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TS ReITRACT Laboratory expetimenth have established that axisymmetric plésma accelerator

va8ing a solenocidal magnetic ‘field can produce thrust by recycling the ambient material :
‘of the vacuum tank in which théy were operated, indicating that an electromagnetic accel

erator on a sz.ellite at low altitude should be able to ionize and accelerate .air streaﬁ-

ming by it and produce thrust for drag make up. This principle is the basis of the

PSpace,Eiectric Ramjet, (SERJlAdvanced"Eleceticmrhruster) Ytitization, Of solar .cell arrtys
.Jito supply power gives.:the system a theoretical unlimited total impulse, otherwise limit
by . -engine cathode and anode lifetimes.- These-lifetimes..can.be.very.long,-however.. .

i SMinimum’ system performance requirements for drag make up in the 100-300 miles alti-

‘tude range are .computed.”  Present solar cell technology places a lower limit of about

\190 miles altitudq,for"%uccessful solar-powered drag makeup under conditions of minimum
&*¢ell " arrays (aligrment .parallel to line of flight).

W’*Basic design. parameters for system components (anode, cathode, magnet coil, insulat
.org) and power requirements are calculated. ( 4§ analysis shows an engine of less than
10 pounda weight should make up drag of a 1 mete leter cylindrical satellite for
;one yosr at altitudes of 120 miles and higher.

Comments are made on 1ntegration of the propulsion system into a satellite,and on
possible mechanical and electromagnetic interference effects. Facility and instrumen-
‘tation rgquirements to conduct an experimental feasibility and performance program are
outlined.
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FOREMORD

Recent satellite advanced have ‘allowed mission planners
to pursue mission goals that are more ambitious than ever thought
poss1ble. Consequently, there has been a considerable impace on
satellite propulsion systems, ‘Future systems will be forced to
accomplish missions involving large total impuises., To reagon-
able achieve this psrformance level, the ambient aimosphere 'should
be used whenever possible to supply the thruster propellant. Pro-
vided that adequate plasma can be generated fron -the -atmosphere,
electromagnetic techniques can de employed>ror drag make=up and
other low thrust maneuvers, using power .collected from solar cell
arrays. The system herein described has the potential of pro=-
ducing extremely large total impulses, extending the lifetimes of
low orbit satellites by zany times,

This technical report has been reviewed and is approved.

WALTER A, DETJEN, Chief
Engine Development Branch
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a radius of spaczcraft body
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E(kz) elliptic function
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‘i induced current
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k gas constant
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N 4R
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K(kz) elliptic function

1 length of anode ring
L length of magnet wire
™y satellite mass
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1. Introduction

The thrust to conduct the maneuvers associated with satellite
reorientation, orbit modification and drag make-up has up to- the: present

- been provided by any one of a number of means:

cold gas jets
hydrazine jets
iofi engines
arc jets and plasma thrusters carrying their own propellant
chemical rocket propulsion systems
colloid thrusters.
The problems and disadvantages of these systems are many and diverse, ‘hut
they have in common -the critical problem that the total impulse available
is proportional to ‘the mass of propellant carried ‘on the space craft.
Mission life~times must hencéwbe=ptpgiammed from the -point of view of
this limitation; :vather than from the mission requirements. Utilization
of ambient atmosphere as propellant eliminates this problem.
Studies have been conductcd'to determine the feasibility of collect-
- ing air at high altitudes for use in chemical or .electric propul - ion sys- ‘
tems. The most extensive investigations were. those of §.T.Demetriades and: .
colleagues on:the Aii-Sc@B@fﬁgAOrﬁital Rocket (A-SCOR) (Ref. 1-4)., SQim-
ilar studies were .carried. out elsewhere (Ref.5-9).  These studies indi- ¢
cated that the system was feasible pfqvidédnthégAa'power~sougcew6f
congiderable size (aeveralIMegawégﬁg}ugas‘qvgiiébl§~tqsg§§i3t in :the
collection process and to heat“gbéwgifé(éhég@aliyuqﬁAglégtgically)~nsed
as propellant in the thruster gygtgm;,‘jhgllgékaéf“gg~gqg4pa§erppwer goutcé}
appears to be the-main obstacleé £d the implementation .of this system. ’
The ideal propulsion. systes £or satellites would de one for: which
both power and propellant wete: available 39.!5&5,9. ‘Rapid improveménts in
solar cé1l technology aid ‘in-tlie. teghology of axisymnetric plasma
investigate the feasibility of such g truly infinité cotal impulse pro-

pulsion system. -Obviously, unless extrenily laige soler cell drrays are:

SR A
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utilized (on the order of square- Kilometers), the-:power level aviiiable
will be low (under 10 kilowatts), so that the cryogenic collection and
storage of propellant-~-as &suggested in the above-mentioned studies -~
will not be feasible. An alternate means of propellant handling is
obtained :zhrough the use of a space-electric ram jet, which device

is herein investigated. Thé SERJ utilizes a solenoidal magnetic field

and the ionization .of the ambient air in an. electric discharge, as the

 basic eleénients of the operation of a plasméupropulsion engine, for which

power is supplied by solar cell arrays. This system would have an infinite

total impulse.

1.1 Axisymmetric. Plasma Accelerators--Background

During the decade from 1956 to 1966 both the USAF and NASA funded
extensivé programs. to develop low-thrust electric propulsion systems.
Hatipered by lack of a definitivVe theory of operation, the axisymmetric
plasma accelerators lagged behind the developmént of thermal arc jets,
fon engines and colloid thrusters. Indeed, phenomena were observed that
appearéd to intimately couple the plasma engine .operation -and performance
with the test environment (Refs. 10-12). A great deal of effort wds
éxpended. in attempting to decouple the engine from {'ts environment by
continually reducing the ambient pressure into which the éngine was
exhausted. Due to prdﬁlems of this nature thé plasma thrustér has ‘been
viewed with distrust by potential:users, and other systems ‘have -been
given priority by thé development -agencies. HdWé&ér,'the‘uniqué character-
istics oﬁ':he magnetoplasniadynamic (MPD) -arc or “axisymmetric accelerator
endow it with soine very desirable featurés for low orbit missions, in
that it appears Véry probable that it can utilize the ambient atmosphere
as propellant--in other words, instéad of attempting ‘to decouple the

engine ‘from its environment, use -thé interaction as a propulsion mechanism.

Many ‘tests in various laboratories in this country have established that

+hé following phenomena éecur:

1. Thriust'ls produced by the expulsion of high-velocity
‘ion§ from thé engine.

2. The ions -are produced by collisons ‘bétween atoms and

2
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5,

-magnetic: .'ozzle.

-y - —— y - S ———

energetic electrons throughout the volume of the
dischatge:
The electrical dischirge extends a considerable

e = n s b i KR

distance downstream of the electrodes, and hence

trangfers 'most of -the energy to the gas far from

S ok B ot = i w

'the engine. Viscous interaction with the engine
*¢omponenfs-cgn thérefore be neglected. Thermal
¢onduction effects: to.all engine components other
than the cathode can algo be neglected.

The solenoidal magnetic field that is-applied acts ]
as a magnetic nozzle for any.:piasme that is produced

by the discharge. That is, .all forms of electron

and ion' energy (exclusive of ionization and radiation)
are converted into axial and radial ion velocities

by expansion out :of the magnetic field. This indicates
that.all the electrical power:of the -discharge can be
convertéd into beam power except for 'the anode and
cathode power losses, and the power useéd in ionizing
the propeliant.

All of the beam energy cannot be converted into axial
kinetic energy (propulsion), since the ions must have
1aqme tarigential velocity to balance the torque érpdugéd
:Sﬁxthe accelerator by the.discharge current in crossing
the aprlied magnetic field. Also, there will be some
radial velocity of the ions due to the shape' of the

A large frection of the thrust reaction -occurs on the
magnet, irdicating that azimuthal currents must be
flowing. in-ithe dlasma column.

As thé mass flow injected through the engine is reduced,
the dischargs en’-lope grows larger and encompasses more
mass. The high enasgy electrons in the discharge ion-

ize some of this gan wnd use it as propellant. Eventually

the discharge ionizes: chough material to make up a




«minimﬁa'-pot’entiai mode mass flow rate for the engine.
. Undet certain -operating conditions, 'this total flow-=
‘below céil'egi Fhe criticg,i mass "fl‘ow, or i\ct-*-- .can’

) be obtained from the ambient gas.

‘ 8. Under a widé range of operating conditions, some

| frééfﬁién of the 'discharge éu’ri."ent is observed to be
.confined to a long i."egzitrant filament that spins: very
rapidly (20khz-500khz) through the gas. The filament
¢an be considered as an ionization front.

'
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2. Ehgine$Design and~gﬁé£9£ihg Mechanisms

2.1 Configurataion

The spa¢e'§1ec;riéJ£émjgt (Advanced Electric Thruster) consists
of the fillowing élements$; (see Fig.2.1): a component for producing.-an
-axisymdetric magnetio :fiél

wed @ &)
)

, an anode ring' ., a cathode assembly‘”’,
‘and a power supplif‘-“ &he magnetic field may be produced by either
permanient magnets or by -a solenoidal coil. The current to operate .the
latter is obtained- from an aukiiliary power supply or by the same :used
to: supply: the arc current. The magnets or zolenoidal coil may be
placed around thé .spacecraft, or at one or both ends. The arode ring
.consists: of oné or moré metallic rings pla¢:d concentric to the mag-
netic field. ‘Ine rings can be made from any suitable material (e.g.
brass, copper, aiumiﬁnm,~@919bdenum, iron, etc.) depending on. the
‘péwét and aigéﬁarge level: The size: of the anode ring is determined
primarily: by theé magnitude of the discharge current, the following

(n) ~e|;’8er
I=oX, ~ea§l : '1r‘e Ay 2.1)
. -~ . -m

relation-holding:

‘where )
I =-discharge -carrent
AA" grér of anode -ring or rings

~(hé)A? electron density near anode face

‘|é[ = chatge on the electron

k = gas constant
m, = mass. of the -electron
‘T =-électron temperature near anode face

5 anode attachment area
] - -anode area. -

Tae cathode 1is designed. to produce ‘electrons on the cefiter line of the

device at 4 rate adequate to carry thg'decharge~éerenﬁ in the vicinity

of the ‘cathode and "cathodé jet". Theé .cathode may consist of any one of

e,
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the folléowing configurations, .or any combination thereof:

1. A thermionic emitter heated from some external source.

2. A thermionic emitter heated by émergy from the dis-
cﬁarge,‘ fﬁis energy can come from ion bombardment or
thermal conduction.

3. A field-emisﬁion type cathode.

The cathode configuration should be confined to as small a cross-sectional

grea on the cénter line (i.e. concentric with the -anode ring) as feasible.

‘Electrical power to operate the thruster can come from a number
of sources. The most effeg;ive method of obtaining electric power is
through the use of solar cells and a storage battery, the former either
on the.body of the spacecraft or on arrays that are deployed out some
distance from the satellite. A very effective method of using thkis type
of power is to place the satellite in an eccentric.orbit. During most
of the orbit energy .is bging kbllectediand stored while- the thruster is
not operating. Only near pe‘iqee, when the satellite is at altitudes
below 400 miles, is the engine ‘activated and''the resultant thrust used
for drag make-up, orbit shifts, attitude control, etc. Power can also
be obtained from any other source aboard the §pacecraft, such as fuel
cells, batteries, nuclear reactors, etc. A promising new energy source
for this specific application may be :the use of high power' lasers to

beam power from stations at the surface to the. spacecraft.

2.2 Modes of Operation .

The thruster -can be designed to operate either on a steady state
basis, intermittently, or pulsed. The type‘of,tﬁrust program employed
will depend upon many factors, such as power availability, possiblie
communications interierence, etc. Oné possible mode of operation that
would be very efficient would be operation of the thruster at altitudes
where the ambient ionization level is near its piak, i.e. in the region
between 200 and 300 km altitude. By properiy designing the maguetic field
configuration, the digcharge(could encompass a large cross-section in
space and utilize orly the existing ions and electrons. In this manner

the thrust is. produced without ahy accompanying idnization energy loéss.
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Also, in this mode, it g111~5¢ possible to operate at much higher elec®
tric potentials and hence at much higher specific impulses.

2.2.1 The Minimum Power Hypothesis

For many plasma engines it has been found that the perfor-
mance data can best be correlated and understood if the assumption :
is made that the engine operates at a minimum arc potential (see
Referénces 16,17,18). In order to accomplish this, the power |
input to the beam and to the production of charged particles is

equiparititioned, i.e.

22
F’ = .ﬂ'e" " ]: .2 i Y.
ztil tn.“\la~ ( VI +VI + se )

‘When this occurs, the exhaust -beam velocity is the Alfvén speed

t ‘1 2 - A ]
* . = 2 lel (VI + VI + * 00 ) R
iy \/ m X (2.2.1)

The mass flow rate in the exhaust beam adjusts itself to equal a |

"eritical mass flow rate

F___F
- (2.2.2)
\
 Yer Var

This "adjustment™ can he accomplished in a number of ways (sce
‘Reference 16).. For the-mode of operation under diBcussion in this

report, the discharge is assumed to spread out in the volume behind

the engine until it encowmpasses enough volume to ionize gas at a b
rate sufficient to produce;the«critical~mass flow rate. Needless to
say, this type of behavior has been observed on many occasions and
often the size of the vacuum tank was the factor that limited the

RN e enlin i




growth of the discharge volume.

