26) and (27), respec-
tively

The magnetogasdynamic flow regimes that resulted from
solving Eqs (39) and (40) are shown in Figs 3-5 for v =
% Figure 3 gives the solution of Eq (39) in terms of
S as a function of tan¢ This curve represents (d/dz)V, =
dS/dz = 0 for M, = 1, or a sonic transition Thus, for
supersonic flow, there are minimum and maximum values
of S between which acceleration is possible and external to
which the flow decelerates In addition, there is a minimum
value of tang = 2[y(y — 1)1 below which a supersonie
flow can only decelerate

At large values of tang, S becomes asymptotic to

_ 1 P Al Yl e R
Sumie = 53 tand’{l l:l tan’g :I } tang

(41)

(d/d2)V, = 0, and

)Sz_'y-i-

tangS +

Y= -
T A+ vMS2) =0 (40)

(v = L 1)]”2} B0 )

1
Simax = %y tang {1 + [1 T T tania ~

Inserting these limits for S, and S, respectively, in Eq (32)
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Fig 3 Regions of acceleration for constant area Hall
propulsor

yielded

V. v tan’¢
Ve v — 1 v 4 tan?¢

(43)

which indicated that the maximum axial velocity increase,
obtained as tang — o« is v/(y — 1) for a Hall propulsor with
radial magnetic and axial electric fields This limit is the
same for a Faraday propulsor 2 Higher ratios can be at-
tained by staging the Hall propulsor, as discussed in a later
seetion  Figure 4 is a plot of Eq (40) for v = 5 and tan¢g =
15 Within this curve, electromagnetic body force effects
are greater than joule heating effects Therefore, the Mach
number of an initially supersonic flow increases External
to this curve the reverse is true The values of S at M =
1 are the limiting values in Fig 3 for tang = 15 The major
feature of Fig 4 is the maximum Mach number for supersonic
flow For tang = 15 it is approximately 4. As tan¢ in-
creases (M )max also increases, as shown in Fig 5  Similarly,
it is greater for a diverging rather than a constant area

channel The practical significance of (M )umax is that large
5
w14} 15 Mo
al y 573
3_
aM
~ a0
=
2 -
I
M aM aM
iz >0 dz {0 k3 Y0 /)\
N . .
ool ol ) 0

S

Fig 4 Regions of increasing Mach number for constant
area Hall propulsor
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Fig 5 Maximum Mach number as a function of Hall
parameters for a constant area propulsor

specific impulses are synonymous with large final static
temperatures

Another important result deduced from Figs 3 and 4 con-
cerned the sonic transition point The singularity at M. =
1 of Egs (29) and (30), in conjunction with the physical
impossibility of infinite derivatives, insures that Eq (39)
must be satisfied at the sonic transition point * Thus S
at the sonic transition is found from Fig 3 as a function of
tang The two solutions for S correspond to the conditions

(Smin: dM /dz > 0 dS/dz > 0 dv./dz > 0
(S)max: dM /dz < 0 dS/dz < 0 dV /dz £ 0

where (S)min corresponds to transition from subsonic to
supersonic flow and (S)m x corresponds to transition from
supersonic to subsonic flow From a propulsion viewpoint,
a good starting point is at M = 1 with S = (S)min to take
advantage of the large region of acceleration with increasing
Mach number

Numerical Results

Equations (29) and (30) were numerically integrated using
the IBM 704 digital computer Initial conditions were
chosenas M = 1 and 8 = (S)min, thus avoiding the problem
of a sonic transaction in an MGD flow The derivatives of
Sand M at M = 1 were evaluated from Eqs (29) and
(30) by the method of IL’Hospital These initial derivatives,

given by
sz 1 + t Smin ta
o —yN cos2¢(—;ff—) <Smin - 2—1;:13) (44)

X

tang
w)] @

agree with the conditions for a sonic transition since, from
Eq (39),

as 2y o f 1+ tanéSumia I:'y -1
dz' v + lN cos ¢< Suin ) 2

(1 + Sminz) - Smin(l + tan¢smin)<smin -

Smin < tan¢/2'y

Figure 6 for tang = 5 and Fig 7 for tang = 15 show the
various flow characteristics as functions of the magnetic
interaction parameter, defined by Eq (25), which is directly
proportional to propulsor length Figure 8 is a plot of the
flow path in terms of M and S for tang = 15 In addition
to the limiting Mach number curve from Eq (30) and Fig 4,
Eqs (26) and (27) for dP/dz = 0 and dT/dz = 0, respectively,
were plotted Thus, a comparison of Figs 7 and 8 permits
an explanation of the peaks and valleys in the flow character-
isties  As an example, the local peak in the static tempera-
ture variation corresponds to the first intersection of the
flow path with the dT'/dz = 0 curve in Fig 8, whereas the
valley corresponds to the second intersection Similarly,
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Fig 6 Hall propulsor charactetistics for tang = 5

peak Mach number corresponds to the flow path crossing
the (d/dz2)M = 0 curve The propulsor lengths required
to attain peak efficiency, peak Mach number, or the asymp-
totic axial veloeity are small compared to the length required
to choke the flow Comparing Figs 6 and 7 shows that the
maximum axial velocity increases with tan¢ as predicted
by Eq (43) More significant, from a propulsor design
viewpoint, is the increase in conversion efficiency with tang
It can thus be concluded that tan¢ should be as large as
possible

