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ABSTRACT

Estimates of magnetohydrodynamic (MHD) accelerator performance
limitations show that velocities of 30.000 to 40.000 ft/sec at high density
should be attainable with a Faraday accelerator. Operation near atmos
pheric pressure using seeded air is suggested; order of magnitude esti
mates indicate the seed material should not affect most aerodynamic
testing. The possibility of increased performance by using nonequilib
rium electrical conductivity is discussed.
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NOMENCLATURE

Channel cross -sectional area

Magnetic field of induction

Ion slip parameter, Eq. (8)

Electric field

Electronic charge

Total enthalpy, (u 2 / 2) + h

Static enthalpy

Total current

Current density

Boltzmann's constant

Channel length, also body characteristic length

Mach number

Particle mass

Particle number density

Power

Pressur.e

Gas constant

Entropy

Temperature

Velocity

Voltage'

Channel coordinates, Fig. 4b

Moles per mole of gas -at low temperature

Ionization fraction

uB/Ey

uB/EH

Increment of same quantity

Electron energy loss coefficient; also shock standoff distance

Accelerator energy transfer efficiency
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p

WT

SUBSCRIPTS
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1

2
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g

H

n

x

y

Mass fraction of seed material

Magnetic permeability

Gas density

Electrical conductivity

Parameter defined in Eq. (7)

Product of cyclotron frequency times mean collision time
for electron collisions with heavy particles

Product of cyclotron frequency times mean collision time
for ion-neutral particle collisions

Stagnation or res ervoir conditions

Accelerator inlet

Accelerator exit

Electrons

Gas

Hall

Neutral

x-component

y-component
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1.0 INTRODUCTION

The limitations of conventional hypervelocity simulation techniques
have become apparent in recent years. Continuous facilities, facilities
with testing time of seconds to minutes, are limited by electric-arc
heater performance. The performance limit of current electric-arc
heaters was given by Cann and Buhler (Ref. 1 and shows the limit to be
about 100 atm pressure at moderate enthalpies. Higher performance
can be obtained in short duration facilities such as a reflected shock
tunnel, which gives testing time of milliseconds. The performance
limit of a reflected shock tunnel was recently discussed by Bird, et al.
(Ref. 2), who concluded that reservoir conditions will be limited to about
2000 atm pressure at 9000oK.

A method of extending the simulation capabilities is the use of
magnetohydrodynamic (MHD) accelerators. This was suggested by
Boison and Ring (Ref. 3) for a large facility and allows direct kinetic
energy addition to the flow, alleviating the containment problem of high
pressure, high-temperature gases. In a sense, MHD techniques offer
the first promis e of a quantum increas e in aerodynamic test capabilities
since the introduction of shock-tube, shock-tunnel techniques a number
of years ago. The- impact on testing will no doubt be comparable.

Although a quantum increase in test capability may result, MHD
accelerators are not to be viewed as an ultimate and have definite
limitations regarding free-stream chemical state and the purity of :the
test gas. Also, there are definite limits in terms of velocity and density
of the flow which can be obtained. In this report, an effort will be made
to establish these limitations, and estimates of expected accelerator
performance will be made for both continuous and short duration testing.
The promising modes of accelerator operation will be indicated in terms
of pressure level, temperature level, and velocities.

It should be pointed out that the interest here is in "aerodynamic"
testing and not simply" stagnation point heat transfer" testing.

2.0 SIMULATION

2.1 SIMULATION REQUIREMENTS

Conventional techniques are adequate for aerodynamic testing in the
perfect gas regime, where Mach number and Reynolds number are the

Manuscript received November 1964.
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important parameters. Therefore, any consideration of MHD techniques
should be limited to where real gas effects are important: dissociation,
ionization, and recombination. By considering the oxygen dissociation
and recombination reaction rates, Harney (Ref. 4) has shown that in
the range of practical flight the flow chemistry is neither frozen nor in
equilibrium so the finite rate chemistry must be simulated; that is, in
the range from 100, 000 to 300,000 ft altitude and above 13, 000 ft/sec
flight velocity. Thus, the problem of providing chemical kinetic simu
lation must be solved, and the success of any MHD facility must be
judged to a large extent by how close it meets this requirement.