2.3 Plasma Acceleration Mechanisms

A very thorough discussion of these phenomena is given in Ref- .
erences 13-15, and rather than reproducing it here, the relevant parts
of one of the reports (Ref.13) are appended to this report.
For the specific case where a deliberate-attempt is made to use
only the ambient gas as propellant and thus operate a Space Electric
Ramjet, the following brief discussion outlines the engine mechanisms
involved.
There are a number of modes of operation for a plasma thruster
of this type, the particular mode depending to soms extent .upon the
environment and the configuration. The discussion here presented out-
lines the generally accepted views of the phenomena involved and the
mechanisms responsible for the production of thrust when operating in a
very low density environment.. .
Figure 2.1 iilustrates the mechanisms of the engine. Part of the
current may ve carried in a."filament" (which can be many centimeters in
diameter) that extends out from the cathode and loops. back to the anode.
This loop encompasses all of the magnetic flux lines,.inside the anode
ring. The "loop" current. rotates rapidly (200-800khz) and, because of the
high elec;ronlconcentration and temperature. within it, acts as an ion-
ization front, ionizing the atoms of the ambient gas as it spins through
them.. ‘The ions that are produced are then accelerated (electrostatically)
toward the axis and join with- electrons from .the cathode jet to form
the exhaust beam that eéscapes from the magnetic field and produces a
net axial thrust and -a torque on the engine. It is also possible to
consider that the thrust is produced by j x B forces, iu which case the
axial thrust results from the interaction of the azimuthal current with
the radial component of the applied magnetic field.
The distance that the current loop extends out into the space behind
the engine depends upon the ambient pressure, the applied magnetic field .

strength; and the total current. In some cases (very low pressures) it
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can b2 many meters long and several meters in diameter at its widest.
It is obvious that the current can be broken up into two-
components: the spinning loop that ionizes the ambient gas, and the
ion current that produces the thrust. The efficieacy of the thruster
depenhs upon the fraction of the total current carried by the ions. l
This is usually between 1/2 and 1/4 of the total current.
The engine produces a torque that is equal to
‘ QAI(r: - ti)
Tq = —— (2.2)
where
B, = magnetic field strengtk at anode
r, = radius of anode ring
r, = radius of cathode.

In order to have no torque on the average, the magnetic field must be
reversed periodically. Naturally, use can be made of the torque for
spinning or despinning the vehicle.

There are a number of equivalent ways to calculate the thrust
produced by the engine. That most general}y used is a semi-émpirical

law that reads

thrust F = CTBAIrA . (2.3)
where CT = coefficent of thrust, usually near 1. Another method is !
to compute the electrostatic thrust :
p el g 2V (2.4) |
lel I m,

where

';r = mags-charge ratio of the ions

II = jon current

V = anode-to-cathode voltage

BAtAVcrqv (¢ with cv = Z:&tage coefficient (2.5)
; 1

v ,
cr  m;
1

VI" ionization -potential of ;
ambient gas ).

0
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Equations (2.3), (2.4), and {2.5) can be combined to determine the

ration of ion current to total electric current:

S lel B,r,

-'I— = T ZmIvcr C (2.6)4

This equation illustrates the very important design criterion that the

productw§ArA should always be kept low enough so that
‘te] B, x
A A . .
< 1 £2.7)
2my Ver ~

since otherwise the thrust coefficient wiil drop to low values. 7This

inequality can be written another way:

V.= BAréycr<<'4VI (2.7a)

In.order to operate with high specific impulse and simultaneously with
high potential drops, it could be advantageous to multiply ionize the
propellant -so that

¢ (2)
LAE R And R AR Sy 2.8)

where st
17" ionization potential

[}

1
vI

(2)
Vi

ankidnization optential

etc.

‘a0 80

2.4 Ion Production Rate

The ion production is assumed to occur entirely in the volume
behind the engine where the magnetic field is sufficently strong to
contain the discharge. Assuming that the ions formed all spiral into
the cathode jet, the ion current:can be written as

L= Zie|t Vol. (2.9)
where
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]:I = {on current

Z el > charge on ion
n = fon production rate’

and Vol.= volume of discharge.

For electrical discharges in a low pressure environment, the ion pro-
duction rate can be expressed as

A -(-‘;-5-)- nv.P (2.10)
where

f = jons produced per c.c. per sec.

n - electron density per c.c.

v = electron thermal velocity, cm/sec

e i
pa' gas pressure, mm Hg

= . ion pairs per c.c.per mm Hg.

The volume required by the discharge to produce adequate ions to carry
an ion current II is given by -

I

I
Zle] (x/p)n

Vol. = (2.11)

e ePa .
The electron thermal velocity can be expressed in terms of an .average
electron energy e V as follows'(Te is the electron temperature)’

kT
2,8 _e .
Ve ho =, (2.12)
and |
S ,
2 k'.'l.‘e lelv (2.13)
so that
v =}i eV (2.14)

e I5n m °
e

From experimental data, the vaiue of/p for air approaches 10 ion

pairs per c.c. per mm Hg for high values of E/p (wvhere E is the electric

field, and p<<1 mm Hg). In MKS :units

- S 1, 100cm =t 760 mmig
/p = 10 ion pairs v . s S

= 7.6(ion pairs/m)/ (newton/mz)
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If we assume the following, :that

1= 1/2 .

n, = n/2

¢ : . p, =G kT i
| and V"= 5.6 volts,
we find that

Ve = l06 m/sec

~ and I
Vol,= R TR
2 Z x 7.6x10 x1.6x10 X %_k'l‘
. N I N i, N 3 ‘ 2 15
: S (g e
10 :
i
i
!
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3. Electrode Performance

The anode and cathode structurés for the SERJ will. be in-
vestigated so that the following parameters can be established:

1. Size and weight
2'.. Operating temperature.
3. Power requirements and. losses’

i3

4. 'Mass: loss .rate and-.lifetimes.

In some -cases, empirical information will be necessary to accurately
establish somé of the above quantities.

‘ Since acceleration of the plasma occurs by the discharge curreént
crossing magnetic flux lines, it is important that as much of the flux
as feasible be concentrated between the anode and cathcde structures.
Examination of the flux lines in Figure 4.2 indicates that the cathode
structure can probably be made to encompass less. than 5% -of the flux
¢, where ¢, * AﬁyoaNI. To accomplish this, the cathode must be
positioned slightly in front of the .plane .of the magnet coil, om the
centerline, and have -a diameter less than 0.2a. The concentrating of
the flux lines around the coil places severe restrictions on the size
and position of the anode. To 'have 75% of the flux between the two
electrode structures, the anode must be confined to the coil Side of
the 0.80 flux line, as might be accomplished by an anode built .as a
surface of revolution on thé-¢/§6~ﬁ 0.80 line, with a length adequate
to carry the current. However, a short cylinder of diameter 2a would
prodably be adequate.

Both electrodes miust be placed in regions of strong magnetic
field to ensure that no purely radial current flows between them. Also,
to prevent surface currents from flowing over the insulator between them,
the anode cylinder or ring should be separated axially by a gap from
the magnet and insulator.

3.1 The Anode

A number of possible. anode configurations are available. Two

that have been much used in laboratory work are shown in Figures (3.1a)
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and (3:1b), The colléction area needed by the anode in: this .
application would seem‘to indicate th&t*tﬁe ring configuration
should be used.

The anode collécts electrons from the plasma to: compléte the
current circuit. There are essentially threé-modes in which it could
operate: .

1. Collection .of the current uniforinly over. the anode
surface with: no .enhdnced ion production near the surface
and no sheath formation.

2.»Conéentrg;ion of the current in a ‘filament and formation
of an attaéhment point. This point would rotate rapidly
around the  anode cylinder due to the j x B forces from
the applied magnetic gféld.‘ The current concentration
can occur only if mass is available to be ionized in

the filament near the anode surface.. This matter could
be ambient mgtqugi,~qr mass -eroded from -the ariode by

the high heat flux.at the gttachmentipoint.

3. If the electron flux to the anode surface is such

that it would carry more than the total discharge cur-
rent, then a sheath will form to repell some -of the
electrons. _

Because of the low ambient dengity, the low current and the large

anode surface area, it is extremely unlikely that mode 2 will ever occur
in this device. Further, mode 3 requires high plasma densities relative
to ‘those available. Therefore, the analysis will be carried out on

the ‘basis of mode 1 operation.

‘The impingement rate.of electrons on the anode is

nv
4 A

:and ‘they carty a current

g lelole o (3.1)
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,
e

where . L
(/n“ . . N .

el = eieé;téﬁiéﬁq;gé

=
]

electron number dénsity:

<&
[ ]

electron thermal velocity

. ( SeTe 4k

T m,
AA = anode area.
The power 'loss to the anode is the sum of the work function
energy and enthalpy carried by the electrons into the metal:

3 kT . -
AmTOX#3EE) (3.2)

. The anode temperature can be estimated by equating the sum of the power

dissapated and solar impingent power, to the pgwg?v:gala;éd-by the anode

e Tt = (dA) +‘°—'£=!&-<X+5-%) (3.3)

‘where it is assumed that 1/2 of: the anode is exposed. directly to the

solar radiation.
The. anode. lifetime can be :estimated by finding the evaporation :

rate .of the material at its operating temperature T,. Sifice the vapor

A.
pressure is .given in atmospheres in Figure: 3.2, the -mass loss. rate per

year' of .continuous operation is

m
loss 2 al .
vear 4 Pt ( ) kgm/yr
where P, " a;mogpheri¢¢pressqrg = 1104‘5 néwtoﬁs/meter2
v_ = thermal speed of atoms = 8kIa
a ‘“a
ty = number of seconds/year = 3.15 x 107
1 = anode length
so that ‘
2.1_%5.-126,‘1013(2);‘!1 (3.4)
year ) PlA Y, -
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For example, if the gnode is aluminum, with an atea of 1/4 méteréz,
and runs at IOOOOK,'théﬁ -

v, = 883 m/sec _ , "

CE, =7x10 , S
. La’ D Ts

.and-

! S ) ) loss 1 26 X 10 ; x. 10 10 -11 :
i ; «year h 47x% 883 . .-

. o 250 kgm/yr =655 lbslyr. B

3.2 The Cathode ’ R A : ' i

‘ The cénﬁentioﬁalﬂcithode for :this- type of accelerator would £
bea.ccnical cathode made of thoriated tungsten ‘This. type has thé _
.advantages of rugged construction and resistance. to breakage, .and it

does not.;equ@,e awsgpgngnxheqtep,xgincgqpower ;oyliberate ‘the electrons :

comes from thé»g]ectric discharge through thérmal conduction and ion
bombardment. :Howeveér, -such .cathodes ‘have beéen: operated only: at current
and..pressure -levéls considerably higher than is. anticipated here, and
‘there is reason, to doubt that the .same kind. of :performance can beé ob-.
tained at pressures less than 10?5atmcand currents of .under 10 amperes.
Also, since the SERJ devicewould be operating in air, the tip oxidation

would:probably be xapid.
For low ‘currents (under 10 amperes) it will probably be best to: !

design ‘the-cathode with an independent heating.device. ‘Use of a

thorium or -oxide coated surface would Minimiie'thé témperature and

o e v e eton

O S

a9

‘heating required.

An ‘"L"type cathode configuration; such as that shown in Figure
3:3, would -probably be optimal. With good insulation, the conduction
power loss can be kept to the leveél of the radiation loss through the

T a o

orifice, hence the total power loss:will be

= o1 X '
P = 0Ty Ay (3.5) .

where
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power loss to the caLhode Cos

,K

Becausu of the praltion of the anode relative t6- the cathode .and since:

the potential drOp’will be less‘than 100 volts, space charge effects.
will limit the cutrent of a pure thermionic cathode to a few milxiam-
peres. 1t wi“l thérefore ‘be:- necessary tOJhave an {on - densxty in the
cathode cavity (see Figure 3 3) that is comparable to. the electron
‘density. “Th selions will consist of the- material used::to coat' the
) cathode sutface. The dengity«wi{l be low enough so- that' the mean
free: path -of the ion-electton collisions will be much :larger:than thFe
cavity diameter, 80 that equations for, free. particle flow, rather than
,diffusion equations, will .be ‘used to describe the ion and eleétron flow
‘rates -out:-of ‘thé. c;;Itv. If both electrors and ions-escape through the

-orificezat'thetmal velocity"the;current'can-be written as

1=-\et(—2$—g ﬂl ) Ay
-Jf-‘-“g‘-’ux (1 =23

ne Ve

2;m|u5v=;§x‘ 4 (3.6)
since the ion velocity is ‘several orders of magnitude smaller ‘than
the -electron velocity.
Cathode opegatioh:at a -current density of 10 - 20~anips/cni2
_ through the orifice requives cathode temperatures of about 2000°K, -1
the: electron thérmal veldeity would be

, (8138 %1072 &
e | 3914 x 0.91.x 10"

2ooo]

- = 2,78 x 16° meters/sec..

The electron density in the cavity is -hence, from Equation~(3.6)
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‘material:

g+ eroe Nl

. Cbx2x 100 ..
e 1.6 x10°*? % "2, 78 x 105

~1.80 x 102%u,

.1n .order to cancel.out space .cherse effects; an dion-density comparable

to this value must exist in the gavigy;,gna*tpig»ﬁgtetigiwwill-flbw

-out of .the cathode orifice :esultiﬁg~inng'gighifiggﬁt rate of 19ss of

For thorium and a current of 10.amperes, the tass loss per year would

‘be

“loss . (.332:x 1:67 x 107%" 7

x0.91 x 10 -30.¥
year Y196 x 10'19 "' T

x 10 x 3.15 x 10

= 1.17 ‘kgn/yr = 2.58 1lbs/yr.

Equation (3.7) indicates that .the mass loss rate is propor<

‘tional to the square rood of the atomic weight of the cathode coating

material. For this reason, tlie feasibility of using a 1ow molecular
weight substance rather than thorium .should be investigated. For in-
stance, if lithium weré feasible, -then the mass loss rate per year

¢ould be reduced tu a value of

®loss
( year )Li L.17: 232

= 0'.203 kg/yr =0.448 1b/yr.

The momentum conserva “ion equation places a further -onstraint
on the current lével at which the Lstype cathode can operate. This
equation indicates that the following inequali*y mast be obeyed:.

