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Abstract
The paper analyzes a novel concept of hypersonic cold-air MHD power generators with
ionization by electron beams. Electron beams are shown to allow control and stable
operation of MHD channels in cold high-speed flows. To avoid excessive energy cost of
ionization and damage to beaminjection foils, electron beam current densities should be
restricted to a few mA/cn?. This reduces the conductivity in electron beam sustained
MHD channels compared with that in conventiona MHD generators, restricting
performance and calling for very strong magnetic fields and high Hall parameters. The
high Hall parameters cause ion dlip and near-anode phenomena to become first-order
issues. Example 1D calculations of hypersonic power generator performance appear to be
promising. The paper also discusses possible problems that could be caused by
hypersonic boundary layers and electrode sheaths, including anode sheath instability and

waysto avoid it.
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1. Introduction

Over the last severa years, new applications of magnetohydrodynamic (MHD)
technology to hypersonics have been proposed. One new concept, called AJAX, was
suggested in Russia about 20 years ago.” 2A key element of AJAX is a MHD power
generator at the inlet of the airbreathing hypersonic engine. The generated electricity
could be used to power various el ectromagnetic devices on board, or to provide a MHD
acceleration of the engine exhaust flow (the so-called MHD bypass).

The MHD generator would reduce the total enthalpy of the flow at the engine
inlet. If the MHD-reduced total enthalpy becomes low enough, a conventional turbojet or
ramjet engine, instead of a scramjet, could be operated in hypersonic flight. Because of a
certain flexibility of MHD devices, especially those with external ionizers (see below),
engine inlet flow parameters could be tailored to optimize engine performance in off-
design environments.

Even if the MHD enthalpy extraction is not enough to avoid the need for a
scramjet at very high Mach numbers, the MHD bypass could still be beneficial. As
demonstrated in the recent theoretical papers,® MHD bypass could bring the scramjet
inlet temperature to atolerable level and, at the same time, increase the specific impulse.

The practicality of the MHD bypass concept depends on many system issues,
such as cost, robustness, thrust-to-weight ratio, etc. To adequately address these issues,
the physical feasibility of operating hypersonic MHD channels and the extraction of
significant fractions of enthalpy with tolerable levels of losses must be considered. It is
the purpose of this paper to analyze physical aspects of MHD power generation in

hypersonic flows up to Mach 6 — 8.



The first challenge in developing ontboard hypersonic MHD generators is to
create an adequate electrical conductivity in air. With air entering the MHD channel at a
static pressure of about 0.1 atm and temperature of a few hundred Kelvin (the static
temperature could reach about 1,000 — 2,000 K at the channel exit), thermal ionization of
even cesium-seeded gas is far below that required for MHD operation. When the free-
stream Mach number is very high, above Mach 12, the flow could be put through a series
of oblique shocks, increasing static temperature to 2,800 — 4,000 K, at which point a
conventional MHD generator could in principle be operated with 0.1-1% of potassium or
cesium seed. This configuration is suggested and analyzed in recent NASA Ames
studies.® Of course, at hypersonic speeds mixing of the injected seed with the flow is
problematic. Additionally, thermal ionization in hot hypersonic boundary layers would be
much higher than in the core flow, which could result in short-circuiting through the
boundary layer. Nevertheless, conventional MHD operation is at least conceivable at the
very high flight Mach numbers.

The situation is more complicated at Mach numbers of about 8 and lower. Even
after a few oblique shocks, static temperature would not reach the 2,800 — 4,000 K level
required for conventiona seeded MHD operation. Cold hypersonic MHD channels
would, therefore, have to rely on a nonrthermal ionization mechanism. As shown in
Ref.4, high-energy electron beams represent the most energy-efficient way of creating
ionization in cold gas. (The ionization efficiency is 2-3 orders of magnitude higher than
that of electric field-sustained nonequilibrium ionization).

In Ref.4, we described, qualitatively and quantitatively, propagation of electron

beams and the ionization profiles created by them in air. We also analyzed, in aquasi-1D



approximation, theoretical performance of Faraday-type generators and accelerators
sustained by ebeams. Our preliminary analysis * ° of the role of boundary layers and
electrode sheaths indicated that the layers and sheaths are strongly coupled with each
other and can play acritical role in hypersonic MHD channels.

In this paper, we further develop ideas and methods presented in Refs.4 and 5,
focusing on electron beamsustained hypersonic MHD generators. First, we discuss basic
requirements and constraints on ionization level, magnetic field, and channel length.
Then, 1D analysis of Hall-type MHD generators with ebeam ionization is performed.
Electrode sheaths are considered next. We demonstrate that anode sheaths play a crucial
role, and are subject to a potentia instability; we also indicate ways to suppress the

instability.