The problem of what flow must be produced by a facility to provide
the correct chemical kinetic simulation is not well understood. Based
on the work of Gibson (Ref. 5). it appears that the free-stream velocity
must be reproduced; Mach number is not too important if it is suffi
ciently high. The free-stream dissociation level should be sufficiently
low so that the energy in dissociation is small compared to the total
free-stream energy; also the free'-stream dissociation should be small
compared to the maximum dissociation fraction in the flow over the
body. Binary scaling, keeping pL = const where L is the characteristic
body length. is possible; however, this offers little aid since high
density flows are difficult to obtain in hypervelocity test facilities.
Also. three-body-recombination becomes important at low altitude (high
density) so that the scaling law breaks down in the very place one would
like to us e it.

Thus. to simulate the hypervelocity flight conditions. one must
provide (a) the correct free-stream velocity, (b) the correct free
stream density on a large scale model. (c) a hypersonic Mach number,
(d) a low free-stream dissociation level. and (e) sufficient test time to
accomplish the test objective. The first two conditions are rather
specific; the last three are rather vague and depend to a large extent on
the particular test. Since the flow Mach number and density level can
be easily changed by a simple nozzle expansion. the proper comparison
of facilities is velocity and entropy. or more precisely. total enthalpy
and entropy. This comparison will be used here for the most part.

2.2 REQUIREMENT FOR SEED

Fundamental to the operation of any MHD device is that the fluid be
an electrical conductor. At sufficiently high temperatures, gases be
come electrical conductors; the required temperature can be significantly
reduced by the addition of a small amount of seed material such as
potassium or cesium. This effect is illustrated in Fig. 1. which shows
the equilibrium electrical conductivity of nitrogen and of nitrogen plus
O. 3 percent potassium by weight at atmospheric pressure, as given by

2
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Weber and Tempelmeyer (Ref. 6). The conductivity of air is not greatly
different. Also shown is the dissociation fraction (Z* - 1) for air
(Ref. 7) and for nitrogen (Ref. 8). A conductivity of between 100 and
300 mho/m is normally required for accelerator operation; thus, the
flow would be approximately 50 percent dissociated if pure air or
nitrogen were used, whereas only about 6 percent of the air and prac
tically no nitrogen would be dissociated if potassium seed were used.
An examination of the chemical reaction rates shows that the flow is in
equilibrium within the accelerators considered in this report and is
frozen in any post-accelerator expansion so that the dissociation fraction
in the accelerator will appear in the test section. If the test gas is
accelerated, the choice is then essentially to accept a seed material or
a large dissociation fraction in the test section.

2.3 EFFECT OF SEED

If a seed material is used, its effect on the test flow must be con
sidered. Clearly, the stream bulk thermodynamic properties can
change but little for a seeding fraction of 1/4 percent, typical of accel
erator operation. The primary effects to be considered are the effects
of increased electron concentration and increased radiation.

Electron concentrations in the stagnation region of a body with
flight conditions of 23, 000 ft/sec at 150, 000 ft altitude and of 36,OOOft/sec
at 200, 000 ft altitude have been computed by Eschenroeder, et al. (Ref. 9)
and are shown in Fig. 2•. A potassium mass seeding fraction of 1/4 per
cent with all the potassium singly ionized* would yield an electron con
centration of 1. 85 x 10- 3 mole / original mole (neglecting the coupling
effect between potassium and air ionization). This value is also shown
in Fig. 2 and is an upper limit for the change in electron concentration
caused by the potassium. It is seen that at the 36, 000 ft/ sec condition
the electron concentration is essentially that due to the air everywhere
except very near the'shock front; in fact, at the stagnation point less
than 1 percent of the electrons are caused by the potassium. At the
23, OOO-ft/sec condition, the potassium .and air contribute comparable
electron concentrations. The 36, OOO-ft/sec stagnation flow at 200,000 ft
altitude can be related to 350, 000 ft altitude by binary scaling; here it
is found that again the potassium and air contribute comparable electron
concentrations. It is thus concluded that at high velocities and moderate

*Double ionization will not occur since the second ionization poten
tial of potassium is 31. 7 ev; this can be compared to the first ionization
potential of 9.5 ev for NO and 15.5 ev for N2.

3
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altitudes the electron concentration near the body will be dominated by
air reactions. while at low velocities and/or very high altitudes the
potassium reactions will dominate.

In the region where the potassium dominates the electron concen
tration, the convective heat-transfer rate could be expected not to change
since the electron concentration of 1. 85 x 10- 3 mole/original mole is
less than the level indicated by Hoshizaki (Ref. 10) required to change
the convective heat-transfer rate.

