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Feasibility Study of Magnetohydrodynamics Acceleration

of Unseeded and Seeded Airflows
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and
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Nonequilibrium, reacting, ionized gas flow modeling is used to study the feasibility of magnetohydrodynamics
(MHD) acceleration of airflows for the energy addition wind tunnel. The kinetic model incorporates equations of
one-dimensional magnetogasdynamics, the master equation for vibrational level populations of diatomic species,
equations of chemical and ionization kinetics, and the Boltzmann equation for electrons. The model is validated by
comparison with the experiments in MHD accelerators. Calculations are made for two accelerator schemes, the first
using an electron beam to sustain nonequilibrium ionization in unseeded air and the second using alkali-seeded air.
The results are compared with the target flow parameters of the transatmospheric vehicle. The unseeded flow cal-
culations show that the use of external ionization in high-pressure MHD flows is inefficient due to fast electron loss.
Although at low pressures external ionization allows substantial increase of the flow total enthalpy, the obtained
test section pressure is much lower than required, and the flow quality is poor. Calculations for alkali-seeded flows
predict test section flow parameters closer to the target values, with O atom and NO concentrations lower than in
the e-beam-controlled flows. Flow stability is analyzed using the linear stability theory. A thermodynamic energy
addition criterion is used to demonstrate the advantage of direct kinetic energy increase in MHD acceleration over

thermal energy addition methods.

Nomenclature
B = magnetic field, T
D = electron beam load, eV/mol/s
E = electric field, V/m
E/N =reducedelectric field, 10~7 V - cm?
F = cross-sectional area, m?
f(e) =electronenergy distribution
G =mass flow rate, kg/s
H = total enthalpy, J/kg
h = magnetohydrodynamics (MHD) channel half-width, m
1 = ionization potential, K
Jj = current density, A/m?
K = loading parameter
L = MHD channel length, m
[ = e-beam penetration length, m
M = Mach number
N = number density, m >
n, = electron concentration, m >
n(v) = vibrationallevel populations,m~?
P = static pressure, atm
Pyyn = dynamic pressure, 1b/ft?

0 = power added to the flow, J/kg
Re = Reynolds number

S = entropy, J/kg/K

T = temperature, K

T, = electron temperature, K

T, = vibrational temperature, K

u = flow velocity, m/s

v = vibrational quantum number
X = axial coordinate, m
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V.2 = transverse coordinates, m

B = Hall parameter

¥ = specific heat ratio

19 = boundary-layerthickness, m

€ = electron energy, eV

0 = first vibrational level energy, K
p = flow density, kg/m®

c = electric conductivity, Q! m™!
Q = instability increment
Subscripts

avg  =average

beam =electronbeam

eff = effective

flight = freestream

i = ith species

max = maximum

0 = plenum

1 = MHD channel entrance

2 = MHD channel exit

I. Introduction

HE present paper addresses the feasibility of magnetohydro-
dynamics (MHD) accelerationof high-pressuresupersonicair-
flows. The main objective is to explore the applicability of MHD
augmentation for use in the next-generation energy addition wind
tunnels. These facilities are under development for studies of high-
speed combustion and testing hypersonic air-breathing engines.' =3
The basic design requirements that determine the performance ob-
jectives of MHD accelerators for such facilities are as follows >~
1) The flow parameters, such as Mach number, total enthalpy,
entropy, and chemical composition, should simulate the conditions
behind the bow shock of the hypersonic aircraft corresponding to
the 2000-1b/ft* freestream dynamic pressure trajectory. In particular,
the flow should have minimum dissociation and contamination.
2) The test area cross section should be about 8 m? to enable
full-scale engine testing.
3) A test duration on the order of tens of seconds to minutes
should be available.
The first of these requirements encourages exploring the possi-
bility of efficient MHD accelerationof airflows without using easily
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ionized seeds, e.g., alkali atoms, but relying on external ionization
sources, such as electron beams, instead.

The major technical issues addressed in the paper include 1) the
use of a high-energy electron beam to enhance the unseeded air-
flow conductivity in the MHD channel, 2) the analysis of seeded
vs unseeded flow accelerator performance, and 3) the fundamental
thermodynamic limits of MHD drivers. The analysis is based on
a one-dimensional nonequilibriumionized flow modeling. Similar
studies have been conducted previously*~® However, the present
approach incorporates several novel features, such as 1) the in-
corporation of an advanced model for nonequilibrium ionized air
chemistry, 2) the incorporationof the Boltzmann equation for elec-
trons, 3) the ability to simulate the flow ionization by an electron
beam directed into the MHD channel, and 4) the ability to model
coupled nonequilibriumvibrationalkinetics, chemical kinetics, and
kinetics of electrons. Details of the kinetic model are given in Sec.
II. Modeling calculations were made across a wide range of param-
eters, such as electron beam energy, seed fraction and type, plenum
pressures and temperatures, and nozzle geometry (see Sec. III). The
conclusions are given in Sec. I'V.

