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Magnetohydrodynamic Control of Hypersonic Flows
and Scramjet Inlets Using Electron Beam Ionization

Sergey O. Macheret,* Mikhail N. Shneider,” and Richard B. Miles*
Princeton University, Princeton, New Jersey 08544

The possibility of controlling scramjet inlets in off-design conditions by operating a near-surface magnetohydro-
dynamic (MHD) system upstream of the inlet is examined. The required electrical conductivity in air is supposed
to be created by electron beams injected into the air from the vehicle along magnetic field lines. A simple model
of a beam-generated ionization profile is developed and coupled with plasma kinetics, MHD equations, and two-
dimensional inviscid flow equations. Calculations show that an MHD system with reasonable parameters could
bring shocks back to the cowl lip when flying at Mach numbers higher than those for which the inlet was optimized.
The MHD effect is not reduced to heating only because the work by j X B forces is a substantial part of the overall
effect. Power requirements for ionizing electron beams could be lower than the electrical power extracted with
MHD, so that a net power would be generated onboard. Problems associated with high Hall fields are discussed.

Nomenclature

parameter in Gaussian approximation of electron
beam power deposition profile

= magnetic field

maximum value of the magnetic field

z component of the magnetic field

= parameter in Gaussian approximation of electron
beam power deposition profile

effective electric field
nonequilibriumvibrational energy per unit volume
equilibrium vibrational energy per unit volume

x componentof the electric field

= maximum value of x component of the electric field
y component of the electric field

electron charge

total energy of the gas per unit volume

column vector in Euler equations

total enthalpy entering the inlet per unit time
flight altitude

Planck’s constant

ionization energy

excitation energy of the mth level

of molecules of species k

vector of unit length in x direction

vector of unit length in z direction

electric current density

initial electron beam current density

y component of the current density

load factor

rate coefficient of collisional detachment

of electrons from negative ions

electron beam energy loss function
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length of magnetohydrodynamics(MHD) region
electron beam relaxation length

Mach number

mass flow rate

number density of gas molecules

number density of oxygen atoms

electron number density

positive ion number density

negative ion number density

power dissipated in the external load per

the unit volume of the gas

power deposited by the electron beam in the gas
joule dissipation rate

push power

MHD generated power

heating rate due to vibration-translation (VT)
relaxation

energy addition rate into vibrational mode
pressure

total pressure at the inlet

pressurein the freestream

power deposited per unit volume by the electron beam

heating rate per unit volume due to VT relaxation
power deposited per unit volume into vibrational
excitation

ionizationrate due to electron beam

MHD interaction parameter
translational-rotational gas temperature
vibrational temperature

column vector in Euler equations

x component of gas velocity

effective electron-ion velocity across the magnetic
field taking into accountion slip

effective volume of MHD interaction region

z component of gas velocity

energy cost of ionization, that is, the loss

of electron beam energy per each newly
generated electron in the plasma

parameter in Gaussian approximation of electron
beam power deposition profile

column vector in Euler equations

coordinate

transformed x coordinate

coordinate

column vector in Euler equations

coordinate

coordinate along the wall

parameter in Gaussian approximation of electron
beam power deposition profile
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Zmax = maximum value of z coordinate in the computational
domain

z = transformed z coordinate

o = Townsend ionization coefficient

B = electron-ion recombinationrate coefficient

Bii = ion-ion recombinationrate coefficient

T, = flux of electrons

| = flux of positive ions

| = flux of negativeions

B = energy of beam electrons

&p = initial energy of beam electrons

Eint = internal energy per unit mass

&y = nonequilibriumvibrational energy per molecule

&0 = equilibrium vibrational energy per molecule

Ny = fraction of the joule dissipationrate spent on
vibrational excitation of molecules

e = electron mobility

V, = electron attachment frequency, that is, the number
of attachments per unit time

0 = gas density

o = effective electrical conductivity

Ok = cross section for electron impact excitation of the mth
level of molecules of species k