L2

PA 2> 1%5;- - (3.8)

(See Appendix 2.) From Equation (3.6) an expression for pA can be
obtained as follows:

18
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v )
o Ve N
8 ¥ ‘PA since P -p];- 2 nékr.-
Also;, ‘since v2 = %’l}, 3
. e.
; g% ;LA. . (3:0 9)
- ‘e )

‘Combining Bquations (3.8): and- (3.9

~:":;ﬁ\_::. . P m — R -
- 0
or e |

o I< _1‘.2.& . (3.10a)
- il : )‘ o

For .a cachode ‘temperature of 2000 K, this. places a maximum limit

on the current:

2:0.91 x 10°% 2.78

7

628x10,
G === -
16::10"19

x 10

<.99.3 amperes.
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4 : Magnetic Fiéld Considerations - ]

“fliere are several altérnative ways of producing: the required
- “magnetic field. The three most feasible systéms- would be .
’: ’ 1 = 7

1. Permanent magnets-

o e oni bt e R S S o) A O = s eyl

2. Solenoidal coil with its own power supply- '
3. Solenoidal coil ¢onnected in séries with theé- discharge. -

Since a permanent magnet would‘havé:nqipower consumption , it might

s
TVRVEWFORT RSN

at first glance appear optimal. However, torques act on the vehicle
that are proportional to- the strength~ofrthe'ﬁagngtic«fiéld and the. ;
calculations in Section 6 indicate:that these torques can seriously
affect the orientation .of the vehicle in q=;é1€tively short time. The
only feasible method of can¢e111hg~thé§e torques is to operate the engine
for equal times with the two polarities of the magnetic. field .dizection.
In that it would not appear §tacticab1e\tc reverse the fie;d of & .perman-
ent ‘magnet ﬁonfiéhiatfbn‘bﬁhg'iﬁacé veliicle, and beécause of the weight E
disadvantage of permanent magnets, sucb‘magnets would appear unsuited k
to- this application. '

0f the two solencidal magnets, the series-connected appears to
offer the most advantage. It gives the-electric discharge a positive
characteristic so that it can be :connected directly in series with the
solar cells, eliminating any power conditioning need, and it facilitates
the cancellation of'the,torques by ensuring equality of the opposite

torques (see Section 6) in that there is only one current.

4.1 Characteristics of a Dipole Magnetic Field:

The magbetic coil ¢onfiguration that is most convenient and k
probably near optimum in weight is a short solenoid where: the coil
length is equal to.its thickness. As. long as one does not approach

too close to the coil, it may be gpnstdéred a: single turn of wire with-

a current of NI amperes, whére N is the total number of turns. The

! vector potential of (he coil is given by (c.f. Jackson, Clgssical

SN b bt 2 - e i
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Electrodynamics, p 142)

ay - b poia 2-k%): K(k) - 2B(k
(& +2F 4% + ;zau-)’x k G-1)
vhere
K2 - ot 1>k 20 %.2)

§2+zz+r2+2§r

K(k) -and E(k) are elliptié in;egr_aln whose values are tabulated (as
in ‘Handbook of Chemistry and Physics). The magnetic flux c} through
any area 1‘?2"13 given by

$= 2icA,
- In’f NI ‘F‘ .@M %-.3)
The magnetic field components are given by
.19 -
‘Bz r E;(tAe) (4 '4)
T
Br P &.5)
or
- éi
M8, = 3, (4.4a)
3¢
2rB, = —3 (4.5a).

When k = 0 (that 18, for pogitions near ‘the z-axis or far from the
coil), the magnetic field parameters can be expressed simply as

2 ... F ,
A, =p Ma"NL - 4.6)
o " Fo (a2 + zz + r2 + 2a1:')3/2 ‘
g 2, z ) - r -+ ar
B - 1fl NI 4.7)
}“ (a + zz + r2 + 2ar)5/2 ¢

2l

s o Km e N S e o A




P
<

3zr

B =y Ha’NI - : (4.8)
r Fo (a2 +'z2 + rz + 23:)5/2
2 2c”
’ = Ta NI g . (4-9)
4 Yo @2 + 22 +£2 + 2ar)3/2

The vector potential and flux can be evaluated for the region around

the wire, numerically. Defining

(4-10)

. 2 .
F(k) = (2 -k )Kﬁk) - 2E(k)
then

§ = dnip NI Yar F(k) . (4.3a).
The function F(k) is plotted in Figure 4.1. For values of k<0.5,

the function F(k) can be expressed accurately by a. series

2 2 2,
reo VEa () P2 reecie) + Bekey?s
S 2 (4.11)

245 ( %—) 3 s }

The coordinates of constant flux lines: are shown in Table 4.1. Lines

of constant flux aré plotted 1n Figure 4.2.

4.2 Engine Performance with a Dipole Magnetic Field

At this point, it is desirable to express the engine. performance
in terms of the magnetic dipole parameters. Using the results  from

Appendix. 2, the torque on the engine can be expressed as.

I

=%

(4.12)

where
I = current :of discharge

= minimum flux enclosed between the anode and cathode
surfacess

and 4’ AC

Equation (4:12) is a generalizatiop ongquatibn (2.2), A generalized

expressicn for the thrust to replace Equation (2.3) can also be written

22
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in terms of the magnetic flux, as follows:

Ié
- AC
F=C o7 (4.13)
A
or alterratively
14
F = —AC (4.13a)
nr
F
where Tp ™ reference radius. If a cylindrical anode is used, thes
minimum value .of r, would be the anode radius r,. The mzximum radius

F A
T could iave would -be- the radius at which the flux line through

tge rear of'-the anode is perpendicular to the coil centerline. This
value can bé Jetermined from Table 4.1. In general, the reference
radius will increase as the ambient density decreases, hence less
thrust is produced in a low density environment than would be produced
in one of higher density. For this reason we shall use the most
pessimistic value for (rr)max--i.e. the value that gives the minimum

thrust for a given amount -of magnetic flux, between the cathode

fca
and anode.
In order to estimate the size of the magnet required, the
following assumptions are -made:
1, The magnet and engine are run in series so that the
magnet current and discharge curreut are the same.
2.. The anode i8 a cylinder of 1 meter diameter and 1/4
meter long, and insulated on the outside.
3. The magnet coil has an average diameter of 1 meter.
4, The front end of the anode is placed near the magnet
coil,

5. The flux encompassed by the cathode is negligible.

The minimum magnetic flux passing through the anode can now be evaluated,

using Equation (4.3a):

fac = & po NLaVR, ¥k (4.14)
‘ r
where R A .,
A
and
23
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4R

I = e — w012
(1+ RA) + ZA

k4
-—-—éz
’ ZA = 3 0.50.

Using the tables for evaluation ;,F(RA) is found to be 0.888. Hence

§, = 0-888 x th(tonI_a (4.14a)

Following the flux line that passes through the rear of the anode, it
is seen to bécome perpendicular to the magnet centerline at approx-

imately

Zy = 0.59
R, = 1.38,

The thrust .equation {(4.17a) can now bé rewritten as

F = I x 4ﬂgg NIa x 0.888
’ 1.38wra

: F = 2.57 -PaNIz (4.15)

F = 3,23 x 1,0“6'N1,2A,

This equation can be used to evaluate the number of turns N required

on the magnet.

4.3 Mass of the Magnet

The mass of the magnet can now be. estimated. Using‘Ohm's Law
Gy Y
S

where

N N e

electrical conductivity of magnet wire

cross~-sectional aréa of magnét wire

< = A
ll

et

voltage drop -across the magnet coil

[l
L]

length of magnet wire.
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The mass ¥ of the magnet coil can be written as

. M=o AL %.17)

Eliminating A, between -Equations (4.16) and (4.17) gives

Y S

ca v
.f_‘! Lz 12_ (4.18)
; %

If the magnet is wound with a diameter ¢lose ‘to that of the vehicle

3 L = ofpN

and the magnét mass can be written as

o P (4.18a)

1 The parameter that determines the best material to use for

. the magnet is the ratio of the density to the -electrical conductivity.
1 Values of this parameter for verious metals are presented in Table 4.2.
The values indicate that the lightest magnet would be made of sodium,
which metal, if used, would require enclosure by a tube (e.g. of stain-
Jess steel) to prevent breaks in the circuit due to melting or reacting
of the sodium. '

4.4 Magnet .Cooling , |

- The magﬁet will be radiation cooled. The temzerature at which
the coil must be run in order to handle the power can be compited from |
Stefan's Law:

= ‘ 4 .
PM Angp’T (4.19)
where

P, = power radiated

A8 = gurface area of wire

PPy

o’= Stefan-Boltzmann constant

X, 25
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T = wire temperature

ex= emissivity of wire surface.

‘The surface area of .the wire is given by

As = anw°2ﬁaN

where r, is the wire radius. But

M=o 'n"ri (2dtam) ¥
so that . y
T ZﬂaN ) A .f )

Hence we- have

A, =2t ('Rfﬁf—; )Y (2rtany®
", 2aMN K
=21 (=)
Pu

If the coil is wound in a single spiral the surface area

(4.20)

(4.21)

(4.21a)

that can

radiate heat will be approximately half ‘the total wire surface. When:

there are many turns, the coil must be ound ‘in layers,
‘wound -go tbat ‘1ts ‘thickness and width are -equal, ‘the: sutface area will

be given: by

= g (284 (¥
(As')min 8 v‘\ fw )
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‘where

5. Vehicle Drag and Solai Cell Performance

The drgg force that must be bglanped,byﬁthe epgiﬁg thrust -con-
sists of the drag on the space vehicle itself and that on the solar
cells and other engine components which supply the power to the engine.
The formulae needed to estimate the drag are given below.

The pressure on a surface due to moléecular impingement is

given by

2 [ , oo 2 °
o PV | (2 - 008 o' W ko-(S")

I 4 . ' 1" (- b i
e - enes Pl e G Tk s}‘{.l *«ﬁtf(s’ﬂ
The shear stress on' the surface is

‘ 2 W2 o
-1 py ooy *{e G0 4t g1 (1 + erf (s i} (5.2)

32‘5 E!E,
» 2kT -

§' = § sinVY

v = gatellite velocity

T, = satellite surface temperature

Y = angle between surface and incident beam

T = gas temperature

.0 :
erf,(s;)ﬂ 1‘3% jv »!e’,.'(s")zds’
° .
5{ & "= surface fefieq;ion‘éoefficient~£or normal momentum
transfer, shear momentum transfer
A8 reference drag force for the vehicle we will assume that the

vehicle shape is. that of a cylinder one meter in diameter and one meter
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in length, and that it is aligned so that the cylinder axis is
parallel -to direction zof flight Formulae (5. 15 and- (5.2) reduce,

‘under these assumptions, to

p=2 a-‘(uz"-#p'!) 3 p v (5.1a)
T== Eg:s';'f v‘zr (5.2a)
The' ‘total drag force on the cylinder can therefore be computed -and
is given by. ) e
D {2(2 -0 )4 D +1—,‘%-s-31'(DL} 2})\/ (5.3)
{2(2-« ) = & T sz\i “ (5.3a)

Thfg»a}lqﬁs us to compute the drag coefficient Cp:

o’
;Egétf (5.4)

= 2(2 - 0.885) +9-’—8-8—S——x

1.77x7.9

Cp ™ 2(2 =o') +

"=12,23 % 0,25
= 2.48.

If solar cell arrays are used to collect power ‘to run the

.propulsion system, the‘r drag must be computed. This drag is strongly

dependent on the orientation of the array relative to the.direction of
satellite motion. If they are perpendicular to the-motion they will
have a dr¢g~c9ef£ibiiﬁﬁ=cnic,=q2f23,'ﬁhile dlignment parallel to the
motion gives Cbsc = 0.127. The type of orbit that is used will detéx~
mine the angle of the solar cells, so that -no attempt té‘find optimum.
angles is made here. Rather performance capability for both normal and
parallel orientation will ‘be ptesented. ‘

The pover‘collecCQQ from the gol‘r cells can be written as

i

P= ( )8 Yec Asc | (5.5) .
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(-:—: ), = power density of solar energy
Ree = efficiéney of solar cells.
A = cross-sectional area of solar cells..
sc

Assuming equipartition -of the power betweéen lossesand beam
‘power, ‘the ‘power used by the engine ¢an-be written as

F2
P = P+2-2?1 +PE : ' (5.6)
FZ
where: PE = glectrode power
?M = magnet powe;:
F = thrust

m = mass flow rate.

For preliminary estimates we can let the sum of the magnet ‘and
electrode power be eqiuial to the engine power, so that the overall
efficiency of the engine is 25%. Later, the weight of the magnet
required’ to permit this performance will be estimated.

The thrust F can:be written as

P *mv,

lex. T b (Yev B ‘v'vs (5:7)

‘Equating. this to the total drag gives the power balance

( dA )sfhc 8¢ =2 vcr X Drag

=2 chf ((C)A +(C)A

8C 8¢ (5.8)'
+ (CD)AAA}
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The drag of the anode has been. added. Since it- is the only other
major component of any size required for the: propulsion system, the
total drag of the wvehicle and propulsion system has been found.

The. anode can be designed 1@ several ways,.-one an annular

‘plate with the .outside-diameter approximately equal to that of :the

véhicle (see Figure 3.1a). This design has the disadvantage that the

_anode :surface area is limited and may not be large enough to collect

all of ‘the current. An .alternative design is .a thin cylinder with a
diameter approximately equal to that of the vehicle ( Figure 3.1b),
a configuration permitting large surface areas-with minimum drag,
For such anoile configuration :the surface area AA needed to collegt
the current. can he expressed in -terms 6f the ‘solar..cell -surface

area A as follows:
sc

I, = Zis& m = jon.current (5.9)
1 ~dlRe-ve 4 < toral cutrent (5.10)

Combining Equations (5.7), (5.9), and (5.10) gives

A me—t_ 12lg F

"Telnv. I m v
e e

1 er
- l-!— .
mnéye II Ve . » {5.11)

Using Equation (5.8), this*cgn“bg'Wfittqn as

42 . 1 .1

‘A'mu; I 2v (dA)s Nac Aec (5.11a).

But n = &2n, so that

1 1
A é;:fl v, (dA Vg Tge A ac ’ (5.12)

3
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gives. T

, L 9.!
Defiging ffv dA ) Qac
e er 1

(5.13) 13

AT Ahc e B :i:" ) .18 ;

K can be -evaiuated as a- function of altitude once values are assumed
for ¢ and I/; . In the following calculations we will assume

#l -
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With the ‘anode cylinder aligned parallel to the~direction of motion;

the drag coefficient of ‘the anode (c ) will be the-same as that for

the solar.cells. This permits gg}pglation of -the ‘Solar cell area

using Equation .(5.8):

). .