2. Electron Beam lonization in MHD Channels: Basic Configuration and Potential
Advantages

As discussed in Ref. 4, high-energy €electron beams are the most efficient
ionization sources. High-energy beam electrons would collisionally ionize atoms and
molecules with very high probability, and secondary electrons would cause additional
ionization. Thus, a cascade of electrons is generated as the beam slows down in the gas.

The net effect is approximately one ionized molecule or atom for every Y, =35 eV lost

by the beam. Thisionization cost is only 2-3 times greater than the ionization energy of
air molecules.
The basic configuration of an MHD channel with e-beam ionization is shown in

Figs. 1 and 2. An array of segmented electrodes allows a transverse electric current to



flow through the gas. The magnetic field, orthogonal to both electric field and the flow
direction, produces the accelerating or decelerating j” B force (in Fig.1 and 2, the
accelerator case is shown). Total flow enthalpy is affected not only by the j” B force, but
also by the inevitable Joule heating and by the energy input from the ionizing beams. The
beams, as shown in Fig.1 and 2, have to be injected along magnetic field lines, since the
electrons tend to spiral around the field lines, and calculations show that the Larmor
radius is much less than a millimeter at magnetic fields of several Teslaand higher.

To extract an enthalpy of afew MJkg from a high-speed (Mach 6 — 8) air flow at
densities on the order of 0.1 atmospheric density, over areasonable length, 1-4 meters, an
electron number density at least on the order of 10" — 10" cmi® is required.®  Estimates
performed in Refs.4, 6, and 7 indicate that this electron number density could be
sustained by an array of electron beams with energy of 10-50 keV and beam current
density of between 1 and 100 mA/cnt.

As a practical matter, it would be very hard if not impossible to have electron
beams fill out the entire sidewall of the channel more or less uniformly. Indeed, the
beams would be generated in vacuum, and would have to be injected into the channel
through some foils or windows. The windows or foils would be heated by the beams
passing through, and also would have to be of sufficient mechanical strength. If the beam
current density is on the order of 1 mA/cn? or less, thin metallic foils with passive
cooling should suffice.® For higher beam current densities, either active cooling or the

%19 \would have to be utilized. In

new technology of so-called plasma windows or ports
any case, electron beams will be passed through only a part of the sidewall, and Fig.1

shows the pass-through foils or windows as a periodic array of sots.



The rate of energy loss by the beam electrons is fairly independent of energy if
the electron energy is greater than a few hundred keV.® ' However, in the 30-keV range,
the energy loss per unit length traversed increases strongly as the electron energy
decreases. Thus, the energy deposition per unit length by the beam is not uniform across
the MHD channel. In addition, the electrons tend to follow the magnetic field across the
channel since any attempt to travel perpendicular to the field lines resultsin a helical path
due to the Lorentz force.

Modeling of electron beam generated ionization profile across the channel was
described in Ref. 4. To conclude this section, we list some of the advantages of the
ionization by electron beams:

1. Electron beams represent the most efficient way of ionizing cold gases. The energy
cost of ionization, Y, =35eV, is 3 orders of magnitude lower than that in electric
field-sustained discharges.

2. Since for high electron energies, ionization cross sections increase when the incident
electron energy decreases, beams injected from the sidewall would generate higher
ionization inside the channel than near the wall. Thus, the problem of short-circuiting
through the hot, highly conductive, boundary layer, limiting performance of
conventional MHD devices, could be minimized in devices with electron beam
ionization.

3. Plasmaswith externally sustained ionization are inherently more stable than those of
self-sustained nonequilibrium discharges. Indeed, ionization generated by electron
beams is essentialy decoupled from both temperature and electric field. A local

positive fluctuation in temperature, that would have led to arcing instability in self-



sustained discharges, would result in reduced ionization by electron beams and

reduced local heating, stabilizing the plasma.

3. Constraints on lonization Level, Magnetic Field, and Channe Length. The Role
of lon Slip

For better operation of an MHD channel, electrical conductivity, proportional to
the ionization fraction, should be high. However, when the conductivity is created by an
external ionizer, such as an ebeam, higher conductivity means that more energy will
have to be spent on ionization. As mentioned earlier, the energy cost of ion-electron pair

created by high-energy electron beam is Y, =35€eV . Since at steady state the ionization
rate is balanced by the rate of recombination, the minimum power per unit volume
required to sustain electron density n. is k,n2Y,, where k, » 10" cm®/sis the rate
constant of dissociative recombination. This power has to be substantially lower than the
power extracted from the flow, which can be, per unit volume, estimated roughly as
%cr u®/L, where ¢ isthe enthalpy extraction fraction, r isthe gas density, u is the flow