TvT = nitrogen vibrational relaxation time

X = ratio between the MHD-generated electrical power
and the total enthalpy entering the inlet per unit time

Q. = electron Hall parameter

QL = ion Hall parameter

o = vibrational frequency correspondingto transition

between the ground and the first excited vibrational
state of nitrogen molecule

I. Introduction

NUMBER of applications of magnetohydrodynamic (MHD)

technology to hypersonics have been suggested recently.! ~2!
These applications include MHD power generation,! ! MHD en-
ergy bypass (AJAX),!=7-1213 and scramjet inlet control.! ~#14-18
is the latter application that this paper is focused on. The principal
idea, discussed most recently in Refs. 14-18, is that, by creating a
near-surface magnetic field and placing a proper set of electrodes at
some locationinside the scramjetinlet or upstreamof it, flow pattern
could be changed due to the action of both j x B forces and joule
heating. One specific task would be to assist the scramjet in off-
design conditions. If an aircraft and the engine inlet geometry have
been optimized for a certain Mach number, then flying at a different
Mach number could create problems. Those problems may include
shocksentering the engine, flow separation,oscillations,and unstart.
As discussed in Refs.1, 4, 5, and 7 and especially demonstrated in
some detail in Refs. 16-18, the MHD region upstream of the inlet
could potentially affect the flow in offdesign cases and bring bow
shock back to its optimum location at the cowl lip. However, the
analysis of Refs. 16-18 implicitly assumed that the air is highly
conductive. For the magnetic interaction parameter to reach 0.5-1,
as was assumed in Refs. 16-18, and at modest magnetic fields, the
ionizationdegree has to be of the order of 10~*. Tonizationlevel that
high could be achieved at temperatures of several thousand Kelvin
with alkali seed. Meanwhile, at flight Mach numbers below about
Mach 12, static temperature downstream of the oblique bow shock
is much lower, from several hundred to perhaps a thousand Kelvin.
Thus, the ionizationrequired for MHD control has to be created arti-
ficially. Because the ionization would not be free, the power budget
for sustaining the ionization becomes a critical factor.

In earlier papers?~11°~22 we analyzed various nonequilibrium
ionization methods and concluded that high-energy electron beams
are the most efficient ionizers. We have suggested a concept of hy-
personicMHD channelswith ionizationby electronbeams 3111921
Theoretical and computational modeling of these channels showed
that substantial amounts of enthalpy could be added to or extracted
fromthe flow in an energy-efficient manner, althougha number of is-
sues have to be resolved to fully assess the viability of the concept.
In the present paper, we apply the concept of cold-air supersonic
MHD generators with electron-beamionization to control of exter-

nal flows. The specific problemof interestis scramjetinlet operation
at offdesign Mach numbers.

As a first step, we restrict ourselves to inviscid calculations,
scaled-down geometry, and a single off-design set of conditions.

II. Model Description

A. Gasdynamic and MHD Equations

We consider hypersonic gas flow along the two ramps with 10-
and 20-deg angles before the inlet with forward-shifted cowl lip,
as shown in Figs. 1 and 2. The flow is two dimensional in the x, z
plane. Cases both without and with MHD influence on the flow are
computed. In MHD cases, both magnetic field and ionizing electron
beam are directed parallel to z axis.

The set of Euler equationsin Cartesian coordinates, together with
the ideal gas equation of state, the simple model of ideal Faraday
MHD generator, and the vibrational relaxation equation, is

a a d
EU—i-a—xX—i-a—ZZ:H (1)
o pu
pu ou>+p
U=|pv|, X = pvu
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Fig. 1 Scramjet inlet with shocks ideally converging on the cowl lip
(the flow is from left to right) and schematic MHD configurationin x, z
and y, z planes.