. D - Sra—ans (5.8a)
g ._ﬂn 1.

Cax v, 2J’ v (c ) Q +§p)

sC

When the solar cells are normal to the line of f1' ght, ‘the. maximin

density at which the .solar cells can supply adequate ‘enexgy fq; drag "
make up is
( dA. )s 2V
£t ex (5.15).

Fuax ™ 5 53 w2 12
v
The solar energy constant is
(’92 )_ = 1300 watts/mz
dA ‘s *

and for the other quantities we can take as approximate values

‘1}.‘: = 0,10

v, " 8000. meters/sec

3




v. . =1.6-% 164 méters/sec

er
} and obtain o i ' o
: : _rak0d 10t 1 ;
Prax " 727 x 1.6 x 10+ T.11 x-0.64 x 108 :
=5.7 x 101! kgm/n®. é
This .corresponds to an altitude of approximately 300 km (186 mi). For
a critical wvelocity vcr of 2.4 x 10,A meters/sec ( doubly ionized atoms)
the solar cells can supply power to make up their own drag only at
higﬁer altitudes (above 210 mi) if the solar panels are normal to line
of flight. |
~ ‘ .1v
!
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.6.. Torques -and' :Défiéét;i.ons
6.1 Engine Torque and Roll Angle’
. ~ 2 v
The -engine’s electromagnetic torqie will tend to spin the
vehicle, and if for a particular satellite this spin is considered
undesirable, periodic magnet current reversal will be necessary to keep
the angular ‘rotation or roll & about: the Vehicle axis to within. prescribed
limits. The equation of motion for this deflection is
2 “. ni ’ K
Js<24§ - & - (6.1)
S I R
where J, = mv o is the axial moment of inertia of the vehicle ia .terms.
of its outer radius a, and T; ‘= H’AC ‘from Equation (4.12). Integrating
equation (6.1) and specifying a ‘maximum permitted angle- §m of roll for

the vehicle, the period T’ for reversing the magnet current can be estima-

ted : m a.z* . %
’C S {41{ —2-‘1’——{-—:- : 16..2)
v AC .

From equation (3:14a)

so -that

(6:2a)

As an éz;ampie, let

'§ -é%- radians (about 1 degree)

m, = 100’ kgm
‘a = 1/2 méter
NI = 100 ampere-tuins
and I = 10 amperes.
These give
<. 100 x .5 k 1 : ‘Ik
1,776 x 1.25 x 10”° x 60 x 10%)
= KIS: séc.
33
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‘6.2 Interaction of the Earth ':s Magnetic Field .!“_d;.l?-_?.‘m.é."m M
‘There-will ‘be two torques -on the vehicle due to the-engine magnet
interacting with the earth's magnetic field. When the coil has:an applied
curreiit. flowing through it theté will be a torque tending to line up the
two fields. There will also be & " damping" torque .on the vehicle ‘due
to.thé induced current in the coil caused 'by't:he .change in flux through
the coil as the vehicle rotates in the earth's magnetic field.
The torque caused by the current through the. magunet can be easily
evaluated: it is the product. of the magnetic momént of the coil ( )x)
and the terrestrial field streng!t:h:‘('%) ‘times ‘the sine of the angle be-
‘tween them ( 87,

Tl *‘i’f 'Be sin 6 | .(6_.3)
where
p=NLA , ‘ (6.4)
N = number of turns on co6il
and A = area of coil.

If the fields .are antipatahel the negative-.sign should: be:-used in (6.3),
and if parallel;. the positive sign.

The dawping force can be evaluated b); using the ‘induction
equation- ,

%
. =l (6.5)
where - - ‘
e 20aN .
R w4 is the wire resistance
with

= inducéed curréht y

= flux through coil = 17-a B cose

= crogs~section area. of - mgnetic ‘wire
= conductivity of -magnet wiré

= radius of coil.

- tctftb %~ -

‘fHe induced current can therefore be expressed as
Ao’ 9

' i”-zu‘n’a B sin® 'g-:- (6.6)

A 0”aB_8in® 4o
2 at
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T,=%1 d.znng

A o’
-t a3 NstinO g: 6.7).

A differential equation for the motions of - ‘the vehicle due to these:

torques can be -set up:
2» S
d - 1, 3..2 de

J :;5 » 58,07 NB, 5100 S Nira? B,sing = 0 (6.8)-

‘where. J = %%maz is the moment “of inertia of the Vehicle about one.-end,

assuming vehicle .of length 2a: Equation- (6 8) canbe :ewtitgen~as

- :;-. oy 2:
.2 A o”aNB
de, wu e 040, 120 NBsing ., {6.84)
w2 19 dt ° 19 .

which is dah equation véry 3imiihr,t0stbat describing the motion of a
‘simple pendulum under gravity. Exact'soiqtioqs are not possible, but
approximate solutions can .be obtained. The case of small deflections
from eithef the'stable-position (8%0), -where the fields are: alignéd
antiparallel, ‘the orthogonal position (6'12-!), ind the unstable equilibrium
‘position (6=n) are considered below. The. first and third of these cases
would correspond approximately to a sateilité\in a polar orbit, and the

second to one in an equatorial orbit.

6.3 Perturbations About»Eguilibr;uﬁ

In: this case we make the approkximation that sin@ = 0 and negleéct

the damping tefm. Then

.2 -
Lo, L Mb oo, (6.8
dt

and so.

tepresénting oscillations with a period of
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’Z’*—'zrﬂfrig T (6.10).
As an example, let

a7 100kg (220 1b)

NI = 100. ampere-turns

B, = 10™ Tesla (L gauss).
These values give

T = 445's;conds.

6.4 Deflections from Perpepdicular Magnetic Field Position

In. this case, sin® = 1. 1If the damping is neglected, then the
 solution to the Equation (6.8a) is found to be

6n NIB, 2
.o
9 =7g —-ﬁmv, t (6.11)

The Qimefzgfgeqpirgd for a deflection of an angle G& away from the
orthogonal position can now be computed to be

. %A
i9 .
’Zf,{a (6.12)

‘ﬁsing‘the,séme values as given previously and permittiﬁg a deflection

of em 60’(aboqt 1 degree), the time’Z; becomes

T, =\/f — 12 x 10?4: . seconds
100 x 60 x 10

= 12.9 seconds.

For a vehicle in an equatorial orbit, the magnetic field should hence be
reversed about once every 10-20 sec in order to keep this deflection

loweér than 1-2 degrees from -the .desired orientation.

6.5 Deflections from the Unstable Equilibrium Position

.t N

_‘ﬁere, © ¥1f and any defléction génerates a force tending to in-

creage the angle between the terrestrial field and the axis of the magnet.

For angles near © = 11, the sclution to the differential equation is

36
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and for small ¢

of about. 1 degree to occur.

31
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as the timé for a deflection 6, to be attained. Again using the

0=u c:osh»:]‘2u NiBe
19 My

2
120 NIBe ¢
esxw (1+ 19 mg 2)
or
.e;!,.l.?._ff.me EE
o 19 2
so that

-

(6.13)

values given above, we find a time of about 7.3 sec for a deflection
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7. Procedure and Formulae for Evaluating Engine Performance. Results.

The procedure and formulae for evaluating the: engine perfor-

mance capability are summarized in this. section. The. MKS. system. of

units is used in all calculations.

7.1 Satellite Drag (Equation (5.3a))

If the satellite is assumed to have a. radius a and a length

2a, then the drag is .
- 21 2
‘(FD)V (CD)V“‘?’ 2,? v‘v
Equation (5.4) gives the. drag coéfficient:

(CD)V = 2 .48‘.»

(7.1)

We takeas sateliite dimensions a = 0.5 meters, and satellite: velocity

v, = 8000 meters/sec. Using values of p from the ARDC: model. atmosphere

{sec' Appendix. 1) the. drag force on the vehicle can be evaluated. as

a function of . altitude. The results are shown in Figure 7.1..

(7.2)

7.2 Ratio _‘(_A of Anode Area to Solar Cell Area; (Equation 5-.I3)
We have
B = 'e‘g—iL 2z ( g—i
fve I Vor s |sc
where
& = fraction of ambient atmosphere that is ionized.
= 0.5
Vo = thgrmal velocity of electrons:
= 10 meters/sec
I/II = ratio of total current to:ion current.

2.0

(-g—i-}-s: solar constant
= 1300 watts/sq:.meter:
Nee ™ solar cell efficiency

= 0.10
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Ve = Alfven speed of ions

(v ,18 1.6 x 104 meters/sec (singly ionized Nitrogen)

(v ),,= 2.4 x 104 meters/sec {doubly ionized Nitrogen)

Using the values of y from the ARDC tablés, the values of X can
be determined as function of altitude for both values of the Alfven
speed. Results are shown in Figure 7.2.

7.3 Solar Cell Area required when Cell Array Parallel to Line of .Flight

(Equation 5.8a)

a® 12 '
(-d_A. )s %e':r ‘-.?:f vv (CD)sc( 1 +JA)

;'.sc = (7 . 3)

where from Equation (5.2a)
207
(S

" s
_2x0.885

1.772 x 7.9
=.0.127

"

The other parameteis are given above. The values. of the solar cell areas

needed for the two Alfvc'ap values cf the exhaust. :ielocity are shown as a

function of altitude in Figure 7.3. This calculation indicates. that the

system will not operate below some critical altitude, shown here to be
about 110 miles.

7.4 Anode Area Required (Equation(5.14))

h/A sc (7.4)
Since X Aand Asc are computed above, this equation can be evaluated

immediately. Values of the anode ares AA ‘are shown as a function of
altitude in Figure 7.4.

7.5 Total Power Required by the Propulsion System (Equation 5.5)

P= ( ) 11“ sc (7.5)
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All of t;l}eﬁ;qegggsgi:y values. for computing P are abové. The power

requirements are shown.as: function of -alitude in Figure 7:5.

7.6 Total Drag on the’ Vehicle (satellite + golar cells + anode)
(Equation 5.8) ’ N o

(Fp)p = (7.6)

er
Once again this equation. can be evaluated using values: computed above.

The rosults -are shown in Figure 776,

1=21 =2%e;.22¢e Py a.n

m. ™ v
. a a. cr

-where

number of ‘positive chargeés: on. the ion.

" electronic charge = 1.6 x. 1071\9‘~coulombé

[+:] ~N
o

. @, = mags. of the atom =14 X 1,67 10727 g for Nitrogen

Using the values for the total drag 'comput‘ea‘ above ahd remembéring that
Z =1 for (v ) 1 and Z = 2 for (v )2, the discharge current can be
comput:ed as a function of altitude. The results: are shown in Figure 7.7,

7.8 Minimum Cross-Sectional Area for the Discharge wp? in order to have
adequate mass for the exhaust beam. (Equation (5.7) )

(F)

. + 2 T et
(m) =e¢pv MR =
cr j) v Ver e
so: that B "
2= ?j)l;- —;D—T ' (7.8)
v

or, using Equatiorn (7.7)




This equation can- be immediately evaluated and -the tesu}ts are

shown in FPigurée 7.8, It should ‘be émphasized that the valués ¢om-
puted are the mirimum valdes for the crogs-sectional area:of the
dischargé.. Ifﬁthe~ion126Eion rate is such that less than 1/2 of the
atoms passing through the discharge are ionized, then €<0:5 and the

cross-sectional area must be larger.

7.9 Number of Turns on Magnet to produce the requiréd thrust,
(Equation (4.15))

(F.)
o Fpy
N =323 x 10°6 12 | (7.9)

The results of this evaluation are shown in Figure 7.9. The numbeis

of ampere-turns, NI, for':the magnet are shown .in Figure 7.9a.

7.10 Mass gne (Equation (4. 18a))

{U""“: zg/; NI (7:10)
Once the material for the magnet has beeq selected; this equation can
be evaluated. Examination of Table 4.2 indicates that a magnet made of
godium. clad in ‘stainless steel would likely result in a minimum weight

magnet. For this case

P o4 kg=ohm.
o ©0.417 x0T B

W

The mass of the magnet is shown in Figure 7.10 as a function of altitude.

7.11 Surface Area of the Magnet that that is effective 1n tadiation cooling
the coil (Equation (4. 21b))

A Dvin = ‘8{ 284 % . 6 957 ¥ for Sodium  (7.11)
- Yg’Min -yw

This area-can be evaluated using the magnet mass M from Section 7.10.

The magnet surface area is shown in Figure 7.11 vs. altitude.
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quired through inelastic collisions of electrons and: atoms., (Bquation: (2.11))

T )
Vol, = Zleln R (ex/p)i . (7.13).
‘where

‘II' = jon current in. éxhaust .beam

= I/2
m, * average electx:gnz‘eensity. in volume .of discharge

= n/2 !
pa = ambient préssure of atoms ’

= p/2 ‘ :

|
{
q

7.12 Magnet Equilibrium Tempera ture:_v~u§'i'in‘g, the--power. dissipation and

PR

solar energy as inputs and radiation as eneérgy .output. Assume, that A
half of the magnet sutface ig directly::radiated by- the: gun..(i}gugtion (4.19)) :

(AS)Min

LR Lk

Ty £7.12):
where ) S . ;o
eR = emigsivity of wire surface-
= 1.0

o’ = Stefan-Boltzmann constant
5.69 x. 10 -8 wat:t:s/meter:2 o 4

)

The magnet surface ‘température is shown in Figure 7.12 Vvs. altitude.

7.13 Volume of the- Di.schatge Necessarz ‘to. groduce 'ions atJthe rate re-

1.

(oé7i;)= experimentally determined- ionizntion parameter for: air
= 7.6 (ion pairs/m) [ (newton/m )

v. -= electfon. thermal veldgity

= 106 meters/sec.

There fore we. have

Vol. = 164.5 = —— metersS .