velocity, and L is a characteristic length on the order of the channel length. The criterion

cru
n.<u
2Lk,Y,

(1)

with the density of about 0.1 normal atmospheric density, velocity corresponding to
Mach 6 — 8 flight, enthalpy extraction fraction ¢ » 0.2- 0.5, and L of 3 meters (see
below), requires that n, be not higher than about 10* cm™. At pressures of 0.01 — 0.1
atm, this results in electrical conductivity on the order of 0.1 — 1 mho/m, one or two

orders of magnitude lower than typical conductivity in conventional MHD channels.



With the conductivity that low, appreciable MHD effects can be obtained only in
very strong magnetic fields, at least severa Tedla, and preferably 10-20 Tesla. An
immediate consequence of having very strong magnetic fields at low gas density is that
electron Hall parameter, W, defined as the ratio of electron cyclotron frequency and the
electron-neutral collision frequency, becomes very large, 10 and greater.

No conventionad MHD channel operates a such high Hal parameters. A
possibility of operating a hypersonic MHD channel with e-beam-sustained ionization at
very high Hall parametersis avery chalenging issue. One effect that has to be taken into
account is the so-called ion slip.> ** To estimate the magnitude of this effect, consider
basic physics of MHD deceleration of weakly ionized gas.

When a weakly ionized gas enters an MHD generator, Faraday e.m.f. causes
electric charges to move in the transverse direction, and the resulting Lorentz force
decelerates the plasma. Since electrons are very light, they experience the deceleration
first, while ions, due to inertia, try to move at constant velocity. However, even a slight
separation of ions and electrons generates an ambipolar electric field. This field glues
electrons and ions together, so that they move as a whole, maintaining quasineutrality,
and experiencing deceleration together. (It can be demonstrated that the ambipolar field is
exactly equal to the axial Hall field). To decelerate the weakly ionized gas, its neutral
molecules must be affected. The molecules cannot directly experience electromagnetic
forces, and they could be decelerated only in collisions with ions and electrons. Those
collisions manifest themselves macroscopically as a friction force. When velocities o
electrons and ions relative to the neutrals are equal, electrons, due to their very light

mass, carry only a very small momentum relative to the neutrals. Therefore, it is the



“dip”, or velocity difference, between ions and molecules that transfers the Lorentz force
to the molecules.

The transverse electric current in the channel can be expressed as

jy=asyB &)
where a is a numerical factor between 0 and 1 (for a Faraday generator, a =1-k, where k
is the loading factor); s is the electrical conductivity; u istheion (and electron) axial
velocity, and B is the magnetic field. At quasi-steady state, the Lorentz force j, Bisequal
to the molecule-ion friction force per unit volume:

j,B=as uB? =k,nnm, (u- u) 3)
where kK, is the rate coefficient of ion-molecule collisonal momentum transfer; n, m,,
and u are number density, mass, and axial velocity of molecules, and n is the ion

number density. The conductivity can be written as:

(4)

where n. and m are the number density and mass of electrons, and k,, is the electron-

molecule collision rate coefficient. It is also convenient to introduce el ectron and ion Hall

parameters:
eB eB
e = ; i = (5)
MK, N M, k,n
The ratio of theion and electron Hall parametersis:
ﬂ = ke”m » m <<1 (6)
L km, A\ m,



From equation (3), using definitions (4) and (5), we obtain the relation between the ion-
electron velocity and the gas velocity:

u

= 7
1+aWW ()

u

When the electron Hall parameter is not very large:

W, <% z\t/% ®)

the ion-electron and gas velocities ae close to each other. However, as magnetic field
strength increases, the product in the denominator of equation (7) becomes larger than 1,
and ions appreciably dip against molecules. Qualitatively, ion slip reduces performance

of MHD generators, since the velocity u in the expression for the Faraday em.f., uB, is

smaller than the gas velocity u. A simple recipe for including the ion dlip effect into a

formal set of MHD equations ** =2 is to divide both conductivity and Hall parameter by
the factor (1+WMW ) (seethe next section).

With performance reduction by the low ionization level and the ion dlip effect, the
channel length necessary for a substantial enthalpy extraction could get very large. The
characteristic length L needed to substantially reduce the flow enthalpy can be estimated

from energy balance:
%ru2 » j,BX =as uB’L. 9)

Taking into account formulae (4), (5), and (7), we obtain the estimate:

1 1+aWW
L»—-u [
2 aWw.w

el

(10)
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wheret . -1 (11)

is the mean time for a molecule to experience a collision with ion.