X, m

Fig.2 Computed shock configuration at Mach 6, with shocks converg-
ing on the cowl lip.
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P =¥ = Dpsin 3
Co = pewm + 0 +17)/2] “)
The source term in the total energy equation is
Q=—-P—-0,+0vr+ O ®)
where
P =k(l — k)ou*B? 6)

is the power from the unit volume of the gas dissipatedin the exter-
nal load. The vibrational excitation term Q, can be expressed as a
fraction 7, of the joule heating rate:

Q. =i}/ (epene) @)

The fraction n, is a function of the local reduced electric field,
Eg/N =(E,—uB,)/N. The fraction n, was taken from Ref. 23,
where it has been tabulated as a function of E /N on the basis of the
solution of Boltzmann kinetic equation for plasma electrons.

The remaining energy addition and dissipation terms are

0 E,— ENT)
VT = ————

tvr(T)
heating rate per unit volume due to vibration-translation (VT) re-
laxation and ¢g;,, power deposited per unit volume by the electron
beam.

Nonequilibrium and equilibrium vibrational energy can be ex-
pressed through the respective temperatures by the Planck formula:

®)

h
E, = Ne, = Ne— "%
exp(han/ T,) — 1
h
E0=Ng’ =N———20 ©)

v exp(hwo/T) — 1

where hw, is the lowest vibrational quantum of nitrogen molecules
and the temperatures are expressed in energy units.

Nitrogen vibrational relaxationtime is sensitive to both tempera-
ture and the concentration of atomic oxygen, and it was taken as in
Refs. 8-11:

1 _10 141
— =N-|7x10" "exp| ——
% T3

N 128
+=2.5%x 10 2exp| —— (10)
N T3
where No and N are expressed in cubic centimeter per second.

The electric field and current density can be expressed in terms
of the load factor k (Refs. 8-11 and 24):

E,=(—-kuB., Jy = ouB.(1—k) (11)

The effective electrical conductivity, taking into accountion slip,
i824
eplen,

0 = —
1+ Q.94
Computations were performed by a second-order MacCormack

method (see Ref. 25) on a rectangular grid. For this, physical coor-
dinates x, z were transformed into x, Z:

(12)

X =x, 7 =12/7(x), z€[0,1] (13)
where z,,(x) is the coordinate along the wall. The results presented
here correspondto a grid size of 250 x 150. Variation of the results

with grid size is discussed at the end of Sec. I1I.

B. Plasma Model

The plasma is modeled as consisting of electrons and positive
and negative ions, whose number densities n,, n., n_ obey the
quasi neutrality: n, ~n,+n_. The set of equations for kinetics
of charge species, accounting for electron beam-inducedionization
rate (g; term), ionizationrate due to plasmaelectrons with Townsend
ionizationcoefficiento dependingon the localreducedelectricfield,
Ey/N = (E,—uB,)/N, attachment of electrons to molecules with

formation of negative ions (frequency v, ), collisionaldetachment of

electrons from negativeions (rate constantk, ), and electron-ion and

ion-ion recombination (rate coefficients 8 and B;;, respectively), is
on

8—; +divl, =a|l,| + ¢ + k4Nn_ —v,n, — Bn,n,

0
% +divT, = alT,|+q, — Bun_n, — pn,n,

on_
% +divl_ = —k;Nn_+v,n, — Bin_n, (14)

In the case of ideal Faraday generator, there are no drift fluxes along
eitherthe x or z axes,and therefore, the fluxes of charged speciesin x,
z plane canbe written simplyas I, , _(x,2)=n, . _(@-i, +v-i,),
where # is the effective electron-ion velocity across magnetic field
taking into account ion slip,'%!!

d=u/[1+ (1 —-kQ.Q4] (15)

The initial conditions for plasma components are n, , _(x,z,t =
0) =0. The boundary conditions are n,, _(x=0,z,1)=n, _
(x7 4 :Zh(x)a t) =0.

Rate coefficients of electron-ion and ion-ion recombination and
of electron attachment and detachment processes, discussed in
Refs. 8-10, were taken from Refs. 26 and 27. Because some of those
rate coefficients depend on electron temperature 7, it is importantto
calculate the electron temperature in the modeling. In our computa-
tions, electron temperature was determined from the tabulated data
on electron diffusion and mobility coefficients of Ref. 23. In that pa-
per, the diffusion and mobility coefficients are listed as functions of
E /N, determined from experimental data and extrapolation based
on solution of the Boltzmann kinetic equation for electrons in air.