)
1016 !
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8. ‘biséussid;g.‘;_t)_f_ the Calculations

Several important inferences can be drawn from the calcilations.
One-of the most important is that the usé of golar énérgy ‘to power the
:gd§qng§§%Eiéc§ric-fﬁtugééf will result in- sufficient -thrust for drag
make up at altitudes only above about 100 miles. It should be ém=
.phasized, hodever, that the engine will work well and probably better

at. lower-gltirndés, but that some source of power othéer than or in

‘addition t6 solar power would be néeded. ‘The discharge will operate
gt a Potentiai of between 25 aid 30 volts under the conditions speci-

fied in thé calculations. This matches well with voltages available
from solar céll arrays. Further, {f the magnet and discharge ar:

-operated in séries, then thg,dféchérgé'wfll‘have a strong positive

- charactéristic and can be cohnected directly to the powet source.

without power conditiéning.. .

ihe*ﬁérqumghcg has beén. calculated on ‘the assumption that
no- shock wave .occurs due to the véry large valué of the mean free
path: (fiore than 1 metet) of the gas particles in the altitude range
‘under ébhdtdgiqttdn, In fact, éffe¢ts due toasﬁock wave formation
would 1mprove engine performance: foi example, increased density would
improveé ionization efficiency. ‘

The maximum axial magnetic field stréngth needed on the axis
of the coll is about 57Vgaﬁés for accelerating\ginély charged ions,
and about 43 gauss for accelerating doubly charged ions. These field
strengths are independent.of the altitude, as indicated by Figure 7.9a.
In practice, there is little or nothing that can be done to restrict
operation 'to one of eithef the singly ionized or the doubly ionized
mode. As the ambient density decreases, the electron temperature will
tend to rise, leading to ‘the onset: of higher multiple ifonizations.
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9. Pulsed Qgergtion

The Advanced Electric Thruster can be operated in & pulsed ‘mode
). ' as-well as steady-staté. . Hoqever,,seve:al*p;oble@s are introduced by .
pulsed. operation:
1. The thrist level must be higher by the ratio of the or- ;
bit.period to.the operating time during.the orbit. This ‘

:equiresaa'latgar:cgoas-gectional area of interaction in
- -order ‘to.intersect enough propellant, This ¢an be accom- E
_plished by using a magnet with a. larger magnetic moment.
2. The magnet current must be operated in.a pulsed mode as
well as, the dischargepinforder\tg psetthe power eﬁfic;éhtly.
This can be accc@plisheg»bxnusing a. condenseér to store the
magnet power .and arranging to open the circuit betweeén the:
niagnet coil‘ and. the condensen when all of the energy is
stored back in the condenger. . . .. . . ‘ ., .
. There is a,potential advantage possible. from pulsed operation. If
the satellite is operating in the ionosphere, it may be possible »g:h.@c a .
considerable -number: of charged particles will be accumulated\by'the mag-
netic field and carried along. The particles will be accelerated in the
exhaust beam when. the discharge current is turned on,

\\
P . . . =

P




10. Integration of the Advanced Electric Thruster into the Spaceéraft
10.1'Poisib{é'éonfiﬁgfgtfqﬁs

In order to ensutre minimum intetférence:’betweer senso¥s, etc. on the

satellite .and the. AET components, the‘thfustef will be bbsftioned on

the rear of the satellite or if .desired mounted up- to 0. 5 meters from

the body of .the satellite.. ‘The coil outer :diameter should be .approx-
imately equal to the diameter of .the satellite; and "the. anode should
have a similar diameter. An insulator plate .placed concentrically
- _.-~around thesqathodguwill'extghd.;ﬁdiélly:opt'tonthevangde;tadiusuté
prevent metal compoients in‘:he,satellitewfgpﬁugho;ting out the radial

electric field between the electrodes. As mentioned above; an axial

] ’ gap-between the insulator and -the anodé ring will be necessary to |
v ' prevent .the flow of surface curtegts.whiéh;wdu}d?guickly erode the
' insulator.

10.2 Mechanical égg,ElectFoméggétiq'intérfgrehce Effects

Placing: the ‘Advanced Electric Thruster at or :beyond the rear of
the satellite should make possible designing out any mechanical interfer-
-ence problems between AET and satellite componénts-

The d,c. magnetic field of the engine might offer some problems
of interaction with moving ferromagnetic compoiients of'.the satellite,
and. posgibly with electromagnétic devices, espec{gliy under conditions
-of the field reversals. There are various ways of sﬁielding the sus-
cepcible.deVicés:-fettomagnéticvéhie141&5,.shi;ablexdesigﬁ and alignment

‘of. components, and-so on,. or -even alternating engine operation with

~ that of the device or deviceq.

Alteration to some degree of the engine. magnetic field by. the,
.« presence of ferromagnetic.etc. materials. in the vehicle should not
degrade engine perfoimahéé'apprgéfgbly, and may possibly be so designed’

‘a8 to. enhance performance. ©




llucﬁedhlrém;ﬁté*forjﬁihd:iénnel and/or Flight Test of the Advgficed

‘11.1 Critical Engiﬁé;?atametérs»Regﬁifipgflnvésgiggpion-

U S

n

Electric Thruster (AET): Concept

11.1.1 Egginebeméopeht§4

The ‘enigine congists of three major components: the anode,

the magnét coil, and the cathode. ‘he design parameters for the fifst

two are well-Kiiown and .can:be fabricated once the matérial for -con-

‘struction:is chosen.’ Howevér, some preliminary experimental work should

be undertakén to investigate tathode désign pa:ameters Thede shotld

determine the following.

1. The: besg,method»ofcepsqring‘thét»ﬁhé“cathode*éoatlng'mAtérial
is injéected into-the cathode cavity at ‘tiie proper rate. -

2..-Which coating material should :be used.

“3;‘The“réla;lonabétgggq;;hgumass;lossyrdteﬁirom‘fhgAggghégg,gbd
the current. - oo B |

4, The minimum power input necessary. .to .ensure- proper cathode
,performance. L '

5. Optimum radiation. shielding configurations.

»llpithPerformance;Parametgrs;

i1.1.2.1 Ionizing Efficiency

" ‘The most <cfitfcal phenomena relativé to the: engife operation that
requites expérimental investigation is the effectiveness with which the
ambiént .material is fonized by the electtic discharge. ‘To assess this, it
is ‘hecessary to conduct 2 test ‘in.-an énvironment with the ambient density
close to that found at the altitudes of intetest,‘i.é. ‘thosé over 100 miles.

11 1.2.2 Anode Ogeration

‘Anode shape, size dn§4pbsitioning.fgquité experimental study. ‘The
anode nwst -be placed in such a position .as:to prevent the discharge from

envelouping :the vehicle, i.e. the discharge current must -be .confined to
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the -space bebiﬁd“thg plaqerof‘the magnet. The outer §ﬁrface of the anode

ring will utndoubtedly have to be covered with insulating matetrial to

ensure ‘that ‘thig does occur. Anode shépefand‘size,"and3o;her factors

.;nvoliing,posittqﬁing would require stqdy_ﬁqg\pergo:mance.ahaiyéis

and optimization.

11.2 Scaling

$heréfare~a numberupf non-dimensional paraméters associated with

ithe :performance of -a device .of the AET type. Some are:

) ._1e|:B 1. ;
WT = e (11.1)
e-e My "1V
and .
el B. 1
Wil: "o o (11.2)
I71 my Me%i'r
2. The: ratio of the electron -and: ion ‘cyclotron ‘radii to
" the vehiclé radiusy a:
,ve -. SkTe‘ mé 3 N o
- ) ey (11.3)
we.a vom, |e}B'a
-and v e .
. (216 V1 _____mI ( (11.4)
18 m, le|Ba »’

1. The ratio of -the electron and ion cyclotron frequencies

to the collision frequency:

3. The ratio of the magnetic pressures to the gas pressure:

.- 2
For the applied magnetic field: —32- (11.5)
feP ‘
, 2
For the inducéd magnetié field: Z-o— (11.6)
: 8 Acp
4. The ratio of the ionizing mean free path to the vehicle
' radius:
Va
ot g (11.7)
LR _
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5. The ratio of the atom-atom mean free path to the

veliicle radius:
‘ ’ 1. -
T (11.8)
6. ‘The Macﬁ=ndm5er:
W= t (11.9):
N
my
7. The Reynold's number:
‘ : vV . a
R =—2 (11.10)

e. )!
Because there is suqh:a'iafgé\ngéber'oflthese parameters;, design-
ing a reduced scale experiment would Ee very difficult ; hence it appears
that a full scale experiment would be the only feasible method of testing

the concept.

*

11.3 $ize of the Testing Vacuum Tank

The tank should be sufficiently large that the magnetic field:
will drop to values at least as low as that of the earth's magnetic
£ie1d,gt the walls. If the experiment is placed at the center of the
tank, minimum values of -tank length and diametér can be termined by
specifying the minimum value of the ampere turns of .the ‘magnet. The
calculations in Section 7 -indicate ‘that NI should ‘be -about 400 ampere
turns, $o that using,quation04.7); the tank lerigth 2aZ can be found:

= PpgiNI 2 . '

’ Bé = earth's magnétic field
0.5 % 10°% Tesla
NI = 400 ampere tufng

. where

a- = radius. of test équigmgn:]

= 0.5 meter
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Hence = - 4 '
. . o . <6 .
_ 2, 3/2 _ 6.28 x 1.256_x 10 ~ x 400
(1 +2) 0.5 x 0.5 x 10°%
/ = 126.2
Zu= 4.92

8o that, since 2a=l, the tank length should -be no less than 4.92 meters
(16£t). x
For a dipole magnet, the far field radially out, in the plane of
-the magnet is.minus one: half its value on the axis for the same distance
from the center of the coil. . The tank.diameter can hence be estimated
-by the .equation-

wi . 2
B, = ;oav (1 + R2)372 (11.12)

or

N i e <

a + 1% 32 2 63.10

R = 3.85.

Tﬁgg the .tank diameter should be more than 3.85 meters (12.5ft) (for
a vehicle of 1 meter diameter). ;

11.4 The Test Environment

The :test engine must be placed in an air flow where the mass,
momentum, and ehergy fluxes are as closé as péssiblé to that encountered
' by satéllites at altitudes between 100 and 300 miles. An electron density
of‘betwgen‘ldll-and‘IOlzlelgctrons/ meter3’ needs to ba‘presgnt in the
flow.

In the altitude range mentioned, theimean free path varies from
5 meters .to 23,006‘meters.‘ Because of this and since the size of vehicle

undér consideration is 1 meter, little or no significant shotk wave effects

will bé present, :such as increases in density, pressure and temperature % '
over the ambient values, even .though the vehicle would be travelling at :

Mach numbers between 8 and 10.
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Accurate simulation of this high-altitude flow field is not

feasible in existing facilities. Figure 11.1 illustrates an experimental

configuration which should offer a satisfactory approximstion to the -

conditions- required, In-it, an arc heater with a conical nogzle expands

‘the. flow to a Mach number of between 2 to 9, and opens to a large .

......

will conéi%pe to expand decreasing the density in the flow to as low
a value aSgP9§sib19- If it is asgumed that the flow cross-sectional

area at thé test position is about 18 metetsg, then the mass flow rate
of air through .the arc heater shoyld vary from 0.16 gm/gec to 3.18 x 107

gn/sec. The power required by the arc heater would be from about 20 kw

.down ito less than 100 waits.

It appears at present possible only to produce wipd-tunnel flows
s1mn1ating the satellite enviropment gt altitudes under 100: miles due to .
the limitations of the available vacuum facilities and the technology of
prodiicing extremely low demsity flows,

11,5 Test Facilities Awailable

Becayse existing facilities in the USA do npt appear capable of the
ecsggece high-altitude flow simulation desiyxed for the full scale test,
certain compromiges and/or auxilliary devices would be pecessary. The
follaying facilities appear to be the best available for cpnsideration
for testing the Advanced Electric Thryster.

11,5, 1 A. E D C. ng ggnsitx Tnnnel M

This tunnel hag a nitrogen flay from ap arc heater expanding through
a conical nozzle into g text section fank 8 ft in diameter. A pgignce is
available for measuring diag or thrust from 0 to 100 milli-pounds, The
tunnel has the digadvantage that the gags flux rate, ou, is more than

IQ too high Further, the tank is tgq small, and since pumping is

‘‘‘‘‘‘

squld be gehieveé £9: m§§“13§f91‘§3§923

« o et
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11.5.2 ZA.E.D.C. Aerospace Chamber (10V)

This chamber is designed for--among other things<-space propulsion
testing. The chamber pressure characteristics (shown in Figure 11.1,
4 as taken from Reference ) indicate that the density can be maintained

5

} at a level of 10 ° torr at the flow rate anticipated from the arc heater.

This is about 1 order -of magnitude tco high for simulation of 100 miles

altitude. The tank is 10 feet in diameter, compared with the minimum
of 12.5 feit desired. If under certain compromises this tank were used,
a small nitrogen arc heater would have to de designed and built as part ;

of the experiment.

11.5.3 A.E.D.C. Agrosgace Environmental Chamber (Mark I)

e e e e e .

This tank is approximately 34 feet in diameter and 65.5 feet long,
and so is clearly large enough. It also has a pumping capacity adequate to
conduct a test at a pressure of 10.7 torr, simulating an altitude of
100 miles. The maximum throughput of nitrogen at this pressure would be
only .a few milligrams/sec. This means that the arc heater must operate
at as low a power as feasible, probably abéut 1 kw. Once again, if this

. tank were used, the arc heater and balance would have tc be designed and i

built as part of thé experiment.

11.5.4. N.A.S.A. Lewis Electric Propulsion Facility

Meaningful tests could be conducted in this facility if it could
be made available. It is possible that one of the NASA Lewis MPD arcs
could be used as the arc heater. Balances are available to measure the

drag and thrust.

11.5.5 Other Facilities

There are a numbér of facilities in industry and at other govern-
ment installations that might be considered, such as the E0S-USAF
electric propulsion facility, and the WPAFB electric propulsion facility.