The physical meaning of the estimate (10) is transparent. The minimum time that
a gas particle needs to experience MHD deceleration is simply the time a molecule needs
to experience at least 1 collison with an ion. Therefore, the minimum length of the

channel is roughly the flow velocity multiplied by the t, (or Mach number of the flow

multiplied by the molecule mean free path with respect to collisons with ions). The
required channel length is minimal at very strong magnetic fields, when

%@ 1. (12)

el

As magnetic field strength decreases, when aW,W <<1, the required channel length

increases as (aW,W) .

Numerical estimates with formula (10) show that if the density of electrons and
ions reaches 10* cm’, typical for conventional seeded MHD generators, the length L
stays within a few meters even at electron Hall parameters of about 3 and loading
parameter k of about 0.9. In contrast, the low electron number densities (10 cm™) in e
beam-sustained channels require electron Hall parameters above 10 to extract a
substantial amount of enthalpy in 3-4 meters.

The need to have very large Hall parameters makes operation of a Faraday
channel problematic. In a Faraday channel, allowing a longitudinal Hall current to flow
would sharply reduce performance. The Hall current could be prevented, in principle, by

segmenting electrodes. In an ideal Faraday channel, performance is the same as it would
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be in the absence of Hall effect. However, even if the Hall current is eliminated in the
core flow, the problem exists in the boundary layer. There, the gas velocity is low,
resulting in an unopposed Hall electric current flowing along the anode electrodes.
Because the gas density in hypersonic boundary layers is much lower than in the core
flow, electron Hall parameters in the boundary layer could reach 10%10° As a
consequence, electric current near the anode would flow almost paralel to the anode
electrodes, and electrons would enter the anode near its edge, where electric field is the
strongest. The current concentration near anode edges, separated by insulation, would
lead to arcing, instabilities, and could seriously impede performance of the Faraday
channel.

Thus, it could be beneficia to use Hall configuration, where opposing pairs of
segmented el ectrodes are short-circuited, and the longitudinal Hall current is collected for
power generation. In addition to being a natural choice at very large Hall parameters, and
the ssimplicity of having only one €electric load, the Hall generator could help solve the
el ectrode-edge current concentration problem. Indeed, because of the strong short-circuit
longitudinal current, electrons would enter anodes almost normally to the anode surface,
and only a small fraction of the current would concentrate at the electrode edge.

One important disadvantage of Hall generators is that it is hard to collect the
current flowing along the wide channel. A partia solution to the second problem is
provided by using the so-called diagonal connection,*? which is close in performance to
the Hall configuration at large Hall parameters, but makes the task of current collection

easier. In this paper, we will analyze only Hall-type (or diagonal-connection) generators.
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4. Quasi-1D Modeling of MHD Generatorswith E-beam lonization

4.1. Basic Equations
In the case of an ideal Hall power-generation channel, the set of equation is similar to
the set of equations used in Ref. 4 for an ideal Faraday generator (Eqn.(30) in Ref.4):

r uA=const,

rudu/dx+dp/dx=-jB,,
rud(ge+ U /2)/dx =-|,E|- Q +€E, - E) (Mt (T)+Q,

7 O AY
E -, E-EMY, Edr (13)
dx @& t(T) § rodx

p=RrT=(g-Dre
Here A=A(X) is the MHD channel cross-sectional area. In addition to continuity,
momentum, and energy equations, this set includes the vibrational energy equation.
Nonequilibrium and equilibrium vibrational energy can be expressed through the
respective temperatures (T, is the vibrational temperature) by the Planck formula:

hw,

. hWO
exp(fiw,/T,)- 1’

E)=Ne)=N (14)

=Ne, =N
= Y exp(fiw,/T)- 1

where 7w, is the lowest vibrational quantum of nitrogen molecules, and the temperatures

are expressed in energy units.
The vibrational excitation term Q, can be expressed as a fraction h, of the Joule

heating rate:

Q, =h,(iy+jd)/s . (15)

13



The fraction h, is a function of the effective reduced electric field, Eg /N,

where N isthe number density of gas molecules. The fraction h, was taken from Ref.

14, where it has been tabulated as a function of E/N on the basis of solution of
Boltzmann kinetic equation for plasma electrons. Nitrogen vibrationa relaxation time is
sensitive to both temperature and the concentration of atomic oxygen, and it was taken as

in Ref. 4:

1 S, 1416, Ng 1280u s
_:Nx§7 101°ep§e 1,30 N>6 10 epge l’ZEuu !

16
- (16)
where N, and N are the number density of oxygen atoms and the total number density

of gas molecules, respectively, expressed in cm®/s. The values of the @omic oxygen

mole fraction are discussed below, in Section 4.2.