II. Kinetic Modeling
A. Kinetic Equations

To simulate the gasdynamics and kinetics of both alkali-seeded
and unseeded airflows in supersonic nozzles and MHD channels,
we have used quasi-one-dimensional nonequilibrium flow mod-
eling. The model incorporates the following equation groups: 1)
the equations of magnetogasdynamics for nonequilibrium react-
ing real gases’-®; 2) the chemical and ionization kinetics equa-
tions for reacting species, including electrons, ions, and excited
metastable species’ (nonequilibrium vibrationally induced chem-
ical reactions, e.g., dissociation and bimolecular exchange reac-
tions, and field-induced processes, e.g., electron impact excitation
and ionization, are taken into account); 3) the master equation
for vibrational level populations n; (v) of diatomic species Na, Oz,
and NO (Refs. 9 and 10) {the population change due to vibration-
translation (V-T), vibration-vibration(V-V), and electron-vibration
(e-V) energy transfer processes and chemical reactionsis taken into
account; the vibrational temperatures of the species are given as
T,; = 6:n[n;(1)/ n;(0)]}; 4) the Boltzmann equation for the elec-
tron energy distribution function f(&) in crossed fields''" ' (it takes
into account momentum transfer collisions; rotational, vibrational,
and electronic excitation; electron-electron collisions; ionization;
and attachment; superelastic processes that heat the electronsin vi-
brationally nonequilibrium gas flows'*:!* are also incorporated; the
electron temperature is defined as 7, = { (&) - [df(&)/de]~'}._o);
and 5) the generalized Ohm’s law® [in this one-dimensional ap-
proach, the electric and magnetic fields are given as functions of the
axial coordinate x: E,(x), E,(x), and B_(x)].

The effects of vibrational relaxation and chemical reactions are
accounted for in the energy and motion equations, group 1. The
chemistry-vibrationcoupling terms are incorporatedinto the chem-
ical kinetics equations, group 2, and the master equation, group 3.
Electron impact process rates used in kinetic equations, groups 2
and 3, as well as electric conductivity used in Ohm’s law, group 5,
are obtained from the Boltzmann equation, group 4, which couples
vibrational and electron mode energies. Therefore, the system of
equations solved is self-consistent.

B. Rates and Cross Sections
The neutral specieschemicalreactionrates at thermal equilibrium
(32 reactions for 12 species, N, N,, O, O,, NO, O3, NO,, N,0, NOs,
N, Oy, N,Os, and N3 ) are taken from Ref. 15. The vibration-chemis-
try coupling is simulated using the Macheret-Fridman—Rich non-
equilibriummodel,'®'7 and the state-specific rates for the reactions
Noy(v) +MS N+N+M
O +MSO0+0+M
NO(v)+ M S N+O+M (1
N,(v) + O NO+N
NO(v) +0%5 0, +N

used in chemical and vibrational kinetics equations are the same as
in Ref. 18.

The ion-molecular reactions rates (more than 300 reactions for
13 species,e”, N*,NI, O*, 07, NO*, 0~,0;,N,0",NO;, Na™,
K*,and Cs™") were taken from Refs. 19-23. The rates of electronim-
pactionizationand electron attachment for N,, O,, NO, Na, K, and
Cs are calculated by the Boltzmann equation solver using the exper-
imental cross sections.>*=%7 The latter group of processes describes
kinetics of nonequilibriumionization and attachment of the plasma
electronsin the presence of external electric and magnetic fields.

Thermochemical data for all species in the temperature range
300-6000K (Refs. 28 and 29) are incorporatedinto the code. There-
fore the kinetic model correctly predicts the chemical composition
of ionized alkali-seeded air in equilibrium (with no fields applied).

The rates of electronic excitation and dissociation of N, and
O, by the plasma electrons, with the production of metastable
species No(A*2 1), N(°D), N(°P), 0(a'4 ,), 0,(b'x ), O('D),
and O('S), are calculated by the Boltzmann solver using the ex-
perimentalcross sections 2* > Metastable species chemical reaction
rates are taken from Ref. 19.

The rates of vibrational excitation of N, and O, by plasma
electrons are evaluated by the Boltzmann solver using the cross
sections®? and the semiempirical method,* e.g., see Ref. 12.
The V-T and V-V rates for N, and O, are the same as in Ref. 18,
where they are calculated by the forced harmonic oscillator rate
model.?! The V-T rates for N,-Na, N,-K, and N,-Cs are taken from
Refs. 32 and 33.

The electron transport cross sections for N,, O,, NO, Na, K, and
Cs forthe electric conductivitycalculationsare taken from Refs. 24—
26 and 34.

In the present calculations, we considered the use of an electron
beam as the most efficient way to sustain nonequilibriumionization.
Itis well known thatup to 50% of the relativistice-beam power goes
into electron impact ionization.!’ This ionization method has been
used extensively to sustain a discharge in supersonic flows in gasdy-
namic lasers.> The e-beam power fractions going into ionization,
dissociation, and electronic excitation of N, and O, in air are taken
from Ref. 19. In the present study we do not address the engineer-
ing issues, such as a beam entering the high-pressure flow, focusing,
x-ray radiation, etc. Our primary interest is the e-beam-initiated ki-
netics.