However, they appear well below the previously mentioned facilities

in meeting standards of suitability for the experiment as described.
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12. Proposed Experimental Program

.The following program is. recommended as the next phase of
this study. It is ‘so constructed that each section could be done

as.an indegendent study.
12.1 Cathode Studies

A cathode’ structure, similar ‘to that shown in Figure 3.3, should

be designed and built, and tests conducted in a small vacuum chamber to

determine relations among the following variables:
1. temperature of the cathode cavity '
2. material used to coat the cathode . ‘
3. mass loss rate through the orifice
4. strength of the applied solenoidal magnetic field

all as functions of the total current carried between the cathode cavity

and an anode placed at least 10 cm from the cathode.

12.2 Investigation of Englrie Performance in a Flow Field with a Low. Level

of Ionization

This experiment could be conducted on a transient pressure basis,
in that the tesis would be initiated in the tank at its highest vacuum and
data accumulated before jet influxes increésed pressure excessively. The
objective would be to determine the extent to which the -accelerator can
utilize the ionized fraction of gas at the atmospheric E-layer as propellant
and to provide discharge breakdown nucleii. The tests would also determine
variation of the diséharge as ambient pressure is reduced. .

The facilities and components needed to conduct this series of
tests would be
1. a vacuum chamber at least 10 ft in diameter that has
a pumping pystemmgapable of reducing the tank pressure
to under 10 = torr.

2. a small (1-10kw) arc jet that can operate on a puléed
basis (0<10secy. This would be used as a pulsed, point

source of gas and plasma. The conical expansion of this
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\

g flow will reduce electron density and mass flux at the .

i test enginé to the desired values. :

g - 3. a test propulsion engine consisting of a magnet coil, é
] an anode assembly, a cathode assembly and a battery '
f - power supply of approximately 1 kw capability.

K

2

These tests would also determine the feasibility .of operating the engine

by accelération only of the existing ions in the flow, and determine the

Y

current and voltage levels at which this can be done, as a function of the:
magnetic field strength and the flow parameters.

2y e

12.3 Investigation of Engine Performance in Similated Flow Field

This series of tests would place the thruster on a balance to
measure drag, thrust, and torque. The tests would be conducted in a :
facility tﬁpt could simulate the required mass flux rate and electron on
a steady 'basis (i.e.. for 1 minute: or more).

o b & Pt o s Bt A o
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TABLE 4.2

f
£

Material [ Yo - pfer

kgm/m3  ohm-m kgm-ohm/m :

3 -8 -4 §

Silver 10.5 'x107. 1.63x10 ~ 1.7 x10 ¢

’ Copper 8.89 " 1.72 1.3 ¢ ;

é Aluminum 2,70 "  2.69 " 0.725 " é

N Mﬂgl}e.“;i\l{n 1 . 74 " 4\.46 "" 0 ° 778 " {f

Lithium  ~0.53 " 8,55 "  0.457 " i

Sodium 0.971" 4,30 "  0.417 ®
Potassium  0.870 " 6.10 " 0.531 "
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§ ! "Table 1-4 (cont.) -
' i .. SCALE NUMBER | PART. COLL, MEAN
i ; ALTITUDE. HEIGHT | DENSITY SPEED | FREQ. _ FREE PATH
4 i Z,m Hm H.. km- n,m-3 V. mui:'l ¥, .qc'l L,m )
% ;’ 64000 - 63362 7.0484 | 45548+ 21 | 415.38 | 1.1398+ 6 3.7003 - 4
! 66000 65322 | 6.7893. 3,5435 407.53 | 85478+ 5 4,7617
! 68000 67280 6.5300 2.7301 - 399,55 ‘| 6.4564 1 6.1088
; 70000 69238 6.21706 2.0813 . 39141 | 48117 1 8.1175
72000 71194 6.0110 1.5685 © 389,10 | -3.5567 T .o0m-3
74000 : 73148 57512 | 1.1674 374.61. | 2.5888 1.4472
76000 75102 5,491 | 8,571 +.20 | 3659 | 1.857 . Lm
: 78000 | 77054 ‘5,231 6.199 8571 | 1.310° 2:125 ;
‘ 80000 79006 | 4,972 4,410 - 348.0 9.062 + 4 3.831 ;
. 82000 80956 | 4.875 2.949 348.0° | 6.075 T 5,728 ,
84000 ‘82004 4,978 1,978 +20 348.0 4084 + 4 | 8532 -3 '
86000 84852 |  4.981 1.321 348.0 2.120 . 1,219 -2 i
88000 86798 4,984 8,840 + 19 348.0 1.831 1.911
90000. 88743 |. 4,987 . 5,618 48,0 | 1,219 2.855
82600 - 90687 5,073 ‘3,904 350.9 8,108 + 3 4.371
94000 ‘ 92630 5.310: 2,540 : 358,91 5.305 - 6.652 :
96000 94572 .| 5,548 1,684 386.7 3.655 1.003 -1 '
98000 96512 5,786 1,136 374.3 2.516 1.488 :
100000 98451 | --6,023 7.783 + 18 381.8 1,759 © 2.1
102000 100389 | 6.261 5.413 ©-389.2 1. 47 s.121 <
- 104000 A 102326 6.500 3,816 + 18 3064 8953 & 2 | 4428 -1 :
106000 ‘ 104261 | 6,738 X TR 403.5 6.506 6.202.
108000 106196 7.555 . 1;8%0 427.1 4.628. 9,233 )
110000- 108129 | 8,731 1,240 . 459,0 -']. 3,368 1,33 + 0
112000: 110061 9.908 8,823 + 17 | -488.8 2,553 1.915 ,
114000 111991, 11.09. ¢.525 +516.9 1.996 2,589
116000 113921 12,28 4,975 543.% 1,600 3:308
118600 115849 .| 13.44 3,890 | 568.8 .| 1.310. 4,343
120000 | unmm 14.62 , 3.105 1 5931 1.090 5.441.
125000 122589 | 17,57 1,899 649.7 738 + 1 | 8.898
130000 . 121395 20,53 1.25¢ + 17 701,7 5,208 + 1 | 1,347 +1 ¢
135000 132192 23,49 | 8.764 +.16 50,0 3.881 1.928
146000 136983 26.46 . 6,395 4 795,38 1 8.010 2.642
145000 141766 | 29.43 " 4,829 838, 1 2,305 3,499
150000 146542 32,40 1 3.748 . 878.8 | 1.9%0 4.507
155000 < 151310 35,38 2,917 - © e | 1,617 5.675
160000 : 156071 | 38,36 ‘2,411 $54.7 1,363, " 1,007
165000 T 160825 41,10 1,998 987.4 1,168 8.456 \
170000 165572 | 42,62 1.7122 3208, 1,034 9.813
175000 170311 44,11 1.495 1021, | 9.0 + O 1,130 + 2. :
180000 175043 44,91 1,324 + 16 1030, 8,070 + 0 1,276 + 2 (
185000 179768 45.71 .31 1038, 7.2%4 1,435 ;
150000 184485 46,51 1 105 1046.. 6.503 1.609 ;
195000 189196 47,3 9,385 + 13 | 1055, 5.858 1.800 |
200000 ) 193899 48,12 8,406 1063, 5.208 2,010
205000 198595 48,92 1,545 | 10m, . 4,782 2.239 ~
' .210000 203284 49,58 1 6,805 10717, 4,39 2,483. . .
L 215000 207965 | 50,16 1 6,154. 1083, O} 3,944 2,145
220000 212640 50,75 | 5.573 1 1oes, 3,589 . 3,032 .
225000 C 1217307 51,34 1 5.052 1094, 3.270 : 3:344 ,
{
!
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Table 1-4 (cont.)

SCALE

o NUMBER PART, COLL, _ MEAN
ALTITUDE HEIGHT DENSITY SPEED | FREQ, FREE PATH
Z,m H,m' H,, km n,m3 V. msec’| v, .gc’l L,m.
.230000 221968 T 51,93: " 4,585 + 15 17 1099, " 2.983 +0 3.685 + 2
240003 231267 52.12 3,790 4 110, - 12,489 4,458

.~ 250000 240539. 54.31 3,145 1120, - 2.088 5,372
-260000 249782. 55.50 2,620 1131, 1.754 6.448:
270000 258998 56.69 2.19i ‘1141, 1,480 7.712
280000 .268185 57.89 1,838 1182.. 1,253 8,193
290000 217245 59,09 1,547 1162, 1,054 1,082 +3
300000 286478 60.29 1.308 1172, - 9.056 -1 1,204
310000 295583 61.50 1,1C5 1182, 71:131 1.528
320000: 304661 62,71 '9.385 + 14 1191, §.618 1.800°
330000 313711 63,82 7.989 + 14 1201.. ; 5,680 -1 2,115 +3
-340000 3322735: 65.14 6,818 1211, 4,686 2,478
350000 331731 66.36 5.824. 1220, 4,213 2.896
360000 340701 67.59 5.003 1229, 3.641 ‘8,371
370000 349644 68.81 4,301 41239, 3.154 3,928
-380000+ 358561 70.04 -3.706. T 1248, 2,738 4,558.
-390000 367451 71,28 -3. 201 A- 1857, 2,382 5.278
400000 376315 72,52 2,170 1266, 2,076 6.098
410000 385152 73.76 2:403 1275, 1,813 7.031
-420000 393964 75.00 2.088 1284, 1,587 .8,090
430000 402749 76,25 1,819 + 14 1292, 1,381 -1 9,289 + 3
440000 411500 17.50 1,587 1301, 1,222 1.064 + 4
450000 420243 78.75 1,388 -1310, 1.076 1.217

. 480000 428951 -80,01 1,218 1318, 9.485 -2 1,399
470000 437634 81.21 1,067 41327, 8,317 1,584

480000 446291 ‘82,54 9,380 + 13. 1335, 7.411 1,801
490000 454923 83,81 ‘8,262 1343, 6. 568 2.045
500000 433530 ‘85,08 7.280 1351, 5,830 2,318
510000 ‘472111, 86,35 6,443 1359, 5.184 2,622
-520000 480668 87,63 '5,704 1367, 4,616 2,962
'530000. 489200 88,91 5,057 +13 13175, 4,117 -2 3.341 +4
540000 497707 90,19 4,492 1383, 3.677 ‘3,761
$50000 506189 91,48 3.995 © 1301, 3,290 4,220
560000 514647 92,17 3.659: 1399, 2.947 4147
-570000 523080 84,07 3,176 1407, 2,644 5,320.

- 580090- 531489 95,37 2,837 1414, 2,375 5,955
$90000 539874 96,67 2,539 1422, 2,136+ 8,655
600000, 548235 97.97 3,215 1429, 1.924 1,421
610000 556571 | 99,28 2,041 1427, 1,736 8,278
620000 564884 .| 100.6 1,834 . 1444, 1,567 9,214
630000 $73173 | 101,9 1.650 +13 | 1451, 1,47 -2 1,024 +35
- 640000 581438 | 103.2 1,488 1459, 1,283 1,137 )
-650000 589680 104.5 1,340 1466, 1,163 1,261

-660000 597898 | 105.9 1,210 1473, 1,055 1,398
670000 606092 | 107.2 1,094 1480, ‘9,585 -.3 1,544
680000 1614263 | 1085 9.904: + 12 | 1487, 8,718 1,706
690000 622411 |- 109,9. 8,975, 1494, 7.938 1,882
700000° 630538 11,2 8,143 1501, 7.238 2,075
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Table 1-2 (cont.)

ALTITUDE TEMPERATURE PRESSURE
Z,m H,m' T,°K Ty % P, mb P kgt m™2 P, mm Hg
64000 63362 236, 03 236,03 1.4838 - 1 1.5131 + 0 1,1130 - 1
66000 65322 227,21 21,2 1.1113 1.1332 8.3354 - 2
68000 67280 218,40 218,40 8.2298 -2 | 8.3920-1 6.1728
70000 69238 209, 59 209, 59 6.0208 6,1396 4.5160
72000 71194 200,79 200,79 4. 3470 4, 4327 3. 2605
74000 13148 191,99 191,99 3. 0937 3.1547 2.3204
16000 75102 183. 2 183, 2 2.167 2,210 1.626
718000 n1054 174, 4 174.4 1.492 1.522 1.119
80000 19006 165,17 165, 1,008 1,028 7,563 - 3
82000 80936 165, 7 165, 7 6.744 - 3- 6.877 - 2 5,058
84000 82904 165.17 165,17 4,512 -3 4,601 - 2 3.384.- 3
86000 84852 165. 7 165.7 3.020 3,079 2,265
88000 86798 165, 7 165, 7 2.021 2.061 1.518
90000 88743 105, 7 185, 1.353 1,380 1.015
92000 90687 168. 4 168, 4 9.074 - 4 9,255 - 3 6.806 - 4
94000 92630 116, 1 176, 2 6.172 8,294 4,630
96000 94572 183.1 183.9 4,270 4,354 3,203
98000 96512 191. 4 191,17 3, 000 3,059 2,250
100000 98451 199.0 199.5 2.138 2,180 1,604
102000 100389 206, 6 207.2 1,544 1.574 1.158
194000 102326 214, 2 215.0 1,128 - 4 1,151 - 3 8.463 - 5
106000 104261 221.8 222, 1 8.941 - 5 8.505 - 4 8,256
108000 106196 248. 4 249.6 6.274 6.398 4,706
110000 108129 286, 7 288, 2 4,908 5,003 3.680
112000 110061 425. 0 326,9 3,957 4,035 2,968
114000 111991 363, 1 365, 5 3,210 3,335 2,453
116000 113921 401, 2 404,1 2.755 2.809 2,066
118000 115849 439.1 442.6 2,358 2.404 1,768
120000 RULLA] 477.0 481,32 2.044 2,085 1,533
125000 122589 5171.3 511.4 1,497 1,527 1.123
130000 127395 664.9 673.6 1,151 -5 1,174 - 4 8.632:- 8
135000 132192 757.8 169.5 9.167 - 6 9.348 - 5 6.876
140000 136983 849.9 865. 3 7.502 7.650 5,627
145000 141766 941.0 961.0 6,272 6,395 4,704
150000 146542 1031, 1056, 5.334 5.439 4.001
155000 151310 1120, 1152, 4,602 4.693 3.452
160000 156071 1207, ‘1247, 4.018 4,097 3.014
165000 150825 1285, 1334, 3.544 3,614 2.658
170000 165572 1323, 1381. 3.145 3,207 2,359
175000 170311 1359, 1427, 2.803 2.858 2.102
150000 175043 1371. 1451, 2.505 - 6 2.554 - 5 1.879 - 6
185000 179768 13681, 1474, 2. 243 2. 287 1,682
190000 184485 1389, 1498, 2.013 2.052 1.510
195000 189196 1397, 1522, 1.809 1,845 1.351
200000 193899 1404, 1545, 1.628 1,661 1.222
205000 198595 1411. 1569, 1.470 1.499 1.102
210000 203284 1414, 1587, 1,328 1.354 9.959 ~ 7
215000 207965 1414, 1604, 1,201 1,225 9. 009
220000 212640 1414, 1620, 1.088 1,100 8. 150
225000 217307 1414, 1636, 9.863 - 1 1.006 1.398
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CHAPTER 1