C. Power Deposition and Ionization by the Electron Beam

To model hypersonic MHD systems properly, equations describ-
ing electron beam propagationand beam-generatedionization have
to be coupled with gasdynamic and electromagnetic equations. In
our earlier work,>~'%2! we used the so-called forward-backward
approximation®® for electronbeam propagationinto gases and beam-
generated ionization. This method is quite accurate, and it can
be (and, in fact, was®?!) coupled with Navier-Stokes and MHD
equations. However, computational demands of the full forward-
backward method, when coupled with gasdynamic and MHD equa-
tions, are prohibitive. Therefore,a simple butaccurate way to predict
ionization profiles should be found.

Having analyzed the physics of the ionization processes, we con-
cludedthatin a uniform gas the ionizationrate profile has to be close
to Gaussian. Indeed, ionization of molecules by electron impact is
inefficient both atlow and high (above 1 keV) electron energies 2%-3°
The maximum of the ionization cross section corresponds to elec-
tron energy of several hundred electron volts 2> In this energy
range, and even above it, the probability of backscatteringis sub-
stantial, and there are both forward and backward electron fluxes
exchanging electrons between them. The resulting motion is very
much like diffusion.

Another way of looking at this is to note that average energy
transferredin collisionsof energetic electrons with molecules, com-
parable with the ionizationenergy, is about 1-30 eV, which is much
smaller than the beam electron energy. Hence, the energy relax-
ation of the energetic beam should be close to a small-step random
walk in energy space. Because electron stopping distance is nearly
proportionalto the initial energy, the diffusionin energy space trans-
lates into spatial diffusion. Diffusion profiles are well known to be
Gaussian, and, in the case of electron beam propagation, this can be
tested against forward-backward calculations.

Indeed, we found that forward-backward energy deposition Q,,
and ionization profiles are very close to Gaussian:

0, =a+ (b/w)exp{—2[z,(x) =z — z, ) /w?}  (16)

where z,, ® [ /3.21, w~ 1.64z,,, and [z (¢,, N) is the beam relax-
ation length. There are two additional conditions for determining
the constantsa and b:
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IR .
0,(lx) = 0, / Oae =% ()
0

The relaxation length can be found using the loss function

Le.N) =Y LyuNio i (e) (18)

m.k

We denote the cross section for excitation of the mth level of
molecules of species k by o, ;(¢) and the corresponding excita-
tion energy by I, ;. lonization of the molecules is also included in
L. N, is the density of molecules of species k. We consider air as
a mixture of two species: N,:0, = 4:1. The profiles of both beam-
induced energy deposition and ionization rate

qi(x,2) & Qp(x,2)/(eW)) (19)

where W; =34 eV is the energy cost of ionization by high-energy
beam, can be easily found from Eqs. (16-18) if the density N is
constant. It turns out that the quasi-Gaussian profile (16) works
well even for nonuniform density profiles. In that case, the beam
relaxation length is a local parameter found from the equation

d
Z = LN,

= N = N(z) (20)

The boundary condition at the beam injection point with the coor-
dinate z =z, (x) is

£ =g at 7 =25(x) 21
Equation (20) is solved, and the point z where £(z) = I, the ioniza-
tion energy, is determined. This defines the relaxation length

[r(x) = zp(x) — 2 (22)

so that e(z) ~ I.

The electron beam-generated power deposition and ionization
profiles computed with this simple method were found to be within
10-20% of those computed with the forward-backward method.

III. Computed Cases

The inlet geometry was first optimized for Mach 6: The location
of the cowl lip was chosen so that both oblique shocks would to-
gether reach the lip, and the reflected shock would fall right on the
corner between the second ramp and the engine. This configura-
tion is shown in Fig. 2. The freestream conditions correspond to the
altitude of 27 km.