Wall heat transfer and skin-friction coefficients are calculated
using the results of turbulentcompressible boundary-layertheory.>®
Heat fluxes to the electrode surfaces are calculated based on the
experimental heat transfer measurements in MHD accelerators.’’

C. Code Validation

Parts of the kineticmodel used in the present paper have been pre-
viously validatedin modeling calculations.First, V-T and V-V rates,
chemical reaction rates, and vibration-chemistry coupling in high-
temperature air were validated by modeling of NO radiation behind
shock waves, which showed good agreement with time-resolved
shock tube measurements.'® Second, electron swarm parameters in
air, predicted by the Boltzmann equation solver, are in very good
agreement with available experimental data.!!-38

We have also made two series of validation calculations for the
entire model. The results of the first series were compared with
the data (somewhat scarce) obtained on the General Electric (GE)
unseeded air MHD accelerator?®-4? In these experiments, air was
heated up to 7o =9500 K at a pressure Py =550 atm behind the
reflected shock and then expanded through a MHD channel (L =
30cm, Fy =1cm?, Fy/ F;=2.0, B=4.2T, and test time ~1 ms).
The test section impact pressure measured in the MHD-augmented
flow was 1.5-2 times higher than in the isentropic flow. Figure 1
shows calculated axial profiles of the gas temperature and velocity
for both MHD-augmented and isentropic flow, as well as the veloc-
ity profile obtained from the GE group one-dimensionalequilibrium
flow model.*® The good agreement between these two models, both
predicting about 15% velocity increase, is due to the fact that, at
the high temperature T = 6800 K and pressure P = 10-30 atm, the
flow in the channel is close to equilibrium. The effective reduced
electric field was also low:

1
E | [E2+(E, —uB,)*?
(£) = A[EEE T oy i
Ny N 1+ 2
(2
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Fig. 1 Axial temperature and velocity profiles for the GE reflected
shock unseeded air accelerator.

Temperature (K), Velocity (m/s)

6000

, o — unpowered
______ , » — powered (375 kW)

5000

4000

3000

2000

1000

I T T T ST NS VOO W W 20 S0 S TS IOF S MY S B B NU T T

0 T

0.0 0.2 0.4 0.6 0.8 1.0

Axial Distance (m)

Fig. 2 Experimental and calculated temperature and velocity axial
profiles for the AEDC potassium-seeded accelerator.

and so the electron temperature was very close to the gas temper-
ature throughout the channel. The predicted electric conductivity
is in good agreement with the measured value, c = 110 mho/m.
Calculations show that the flow quality in the test section is poor.
The atom fractions remain frozen at the MHD channel temperature
and reach 10% for N atoms and 30% for O atoms. The calculated
flow power increase for these experimentsis about25%, from 20 to
25 MW, which corresponds to a total enthalpy increase from 24 to
30 MJ/kg.

The second series of calculations was made for the Arnold Engi-
neering Development Center (AEDC) continuous-mode MHD ac-
celerator running on potassium-seeded (at 1.5%) nitrogen (acceler-
ator B of Ref. 37). In these experiments, nitrogen was heated by an
arc up to 7y = 6000 K at a pressure P, = 3.3 atm and expanded
through a MHD channel (L = 77 cm, Fy, = 4cm?, Fo/ Fy = 2.1,
and B = 1.5 T). Figure 2 shows the temperature and the flow ve-
locity profiles along the channel. One can see that experimental
and calculated data are in good agreement, temperature and pres-
sure in the MHD-augmented flow being up to 30-50% higher than
in the isentropic flow. Nonequilibrium effects in the channel are
both insignificant because the temperature 7 < 4000 K is too low
to stimulate thermal dissociation of nitrogen, whereas fast N, V-T
relaxation on K atoms and slow expansion prevented freezing of
nitrogen vibrations. Again, the effective reduced electric field was

low, (E/ N)¢s = 1 Td, sothat 7, = T in the channel. The estimated
boundary-layer thickness®® 8(x)/ h = 0.37 - Re %% (x/ h) gives
8(x)/ h = 1 already at x/ L = 0.5. Indeed, the experiments show
that the boundary layers in the channel overlap,’” which results in
significant power loss. Experiments®’ and presentcalculationsshow
that, in the fully powered accelerator (power loading of 375 kW),
up to 30% of the initial flow power of 640 kW is lost in heat transfer
to the walls. Both measured and calculated total enthalpy increases
for the fully powered accelerator are about 25%, from 7.6 to 9.5
Ml/kg.

In both series of calculations,the agreement with the experiments
is quite good. We note, however, that additional model validation is
desirable, in particular for MHD flows where the flow is far from
thermal and ionization equilibrium.

III. Results and Discussion

We applied the kinetic model described and validated in Sec. II
to modeling of both alkali-seeded and unseeded airflows in MHD
accelerators in a wide range of plenum conditions and for various
nozzle geometries. All subsequent calculations are made for the
nozzle throat cross-sectional area F =4 cm? and ideal Faraday ac-
celerator [E, = B - (Ey, —uB,), j, = 0] with the magnetic field in
the channel B, = 10 T. The secondary expansion duct was assumed
to be 2 m long with the exit area of 9 m?.