Table 1-2 (cont, )

ALTITUDE TEMPERATURE PRESSURE

2, H,m' T,°K Tyy %K P, mb P, kgt m~2 P,mmH
230000 221968 1415, 1653, 8,953 - 7 9.129 - 6 6.715+7
240000 231267 1415, 1685, 7.401 7.547 5. 551
250000 240539 1415, 1718, 6.143 6. 265 4.608
260000 249762 1416, 1750, 5.120 5,221 3,841
270000 258998 1417, 1782, 4,284 4,369 3.213
280000 268185 1418, 1814, 3,598 3,669 2.699
290000 217345 1420, 1846, 3,033 3.092 2,275
300000 286478 1423, 1878, 2,565 2,615 1.924
310000 295583 1426, 1910, 2.176 2.219 1,632
320000 304661 1430, 1942, 1,853 1,889 1,390
330000 313711 1435, 1974, 1,582 - 7 1.613- 6 1.187-7
340000 322135 1440, 2005, 1,355 1,382 1,016
350000 331731 1445, 2047, 1,164 1.187 8.729 -8
360000 340701 1451, 2068, 1,002 1,022 1,518
370000 349644 1458, - 2089, 8.656 - 8 8.827 - 7 6,492
380000 358561 1465, 2131, 7,495, 7,643 5.622
390000 367451 1473, 2162, 6,506 6,634 4,880
400000 376315 1480, 2193, 5,661 5.773 4; 246
410000 385152 1489, 2224, 4,938 5.035 3,702
420000 393964 1497, 2255, 4,316 4,401 3,238
430000 402749 1508, 2285, 3.782 - 8 3.856 - 7 2,837 -8
440000 411509 1516, 2316, 3,320 3,386 2,491
450000 420243 1525, 2347, 2,921 2,979 2.191
460000 428951 1535, 2377, 2,576 2,626 1,932
470000 437634 1545, 2407, 2,275 2,320 1,707
480000 446291 1555, 2438, 2,014 2,053 1,510
490000 454923 1566, 2468, 1,786 1.821 1,339
500000 463530 1576, 2498, 1,586 . 1,617 1,190
510000 472111 1587, 2528, 1,412 1.439 1,059
520000 480668 1598, 2558, 1,258 1,283 9.438 - 9
530000 489200 1609, 2568, 1,123 -8 1,146 - 17 8.427-9
540000 497107 1621, 2618, 1,005 1,025 7,536
550000 506189 1632, 2647, 8,000 - 9 9,178 - 8 6. 751
560000 514647 1644, 2677, 8,075 8. 234 6. 056
570000 5230 1655, 2706, 7,255 1,398 5.442
580000 5¢.489 1561, 2136, 6.528 6.657 4,898
59000, 539874 1679, 2765, 5. 882 5,998 4.412
600000 | 548235 1691, 2794, 5. 308 5.413 3,981
610000 556571 1703, 2824, 4,798 4,891 3.597
620000 564884 1745. 2853, 4,339 4,425 3. 255
630000 573173 1727, 2682, 3.931 -9 4,009 - 8 2.949 - 9
640000 581438 1739, 2911, 3, 566 3.636 2,675
650000 589680 1751, 2940, 3,239 3, 303 2,429
660000 597898 1763, 2968, 2,945 3.003 2,209
670000 606092 1775, 2997, 2,681 2,734 2,011
680000 614263 1788. 3026, 2.444 2,492 1,833
690000 622411 1800. 3054, 2,230 2,274 1.673
700000 630536 1812, 3083, 2,037 2,077 1,528
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ACCELERATION SPECIFIC MOLECULAR
ALTITUDE OF GRAVITY WEIGHT DENSITY WEIGHT
Z, m H, m g, m sec™2 w, kgf m o, kgm™3 \ M

64000 63362 9,6121 2,1467 - 4 2.1901 - 4 28, 966

66000 65322 9.6061 1.6691 1.7039 128, 966

N 68000 67280 9.6001 1,2851 1.3128 28,966

76000 69238 9.5942 9,7911 - 5 1,0008 29,966

72000 71194 9,5882 7.3744 7.5424 - 5 28, 966

74000 73148 9,5822 5.4853 5,6137 28,966
76000 75102 9,576 4,025 4,122 28,97
78000 77054 9.570 2.900 2,981 28,97
80000 79006 9,564 2.068 2.120 28,97
82000 80956 9,558 1,382 . 418 28,97
84000 82904 9,553 ' 9.243-6 9,489 - 6 28,97
86000 84852 9,547 6.182 6.350 28,97
88C00 86798 9.541 4.135 4,251 28,97
90000 -88743 9,535 2.767 2.846 28,97
92000 90687 9,529 1.824 1.877 28,96
94000 92630 9,523 1.185 1,221 28,95
96000 94572 9,517 7.848 - 1 8.087 - 7 28,93
98000 26512 9,511 5,288 5.452 28,92
100000 98451 9,505 3.619 3,734 28,90
102000 100389 9.499 2,514 2,596 28,88
104000 102326 9,493 1.770 - 1 S 1,820-17 28,87
106000 104261 9,488 1,262 1,305 28, 85
108000 106196 9,482 8.466 - 8 8,759 - 8 28,83
110000 108129 9,476 5,730 5,930 28,82
112000 110081 9,470 4,073 4,218 28,80
114000 111991 9,464 3.008 3.117 28,78
116000 113921 9,458 2,201 . 2,375 28,78
118000 115849 9.452 1.769 1,856 28,74
, 120000 1177117 9,447 1.426 1,480 28,71
; 125000 122589 9,432 8.687 - 9 9,022-9 28,66
f * 130000 127395 9,417 . 5.717-9 5.953 - 9 . 28,59
| 135000 132192 9,403 3.979 4,150 28,53
' 140000 136983 9,389 2,892 3.020 28.45
; 145000 141766 9,374 2,173 2.274 28,36
: - 150000 146542 9,360 1.€79 1.759 28,27
: 155000 151310 9,345 1,326 1.392 28,16
; 160000 156071 9,331 1,068 1,123 28,04
! 165000 160825 9,317 8.794 - 10 9,256 - 10 27,91
i ™ 170000 165572 8,302 7.524 7,932 21.75
1 175000 170311 9,288 6.479 6.841 21,57
! 180000 1175043 9,274 5.688 - 10 5.015 - 10 27,36
l 185000 179768 9,260 5,004 5.300 27.12
t 190000 184485 9,246 4,412 4,680 26,85
195000 189196 9,231 3.899 4,142 26.59
200000 193899 9,217 3.452 3.673 26,32
205000 198595 . 9,203 3,063 3.264 26,06
210000 203284 9,189 2,731 2.914 25,80
215000 207965 9,175 2,442 2,510 25,54
{ 220000 212640 9.161 2,186 2,339 25, 29
225000 217307 9.148 1,959 2,100 25,04
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Table 1-3 (Cont})

ACCELERATION SPECIFIC MOLECIILAR
.&AuTITUDE OF GRAVITY WEIGHT DENSITY WEIGHT

Z, m H, m g, msec™2 w, kgf m™3 p, kg m=3 M
239000 221968 9,134 1,758 - 10 1,887 - 10 24;79.
240000 231267 9,105 1,421 1.530 24.32
250000 240539 ‘9,018 1,154 1,246 23.87
260000 249782 9, 051 9,408 - 11 1,019 23.44
270000 258998 9,024 © 7,706 8,375 - 11 23,03
280000 268185 8,996 6,338 6,909 22,685
260000 271345 8,969 5,233 5.722 22,28
300000 286478 8,942 4,338 4,157 21,95
310000 295583 8,916 3.609 3.969 21,63
320000 304661 8,889 3.013 3,324 21,33
330000 313711 8.862 2.524 - 11 2.792 - 11 21,06
340000 322735 8 836 2.121 2.354 20,80
350000 331731 8,810 1,788 1,961 20,55
360000 340701 8,783 1,512 1,688 20,33
370000 349644 8,157 1,283 1,436 20,12
380000 358561 8,731 1,091 1,225 19,92
390000 367451 8, 705 9,307 - 12 1,048 19,73
400000 376315 8,680 7.960 8,994 - 12 19,56
410000 385152 8,654 6.826 7.736 19,39
430000 393964 8.628 5,868 8,670 19,24
430000 402749 8,603 5.057 - 12 5,165 ~ 12 19,09
440000 411509 8.578 4, 369 4,995 18,96
450000 420243 8,552 3,783 4,338 18,83
460000 428851 8,527 3,283 3.1 18,71
470000 437634 8,502 2.855 3.293 18,59
480000 446291 8,41 2,488 2,878 18,48
490000 454923 8,453 2,173 2,521 18,38
500000 463530 8,428 1,901 2,212 18,28
510000 472111 5,403 1.667 1,945 18,19
520000 480668 8,379 1,464 1,714 18,10
530000 489200 8,355 1,289 - 12 1,512 - 12 18,01
540000 4971707 8,330 1,136 1,337 17,93
550000 506189 8, 306 1,003 1,184 17,86
560000 514€47 8, 282 8.875 - 13 1,051 17,18
570000 523080 §, 258 7.864 9,335 - 13 17,12
580000 531489 8, 235 6,980 8,313 17.65
590000 539874 8,211 6,205 7.411 17,58
600000 548235 8,187 5.525 6,617 17,52
610000 556571 8.164 . 4,926 5,917 17. 47
620000 564884 8,140 4,399 5, 299 17.41
630000 573113 8,117 3,934 - 13 4,753 - 13 17.36
640000 581438 8,094 3.523 4, 268 17,30
650000 589680 8.071 3,159 3.839 17.25
660000 597898 8,048 2.8217 3.457 17.21
670000 606082 8,025 2.551 3.117 17.16
680000 614263 §.002 2,288 2,814 17.12
690000 622411 17.979 2.070 2.544 17.0%
700000 630536 7,951 1,868 2.302 17,03
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2.  PHYSICAL PROCESSES
All electric propulsion engines rely upon two basic processes:
1. Iomn production

2. Ion acceleration

In accomplishing thesé ends, certain penalties must be paid, which dre
usually evaluated in terms of propellant mass utilization and electric
power utilization. The axisymmetric Hall current accelerator, or MPD
arc, accomplishes all of CheIChree processes mentioned above by means
of a dc arc struck between electrodes placed symmetrically in & sole-
noidal magnetic field. However, the measurements that can be made are
such that it is virtually impossible to evaluate propellant mass uti-
lization and power utilization independently., Thus, great simplicity
of design is gained at the expense of great complexity in the inter-
action of the engine operating mechanisms.

One of the features of the MPD arc that appears most baffling to
physicists is the apparently uncorrelated behavior of the arc current
and the ion flux rate. Since the electrons can carry an appreciable
fraction of the arc current, considerable energy from the electric
field is transferred initially to the electron internal and kinetic
energy, from where it can later be transferred to the ions. This
allows the ions, under some circumstances, to leave the engine with
energies greater than they could achieve by falling through the poten-
fial drop of the discharge. The detailed process by which this can be

accomplished will be discussed in the following paragraphs.
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2.1 Ion Production

The momentum conservatioi equations indicate that some torque
and force reaction must occur on the engine (see Section 3). For this
to happen, ions must be produced in and expelled from the motor with
axial and angular velocity. The fewer the ions, the higher the result-
ant velocities must be and, consequently, the beam power must be higher,
On the other hand, as the ion production and expulsion rate increases,
the power in ion production becomes very high, hence some ion flow rate
must exist at which the electrical power into the discharge is a mini-
mum. If the arc current is Héld fixed, this implies that the discharge
seeks a minimum voltage mode in which to operate. The above argument
then indicates that the arc accomplishes this end by ilonizing the opti-
mum amount of propellant to expell in the exhaust beam. The key, then,
to explaining the operating characteristics of the engine lies in
determining the optimum ion exhaust rate and in understanding the pro-
duction process for these ions throughout the volume of the discharge.

Previously (Ref. 1), it had been concluded that volume iqn-
ization away from the electrode surfaces could not account for all of
the ions produced, At that time, it was assumed that the electron
temperature was about IO,OOOOK. Since then, daté on anode heating
have indicated that the electron temperature may be much higher, e.g.,
~ 30,000 - SO,OOOOK. This raises the probability of volume ion pro-
duction, through electron atom collisions, to values where it can
account for most, if not all, of the ions used in the exhaust beam.

The atoms are not confined to any great extent by :he elec-
tric discharge. Hence the flow field of the gas will be subztantially
the same as one would find for the gas issuing from the orifice with
no discharge present. The discharge must now encompass this gas and
adjust the electron temperature and density throughoué its volume so
as to ionize the optimum amount of propellant. Clearly, to get good
propellant utilization, the injected flow rate should be close to the

ion flow rate in the beam. However, in the interest of obtaining best

5470-Final 817 : 222
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overall efficiency, it may be necessary to inject slightly more pro-
pellant than is used by the beam. This would help to restrict the
volume of the discharge -and perhaps keep the electron temperature to
lower values, thus reducing power loss by electron energy convection
to the anode.