It should be noted that, assuming a constant degree of
ionization rather than constant electrical conductivity,
Cann et al 28 were able to show that S is constant for constant
B and the velocity ratio is infinite at the maximum Mach
number

Staging

From Fig 7 the peak axial Mach number, for tan¢ = 15,
is approximately 2 1 compared to the maximum attainable
of 4 from Fig 5 As a consequence, it is possible to increase
the basie Hall propulsor exit velocity from 2 5 V | by staging
without large static temperature increase Although there
are numerous staging schemes, the most reasonable, particu-
larly with respect to minimizing the over-all static tempera-
ture increase, is to ricochet between the boundaries defining
the region dM /dz > 0 in Fig 4 Thus, in the first stage,
acceleration would begin at the minimum sonic transition
point in Fig 4 and end when the boundary dM/dz = 0 was
reached at M, = 21 The second-stage current would be
adjusted, via the voltage drop across this stage, such that
the initial S is the smaller value on the dM /dz = 0 curve
at M = 21 Similar current adjustments would be made
for succeeding stages Since the change in S decreases as
the maximum value of M is approached, the velocity ratio
across each stage decreases in accordance with Eq (32)
Preliminary calculations showed that after 10 stages the
over-all axial velocity ratio increased to approximately 11,
whereas the axial Mach number increased to 3 7

Plasma Properties

The results of the present analysis indicated that the ratio
of the Hall parameter w,7 to one plus the “ion slip”’ param-
eter b should be large to maximize the velocity ratio across
each stage From Eq (7),
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Fig 7 Hall propulsor characteristics for tang = 15

b = 2f% (w7 )2 witia/ 0 T | (46)

where the bracketed quantity is independent of w7 for a
specified gas at constant temperature and electron energy

Thus, tang = w7 /(1 4 b) is a function of w ¥  Its maxi-
mum value occurs when b = 1 or (w7 )(wiris) = & For
a slightly ionized plasma, since 7 K 74, 0T = ® 7ea

The conditions of pressure, temperature, electron energy,
and magnetic field for which tane is a maximum were deter-
mined for argon in the following manner From the prob-
ability of elastic electron-atom data given by Brown!®
as funetions of electron energy, w 7 . was computed from

10865 (BT
©Te= Tinp \ P 47)

and plotted in Fig 9 It should be noted that » depends on
the value of BT/P required to maximize tang The dashed
curve corresponds to the rigid elastic sphere model for BT/P

= 10~ for which
391 (BT 1
(o) \P) U (48)

As is readily seen, the rigid sphere model deviates widely in
certain ranges of electron energy

The ratio of ion cyclotron frequency to ion-atom collison
frequency, assuming thermal equilibrium between neutrals
and ions and a Maxwellian distribution for the ion velocity,

(w Tea) s =

WeT,/+b) 15
Y 5/3

e —

Fig 8 Flow path for supersonic acceleration at
tang = 15
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Fig 9 Hall parameter for slightly ionized argon plasma
is given by
68649 ( BT\ 1 \

WiTia = QT ) (49)
The ion-neutral cross section was computed from viscosity
data® 2 following Cann 2! Thus, combining Eqs (47)
and (49) yielded Fig 10, which gives the 1elation between
bulk plasma temperature, electron energy, and the param-
eter BT/P The ranges of electron energy and plasma
temperatures were chosen to permit investigations of non-
equilibrium plasmas 22

Concluding Remarks

The results of the preceding one-dimensional analysis of
the coaxial constant area Hall propulsor with radial mag-

8

U, Electron
Energy~eV

[ T Bulk Gas
Temp ~°K
/ B ~ Weber/ m?
P~ Torr

5 /—
> /
Q
?
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Fig 11 Schematic of Hall propulsor experimental model

netic field and axial electric field showed that the maximum
attainable velocity ratio is 2 5 for a slightly ionized gas  This
value can be approached at moderate values of the param-
eter tang = w7/(1 + b) In addition, the maximum
attainable Mach number increases with tang It was fur-
ther demonstrated that tang is a function of w.7 and reaches
itspeak at b = 1 In general, tang increases with increasing
molecular weight However, since the initial plasma ve-
locity at sonic conditions decreases with increasing molecular
weight, the choice of a suitable propellant to maximize the
final velocity at a specified static temperature requires a
more detailed evaluation than presented in this discussion

For a given propellant, the final plasma velocity, and
therefore the propulsor specific impulse, can be increased
by staging, using a variable rather than a constant area
channel, expanding the flow in a suitable nozzle to convert
the azimuthal velocity component and/or the static enthalpy
into axial velocity, or using a combination of these techniques

The single-stage experimental model, shown in Fig 11,
was designed and fabricated to verify the predictions of this
analytical investigation Experimentation is currently be-
ing conducted using a radio frequency generated argon
plasma for which the pintle and casing serve as electrodes
The radial magnetic field is provided by a plunger-type
electromagnet in which the magnetic path is axial through
the pintle and radial through the MGD interaction zone
The return loop is through the propulsor casing D ¢ power
electrodes are circular disks secured to and insulated from the
upstream and downstream faces of the nozzle plate The
MGD interaction zone is a slightly diverging rather than a
constant area channel to minimize fabrication problems
associated with small radial gaps and to counteract the ad-
verse effects of fluid friction

In conclusion, it may be stated that the results obtained
in this investigation were sufficiently encouraging to warrant
further analytical and experimental evaluation of the po-
tential of the Hall propulsor to efficiently fill the specific
impulse gap shown in Fig 1
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