Next, the flow velocity was increased to Mach 8 for the same
geometry. To keep the dynamic pressure at the inlet about the same
as at Mach 6, the flight altitude would have to be increased, and all
Mach 8 cases were run for an altitude of 30 km. As seenin Fig. 3, the
shock would now make contact with the cowl farther downstream,
and, although the flow past that point was not computed, multiple
reflected shocks, boundary-layergrowth, and flow separation could
be expected, which is quite undesirable.

To learn whether an MHD system could bring the flow closer to
the design point, an ideal Faraday generator system with the load-
ing parameter k = 0.5 was put near the surface of the first ramp.
Both magnetic field and electron beam were assumed to be directed

X, m

Fig.3 Computed flowin Mach 8, =30 km, case without MHD; shocks
move inside the engine.
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Fig. 4 Computed electron-beam energy deposition rate, gas temper-
ature, vibrational temperature, and static pressure in Mach 8 case
with MHD. MHD and beam parameters: k = 0.5, j, =1.05 mA/cm?,
ep=10keV,and B=3T.

downward along z axis. Both B field and electron beam were as-
sumed uniform along x within the region 0.6 <x <1 m and to be
equal to zero elsewhere. The presumed MHD configurationin x, z
and y, z planes is shown schematicallyin Fig. 1. The B field profile
along z axis was Gaussian:

V)
B Bp{_M}

(35 cm)?

with the maximum of B, =3 tesla at the wall. Electron beam
energy and current density were adjusted to move the shocks at
Mach 8 back to the cowl lip.

As seen in Fig. 4, with the beam parameters j, = 1.05 mA/cm?
and &, =10 keV, and with the length of the MHD region of
Lyp = 0.4 m, both shocks could be moved back to the cowl lip.
However, their angles of incidence are slightly different from those
in the Mach 6 case, so that the reflected shock would not exactly
follow the design line. Perhaps an additional adjustment with an
internal MHD or other control system would be required.

Details of charged species and vibrational temperature profiles
in the computed MHD case are shown in Figs. 4-6. As seen in
Fig. 5, inside the MHD region with electron beam ionization, elec-
tron density is of the order of (1 —3) x 10'> cm~3, controlled by
beam-inducedionization and electron-ion recombination. The cor-
responding maximum ionization fraction is 5 x 107, and the max-
imum conductivity is 1.9 mho/m. Attachment is insignificant, and
the negative ion density is small. Downstream of the beam-ionized
MHD region, electrons disappear almost immediately, but the wake
ofabout2.3 x 10'° cm™> negativeions persists and enters the engine
(Fig. 6).
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Fig.5 Computed number densities of electrons and positiveionsin the
MHD region for the case shown in Fig. 4.
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Fig.6 Computed number densities charged species outside of the MHD
region for the case shown in Fig. 4.

The value of MHD interaction parameter averaged over the
volume Vyup of MHD region

L B?
§ = ZMHD / 7% av
Vmup [ L

is about 0.11 in this case.

Vibrational temperature (Fig. 4) does exceed the gas tempera-
ture, but the degree of nonequilibrium and the enthalpy content of
the vibrational mode are not high. Vibrational relaxation in this
flow is very slow because of low temperature and density and be-
cause concentration of oxygen atoms would be low due to short
residence time. Oxygen atoms are produced by direct dissocia-
tion of oxygen molecules by high-energy beam electrons. Addi-
tionally, beam electrons dissociate nitrogen, and, if the gas tem-
perature reaches 600-700 K, oxygen atoms are produced in the
reaction N + O, — NO + O. Because the energy threshold for dis-
sociation is comparable with that for ionization, the beam-induced

dissociation and oxygen atom production rate can be estimated as
approximately equal to the ionization rate, which in this case is
about 4 x 10'7 cm™ - s~!. An additional channel of production of
O atoms is dissociative attachment of low-energy plasma electrons:
e+ 0, — 04 O™ . However, in all computed cases, attachmentrate
was at least an order of magnitude lower than the ionization rate
(so that the ionization is balanced by electron-ion recombination).
Therefore, the beam-induced ionization rate can serve as a good
approximation for the O atom productionrate.