A. Unseeded Flows

The first series of runs was made for dry air for the plenum tem-
peratures 7, =3000-6000 K and plenum pressures P, =10-1000
atm. The MHD channel parameters were L = 30 cm, F; = 8 cm?,
and F,/ F, = 2 (geometry similar to the GE MHD channel*-#°),
In all cases, the channel entrance Mach number was M = 2, and
the channel entrance pressure was about 10% of P,. Constant load-
ing parameter K = E,/uB, = 2 was assumed. Ionization in the
channel was sustainedby arelativistice-beam. The constante-beam
loading per molecule was in the range D = 0.0-1.0 keV/mol/s.

Figure 3 summarizes the results obtained. It shows the total en-
thalpy of flow H as a function of entropy S for D = 1.0 keV/mol/s.
The exceptions are runs 6 and 3 for which the beam load was taken
tobe D = 0.3 and 0.1 keV/mol/s, respectively, to avoid thermal in-
stability. One can see that the total enthalpy increase is small unless
the plenum pressureis low. Only for the plenum pressureof Py, = 10
atm (channel pressure < latm) does the nonequilibriumionization
provide a substantial flow power increase at reasonable efficiency
(A H'Hy = 0.5-2.0 and A Qpean/A H = 0.03-0.05). At higher
plenum pressures the flow power increase does not exceed 10-20%

Total enthalphy, H/RT..
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Fig. 3 Total enthalpy vs entropy for the MHD-augmented unseeded
airflows, ionized by a high-energy e-beam: 1, Ty = 6000K and Py = 1000
atm; 2, Ty = 6000 K and P, = 100 atm; 3, T, = 6000 K and P, = 10
atm; 4, Ty = 4500 K and Py = 1000 atm; 5, Ty = 4500 K and P, = 100
atm; 6, Ty = 4500 K and Py = 10 atm; 7, Ty = 3000 K and Py, = 1000
atm; 8, 7y = 3000 K and P, = 100 atm; 9, T, = 3000 K and P, =
10 atm.
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(A H/ Hy < 0.2), and it is mainly due to gas heating in recombi-
nation processes (A Qpeam/A H = 0.6-1.0). Obviously, at the high
number densities the electron loss rate is so fast that the ionization
fraction n,/ N sustained by the beam becomes too low to produce
a noticeable Lorentz force. For example, for D = 0.3 keV/mol/s,
n. N ~ 1075 at the channel pressure of 1 atm, n,/ N ~ 107 at 10
atm, andn,/ N ~ 1077 at 100 atm. Because the total power addition
in the full-scale, high-pressure wind tunnel has to beA H ~ 1 GW
and at the high channel pressure conditionsA Qpeam/A H ~ 1, this
would require the use of a ~1-GW e-beam (in a very inefficient
way). We emphasize that the low efficiency at high pressuresis due
to the high rate of electron loss, which is independentof the method
of nonequilibrium ionization. Because the high-energy e-beam is
the most efficient ionization source available (see Sec. I1.B), the use
of other methods of external ionization in the high-pressure MHD
channels (P > 1 atm) is also not feasible.

Thus, the only way to efficiently use an external ionization source
in high plenum pressure flows is to expand the flow down to the
low pressures before creating nonequilibrium ionization. We con-
sidered the feasibility of this mode of operation in the second se-
ries of calculations for 7, = 3000-6000 K, P, = 1000 atm, and
D = 1keV/mol/s. The MHD channel parameters were L = 30 cm,
F, = 170 cm?, F»/ F; = 2.35, and K = 2 = const. The channel
entrance Mach number now was M = 5, and the channel pressure
was about 1 atm. The results shown in Fig. 4 demonstrate a con-
siderable total enthalpy rise (up to 70%) and reasonable beam effi-
ciency (A Qveam/A H ~ 0.05-0.1) for the high plenum and channel
temperatures. Higher temperatures result in 1) a compensation of
electron attachment by thermal detachment from the negative ions
and 2) a slower recombinationrate at the lower number density.

It is easy to see that on the Mollier charts (Figs. 3 and 4) the slope
dH(S)/dS is

_ dH _ d Qo _ J-E
tanp = — = == 3
ds thhermal J ‘E—u- (] X B)
oK (K — 1)u*B? K
= =T = T 3)
o(K — 1)2u’B? K—1

where dQ o and dQuema are the total power added to the flow
and the power going into heating, respectively. Therefore, the flow
entropy rise A S for the given total enthalpy increase A H is con-
trolled by the averagetemperatureat which the energyis addedto the
flow T,,, and by the loading parameter K > 1. MHD accelerators
sustained by external ionization are less effective than the seeded
accelerators because the flow expansion before the MHD channel
needed to reduce the pressure also results in the low channel en-
trance temperature. For the cases shown in Fig. 4, T,,, = 1300,
2400, and 4400 K, the steepest slope dH/dS corresponds to the
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Fig.4 Total enthalpy vs entropy for the high-plenum-pressure MHD-
augmented unseeded airflows, ionized by a high-energy e-beam. The
flow is expanded to P ~ 1 atm before entering the MHD channel.

highest value of T,,,. Reducing the loading parameter would not
increase tan(¢) because it would also reduce the total power added
to the flow dQora ~ K(K — 1) [see Eq. (3)] and inhibit the Joule
heating, which would result in further reduction of T,,.