Since a vast majority of atom-electron collisions are elastic
collisions, the energy used to ionize one atom must be considerably
greater than the ionization potential of the atom. The energy differ-
ence i3 transferréd into the internal energy of the atoms and ions.

If most of the injected mass is eventually iecsnized, this energy is not
lost but is available to be transferred into beam kinetic energy by
eventual expansion througu the magnetic nozzle. It is obvious, of
course, that this internal energy of the. heavy particles can never be
higher than that of the electrdons. This argument indicates that the
ionization process need not be efficient. However, the number -of
inelastic collisions that excite the electrons to states that can
radiate should be minimized. This is basically a problem of propellant
-selection.

The electron internal energy results from the electron current
passing through the potential drop and being randomized by collisions
with heavy particles. For this reason it would be expected that the
highest electron energy would be found in the anode sheath, after the
electrons have fallen through most of the potential drop. This is
fortuitous, since it is precisely in this region that the highest pro-
duction rate is wanted, to let the ions gain a maximum of kinetic

energy by falling through the potential back toward the cathode jet

2.2 JIon Acceleration

Momentum can be transferred to the ions from electric fields
or from collisions with other particles. For convenieﬁce, the momentum
exchange processes in a fully ionized gas through which an electric dis-
charge is passing shall be discussed.

5470~Final 2-3 s
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Locally, the force oR each fon is ‘given by the following

expressions:
J
3 . in - : --—E
Axial: qe I{Ez + uy Be vIBr 5 }
, 3 d
r
Radial: e I{Er‘ﬁ Vi B, = vy Be -3
Jo
Azimuthal: ]e I{wI Br - U Bz -5

If an electric discharge is established in a unifcrm axial
magnetic field we shall call the region where the current flows down-

stream the anode sheath hnd the region where it flows upstream the

cathode jet. If a cathode of maximim. diameter Rc is surrounded by -an

-anode ring of diameter Ry (RA > Rc) we. ask the quesivions:
1, Does the cathode jet expand out to meet the anode sheath?
2. Does the anode sheath contract in diameter to meet the
cathode jet?
3. Do both (1) and (2) occur simultanezusly?

Consider first the cathode jet. If the cathode jet is to -
expand outward, conservation of momentum states- that the axial momentum
of the jet must increase and the rotational momentum of the jet must
increase, However, the local (E + v x B) axial and ‘tangential electric
fields are both in the wrong direction to accelerate the ions and the
mementum must hence be transferred to them by electron collisions,

This is a highly dissipative process, resulting in strong heating of
the electrons. This increases the rates of entropy produntion -over
that caused by ion-electron drag in a purely dissipative plasma (no
body force).

In the anode jet the situation is quite different. Both
E_and u. B, arz in the positive z direction, thus helping to accel-

z 178
erate the ions axially. The only dissipative or entropy producing

5470-Final e 7 2-4
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1. A uniform diameter cathode jet is established which -carries 3
only -a small fraction of the injected mass flow rate.’ :
2. An annulus of plasma is established off of the anode face. -
The injected mass is. accumulated within this annulus. 'All
of the discharge current passes- through the anpnulus. '
3. The average radius of this anode-sheath deécréases downstream.

.This causes the ions in the sheath .to be accelerdted "
slighitly in the axial direction and to be spuii: up to high
azimuthal 'velocities., The electrons are simultaneously
heated, mainly by thc ion-electron drag. in the’ azimuthal ' °
direction, where the azimuthal.eleciron motion ‘is helpiﬁg
to spin up the iouns. e !

' &4, ‘The anode sheath eventually meets the catnode jet at z = L
i and the current path is completed. 'Ne discharge current

‘ flowsat axial positions beyond this point.

5. At positions of z > L, 'tne magnetic field acts like a

magnetic nozzle, As the field diverges tne ions are accel- "
erated axially by two processes:

a, Conversion of angular moméntum requires that as the .
jet radius increases, rotational lon energy must be
transferred to axial and radial kinetic energy.

: b, The high energy electrons tend to expand out of the

nozzle ahead of the ions, thus setting up a positive.

axial electric field that accelerates the ions. In

this manner, &ll of the energy of the particles in the

beam can be convertéd into the kinetic energy of the

| ions., Obviously, some ot tnls energy will reside in
the radial motion with the result tiat the expansion
will not be 100 percent efficient.

An attempt to analyze the "heating" (constant magnetic field)

region of such a device is made in Section 4 of this report,

| 5470~Final g b 2-6
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3. INTEGRALS OF THE MOMENTUM EQUATIONS

There are a few cases where the net electromagnetic force in an
axisymmetric body can be computed without detailed knowledge of the
distributions of current and magnetic field. In the general case, the
momentum equations nust be integrated simultaneously with continuity,
energy, Ohm's laws, Maxwell's equations .and the equations of state.
The cases chosen here ave such that the integrand (force per unit
volume) can be put into the form.of a divergence, by using Maxwell's
equations and simplified momentum equations. These forces can be
integrated in terms of total current, radius, -and applied magnetic
field.

3.1 Pressure Due to JZBQ Pinch

Here the average pressure on the cathode is computed in
tersis of the current and radius of attachment., The equations used.

are &.miomcatum equation

..y
z

dr 8’ Q(Z'=R) = pO ’ (l)

an induction equation
L4 ny=na, Byr=0)=0 (2)
r dr 0 o"z' 76 !

a total current integral

R
I =Lr Jz(r) 2m dr |, . 3)

(o]
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and a definition of average pressure

T e

1 R
Pay =~ | () 2m dr )

45

Combining the above relations, it follows that independent

of the distribution of Jz, the: average cathode pressure is given by:

’ P, =P, + (5)
E i av o 8n2 R2

The- pressute given by EQ. 5 will act on the cathode to give
! a thrust, 7%his thrust force is given by u012/8n and is independent

1 of the distribution of the current densit-r at the cathode, and of the
é ‘ size of the cathode attachment,

3.2 Thrust Due to JrB Punping

)
‘ The amount of thrust in an axially symmetric volume due to

radial currents and induced azimuthal magnetic fiela can “2 evaluated

in terms of the magnetic field distribution at the boundaries. This,

in turn can be evaluated from the total currents. The following

i relations are used:

19 <

r or (r BO) pb Jz (6)
BBe

"% TR M

L2 g2
FromEq.7 it follows that J. By = 3 (Be/2ub)
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r 29(®)
Thrust = \r k[ Jr Be 2mr dz dr
0 zl(r)
(8)
R - 27 % ®
- B
]
= Lr 2m } dr
2 qu
o zl(r)
By can be found by integrating (Eq. 6)
r
; 1
Bo(r, z) = T Jr s Jz(s, z) ds 9)
o

Equation 8 shows that thrust can be evaluated in terms of
magnetic field and Eq, 9 shows that magnetic field depends only upon
axial current. If:

a) Current leaves cylindrical anode of ra&ius RA

b) current enters circular cathode of radiusARc with

uni form current density

then
LN 12 1 R,
Thrust = i QE + In E:) (10)

3.3 Torque Due to (r JJB_ - r JB)
2t rz

In an axially symmetric volume with radial and axial currents
and magnetic fields, there will be a torque which occurs when the cur-

rent crosses the magnetic field. To evaluate this torque, introduce
the vector potential Ae.

5470-Final 3.3 7 =
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The quantity (r AG) is constant along a magnetic field line. The

torque per unit volume is given by:

" 3 (r Ay 3 (x Ae)]
L J By - ¥ JB, = {fr or +J, 3z (12)
3 (r Ae)
For the axially symmetric case, % = 0, hence
Torque = = J « ¥ (r Ag)
Q13)

n -v-(rAQE)

where V « J = 0 has been used. Upon integration over a volume R of

surface S, outward normal n,

1

f (torque) d(vol) = J (-r A) (J +n) ds (14)
R s
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If r Ae is constant at anode and cathode

- i ]
Torque = I L(r Ae)anode (r A9)cathode
anode 3 (r Ag) 3 (r Ag) ]
-1 5t 42
cathode

I (Magnetic Flux Between Cathode and Anode)
2n T

Finally for a point cathode, and an average axial field Bz through a

circular anode of radius RA’

2
1
B 1R, (16)

N fr

Torque =

3.4 Max Thrust Due to JeBr

In an axially symmetric volume where Je is induced (by the

Hall effect), the amount of axial force cannot be larger than for the
case of a completely diamagnetic plasma. In this limiting case, the
Je lies completely in the surface of the volume, and no magnetic
fields exist inside the volume. Compute the currents and magnetic
field as follows, Let B = BO‘+ B1 where Bo is the applied field due
to external magnets and Bl is the field due to induced currents
within the volume. Outside of the plasma, V x B1 is z2ro, hence

B1 = VY, where Y is a scalar tiuld. Since V . B1 = 0, then

\72 Y = 0 {outside of plasma) Qan

Since B « n = 0 at the plasma surface
oY

== - (ﬁb) . n (at plasma surface) (18)
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‘581vé laplace Eq. 17 with boundary condition Eq. 18. The force is

given by
Force = = I f B, +V Y)z wds
0

where T is an outward normal and § is the surface area of the plasma. ;
The same result can be obtained by the following method.

Here we shall attempt to solve for the surface Je distribution for a

particular plasma configuration shown in Fig. 3-1, We use a 6-Ohm's

law (where Ye is the Hall parameter for electrons).
ye
Je Z - [3;1 (JZBr - JrBz>’ (19)

and the induction equations

0B, 0B,
52 & Mo (20-2)
0B
13 z .
T 3¢ (rBr) + vl 0 (20-b)
¥

In Eq. 19, the coefficient g\ does not depend upon magnetic
field, since Ye is proportional to |B L We assume Jz and Jr are known,
based upon visual observations of the operation of the accelerator,

It appears that Jr = 0, and Jz = total current divided by cross sec-
tional ared of the anode jet (ZnRaG). Thus Eq. 19 becomes

¥ I
_ e A1
Jo = - ‘in | 2 R, GJ B, (21)

From Eq. 21 we see that B, (and not Bz) is important for
calculating Jg+ We can use the integral solution of Eqs. 20-a and

20-b which assumes no magnetic material is present:

5470-Final / 3.6
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B,
B (r, 2) = 3= ”G (r; s; z-t) g t) ds dt
where x > (22)
N - rs (z-tl_cos¢ do
G(r, s; z-t) = { 2 Z 5 3/2
r~ - 2rs cosp + s + (z-t) J

When applying Eq. 22, we use Eq. 21 for the value of Je in the region
of the anode jet, and the known Je ity the electromagnet. Thus, Eq. 21

becomes:
r \ \
JI G (r, s; z-t) Jé,coil(s’t)ds dt
coil
Y I M)
T A 0
99 ,Ha11 = " [_l R, ]2r< ) (23)
+ If G (r’s’z-t)Jé,Hall(s’t) ds dt
\.anode jet J

Eq. 23 is an integral equation for the Hall current in the anode jet.

Exact solutions are not avaiiable for Eq. 23. An approximate
solution has been obtained by lumping the distributed Hall currents Jb
into concentrated currents., We will refer to this technique as the
wire model., The Hall currents are replaced approximately by hoop cur-
rents in a set of wires. The error of the lumping has been estimated;
by changing the number of wires per unit length of the anode jet, and
shown to be small.

The solution found was for infinite conductivity, or more

precisely A — « where

Y I b ol .
c e A - 0 AZ (26)
lBI(Zn) R, |einI (2m)° R,

This is the limit of a completely diamagnetic plasma.

i - 3-8
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To solve the wire model, concentrate the current deéusity
into a set of wires (seé Fig. 3-1). Thus, the wire for the electro-
magnet coil has a current Ic, where Ic is equal to the number of -turns
times the current in one conductor. The wires which carry the Hall
currents in the anode jet carry a current of Je’ Hall ° Nz« 6. The
integral Eq. 23 is thus replaced by a set of simultaneous algebraic
equations. In the infinite A case, which corresponds to infinite

0, where j stands for one of the

conductivity, Br = 0, Thus,(Br)j
points shown in the wire model of Fig. 3-1,

0 = G(R,, R, zj) I +-2J G(Rys Rys 2, = 2,) Ty (25)
1=1

Some solutions;-of Eq. 25 are shown in Fig. 3-2. Thée Kernel
function G defined in Eq. 22 can be computed in terms of elliptic

integrals.
2rst (2-k%) B(k) - 2(1-k?) K(k)
O(rasit) = =7 2 2 (26)
Kr+s)® + t J ! k° (1 - k%)
: 2 _ r 2, 2N
where E and K are elliptic integrals and k” = 4rs/| (r+s)” + t J. To
Lo
simplify the computations, a function Gplanar based upon a flat geon.
etry was used
2
. e 4e” st
Cp1anar (c,858) = 2] o (27)

2 r 2
(r-s)” + ¢t Ji (rds8)” + t°
L '

we

|

This is a good approximation to the Kernel function near the coil.
The electromagnetic thrust can be computed either from the

integral of the JeBr forces in the jet or by the reaction on the coil,

Thrust = [[Jg o) B 2redrdz= - [f Jg,Ha11By 2 dr dz (28)

coil anode jet
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FIG, 3~2 COMPUTED HALL WIRE CURRENTS AND THRUSTS
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For the example of Fig. 3-1, the integration was made over the coil.
The thrust is approximately 80 percent of the product of the cross-

section area of the anode jet times the magnetic pressure which would
exist along the centerline if there were no Hall currents. This is
probably an upper limit of the possible thrust.
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SUPPLEMENT TO FINAL REPORT, CONTRACT F04611-73-C-0020

ADVANCED ELECTRIC THRUSTER PROGRAM

12.4 Estimated Costs

Labor Hardware Facilities * TOTAL
(Leased or Rented)
Section
12.1 $12,500. $ 3,700. $ 3,200. $19,400.
12.2 32,900. 5,800. 12,700. 51,400..
12.3 65,400. 12,900. 20,200. 98,500,

* (Not needed if USAF facilities are available)
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