O atoms could be destroyed in three-body processes such
as O+0,+M—-0;+M, O+0+M—0O,+M, and O+N+
M — NO + M. However, with the gas number density of 10'8
cm™ or so, these recombination processes would take at least
10 ms, whereas the flow residence time in the 0.4-1.1-m-long
MHD channelis only 0.2-0.6 ms. The reactionO + N, — NO +N
has high activation energy and is too slow at low vibrational and
gas temperatures occurring in our cases. However, the reaction
N+ O, — NO + O is significant at gas temperatures of 500-700 K.
Thus, areasonableestimate of O atomdensity can be done by putting
their productionrate equal to the beam-induced ionization rate and
neglecting all chemical removal processes, so that the produced
atoms simply move with the flow. Therefore, the relative concentra-
tion of oxygen atoms should reach about No /N =~ (1—3) x 1074,

With gas temperaturesin the range400-800 K and O atomdensity
quite low, nitrogen vibrational relaxation time will be longer than
10 ms. Therefore, vibrational temperature will keep growing along
the MHD region and could be quite high at the exit.

Note that effects of chemistry and vibrational relaxation may be
more pronounced when linear dimensions are scaled up, due to
increased residence times. This issue will have to be addressed in
future.

Table 1 lists some important parameters in computed cases:

Xmax Zmax
P, = / 0, dxdz
0 0

is the power deposited by electron beam,

PMHD:/ / kuijzd_de
0 0

is the MHD-generated electric power,

Xmax Zmax
ijgz/ / uB. j, dx dz
0 0

is the push power,

P,:/ / (1 —n,)(1 —k)uB.j,dx dz
0 0

is the joule dissipationrate,

PU = / / 771»(1 - k)uszy dx dz
0 0

is the energy addition rate into vibrational mode, and

Xmax Zmax
Pyr = / Oyrdxdz
0 0

is the heating rate due to VT relaxation. All quantities are per unit
length in the y direction.

The power cost of ionization is seen in the Table 1 to be quite
low compared with other power budget components, including the
generatedelectric power. Thus, the ionizingelectronbeams could be
powered by a fraction of generated power, and a substantial portion
of that power could be used for other purposes.

Another observation from Table 1 is that the rate of work done
by thej x B force is quite a substantial part of the power budget. In
other words, nonthermal, nonentropy-generating MHD effects are
important in this case.

As seen in Table 1, MHD operation is accompanied by total pres-
sure losses, due to entropy-generating joule dissipation: The total
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Table1 Various quantities in computed cases

79

Prot» Pba PMHDa P/ x B> PJ > PU! PVTa Ey.maXa Ex.maXa
Case? 10°Pa MW/m MW/m MW/m MW/m MW/m MW/m kV/m kV/m
M=6,h=27km 2.06
M =8, no MHD 2.926
M=8 MHDk=05 2.017 0.121 3.65 2.21 1.44 0.0784 3.47 38.1
M=8MHDk=09 2.023 1.66 391 4.34 0.34 0.095  0.002 0.72 7.98
2All Mach 8 cases correspond to an altitude of 30 km.
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N o6k 376405 Qb , Watt/m3 Pl N o6F
E L il I L L L L I L L il ' L L L L I L =
0 0.5 1 1.5 2 0
X, m
0p O
o £ -
E o2 - 02f
';:é = ol o
£-04F NE -0.4 :—
E = N 06E
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0 e Fig.8 Computed number densities of electrons and positive ions in the
o MHD region for the case shown in Fig. 7.
E o2F
% E
£-04F starts. The reason for the high Hall field in our case is that the con-
E - ductivityis notfree and has to be created by electronbeams. Because
- 06 C the electron beam power should be substantially less than the gen-
& erated electric power, the conductivity has to be quite low. This,