At high velocities the radiation heat transfer to a vehicle can be
comparable to or even greater than convective heat transfer. so the
potassium radiation must be considered. The equilibrium and nonequi
librium radiation about a vehicle with flight conditions of 35, 000 ft/sec
and 200, 000 ft altitude have been computed by AI~en. et al. (Ref. 11)
and are shown in Fig. 3 for the stagnation streamline. In the region
near the body, the gas is essentially in equilibrium, and the radiation
caused by potassium transitions from the first excited state to ground
level was computed and is shown in Fig. 3 (equilibrium region) to be
much less than the air radiation. This results essentially from the low
fraction of un-ionized potassium at these temperatures and the high first
excitation potential for singly ionized potassium. Near the shock wave,
the gas translational temperature is very high since the energy has not
had time to go into the gas dissociation and ionization modes. Here the
electron concentration is dominated by the potassium, and bremsstrahlung
radiation could be important. However, an upper bound is obtained by
assuming all the potassium is singly ionized and the electron tempera
ture to be the same as 'the gas temperature; the value obtained was
10- 3 watts / cc- 2'1T-ster and is not shown in Fig. 3 since it is so much less
than the air radiation. Other radiation could be important which is more
difficult to estimate; for example, if the un-ionized potassium lower
electronic excitation levels were excited at the gas temperature for
some time before ionization could occur, rather high radiation levels
would result. An estimate .of this effect was obtained by computing the
first resonant line radiation assuming 10 percent of the potassium atoms
are in the first excited state. This value, which is probl.bly high, is
shown in Fig. 3 as the peak of the es'timated potassium Hne radiation.
Thus, it appears that the air radiation will dominate over the potassium
radiatio~ under flow conditions where radiation heat transfer is important.

There exists a possibility that the seed material will catalyze the air
chemical reactions. This cannot be answered without experiments; how
ever, the possibility is thought to be small since in the flight range of
interest the reactions are mainly dissociative where catalysis is normally
unimportant. This is even more true at high velocities (36, 000 ft/sec)

4
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where the stagnation point temperatures are so high that one-step dis
sociation of nitrogen as well as oxygen is possible.

Based on the above. it is concluded that an accelerator which obtains
electrical conductivity by using a seed material is promising. whereas
an accelerator not using seed will have limited utility for aerodynamic
testing' because of the high dissociation fraction.

3.0 TYPES OF ACCELERATORS

Various types of MHD accelerators have been proposed for re-entry
testing and are applicable to widely differing flow densities. Some
estimates of the flow conditions appropriate to the various configurations
will be made in this section.

3.1 FARADAY ACCELERATOR

The simplest MHD accelerator concept is what is sometimes referred
to as the Faraday type. This is analogous to the d-c electrical motor
and is shown schematically in Fig. 4a. A magnetic field is applied across
the channel. and an electric field is applied perpendicular to this. The
resulting current gives rise to a JxB force which accelerates the flow.
At values of the Hall coefficient WT greater than unity. there will be a
sizable current component in the ExB direction (flow direction) uriless
the electrodes are segmented and each set powered separately.

It is shown in Section 4. 0 that the channel length for this type of
accelerator can be written approximately as

L '" (-p..;-) ~
aB Tf1s (1)

where u2 is the exit velocity and ~S is the entropy rise through the
accelerator; all other terms are to be some average values. The term

[(pu) / (crB2)J has the dimension of length and is referred to as the inter
action length. Keeping the accelerator length reasonable is always a
problem. Equation (1) says this is accomplished by having the density p
small; however. this would give a large Hall coefficient WT. In our range
of interest. WT is given approximately by (Ref. 6):

cur '" -lL
7p

5
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where B is in weber/m2 and p is in kg/m3. The interaction length can
then be written approximately as

pu U
--2- "" 2
a 8 49 a p (cur) ( 3)

Thus. the density level which will minimize the interaction length is
found by using the largest possible magnetic field B and largest possible
Hall cdefficient WT in Eq. (3).

Using B = 10 weber/m2 and WT = 10. a value of p = 0.14 kg/m3 is
found from Eq. (3) as the density level in the accelerator. At low veloc
ities. approximately this value will be found at the accelerator exit; at
high velocities the large entropy rise through the accelerator will lower
the density at the exit by a factor of about 10. Also. an expansion ratio
of about 10 is normally required between the accelerator and the test
section to obtain a hypersonic Mach number. The resulting density
levels are shown in Fig. 5 as the lower altitude limit for Faraday accel
erators. This line is obtained more accurately in Section 5.0; however.
this serves to illustrate the physical reasons for the limit.