The third series of calculations for the full-scale accelerator was
made for Ty = 5000 K, P, = 1000 atm, G = 17.4 kg/s,and D =0.0—
2.0 keV/mol/s. The MHD channel parameters now were L = 140
cm, F; = 200 cm?, and F,/ F; = 1.65 (entrance Mach number
M = 5 and channel pressure P = 1-2 atm). To prevent the large-
scale thermal instability (see Sec. III.C) leading to runaway gas
heating in the channel, the loading parameter at high temperatures
was reduced: K = 1.5at7T < 2500K, K = 1.0+ 0.5 x (T/2500)
atT > 2500 K.

The results of calculations are shown in Figs. 5-7. Figure 5
presents the obtained H(S) curves, plotted together with the tar-
get values for a transatmospheric vehicle (TAV) trajectory. One can
see that, although the total enthalpy of the flow increases 1.5-2.5
times, the flow entropy is greater than the target values. The reason
for that, as discussed earlier, is the low MHD channel temperature
[see Fig. 6 and Eq. (3)]. Therefore, although the Mach numbers in
the MHD-augmented flow are close to the target values, the flow
pressure is ~10-30 times lower than the pressure behind the bow
shock (Table 1).
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Fig.5 Total enthalpy vs entropy for the full-scale unseeded air MHD
accelerator with external ionization by an e-beam; Py = 1000 atm,
Ty = 5000 K, L = 140 cm, and F,/F; = 1.65. Dashed lines indicate TAV

trajectories. Also shown is H(S) for the GE reflected shock unseeded air
accelerator.
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Fig.6 Axial profiles of the translational temperature, vibrational tem-
perature of nitrogen, and electron temperature for the accelerator of
Fig. 5 for Dpeam = 1 keV/mol/s.
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Table1 Unseeded air MHD accelerator performance; left and central subcolumns show target values
for Pgy, = 2000 and 1000 Ib/ft2, respectively, and right subcolumn shows present calculations

Case no. H,Ml/kg S/ R u, km/s M
1 7.2 7.0 6.9 279 28.6 289 376  3.64 3.60 94 9.0 8.9
2 11.6 11.0 114 28.7 293 321 478 458 4.60 10.9 10.4 10.4
3 13.6 146 145 29.0 299 335 5.16 531 5.15 114 11.3 10.9
4 158 169 172 293 302 348 5.58 571 549 11.8 11.8 10.9
Case no. P, mbar 0, % NO, % T,(Ny) D, keV/mol/s A Qpeam» MW A H, MW
1 41.1 214 12.8 04 7.0 1574 0.0 0.0 0
2 357 185 2.0 1.5 6.2 2776 0.3 6.5 77
3 344 172 1.3 5.6 6.2 2857 1.0 21 130
4 33.1 16.1 1.3 14.7 6.2 2455 2.0 41 176
Species fractions Total enthalphy, H/RT.
Pressure (atm) 250
Dreun=0.3 ke¥/mol ] T,=6000 K /
10 4 P """" D:nm=1 keve/n/lg:io/s/s 7 P?,=1000 atm //
E - = -~ Dpeam=2 keV/mol/s 200 + --—- F,/F,=36 )
1 e F./F,=25 ;
E ] F./F,=16 //' J
3 | L ’
N AR N 150 - . J
3 X ] e /,’
? ‘\\\ g /,/;//To:‘iggo Ié
3 S b 22" Pg=100 atm
1079 . S 100 ] L R/F=e
E 1 = T Fz/F1=
i Fo/Fy=2
50 - B
1 Te=3000 K
] 1 P=10 atm
E 0 T T T T T T T T
1 29 30 31 32 33 34

-7
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X, cm
Fig. 7 Axial profiles of pressure and species mole fractions for the
accelerator of Fig. 5 for different beam loads.

Raising the beam load increases both recombination losses and
the ratio A Qpeam/A H (Table 1). This makes greater the average
loading parameter K,,,, defined as the ratio of the total power into
heating to the total power into kinetic energy. For this reason the
slope dH/dS decreases with the beam load even though 7,,, be-
comes higher (Fig. 5).