Total power extracted from the MHD channel, W,, = }j,E|dV, and the
\%

efficiency, ¢ =W, /@r UA(U®/ 2+ CpT)ELo’ can be calculated after solving the gas

dynamic equations.
According to Ref. 12, to take into account the ion dlip effect, the conductivity and

Hall parameter in MHD for quasineutral plasma flow should be substituted by:
s ® S=s /(1+WW) and W, ® W=W, /(1+WW). a7

In this case equations for the currents j, and |, take the following form: 2
jx = SE; - Wj,

. R (18)
Jy = SE, +Wj,

where E, , are the electric field components in the reference frame moving with the gas.
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However, smple but cumbersome derivations of electron and ion currents and

Joule dissipation rates show*® that in the equation (15) for Q, the substitution (17) should

not be performed, and the conductivity s in EqQ. (15) hasto be left uncorrected.
Current density and electric field need to satisfy the following conditions in a

steady state MHD channel:

—

Nxj=0

. (29)

N E=0
In our case, ionization by e-beams occurs in narrow layers, and between the layers

we have a motion of decaying plasma (see Fig.1l). Therefore, electron density and

conductivity vary along the flow. In the 1D model, the transverse component of the

current, j, , does not depend on y. Therefore, because of continuity of the total current,

the longitudina current is 1, = | (x)S(x)= },(0)S(0) = const. Thus, the longitudinal

current density in an arbitrary selected cross section S(x) is

LX) =1,/ 3(x) . (20)
Longitudinal current at the channel inlet is found from the standard 1D model :*?

SWUB(1- z)|
1+ W

j,(0) = oy Z <1, 1)

The transverse field E| in (19) is an effective transverse em.f. per unit width. In

the present 1D model, as in the case of uniform volume ionization in conventional Hall

MHD generators,

E,=-uB. (22)
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Taking into account (20) and (22), longitudinal field E, and transverse current density
J, can be easily determined from the set of equations (18).

Parameter z <1 isone of optimization parametersin our model.

In the standard Hall MHD generator model,”* loading parameter k is defined as
k=|EX/VVuB|. In the present nonuniform case, we can define an effective loading

parameter K:

L, L
OFdx / OMBdx
0 0

The plasma in both accelerator and power generator channels is modeled as
consisting of electrons, positive and negative ions, whose number densities n,,n,,n.
obey the quasineutrality: n, »n_,+n_. The set of equations for kinetics of charge species,
accounting for electron beaminduced ionization rate (g; term), attachment of electrons to
molecules with formation of negative ions (frequency n,), collisional detachment of
electrons from negative ions (rate constant kg), and electron-ion and ion-ion

recombination (rate coefficients b and b;;, respectively), is:

m+ﬂ_Ge:qi +kyNn. -nn,- bn,n,

qt Ix

in, 9G

—+—*=qa-b. -b , 24
ﬂt ﬂX q ||n- n+ n+ne ( )
ﬂl +E =- den_ +n,n, - biin_ n,

i 9x

For 1D steady flow (fn,,_. /1t =0), the fluxes of charged species can be written simply

as G,,_(X) =n,,_u,.Ingenerd, plasmavelocity u differsfrom the gas velocity u due to

the ion dlip effect. Because of the quasineutrality, there is a single electronion, i.e.
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plasma, velocity in the laboratory reference frame. This plasma velocity, as follows from
Eqgn. (3) (see aso Ref. 13), isequal to:

u, =u; » u- j B/nmn,, (25
where m, ision mass, and n;, istheion-molecule collision frequency.

The approximate formula for the e-beam ionization rate is:*

— 2e,j,
eyz

(26)

Rate coefficients of electron-ion and ion-ion recombination, and of electron attachment
and detachment processes, discussed in Ref. 4, were taken from Refs. 16 and 17. Since
some of those rate coefficients depend on electron temperature T, it is important to
calculate the electron temperature in the modeling. In our computations, electron
temperature was determined from the tabulated data on electron diffusion and mobility
coefficients of Ref. 14. In that paper, the diffusion and mobility coefficients are listed as

functions of E/N, determined from experimental data and extrapolation based upon

solution of Boltzmann kinetic equation for electronsin air.