Low densities in the test section can be obtained by increasing the
post-accelerator expansion ratio from the 10 assumed above to about
103; an expansion ratio larger than this would give unreasonably small
accelerator channel areas. In addition to this. the density level in the
accelerator could be reduced by perhaps a factor 10 for high velocities
and a factor of 102 at low velocities. This gives a total reduction in
density by a factor of 104 at low velocities and 103 at high velocities.
and is shown in Fig. 5 as the high-altitude Faraday accelerator limit.

It should be noted that the correct flight Mach number will be pro
duced in the test section for the high-altitude portion of the accelerator
operation indicated in Fig. 5; at the low altitudes. the post-accelerator
expansion is smaller. and the Mach number will be lower than in flight.

3.2 HALL CURRENT ACCELERATOR

.At values of the Hall coefficient greater than unity (low densities).
the largest component of the current is in the ExB direction. Therefore.
one is led to an accelerator configuration where the voltage is applied in
the axial (flow) direction and produces a current perpendicular to the
channel as well as in the flow direction. The electrodes are then shorted
as shown in Fig. 4b. Other configurations are being considered for
propulsion applications (i. e .• Refs. 12 and 13); however. this configura
tion will serve for the order of magnitude estimates in this report.

6
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The current components for the configuration here are given by
Weber and Tempelmeyer (Ref. 6) as

jy
a EH

[1 - 1>f3H]curO+1>2)

h
aEH

[1> + f3 H]. curO+1>2).. -
where

f3 H ...!!.lL
EH

1> 1 + b
cur

b 2(1 - a)2 cur(curh

(4)

(5)

(6)

( 7)

(8)

Here b is the usual ion-slip parameter, WT is the Hall coefficient for
electrons, (WT)r is the Hall coefficient for ions, and a is the ionization
fraction.

An efficiency of the energy addition process can be defined as

ry =
kinetic energy addition

total energy addition
(9)

By varying EH and thus {3H, it is found that () has a maximum value when
{3H is given by

and the value of () is

Tf = 1 - 21> [VI + eji - 1> ]

(10)

(11)

It is desirable to have () as close to unity as possible; this is accom
plished by having ¢ as small as possible. By varying B, ¢ is a mini
mum when b = 1 so that the maximum possible conversion efficiency is
approximately

1 _4_
Tf max = - cur

where the magnetic field has been picked such that

2 (1 - a)2 cu r( cu r)1 = 1

For seeded air at the conditions of interest,

(curh '" 10-3
cur

which means that WT should be
cu r '" 23

and the maximum conversion efficiency is
Tf max '" 0.83

7
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To be useful l the Hall accelerator must operate near this maximum
attainable conversion efficiency. For B = 10 weber / m 2 the density level
in the accelerator is then approximately 0.06 kg/m3•

An important characteristic of a Hall current accelerator is demon
strated here; namelYI there is a fundamental upper limit to the conver
sion efficiency that can be attained. For a Faraday accelerator operating
with no Hall currents l the conversion efficiency is

"

iy u BuB
T/=-----{3ir Ey - Ey -

(12)

which can l in principle at least l be made as near unity as desired by
proper choice of the applied E field. If E in the Faraday accelerator is
picked to give the same body force term as in the Hall accelerator l that
iS I jy'S set equal. it is found that

1-{3
{3 <= ¢

which is a conversion efficiency of 0.92 for the Faraday accelerator
compared to the 0.83 for the Hall accelerator. This indicates that the
entropy rise in the Hall accelerator will be about double that of the
Faraday accelerator.

Allowing for a density decrease through the Hall accelerator by a
factor of 10 associated with the large entropy rise and a post-accelerator
expansion ratio of 10. the maximum density level for a Hall accelerator
at low velocities is then about 6 x 10-4 kg/m 3. At high velocities I the
density will decrease another factor of 10 because of increased entropy
rise. These values are shown in Fig. 5 as the low-altitude limit of the
Hall accelerator.

The lower density limit of the Hall accelerator is not clear. It
appears that the magnetic field could be reduced by a factor of 10 and
the density within the accelerator by a factor of 102; sufficient inter
action would be retained since EH would be much larger than the value
which was used to maximize the conversion efficiencYI Eq. (10). A
larger entropy rise would then reduce the accelerator exit density
another factor of 10 for a total reduction of 103• This value is shown in
Fig. 5 as 'the high-altitude limit for a Hall accelerator.

3.3 TRAVELlNG.WAVE ACCELERATOR

In an induction electric motor l the torque is produced by the inter
action of the applied magnetic field with the currents induced in the rotor
by the effective motion of this same applied magnetic .field. Similar to

8
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this, one can have an accelerator where the magnetic field is varied in
time such as to produce wave motion, that is, traveling waves in the"
flow direction. This will induce currents in the gas such that the inter
action will effectively drag the flow with the traveling magnetic field.
This type of accelerator is shown schematically in Fig. 4c. Other con
figurations which have some important advantages have been considered
(i. e., Refs. 4 and 15); however, this configuration will serve our pur
poses here.

