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Magnetohydrodynamic Control on Hypersonic Aircraft
Under “Ajax” Concept

A. L. Kuranov¤ and E. G. Sheikin†

Hypersonic Systems Research Institute of Leninetz Holding Company, 196066, St. Petersburg, Russia

The scramjet with magnetohydrodynamic control being developed in the framework of the “Ajax” concept
is considered. Model of magnetohydrodynamicgenerator with nonequilibrium conductivity is discussed. Simple
relations for calculationof electron concentrationin air plasmasustainedbyelectron beam are proposed.A model of
scramjet with magnetohydrodynamiccontrol is considered in the one-dimensionalapproach. A model of inlet with
magnetohydrodynamiccontrol is considered in two-dimensionalapproach. It is shown that magnetohydrodynamic
interaction allows one to increase speci� c impulse of scramjet and modify � ow� eld in inlet.

Nomenclature
B = magnetic induction, T
Bcr = critical value of magnetic induction, T
cp = speci� c heat at constant pressure, J/(kgK)
cv = speci� c heat at constant volume, J/(kgK)
E = electric � eld intensity, V/m
Eb = initial energy of electrons in e-beam, keV
e = electron charge, C
Fth = relative value of the inlet throat (inlet throat

area divided by its full capture area)
f = Lorentz force, N/m3

g = acceleration of gravity, m/s2

Hu = calori� c value of fuel, J/kg
h = static enthalpy, J/kg
I = e-beam induced ionization rate, m¡3s¡1, cm¡3s¡1

Isp = speci� c impulse, s
j = current density, A/m2

jb = e-beam current density, A/cm2 , A/m2

k = load factor
ka = rate constant for attachment of electrons, m6/s, cm6/s
kc = electron scattering rate constant, m3/s, cm3/s
kd = rate constant for detachment of electrons, m3/s, cm3/s
L = length of magnetohydrodynamicgenerator, m
L0 = stochiometric factor
M = Mach number
Md = design Mach number
Mmax = maximal � ight Mach number at which internal

magnetohydrodynamicgenerator can increase
speci� c impulse of scramjet

M1 = � ight Mach number
me = electron mass, kg
Pm = air mass � ow, kg/s
N = gas concentration,m¡3 , cm¡3

NO2 = concentrationof oxygen molecules in air, m¡3 , cm¡3

ne = electron concentration,m¡3, cm¡3

nC = positive ions concentration,m¡3, cm¡3

n¡ = negative ions concentration,m¡3 , cm¡3

p = pressure, Pa
qg = power density produced by magnetohydrodynamic

generator, W/cm3 , W/m3

qi = power density spent on ionization, W/cm3, W/m3
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qr = power density released in result of plasma
recombination,W/m3

R = gas constant, J/(kgK)
Sv = magnetohydrodynamicinteraction parameter
T = temperature, K
t = time, s
V = volume, m3

v = � ow velocity, m/s
Wa = power transferred to magnetohydrodynamic

accelerator, W
Wg = power produced by magnetohydrodynamic

generator, W
Wi = ionization cost, eV
Wion = power put to � ow ionization in channel

of magnetohydrodynamicgenerator, W
W0 = total � ow enthalpy, W
x; y; z = Cartesian coordinates, m
Ye = electron stopping power in air, MeV ¢ cm2g¡1

® = air–fuel ratio
¯ = Hall parameter
¯ci = rate constant for electron–ion recombination,

m3/s, cm3/s
¯ii = rate constant for ion–ion recombination,m3/s, cm3/s
° = speci� c heat ratio
´g = enthalpy extraction ratio
´ion = relative power spent on � ow ionization

(´ion D Wion=W0/
µN = total turning angle of � ow in scramjet inlet,

degree of arc
¹ = electron mobility, m2/(V ¢ s)
» = factor that determines regime of

magnetohydrodynamic� ow
¼ = � ow compression in inlet with

magnetohydrodynamiccontrol
¼0 = � ow compression in inlet without

magnetohydrodynamiccontrol
½ = gas density, kg/m3 , g/cm3

¾ = electrical conductivity,mho/m
¾in = total pressure recovery coef� cient
’ = relative air mass � ow in scramjet with

magnetohydrodynamiccontrol
’N = nozzle nonideality factor
’0 = relative air mass � ow in scramjet without

magnetohydrodynamiccontrol
Ã = factor which characterizes the magnetohydrodynamic

generator type (Faraday or Hall)