The calculated transverse current density in the channel did not
exceed j, = 10 A/cm?. Both Joule heating and e-beam electrons in-
duce flow dissociationin the channel, raising O atom fraction at the
exit (Fig. 7). At the same time, the exit NO concentration changes
very weakly (Fig. 7 and Table 1). This type of behavior simply re-
flects the dependence of equilibrium concentration of these species
on temperature at P = 1 atm at the channel exit, which was ver-
ified by the equilibrium chemical composition data. Higher-than-
equilibrium O and NO exit fractions at D =0 (Table 1) are due to
their large initial concentrations in the high-temperature plenum.
Even though the flow becomes close to the vibrational equilibrium
toward the end of the channel (Fig. 6), the flow in the test section
is far from being at equilibrium (see Figs. 6 and 7 and Table 1).
Both molecular vibrations and chemical composition are frozen in
the rapid expansionoccurring at low pressure and temperature. This
effect can be reduced 1) if the energy is added at the high pressure
(which in this case is not feasible), so that the relaxation in the sec-
ondary expansion becomes faster, or 2) if slower expansion is used.

Finally, Table 1 shows that one would need a tens-of-megawatts
ionization source to operate the full-scale facility at the channel
pressure of about 1 atm. The beam efficiency can be improved by
further reducing the channel pressure, but this would lead to even
greater flow entropy rise because of the lower channel entrance
temperature [see Eq. (3)]. The electron beam load D can be simply
related to the beam currentdensity jye,m and the energy of the beam
electrons &y, that determines the beam penetration length:

1.35

eam 1.2

1~05. 2 L2 (4)
300 P

Entropy, S/R

Fig. 8 Total enthalpy vs entropy diagram for the MHD-augmented
K-seeded (at 1%) airflows.

where [ is in meters, p is in kilograms per cubic meter, and &peun 1S
in kiloelectron volts.!® For the conditions of Table 1,/ = 0.2 m and
A Qpeam = eDN - (le) = Joeam Eveam * (L1), on€has &peam ~ 30 keV,
and for D = 1 keV/mol/s, joeum = eDNI/ Sy = 0.3 Alcm?.

B. Seeded Flows

The first series of runs was made for potassium-seeded(at 1%) air
for the plenum temperatures 7y = 3000-6000 K and pressures Py =
10-1000 atm. The MHD channel parameterswere L = 30cm, F| =
8cm?, and Fo/ F; = 2-25. Again,in all calculatedcases, the channel
entrance Mach number was M = 2, and the entrance pressure was
10% of Py. The results are shown in Fig. 8. All runs for 7y =
3000 K did not show flow acceleration due to MHD augmentation
because the electric conductivity was too low. Calculations for T, =
4500 K demonstratednoticeabletotal enthalpyriseA H only for the
plenum pressures of Py < 100 atm. One can see from Fig. § that
A H also increases with the channel area ratio, which results in the
lower channel pressure. This is understandable because the flow
accelerationis inversely proportional to the gas density:

o(T)uBX(K — 1)
dr P P

du JyB.
— - )

where o(T) is proportional to the ionization fraction n,/ N. Thus,
to produce the same acceleration at the higher pressure, a higher
ionization fraction (and therefore a higher plenum temperature) is
needed. Finally, substantial acceleration for P, = 1000 atm was
obtained only at the highest plenum temperature considered, 7y =
6000 K, also for the large area ratio F>/ F; = 9-25 (Fig. 8). One
can see that the seeded MHD accelerator for the wind tunnel, which
requires plenum pressures of a few thousand atmospheres, should
operate at high plenum temperatures of 7, ~ 6000 K and large
MHD channel area ratios F»/ F| ~ 25.

The secondseries of runs was carried out for the full-scalecesium-
seeded (at 0.5%) air acceleratorfor plenum conditions 7y = 5000 K,
Py, = 1000 atm, and the mass flow rate G = 17.4 kg/s. The MHD
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Table2 Cs-seeded air MHD accelerator performance; left and central subcolumns show target values
for Pgy, = 2000 and 1000 Ib/ft2, respectively, and right subcolumn shows present calculations

Case no. H, MJ/kg S/ R u, km/s M
1 72 70 6.7 279 28.6 283 376 3.64 353 9.4 9.0 9.1
2 13.6 14.6 14.1 29.0 299 30.8 5.16 5.31 5.14 114 113 115
3 18.4 194 19.7 29.6 30.4 314 6.02 6.14 6.07 123 122 123
4 248 25.7 252 30.2 31.0 319 6.99 7.07 6.88 13.1 13.0 13.1
5 332 33.8 339 309 31.6 325 8.08 8.12 7.98 139 138 137
Case no. P, mbar Cs, % 0, % NO, % Ty(N2) iy x> Alcm?
1 41.1 214 145 0.5 0.01 4.5 1992 0
2 344 172 39 0.5 0.6 43 2630 30
3 32.1 16.1 54 0.5 1.6 4.1 2829 50
4 304 153 63 0.5 2.9 4.2 2944 70
5 29.1 147 9.6 0.5 5.1 4.9 3078 100
Total enthalphy, H/RTp: Temperatures (K
450 - Gas velocity (m/s)
1- — — Pan=1000 lb/ft2 9000
4001 Pan=2000 l,b/’ft 100 A/om’ ]
] i 8000 1
350 A i .
] i 7000 -
300 'E ! Jrmec=70 A/cm® 1
] T 6000 u
250 3 i ]
3 jpeac=50 A/cm’ 5000
200 4 ]
] Lo 2 4000 -
150 -: Jymex=30 A/cIm ] ———‘__‘_,‘-:\ TV(NZ)
] 3000 N T T
100 A K ] \ T
] K a= AEDC R000 A\ e ]
50 3 A ] T
: 1000 ]
0 ] -l—‘ T T T T T M T T T T T T T T :
24 26 28 30 32 34 36 38 40 O——T———T———T T T T 71—
0 50 100 150 200 250 300 350