Fundamental to this accelerator is that the gas must be contained in
the magnetic field waves. This requires that the flow dynamic pressure
be much less than the magnetic pressure: '

P U2

-!-~- < < 1
B

2
/ P.

The magnetic field coils tend to cancel each other, and it is difficult to
have effective field strengths greater than say O. 3 w /m2. Using this
field strength and placing the above pressure ratio at O. 1, the density
level is found to be about 10-4 kg/m3. Allowing for a density decrease
through the accelerator and some expansion at the exit, the value of 10-4

will be reduced to say 10- 6, which is shown in Fig. 5 as the low-altitude
limit for traveling-wave accelerators at moderate velocities.

The low-density limit for a traveling-wave accelerator will
correspond to the point where there are too few collisions to accelerate
the neutral particles. This will permit about another factor of 102
reduction in density level and is shown in Fig. 5 as the high-altitude
limit for traveling-wave accelerators.

3.4 ELECTROSTATIC ACCELERATOR

An accelerator for producing high-velocity free-molecule flow of a
neutral-particle stream was proposed by Cann, et al. (Ref. 16) and is
shown schematically in Fig. 4d. It consists essentially of an ion-engine
type accelerator to obtain a high-speed ion beam. The high-speed ions
are then neutralized by crossing the beam with a low-speed neutral
particle beam and utilizing resonant charge exchange. The cross section
for resonant charge exchange (that is, transferring an electron between
molecules or atoms of the same element) is much larger than for momen
tum transfer, ionization, dissociation, etc. This is fundamental to the
technique and allows the production of a high -velocity neutral beam
utilizing electrostatic acceleration.

The low-altitude limit corresponds to space charge limits for the
ion accelerator. Order of magnitude limits for this technique were

9
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made in Ref. 16 and are over 500, OOOft "altitude and hence not shown in
Fig. 5.

3.5 ACCELERATORS FOR AERODYNAMIC TESTING

The accelerator estimates given in Fig. 5 should be considered as
a maximum range of values because other constrains may be of prime
importance. For example, energy storage and/or power limitations
will be of prime importance at low altitudes. Also, smaller lnagnetic
fields will be available for a continuous facility, and heat transfer could
be severe. Thus, the low altitude limits for the Faraday and Hall accel
erators in Fig. 5 must be raised for continuous facilities. Also, they
will be raised if the correct free-stream Mach number is required.

Based on the above order of magnitude estimates, it appears that
only the Faraday accelerator and the Hall accelerator are of interest
for aerodynamic testing in the altitude range from 100, 000 to 300,000 ft,
where most of the flight problems occur. Further, the Hall accelerator
will be limited to rather high-altitude conditions, and the Faraday accel
erator will be the most useful for practical aerodynamic testing. There
fore, consideration in this report will be limited from here on to the
Faraday accelerator.

4.0 FARADAY ACCELERATOR SCALING LAWS

4.1 CHANNEL LENGTH

The required channel length is of prime importance in MHD accel
erator work. Essentially one would like to have the channel very long to
have an efficient acceleration process (inviscid analysls); however, this
would lead to very thick viscous boundary layers which could even
dominate the entire accelerator flow. Therefore, an estimate of the
accelerator channel length will be made first. Consideration will be
limited to a Hall-current neutralized accelerator.

It was shown in Eq. (12) that of the total energy added to the flow,
the fraction [3 goes in as kinetic energy which leaves the fraction (1 - [3)
as thermal energy addition. Therefore, the entropy rise can be written as

T dS = (l - ,8) dH

where H is the total enthalpy of the flow,

u2

H=-2-+ h

10
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(14)

(15)

Normally the change in static enthalpy h is small so dB '" u du; als.o
{3 will be near unity, Thus, Eqs. (13) and (15) are combined to give

(16)

For a high-performance accelerator, .6. u '" u2, the exit velocity. The
entropy rise .6. S can be thought of as density decrease or channel area
increas e and is limited to .6. S /R about 3 to 4. The conductivity varies
approximately as

a e.-, (Z * - 1) yT

so the length varies as

(17)

L e.-a
( z * - 1) ye B

2 Til s
u 3

(z* - 1) ye p (wr/ Tils
(18)

where (Z>:< - 1) is the gas dissociation level and e is the mass seeding
fraction.