4.2. Estimates of Chemistry and Vibrational Relaxation
Oxygen atoms are produced by direct dissociation of oxygen molecules by high-
energy beam electrons. Additionally, beam electrons dissociate nitrogen, and, if the gas

temperature reaches 600-700 K, oxygen atoms are produced in the reaction
N+O,® NO+O. Since the energy threshold for dissociation is comparable with that
for ionization, the beaminduced dissociation and oxygen atom production rate (in

cm ®xs 1) can be estimated as approximately equal to the ionization rate, which, for
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Mach 6-8 cases at 30 km altitude, ranges from 4 10" down to about 5" 10" cm ®xs*.
An additional channel of production of O atoms is dissociative attachment of low-energy
plasmaelectrons: e+ O, ® O+ O’ . However, in all computed cases, attachment rate was
at least an order of magnitude lower than the ionization rate (so that the ionization is
balanced by electronrion recombination). Therefore, the beaminduced ionization rate can
serve as a good approximation for the O atom production rate.

O aoms could be destroyed in three-body processes such as

0+0,+M® O;,+M, O+O0O+M®0O,+M,and O+N+M ® NO+M . However,

with the gas number density of 10" cm™ or lower, these recombination processes would
take at least 10 milliseconds, while the flow residence time in 3-meter long MHD channel

is only 1-2 milliseconds. If nitrogen vibrational temperature gets as high as 3,000-6,000

K, the reaction O+N,® NO+N will become significant in removing O atoms.

However, the reaction N+O,® NO+O will replenish O atoms. Thus, a reasonable
estimate of O atom density can be done by putting their production rate equal to the
beam-induced ionization rate and neglecting all chemical removal processes, so that the
produced atoms simply move with the flow. Since the flow residence time in ebeam

ionized regions is about 1 millisecond, the relative concentration of oxygen atoms
reaches N, /N » 107 - 1072,

With gas temperatures in the range 400 — 900 K and O atom density quite low,
nitrogen vibrational relaxation time will be longer than 10 milliseconds. Therefore,
vibrational temperature will keep growing along the channel and could be quite high at

the exit.
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4.3. Results of 1D Modeling

1D modeling was performed for a number of cases, corresponding to a range of
flight Mach numbers and altitudes. A representative case corresponds to Mach 6 flight at
the altitude of 30 km. The flow was assumed to pass through an oblique shock formed by
a 10-degree wedge upstream of the MHD channel entrance. The inlet cross section of the
channel was taken as 25x25 cnf, and the exit cross section — as 75x75 cn. The channel
length was fixed at 3 meters. The magnetic field was assumed to be uniform and equal to
B=7 Teda, which is close to the current practical limit of superconducting magnets.
Electron beams were assumed to be injected through periodically spaced slots from both
sides of the channel, as shown in Fig. 1. The slot width was taken to be 0.5 cm, and the
spacing between the slots — also 0.5 cm. The beam energy was adjusted according to the
channel width and the gas density at the location. The current density of the beams was
varied so as to give the best power extraction and the lowest stagnation temperature at the
exit, while keeping the static pressure from increasing.

The set of equations (13) and (24) at steady state was solved by the modified 2™
order Euler method. The number of equal spatial steps was n3 1000. Further increasing
the number of steps was found to produce negligible variation of results.

The results are shown in Figs. 3 — 5. The main result is that, for the chosen
channel geometry, about 3 MW of electric power could be extracted from the flow, while
gpending only about 237 kW on ionization by ebeams. The extracted power is about
33% of the enthalpy flux into the channel.

As seenin Fig. 4, the gas is expected to be in a state of vibrational disequilibrium

at the MHD channel exit. This is an effect of low-energy plasma electrons vibrationally

19



exciting molecules in collisions, thus converting a part of flow energy into the energy of
molecular excitation. Because of the low density and temperature, vibrational relaxation
in the channel is slow, and excited molecules exit the channel virtually without
guenching. The relaxation would occur in the diffuser or in the engine downstream of the
MHD channel, where density and temperature increase.

One very important constraint on operating conditions of conventional Faraday MHD
channels with thermal ionization of akali seed, as pointed out in the recent papers,®is
that the longitudinal electric field should not exceed about 5,000 V/m. If the longitudinal
voltage gradient is higher, arcing between two neighboring electrode segments separated
by insulation would start, reducing MHD performance and damaging the hardware. As
seen in the figures, in the computed case E, exceeds the 5,000 V/m, which can be a
reason for concern. However, it is not clear whether the 5,000 V/m empirical limit can be
applied to Hall channels with e-beam ionization. First, gas temperature even in the
boundary layer is much lower than the 3,000 — 4,000 K temperatures in conventional
seeded channels. Therefore, thermal ionization is negligible, and electrical conductivity is
controlled by e-beams, as in the core flow. Additionally, melting and sputtering of
electrode and insulation material would certainly be less severe in our low-temperature
cases. One has to bear in mind that Hall parameters in the boundary layer would be quite
high (up to 30-50) in our cases, impeding electron mobility across magnetic field and
thereby substantially increasing the voltage required for breakdown and sustaining arcs.
Finally, arcing could have less of an effect on performance of Hall generators, where

there dready is alarge longitudinal current, than on performance of Faraday channels. In
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any case, the issue of maximum longitudinal field that can be tolerated in cold Hall
channels with e-beam ionization should be addressed in future experiments.