Entropy, S/R

Fig.9 Total enthalpy vs entropy for the full-scale Cs-seed (at 0.5%) air
MHD; Py = 1000 atm, 7y = 5000 K, L = 140 cm, and F»/F, = 1.65.
Dashed lines indicate TAV flight envelope. Also shown is H(S) for the
AEDC K-seeded (at 1.5%) accelerator.

channel parameters were L = 140 cm, F; = 8 cm?, and F,/ F,
36 (channel entrance Mach number M = 2 and entrance pressure
P = 120 atm). The loading parameter was again limited to prevent
the development of the thermal instability (see Sec. III.C), K =
1.0 + jymax/ ouB,. The calculated H(S) curves are shown in Fig. 9
for different values of jymax, plotted together with the target TAV
trajectorydata. One can see that at these conditionsthe total enthalpy
can be increased up to five times if the maximum current density
does not exceed jymax = 100 A/cm?, whereas the entropy rise is
less than for the unseeded flows discussed in Sec. III.A (Fig. 5).
Although the flow entropy is still greater than the target value, the
seededacceleratorperformanceis clearly better. NO and O fractions
in the test section are much smaller than in the unseeded accelerator
atcomparabletotal enthalpy (Tables 1 and 2). Also, the flow pressure
is only 1.5-4.0 times less than the pressure behind the bow shock
(Table 2).

The latter result is consistent with the criterion of Eq. (3). First,
the average channel temperature in the seeded MHD accelerator is
higher than in the e-beam-controlledchannel (Figs. 6 and 10). Sec-
ond, the average loading parameter in these runs is lower (K., =
1.1-1.3 vs 1.6-1.8 for the unseeded runs), and so a greater part of
the input power goes into the flow kinetic energy and does not con-
tributeto the entropyrise. One can see from Fig. 10 that the efficiency
of the first half of the channel is less than that of the second (du/ dx
is lower) due to the higher gas density near the channel entrance
[see Eq. (5)]. The flow in the channel is close to the thermochem-
ical equilibrium (Fig. 10), which is confirmed by the equilibrium
chemical composition data. However, freezing of molecular vibra-
tions (despite the fast V-T relaxation of N, on Cs and O atoms) and
of chemical compositionin the test section is still well pronounced
(Figs. 10 and 11).

X, Cm

Fig. 10 Axial profiles of the translational temperature, vibrational
temperature of nitrogen, and electron temperature for the accelerator
of Fig. 10 for j, max = 100 A/em?.
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Fig. 11 Axial profiles of pressure and species mole fractions for the
accelerator of Fig. 10 for different maximum current densities.

The boundary-layerthickness at the channel exitis & & ~ 0.25.
The calculated heat transfer losses did not exceed 15% of the initial
flow power. However, the wall heat fluxes reach 10-20 kW/cm? for
Jymax = 100 A/cm?, which may severely limit the operation time.

C. Flow Stability

The reduced electric field [see Eq. (2)] is quite low for all calcu-
latedregimes, (E/ N)i <5 Td forunseeded flows and (E/ N)e < 1
Td for seeded flows. For this reason, the field-induced ionization
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instability® in the core flow is unlikely. However, thermal instabil-
ity due to the Joule heating might still develop. Using the stability
analysis,> one obtains an expression for the large-scale instability
increment in convectively cooled flows:

K—-1y—1jE, <6K.vne 1) 2u

Q= -
STk gy P L

6
6tn T + 2 ©)
Combining Eq. (6) with the expression for the quasi-steady-state
electrondensity for the e-beam-sustaineddischargeor with the Saha
equation, one obtains the instability threshold

Jyfam——m———= (7N

In Eq. (7),a = 8 and % for the recombination and attachment con-
trolled discharges, respectively,and a = (% + 1/4T)~! for equi-
librium ionization. The recombination controlled discharge in air
is realized only at high ionization fractions n,/ N > 107, or high
temperatures 7 > 3000 K, when thermal detachment from the neg-
ativeions compensatesattachment. One can see that the equilibrium
flow is less stable than the flow controlled by the external ioniza-
tion: For I/ T ~ 10-15, typical for the seeded MHD flows, one has
a = 0.2-0.4. The criterion of Eq. (7), applied to the full-scale accel-
erators simulatedin Secs. IIILA (K = 1.6-1.8) andIIL.B(K = 1.1-
1.3), predicts stable flow at j, < 8-10 and 40-100 Alcm?, respec-
tively. In both cases the channels operate on the verge of stability,
which was the reason for the limiting of the loading parameter (see
Secs. III.A and ITI.B). The same criterion, applied to experimental
accelerators;’+% predicts stable core flow at j, < 120 A/cm? for
the unseeded GE acceleratorand at j, < 15 A/cm? for the K-seeded
AEDC accelerator.In these experiments, where the stable core flow
was indeed observed, the currentdensities did not exceed 20 and 15
Alcm?, respectively.