4.2 ACCELERATOR SCALING LAWS

. The channel length itself is often not as critical as the channel
length-to-diameter ratio; this is a measure of the severity of the
boundary-layer growth and can be expressed as

L L
D = yA = (19)

where mis the mass flow. The mass flow can be expressed in terms of
total power P and the exit total enthalpy; then Eqs. (18) and (19) are
combined to give

L
4.$

U

(z * - 1) yep p ( w r)2 T il s (20)

Since the maximum value of L/ {"A is a rather firm limit, Eq. (20) can
be considered an expression to estimate the increase in velocity which
can be obtained by changing various quantities. For example, doubling
the dissociation fraction will increase the velocity u by 17 percent;
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doubling e increases u by only 8 percent. To double u requires the
power P be increased by a factor 103; this also points out that there is
a minimum power level below which a Faraday accelerator should not
be considered.

4.3 HALL VOLTAGE

The Hall potential in a Hall current neutralized accelerator is
given by (Ref. 6)

(21)

This can be combined with the energy Eq. (14) to give

EH dx = f3 ffi n dH
ae

where mn is the mass of the neutral particles and the ionization fraction a
is small. Assuming {3 and a are approximately constant. this is integrated
to give the total Hall voltage as

X 10 -7 ~
VH = 1.5 a (22)

where VH is in volts. u is in m/sec. and the constant has been evaluated
for air. The accelerator exit velocity has been assumed large compared
to the inlet velocity.

Voltages computed from Eq. (22) are shown in Fig. 6. For {3/a= 1000.
typical of the accelerators considered here. a Hall voltage of 15. 000 volts
is required to obtain 10. 000 m/sec. This serves to illustrate the rather
high axial voltages which are characteristic of a high-performance
Faraday accelerator and which give rise to finely segmented electrodes
and severe insulation problems between electrodes.

5.0 EQUILIBRIUM ACCELERATOR PERFORMANCE

5..1 OPTIMUM ACCELERATOR SOLUTIONS

The selection of a MHD accelerator design to produce specified test
section conditions is complicated by the large number of parameters in
volved. Referring to Fig. 7. one must choose the operating conditions
Ho and So for the gas supply. the channel inlet conditions. the channel
area distribution A(x). magnetic field distribution B(x). and the electric
field distribution E(x). These quantities must be chosen within the

12
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framework of appropriate physical constraints. The solution for the
optimum accelerator in terms of maximum exit total enthalpy, minimum
exit entropy level, or minimum channel length)« was given by Ring
(Ref. 17) and will be used here to estimate the Faraday accelerator per
formance limits. This solution includes optimum matching of accelerator
to the hot gas source, real air thermodynamics, and equilibrium elec
trical conductivity; it will be used here in the sense of maximizing the
total enthalpy with the exit entropy level and channel length fixed.

Various physical constraints are appropriate and include: (a) effec
tive reservoir pressure and temperature limitations .of the hot gas source,
(b) maximum available magnetic field strength, (c) maximum value of the
Hall coefficient WT, (d) maximum channel static pressure based on
structural and/or heat-transfer limits, and (e) maximum gas dissocia
tion level in the channel. In addition, one must assume a mass seeding
fraction e and a channel length based on poundary-layer considerations.

A large number of accelerator solutions were obtained with various
assumed values of the physical constraints. All of the solutions were
obtained by numerical integration of Eqs. (25), (26), and (27) of Ref. 17.
The integrations were performed using the numerical curve fits given by
Lewis and Burgess (Ref. 18) for the real air thermodynamics of Hilsenrath
et al. (Ref. 7). The ionization fraction was found by using Saha1s equation
for the potassium seed; the electrical conductivity was then computed
using an electron-neutral collision cross section of 10- 19 m 2 and the
Spitzer value for the electron-ion collision cross section.

5.2 EXAMPLE ACCELERATOR SOLUTIONS

The details of two of the optimum accelerator solutions obtained are
shown in Figs. 8 and 9 for a continuous and a short duration accelerator,
respectively.

The continuous accelerator (Fig. 8) is assumed to be supplied by an
arc heater at 100 atm pressure, typical of current high-pressure arc
heaters. The reservoir temperature of 47500 K should not be considered
sp.ecified but rather the optimum value corresponding to a specified exit
entropy value of S /R = 35. 16 and a length of 4 m. The channel static
pressure was limited to 10 atm for heat-transfer considerations. The
maximum value of Z* was taken as 1. 06, and a maximum magnetic field

*It should be noted that, as shown by Ring (Ref. 17), these three
distinct optimization problems lead to the same solution.