Fig. 6 summarizes performance predictions for various flight Mach numbers and
atitudes. The main result is that a large percentage of flow enthalpy, corresponding to
several megawatts of power, could be extracted as electricity, while spending a relatively

small fraction of the extracted electric power on electron beam ionization.

6. Anode Sheaths

As discussed in detail in Refs. 4 and 5, electrode sheaths are very important in
hypersonic MHD channels with external ionization. The principal effect is that the same
electric current that flows through the quasineutral plasma must be carried by positive
ions in the cathode sheath and by electrons — in the anode sheath. Since ions have a low
mobility, cathode voltage fall has to be large even in conventional glow discharges with
“cold” cathodes. In hypersonic channels, cathode sheaths are immersed in boundary
layers whose density profiles obviously affect the ion mobility, which affects the sheaths.

Of course, in a heated-cathode sheath, there is no need for high voltage fall (asin
conventional glow discharges), since heating the cathode could provide an adequate
thermal electron emission, thus supplying electrons and sustaining the current at small
cathode voltage fall. For example, Ba-Ni cathode with the surface temperature of T » 900
K can provide thermal emission current of j ~ 1 A/cn?, *® which is quite sufficient to
sustain the current in MHD channels considered in this paper. In hypersonic channels,
heating the cathode to 800-900 K presents no problem: the cathode would just have to be

cooled less, since the boundary layer is quite hot.
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The anode sheath (AS) is very different. In conventional glow discharges, the
anode voltage fall is very low, since the electrons in the sheath easily carry the current. In
MHD channels, however, electrons have to drift through AS across strong magnetic field.
Since electron mobility across the strong B-field is low, a strong electric field arises in
the AS, and the anode voltage fall may become very large. To minimize the anode fall, it
is critical to provide as high an ionization level in the AS as possible: the increased
conductivity would result in a decrease in the AS voltage fall. In conventional MHD
devicesionization is thermal and is due mostly to seed atoms; therefore, in AS inmersed
into the boundary layer gas temperature is higher than in the core flow, increasing
ionization rate. The AS in conventiona channels thus hardly has a problem with
supplying enough electrons to sustain the current, and the anode voltage fall is relatively
small even in strong magnetic fields. In our case, ionization is done by electron beams
injected into the flow, and the rate of ionization (i.e. the number of ion-electron pair
generated each second per unit volume) is proportional to gas density. Hence, the
ionization rate is lower in hot boundary layers than in the core flow. Additionaly, the
plasma in the AS is not quasineutral, the ion dlip effect all but disappears, and electron

transport properties are determined by the full Hall parameter, W, , instead of the reduced

Hall parameter (17), so that the effective electron mobility across magnetic field is very
low. Thus, to sustain the current, the anode voltage fall becomes very large. This

increases Joule dissipation in the AS and, when the Joule dissipation becomes
comparable with the viscous energy dissipation, W, = j xE ~W, ~ (h +h;)u?/d?, could
lead to an instability:

W, WP T-PN PW-~1/N-P E\V,-PW-b ..
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The instability chain can be broken by increasing the ionization rate in the AS to
approximately that in the core flow and/or by cooling the gas in the AS. In fact, both
cooling resulting in the density increase and increasing e-beam current density in the AS
would enhance ionization and stabilize the AS.

Fig. 7 shows profiles of plasma parameters across the AS for the Mach 6, 30 km
atitude case. Boundary layers and, as an overlay, anode sheaths were computed with
physical models and algorithms of Ref. 4. The anode was assumed to be cooled and thus
maintained at constant temperature, so that the temperature in the boundary layer had a
maximum at some point in the sheath. The AS was computed for the cross section 1
meter downstream of the MHD channel entrance. Figs. 7a, b correspond to ionization rate

a(y) =a(Y,a) N(Y) I N(VY,.) » that is, with no specia cooling of the AS and with e-beam

current density equal to that in the core flow. Fig. 7c and d correspond to ionization rate
0= 0 Yma) 6N (Y)/ N (ymax)t‘;f'l » const, which, as described earlier, could be achieved

by increasing the local ebeam current density and by cooling the AS. As seen in the
figures, the enhanced ionization rate can dramatically decrease the anode voltage fall and

thus stabilize the anode sheath.