This one-dimensional stability analysis cannot be applied to
the boundary layer. It also does not allow analysis of the spoke
instability*! The possibility of arcing in the boundary layer appears
to be high for two reasons. First, the electric field in the sheath re-
gionsnear the electrodesis higherthan in the core flow,*> which may
resultin a breakdownbetween the adjacentelectrodes. Second, core
flow Faraday mode conditions E, = B-(E,—uB,), j, = 0,assumed
in the presentcalculations,will no longerhold in the boundarylayer,
which would resultin the Hall current j, flowing between the adja-
cent electrodes. This current can be very large because of the high
recovery temperature and high scalar electric conductivity o in the
boundary layer. Both of these effects would short circuit the seg-
mented electrodes along each wall, and the accelerator would run
in a continuouselectrodemode E, = 0, oy = of (1 + ?) (Ref. 8).
The effective electric conductivity o, in the full-scale accelerator
calculations, where B.x ~ 5-10, would therefore be reduced by
1-2 orders of magnitude, making the accelerator performance much
worse. These simple arguments are consistent with the observations
made on the GE unseeded accelerator,” where the diffuse discharge
in the core flow and arcing between each pair of electrodes on the
same wall were observed.

Finally, the one-dimensional approach, where the electric and
magnetic field profiles are assumed given (see Sec. II1.A), does not
allow determination of whether they can be operated at the stable
conditions. A time-dependent, two-dimensional model, where the
coupled flow equations,chemical kinetics equations,Maxwell equa-
tions, and Boltzmann equation are solved, is needed to address this
problem, which is beyond the scope of the present paper.

D. Comparison with the Thermal Energy Addition Methods
If all of the energy added to the flow goes into heating, Eq. (3)
simplifies:

tan @ = T (8)

ds

We estimate the average energy addition temperature for the pure
heating,assumingthatthe flow conditionsare the same as in case 2 of
Table2 (A H =7.4MJ/kg,A S =0.70kJ/kg/K, and post-bow-shock
Mach number M = 11.5). These conditions correspond to the flight

Mach number Mg, = 18. Equation (8) gives Ty, = 10,000 K,
whereas the average temperature for the MHD energy addition is
about 2500 K. This remarkable difference occurs because most of
the power in the MHD channel goes directly into the flow kinetic
energy (K, = 1.34 for case 2). Let us also estimate T, for pure
heating from 7, =2000 K, Py, = 10,000 atm, to the conditions of
case 2, assuming that the caloric equation of state?®-%° is still valid
at these pressures. One obtainsA H =12.1 MJ/kg andA S =2.67
kJ/kg/K, giving Ty, = 4500 K (or Ty, = 3800K for Ty = 1000 K).
This means that flow acceleration up to Mg, = 18 by means of
thermal energy addition to the high-pressureairflow (P, ~ 10* atm)
would require heating the gas to higher temperatures than obtained
in the MHD accelerator. This would induce considerable chemical
contamination of the flow.

IV. Conclusions

The results of the modeling calculations permit the following
conclusions to be made.

1) The use of an electron beam (or any other external ionization
source) to sustain nonequilibriumionizationin high-pressure MHD
channels is not feasible due to the fast electron loss. In the high-
plenum-pressure( P, ~ 1000 atm) flows, e-beams can be efficiently
applied to create ionization only after the flow is expanded to the
low pressures P < 1 atm.

2) In the latter mode of operation, nonequilibriumionization sus-
tained by an e-beam allows increase in the total enthalpy of the flow
(1.5-2.5 times, M ~ 11 in the test section) due to MHD augmenta-
tion. However, in this case the static pressures in the test section are
10-30 times lower than required by the TAV trajectory. Also, the
flow quality is poor and gets steadily worse with the increase in the
total enthalpy due to both e-beam-initiated dissociation and thermal
chemical reactions.

3) The high-plenum-pressure (P, ~ 1000 atm), alkali-seeded
flows, which also require high plenum temperatures (7, > 5000—
6000 K), look more promising for the wind-tunnel application. Cal-
culations for Cs-seeded flows predict an up-to-five-times total en-
thalpy increase (test section Mach number M ~ 14). Predicted test
section static pressures are also closer to the target values (although
they are still 1.5-4 times lower). The calculated oxygen atom and
NO concentrations are also lower than for the unseeded flows.

4) The predicted test section flow parameters can be obtained in
a flow stable with respect to large-scale thermal instability.

5) Simple thermodynamicanalysisshows the advantageof adding
energy to the flow by means of a body force over the purely thermal
energy addition.

A two-dimensional, time-dependentkinetic model incorporating
Maxwell equations is necessary to study the sheath and boundary-
layer effects, as well as small-scale flow instabilities.
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