13
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was taken as B = 4 w 1m2, which could be operated continuously.. 'The
Hall coefficient W'T was limited to 5 and the potassium mass seeding rate
was taken as O. 25 percent.

The pressure in the channel initially remained constant (Fig. 8a) at
10 atm while the temperature increased until the dissociation limit was
reached. The pressure and temperature then both decreased along a
line of z* = 1. 06 while W'T increases to its limit of 5. The Hall coef
ficient W'T then remains constant while the pressure and magnetic field
decrease. The velocity and Mach number (Fig. 8b) increased nearly
linearly down the channel. The rapid increase in area near.the channel
exit is characteristic of a solution where WT is constant.

The short duration accelerator (Fig. 9) has an effective reservoir
pressure of 10, 000 atm. This value is typical of the conditions which
can be obtained from a shock tunnel operating in the nonreflected mode.
Again, the effective reservoir temperature of 10, 2500 K is not specified
but rather is the optimum value corresponding to a specified exit entropy
SiR = 34.83 and a channel length of 4 m. The constraints are the same
as the previous case, except that the magnetic field has been increased
to 10 w1m2, which can be obtained with a pulsed magnet, and no limit
has been placed on the static pressure since the values obtained are not
excessive for a pulsed device.

The general characteristics of this solution are similar to the
previous case.

5.3 ACCELERATOR PERFORMANCE LIMITS

Having obtained a number of optimum accelerator solutions, a plot
can be made of accelerator exit total enthalpy as a function of exit
entropy level. This has been done for a continuous accelerator in
Fig. 10 as a Mollier diagram overlay and shows the effect of length,
maximum Hall coefficient, and reservoir pressure. The corresponding
optimum arc-heater entropy lev~ls (S/R)o have been indicated at several
points along each curve. Since these limit lines correspond to optimum
accelerat.or solutions, they are to be considered as absolute accelerator
limits in the sense that it is impossible for any other accelerator to have
higher performance (that is, higher total enthalpy at the same entropy)
within the assumed system of constraints. Clearly, higher performance
can be obtained by relaxing any of the assumed constraints.

For reference, a scale of total enthalpy in terms of equivalent
velocity has been included. Also, equivalent altitudes for duplication of

14
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atmospheric density and temperature are indicated based on the assump
tion that both chemical reactions and vibration are frozen in the post
accelerator expansion. This assumption should be valid above S /R "" 35
but somewhat in error below this.

A moderate gain in performance is obtained by increasing the Hall
c0efficient or the accelerator channe11ength. The effect of increasing
the arc-heater pressure from 100 to 200 atm together with an increase
in the channel static pressure limit from 10 to 100 atm is seen to be
quite small. This minor gain in performance does not appear to justify
the associated severe heat-transfer problems. Also. it is found that
(S /R)o can be changed substantially from the optimum values indicated
on the curves with only a minor loss of performance.

Since the limiting accelerator performance depends only weakly on
the reservoir pressure. a single line can effectively represent the
limiting accelerator performance for each type of hot gas supply. Fig
ure 11 shows the accelerator performance limits for 100. 1000. and
10. 000 atm effective reservoir pressure. The 100-atm line represents
arc heaters with continuous accelerators; as such. the magnetic field is
limited to 4 w /m2 and channel static pressure to 10 atm. The 1000-atm
line represents a short duration accelerator using a reflected shock
tunnel as the gas source; a magnetic field of 10 w/m2 and a static pres
sure limit of 600 atm were used. It should be noted that this high static
pressure was realized only in accelerators with an exit velocity below
28. 000 ft/sec. The 10. OOO-atm line represents a short duration accel
erator using a non-reflected shock tunnel as the gas source; the mag
netic field was limited to 10 w/m2 and that static pressure to 1000 atm.
Again the high pressure was realized only for accelerator exit velocities
less than 22. 000 ft/ sec.

These calculations show two important facts. First. there is a
rather well-defined limit in t1}e maximum velocity which can be obtained
under a given set of physical constraints. Second. the entropy levels
(and thus density level) depend only weakly on the type of gas source
used for a high-performance accelerator; increasing the gas source
pressure level by a factor of 10 increases the test section density only
py about 50 percent.