8. Concluding Remarks

In this paper, we anayzed physica aspects of a novel concept — cold-air
hypersonic MHD power generators with ionization by electron beams. The anaysis
demonstrated that, with careful choice of parameters, electron beams can form stable,
well-controlled plasmas, avoiding many shortcomings of conventional MHD channels

and potentially enabling a good level of generator performance. At Mach 6 — 8, about ¥4
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to 1/3 of the total flow enthalpy can be extracted as electricity. It is conceivable that, in a
hypersonic flight, stagnation temperature in the engine could be reduced to about 1,000
K, potentially enabling a turbojet operation.

Although e beam generated nonequilibrium ionization in MHD channels may be
technically feasible, there is a number of problems. To keep the fraction of extracted
power that has to be spent on ionization at an acceptable level, electron density and
conductivity would have to be at least an order of magnitude lower than those in
conventional channels with thermal ionization of akali seed. Because of the low
conductivity, very strong nagnetic fields are required for a substantial MHD effect. In
strong magnetic fields and low-density gases, Hall parameters become extremely large,
which makes operation of Faraday channels problematic due to possible arcing between
anode segments. Hall or diagonal-connection configurations appear to be the natural
choices at high Hall parameters. However, mostly because in these configurations pairs
of opposing electrodes are shorted, there is an excessive heating and entropy generation
in such channels. Calculations of entropy generation and thermodynamic efficiency are
yet to be performed, but it is quite conceivable that the electron beam supported Hall
generators produce more entropy than a series of oblique shocks.

A number of technical issues should be addressed before a final assessment of the
nonequilibrium MHD concept. Among these issues are, for example, cooling channel
walls, electrodes, and electron beam pass-through windows, configuring ionization
profiles, and stabilizing anode sheaths at high Hall parameters. When a physical
feasibility is established, entropy analysis of the system’s performance as compared to

conventional designs should be done. Practica implementation of the concept also
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depends quite critically on availability of lightweight robust superconducting magnets
with large bore. Perhaps novel materials and construction methods would be required to
make the magnets practical for use in hypersonic MHD devices.

Most of the technical issues could be resolved in experimental studies of MHD

channels with ionization by electron beams.
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FIGURE CAPTIONS

Fig.1. Schematic of an MHD channel with electron beam ionization.

Fig.2. Schematic of an MHD channel with electron beam ionization: side view

Fig.3. Profiles of a — temperature, b - static pressure, ¢ — velocity, and d — Mach number
and density in Hall MHD channel. Free stream conditions: M=6; h=30 km; wedge angle
a=10". Inlet parameters: T=349.26 K, p=4.39x10° N/n?, u=1742 m/s, M=4.647. Inlet and
exit cross sections: Ai;=0.25x0.25 m?, A.=0.75x0.75 m? Magnetic field B=7 T.
Electron beam current density j,(X)=5 (zin/z(X))**> mA/cnt. Electron beam injection slot
width — 0.5 cm; spacing between the dots — 0.5 cm. Loading parameter k=0.455.
Extracted power: Woypui=2.92 MW (€=32.9% of inlet enthalpy flux). Power spent on

Fig.4. Plasma components densities (@) and e-beam energy and gas vibrationad

temperature (b) for the same case as Fig. 3.

Fig.5. E-field components (a) and electric current densities (b) for the same case as Fig.3.

Fig.6. Performance of electron beam supported MHD generators. Numbers in boxes are:

generated power as a percentage of total enthalpy flux into the channels, generated power

per kilogram of air, absolute power generated in the channel, and (after the slash symbol
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/) power spent on electron beam ionization. Channel geometry: inlet 25x25 cnm?, exit
50x50 cnf (for the altitude h=40 km only) or 75x75 cnt (all other altitudes), length L=3
m. Magnetic field B=7 T. Upstream of the MHD channel the air passes through an
oblique shock on awedge with the angle a=10° (h>15 km), and a=10° or 5° (h=15 km).
The channel configuration may be either Hall or Faraday (at altitudes h>20 km), but only

Faraday one at h<20 km.

Fig.7. Anode sheath structure at x=1 m from the entrance to the Hall MHD channel
corresponding to Mach 6, 30-km atitude flight conditions; the transverse current density
isj,=0.5 Alcnf. Figures aand b — profiles of eectron and ion densities and electric field
when ionization rate is proportiona to gas density (no cooling, and e-beam current
density is the same as inside the channel); figures ¢ and d — profiles in the case when
ionization rate is close to that inside the channel (due to increased e-beam current density

and gas cooling).
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