X, m

Fig. 7 Computed electron beam energy deposition rate, gas temper-
ature, vibrational temperature, and static pressure in Mach 8 case
with MHD. MHD and beam parameters: k=0.9, j, =4.2 mA/cm?,
ep=125keV,and B=3 T.

pressure at the cowl lip at Mach 8 drops from 2.9 x 103 Pa without
MHD to 2.0 x 10° Pa with MHD. Note, however, that both the total
pressure at the cowl lip and the mass flow rate at Mach 8 with MHD
are essentially the same as at Mach 6 without MHD, so that the
engine can operate as it did at Mach 6, but with the vehicle flying
much faster. Additionally, when assessing advantages and flaws of
MHD control, one has to bear in mind that without MHD, mul-
tiple shocks would exist in the inlet, resulting in a large decrease
in total pressure from its value of 2.9 x 10° Pa at the cowl lip and
also leading to boundary-layer separation and engine unstart. In
this paper, we have not computed the flow downstream of the cowl
lip due to its complexity in the non-MHD case. Evaluation of the
MHD control approach should be done after a complete analysis of
both MHD and non-MHD cases, which is outside the scope of this
work.

Another way of stating that the MHD device causes total pres-
sure losses due to entropy generation is to say that this device in-
creases drag. To calculate this additional drag, full-configuration
flow should be computed in both MHD and non-MHD cases. As al-
ready stated, full-configuration analysis was not done in this paper,
primarily due to the complexity of the non-MHD case with multiple
shocks, flow separation, and engine unstart. Thus, the comparison
of advantages and drag penalty associated with MHD control is left
to future work.

Onereason forconcernis alarge value of Hall electricfield, reach-
ing E, 1. =38.1 kV/m. In conventional high-temperature alkali-
seeded MHD channels, the maximum Hall field is about5-20 kV/m.
Athigher fields, arcing between the neighboringelectrode segments

and the relatively short MHD region, dictates the need to have a
strong magnetic field and the loading parameter considerably less
than 1. As a result, the Hall parameter is high, of the order of 10,
and the Hall field, E, = - (1 —k)uB is strong. Note that cold-
air MHD channels with externally controlled ionization, where the
ionization rate is uncoupled from heating, are quite different from
conventionalhigh-temperatureseeded channels. The threshold Hall
field for the onset of arcing between anode segments in nonequi-
librium cold-air channels have never been explored, and it may
well be that the threshold field is higher than the 5-20 kV/m. Nev-
ertheless, the calculated field E, ,.x =38.1 kV/m is a reason for
concern.

Reduction in this field could be achieved by increasing the load-
ing parameter. To keep the overall MHD effect at the same level
as before, the conductivity would have to be increased by using
more powerful electron beams, and the MHD region would have
to be longer. To check this idea, calculations were run with the
loading parameter k =0.9. As shown in Figs. 7-9, by stretching
the MHD region to Lygp=1.1 m and increasing both current
density and energy of the electron beam to j, =4.2 mA/cm? and
&, =12.5 keV, both shocks could be again moved back to the cowl
lip. The ionization fraction is somewhat higher than in the k£ = 0.5
case, reaching 6.3 x 107, and the corresponding maximum con-
ductivity is 2.4 mho/m. The value of MHD interaction parameter
S, defined earlier, is 0.17 in this case. As seen in Table 1, elec-
tron beams would now consume a large fraction of the generated
electrical power, although the balance is still positive. One has
to keep in mind, though, that increasing the beam current den-
sity could create problems with beam injection windows. If these
technical issues could be resolved, the Hall field would be sub-
stantially reduced: In this case, E, .« = 8 kV/m, which might be
acceptable.

Table 2 lists mass flow rate m; total enthalpy entering the inlet
per unit time Hj,.; the differencebetween the total enthalpy carried
by the mass flow m in the freestream and Hy,(, A H; the difference
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Table2 Quantities calculated per unit length in y direction

1, Hinlet, AH, Pynp — Py, x = Pyup/Hinet,
Case® kg/m x s MW/m MW/m MW/m, %
M=6,h=27km 31 60 ~0
M =8, no MHD ~217 85 ~0
M =8, MHD k=0.5 ~217 81 3.7 3.5 4.5
M =8, MHD k=0.9 26.55 80 3 2.3 4.9

2All Mach 8 cases correspond to an altitude of 30 km.