The limiting performance lines obtained can be scaled with reason
able accuracy using Eqs. (18) or (20). However. it takes large changes
in say z* or mass seeding fraction e to change the performance signifi
cantly. A Hall coefficient of 5 should present no major difficulties; a
value of 10 may produce severe problems. Therefore. the limiting lines
shown in Fig. 11 can be considered. for practical purposes. the upper
performance limits of Faraday accelerators using equilibrium ·e1ectrica1
conductivity.
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6.0 NONEQUILIBRIUM ACCELERATOR

6.1 NONEQUILIBRIUM ELECTRON TEMPERATURE

When an electric field is applied to a plasma. the electrons start to
drift while the ions remain relatively immobile because of their large
mass. Since the electrons are falling through a potential. energy is
added to the electrons. and they will be raised to a higher energy level
(that is. higher temperature) than the heavy gas particles. The magni
tude of the temperature difference depends on how rapidly the electron
energy can be transferred to the heavy gas particles through collisions.

This effect was first proposed for MHD devices by Kerrebrock
(Ref. 19) who gave the electron temperature as

2rn g j)2
Te = Tg + TI8 ( lie e

Here mg is the mass of the gas heavy particles. and 0 is a correction
factor to acc'ount for inelastic collisions of electrons with these gas
particles; 0 = 2 corresponds to elastic collisions. The gas ionization
fraction is assumed to be given by Saha's equation using the electron
temperature. Fair agreement has been found between the electrical
conductivity computed on the basis of this model and experiments with
monatomic gases (Refs. 20 and 21). The experiments indicated a value
o '" 10; this was attributed to radiation losses.

Equation (23) has been written by Hurwitz et ale (Ref. 22) in the
form

2

2rn g (1-f3) 22
Te = Tg + 3kF -f3- (cur) u

Using typical values of f3 = 0.9. W7' = 5. and u = 5000 m/sec. the electron
temperature is found to be 18000 K higher than the gas temperature for
o = 10; however. if 0 = 103 the 18000 K is reduced to only 18°K. This
demonstrates the fundamental importance of the magnitude of 0 on non
equilibrium accelerators. The magnitude of 0 for air h~s not been
established; it could be as low as 10 or as high as 102 to 103 if the
electrons are effective in the excitation of say nitrogen vibration (Ref. 23).
However. the electrical conductivity data obtained by Tempelmeyer. et ale
(Ref. 24) in potassium seeded nitrogen indicated nonequilibrium effects
with 0 near 102 ,

Nonequilibrium ionization probably cannot be maintained in nondis 
sociated air without seeding, If one were to produce nitrogen ions. the
extremely fast dissociative-recombination reaction

N2 + e - ... N + N + Radiation
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would quickly lead to a fully dissociated flow. Also, the probability of
excitation of N2 vibration by electrons will be greater at high electron
temperatures; continued vibrational excitation would again lead to dis
sociation. Therefore, the possibility of obtaining nonequilibrium con
ductivity in nondissociated air appears the greatest by using a seed
material such as potassium and maintaining the electron temperature
in the 40000 K range.

6.2 NONEQUILIBRIUM ACCELERATOR

Assuming nonequilibrium conductivity can be obtained, there will
still be limitations on accelerator performance. Equation (24) shows
that nonequilibrium electron temperatures cannot be obtained if (1 - (3)
is too small; Eq. (13) shows the entropy rise to be proportional to this
same factor. Also, the entropy rise becomes large if the gas tempera
ture T is too small. Based on these considerations, it is estimated that
a factor of 10 increase in density at high velocities and a factor of 102 at
low velocities could be obtained from Faraday accelerators if nonequilib
rium conductivity is realized.

7.0 CONCLUSIONS

Estimates of the performance limitations of the various types of
MHD accelerators indicate that only Hall accelerators and Faraday
accelerators will be useful for aerodynamic test purposes, with the Hall
accelerators limited to high-altitude (low-density) conditions. The lower
performance of the Hall accelerator is the result of the fundamentally
lower conversion efficiency when operating in the Hall mode.

It was shown that to obtain the required electrical conductivity one
must either accept a highly dissociated flow or a seed materiaL Esti
mates were made of several possible effects of the seed material on the
flow. It was concluded that an accelerator which uses a seed material
is promising, but an accelerator not using seed will have limited utility
fo~ aerodynamic testing.

Performance estimates of a Faraday accelerator using potassium
seed and equilibrium conductivity indicate that velocities over 30,000 ft/sec
should be obtained from a continuous accelerator and over 40, 000 ft/sec
from a pulsed accelerator. To obtain this performance, the accelerator
must operate near atmospheric pressure, in the 3000 to 40000 K tempera
ture range, and at values of the Hall coefficient WT greater than 5. Sub
stantial increases in density level can probably be obtained at low
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velocities (25,000 ft/sec) if nonequilibrium electrical conductivity is
obtained.
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