Subscripts

x; y; z = vector projection onto correspondingaxes
of Cartesian coordinates
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1, 2, 3, = parameters at correspondingcross sections
4, 5 of scramjet with magnetohydrodynamiccontrol

according to Fig. 1
1 = freestream conditions

Introduction

N OWADAYS, “Ajax” is a very popular concept of hypersonic
aircraft development. It includes some basic technologies,1

one of which is based on the use of magnetohydrodynamic(MHD)
systems on the vehicle. It was shown in Refs. 2–4 that MHD inter-
action allows one to modify � ow� eld in inlet to increase speci� c
impulse and thrust of scramjet. To realize MHD interaction, it is
necessary to ensure the appreciableelectric conductivityof � ow. At
conditionsof hypersonic� ight as a rule, equilibriumconductivityof
a � ow is negligible to produce essentialMHD interaction in scram-
jet inlet. Thus, it is necessary to put some energy into � ow to create
nonequilibrium � ow conductivity. It is evident that an MHD gen-
erator with nonequilibriumconductivity can be realized only in the
case when the power spent on � ow ionization does not exceed the
power produced by the MHD generator. Such an operating mode
of a system including MHD generator and ionizer we name as a
self-sustainedmode. Power spent on � ow ionizationdependson the
value of conductivityneeded to be created, gas-dynamicproperties
of � ow, and type of ionizer.3;5 Power produced by the MHD gen-
erator depends on the � ow conductivity, gas-dynamic properties of
� ow, MHD parameters, and type of MHD generator. Thus, condi-
tions at which the self-sustained operational mode can be realized
dependson many factors, such as locationof the MHD generatoron
the vehicle, geometry of scramjet, � ight path of the vehicle, MHD
parameters, ionizer type, and so on.

In this paper the requirements for parameters of the ionizer and
magnetic system at which the MHD generatorwith nonequilibrium
conductivity can be realized in hypersonic aircraft are discussed.
We will take up the potential of the MHD generator to control � ow-
� eld in inlet of scramjet and to improve scramjet performance. We
consider the magnetoplasma chemical engine (MPCE) under the
“Ajax” concept, that is, scramjet incorporating MHD generators,
locatedupstreamof the combustionchamber, and the MHD acceler-
ator locateddownstreamof the combustionchamber.The simpli� ed
scheme of the MPCE is shown in Fig. 1.

MHD Generator with Nonequilibrium Conductivity
The essential component of an MHD generator with nonequilib-

riumconductivityis the ionizer.One of themain requirementsfor the
ionizer is that minimal power is spent to produce the necessarycon-
ductivity of � ow. Analysis of known methods of ionization shows
that an electronbeamis the optimal ionizer from the point of viewof
minimizationof the power spent on ionization.According to Ref. 6,
electronswith theenergiesgreaterthan1 keVspendonlyWi D 34eV
to produceelectronand ion pair in air. Ionizationcost Wi in this case
is only few times greater than the ionization energy of moleculesof
air. High-voltage pulsed discharges with the ratio of electric � eld
strength to the gas number density E=N > 5 £ 10¡15 V ¢ cm¡2 are

Fig. 1 Simpli� ed scheme of magnetoplasma chemical engine.

characterizedby ionizationcost Wi ¼ 66 eV, according to Ref. 7. In
principle, this discharge can be considered as an alternative to the
e-beam.

To calculate the nonequilibrium conductivity of the � ow in the
channel of an MHD generator with e-beam ionizer, a model of the
ionization of air was developed in Ref. 8. In the model more than
40 plasma components and more than 230 reactions of the plasma
components were taking into account. Now we consider the MHD
generator with nonequilibrium conductivity as a part of a compli-
cated system, MPCE. To analyze the complex system in a wide
range of parameter variations, to formulate requirements for MHD
generator and ionizer, to determine optimal operational regimes of
the subsystems,we need to developa simplermodel of ionizationof
air. Results from Ref. 8 will be used to obtain a simple approxima-
tion function for calculation of the concentration of electrons and
conductivity of the � ow. Also, we will consider a simple model of
weakly ionized plasma consisting of neutral molecules, electrons,
and negative and positive ions. The set of kinetic equations for the
plasma components concentration is next:

@ne

@t
D I C kdNn¡ ¡ ka N 2

O2
ne ¡ ¯einCne

@nC

@t
D I ¡ ¯iinCn¡ ¡ ¯einCne

@n¡

@t
D ka N 2

O2
ne ¡ kdNn¡ ¡ ¯iinCn¡ (1)

Rate constants for elementary processes taking into account the set
of Eqs. (1) are functions of gas temperature and electron tempera-
ture. In calculations we use the rate constants for the processes that
are listed in Ref. 9. The basic reactions are shown here:

e C OC
2 ! O C O; e C NC

2 ! N C N (2)

AC C B¡.CM/ ! A C B.CM/ (3)

e C 2O2 ! O¡
2 C O2 (4)

O¡
2 C O2 ! e C 2O2 (5)

The ionizationrate I is determinedin termsofe-beamcharacteristics
by the relation

I D qi =Wi ´ . jb=e/½Ye.Eb/=Wi (6)

Process(3) is a two- or three-bodyion–ion recombination,where AC

and B¡ are positive and negative ions, respectively. The stopping
powers for electrons in various media are presented in Ref. 10.
The set of Eqs. (1) practically coincides with the one from Ref. 9,
except that we consider a spatially homogeneous state and we do
not take into account the process e C O2 C N2 ! O¡

2 C N2 because
its rate constant in our conditions is more than 50 times less than
for process (4).

The concentration of electrons in nonequilibrium plasma sus-
tained by an e-beam can be calculated numerically from the set
of Eqs. (1). In the case when dissociative recombination (2) is the
dominantprocess in the set of Eqs. (1), the steady-stateelectroncon-
centrationne , accordingto Ref. 3, can be approximatelydetermined
by the relation

ne ¼
p

qi =Wi ¯ei (7a)

The ionization fraction in this case is determined by the ratio

ne=N ¼
q¡

qi

¯
N 2

¢¯
Wi ¯ei (7b)

Figure 2 shows the dependenciesof the electron concentrationcal-
culated in Ref. 8 upon the magnitudeof qi . Approximationfunction
(solid curve) obtained for the results is given by the relation

ne D 1:124 £ 1012p
qi ¢ cm¡3 (8)
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Fig. 2 Electron concentration in air plasma sustained by e-beam.

Fig. 3 Ionization fraction in air plasma sustained by e-beam.

Equation (8) coincides with Eq. (7a) at a corresponding value of
the ¯ei parameter; maximal deviation of the results of Ref. 8 from
the approximation function is less than 30%. It follows from Fig. 2
that the deviations are systematic. Thus using Eq. (8) outside of the
calculated ranges can result in more serious deviations.The dashed
and dotted curves in Fig. 2 are steady-state solutions of Eqs. (1).
These curves are in good agreement with results of Ref. 8.

Figure 3 shows the dependencies of ionization fraction of air
plasmauponfactorqi =N 2. The approximationfunction(solidcurve)
obtained for the results is given by the relation

ne=N D 1:17 £ 10¡5 £
¡
1034 £ qi

¯
N 2

¢0:6
(9)

The dotted curve corresponds to relation (7b) using approximation
equation (8) for ne. Equation (9) more precisely than Eq. (7) agrees
with numerical resultsof Ref. 8. The maximal deviationof resultsof
Ref. 8 from approximationfunction (9) is less than 9%. The dashed
curves in Fig. 3 are obtained as steady-state solutions of Eqs. (1).

Fig. 4 Geometry of inlet of scramjet with µN = 15 deg, Md = 10, and
Fth = 0.1. Individual turning angles for the inlet are 6.5 and 8.5 deg,
correspondingly.

Fig. 5 Electron beam power losses in various cross sections of scram-
jet: Eb = 100 keV and M1 = 8.

They restrict the ionization fraction value for conditions in inlet
of scramjet with µN D 15 deg in the range of � ight Mach number
M1 D 6–10 at the freestreamdynamic pressure40 kPa. The con� g-
uration of the inlet for Md D 10 is shown in Fig. 4. The individual
turning angles for the inlet are 6.5 and 8.5 deg, correspondingly.
Characteristic cross sections of possible locations of external and
internal MHD generators are denoted in the � gure. It follows from
Fig. 3 that all dependencies of ionization fraction are neighbors in
the range of 2 £ 10¡2 < .qi =N 2/ £ 1034 < 20. In this range formula
(9) can be used with high reliability to analyze characteristicsof an
MHD generator with nonequilibriumconductivity.