2.5E+16
L I L L I L L L I L L 1 L |
0 0.5 1 15 2
X, m

Fig.9 Computed number densities charged species outside of the MHD
region for the case shown in Fig. 7.

betweenthe MHD-generatedelectrical power and the electronbeam
power Pyyup — Py; and the ratio between the MHD-generated elec-
trical power and the total enthalpy entering the inlet per unit time
x . All of these quantities are calculated per unit length in y direc-
tion. Mass flow into the inlet can be seen to be slightly lower with
the stronger MHD effect, due to some deflection and displacement
of the streamlines in the MHD region. This, plus the MHD power
extraction from the flow, is responsible for the A H being substan-
tial and even slightly greater than Pyup — P,. The MHD-generated
electrical power in both MHD cases constitutesabout4.5-5% of the
enthalpy flux into the inlet.

Table 3 shows the variation of the major computed quantities with
the change in grid size from 125 x 75 t0 250 x 150. The variation s
small, within 1-2% for all computed quantities. Thus, the accuracy
of computed quantities is determined mostly by the 10-20% error
of the simplified representation of electron beam power deposition
profiles (see subsectionIL.C). Of course, the assumptions of an ideal
Faraday generatorand inviscid flow were also made in calculations,
and errors introduced by these assumptions could be quantified in
future, after relaxing these assumptions and performing more real-
istic modeling.

The issue of scaling of the computed results to larger geomet-
ric dimensions is important. If viscous, chemical, and vibrational-
nonequilibrium effects are neglected, then, with an increase in all
linear dimensions by, for example, a factor of 10, the same shock
control effect would be accomplished if the MHD interaction pa-
rameter stays the same as in the computed two cases, S =0.11 at
k=0.5 and $=0.17 at k=0.9. Thus, when electron beam cur-
rent density and the magnetic field are kept constant, the length of

Table 3 Variation of the computed parameters with the grid size
in the Mach 8 case with MHD and k = 0.5

Drots Py, Puup, FBixs, Py, Py, Py,
Grid size  10° Pa MW/m MW/m MW/m MW/m MW/m MW/m

250 x 150 2.017 0.121 3.65 7.3 2.21 144  0.0784
125 x75  2.05 0.121 3.6 7.12 2.14 1.38  0.07

MHD region should also stay constant, becoming a smaller fraction
of the total forebody length. However, boundary-layer growth up-
stream and downstream of the MHD region, shock/boundary-layer
interactions, and vibrational relaxation can be expected to be more
pronouncedin scaled-up geometry.

Conclusions

The paper presents a preliminary assessment of the possibility of
controlling scramjet inlets in offdesign conditions by operating a
near-surface MHD system upstream of the inlet. We have suggested
the creation of electrical conductivity that is needed for MHD op-
eration in cold air by electron beams injected from the vehicle. We
have developed a simple model of beam-generated ionization pro-
files and coupled this model with plasma kinetics, MHD equations,
and two-dimensionalinviscid flow equations. Calculations demon-
strated that an MHD system with reasonable parameters could bring
shocks back to the cowl lip when flying at Mach numbers higher
than those for which the inlet was optimized. The MHD effect is
not reduced to heating only because the work by j x B forces is
a substantial part of the overall effect. In computed cases, power
requirements for ionizing electron beams are lower than the elec-
trical power extracted with MHD, so that a net power would be
generated onboard. In future work, the modeling could be coupled
with a turbulentboundary-layermodel, shock reflections and shock-
shock interactions could be computed, and computations could be
performed for full-scale systems. Among technical issues critical
for cold-air hypersonic MHD operation are the following: electron
beam injection and window/foil survivability and the threshold Hall
field for the onset of arcing between electrode segments.
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