To determine limits at which self-sustained operational mode
of the ionizer and MHD generator exist, we need to compare the
power density spent on � ow ionization qi and power density pro-
duced by MHD generator qg . Power density qg is determined by
qg D k.1 ¡ k/¾ .qi /B2v2 . Conductivity is determined by the rela-
tion ¾ D e2ne=.meNkc/. The electron concentration ne depends on
the power density spent on � ow ionization qi . Thus power density
qg in the MHD generator with nonequilibrium conductivity is a
function of qi .

Dependenciesof qi on e-beamcurrent density are shown in Fig. 5
in characteristic cross sections of scramjet for � ight Mach number
M1 D 8 with freestream dynamic pressure 40 kPa. Numbers cor-
respond to location of the cross sections according to Fig. 4. One
can see that changing the cross-section location from the � rst to
third position causes the qi value to be increased for a given current
density.

Figure 6 shows the dependencies of power density produced by
the MHD generator less the power density put into � ow ionization
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Fig. 6 Power density produced by the MHD generator less the power
density put into � ow ionization; M1 = 6.

Fig. 7 Range of values of parameters that ensure the self-sustained
operational mode of MHD generator located in cross section 1 (Fig. 4);
M1 = 6.

(qg ¡ qi / as a function of qi and B. The MHD generator is located
in cross section 2 (Fig. 4). One can see that there are limiting val-
ues of magnetic induction B D Bcr for which qg ¸ qi . Increasing the
value of qi causes the critical magnetic induction to be increased.
Increasing the magnetic induction at � xed qi causes the power pro-
duced by the MHD generator to be increased. The dependence of
(qg ¡ qi ) on the qi value is not monotonic.There is an optimal value
of qi for which (qg ¡ qi ) has a maximum at given value of magnetic
induction. In the simple case for which the electron concentration
can be calculatedunder formula (7a), the critical value of magnetic
induction is determined analytically by the relation

Bcr D

r
meNkc

p
qi Wi ¯ei

[k.1 ¡ k/e2v2]

It follows from the relation that critical value of magnetic induction
dependson parametersof � ow, the MHD generatorand ionizer, and
also on the rate constants of elementary processes. On the other
hand, at a � xed value of B we can determine critical value of power
density qcr for which qg D qi . Self-sustained operational mode of
ionizer and the MHD generator with nonequilibrium conductivity
are realized at qi < qcr .

The MHD generator with nonequilibrium conductivity is a part
of the MPCE, and so the electric energy production is not its only
function.The MHD generatormust effectivelyregulate characteris-
tics of MPCE. According to the next section, to noticeably improve
scramjet performanceit is necessary to ensure MHD interactionpa-
rameter Sv ¸ 0:1, where Sv D ¾ B2 L=½v. Decreasing the power den-
sity input to ionizationcauses the � ow conductivityto be decreased.
Thus to ensure the required MHD interaction parameter while de-
creasingqi it is necessary to increasemagnetic inductionvalue.The
decreasing curve in Fig. 7 corresponds to constant value of MHD
interaction parameter Sv D 0:1. The increasing curve in Fig. 7 cor-
responds to critical regime of the MHD generator for which qg D qi .
The parameters B and qi , which are located in the shaded area, cor-
respond to the self-sustained operational mode of MHD generator
with nonequilibriumconductivitywith MHD interactionparameter
Sv > 0:1. It follows from Fig. 7 that there is optimal value of energy
input to ionization,which ensures the required regime of the MHD
generator in MPCE at minimal magnitude of magnetic induction.

One-Dimensional Analysis of MPCE
To analyze the MPCE with the internal MHD generator and

the MHD accelerator in a quasi-one-dimensional approach, we use
the model developed in Ref. 4. The scheme we consider here is the
same as shown in the Fig. 1, but the external MHD generator is
absent. We consider the MHD generator with nonequilibriumcon-
ductivity.Powers spent on � ow ionizationWion and producedby the
MHD generator Wg are determined by integrating the correspond-
ing power densities qi and qg over the MHD generator volume:
Wion D

R
qi dV ; Wg D

R
qg dV . In analysis of the MPCE, we use a

dimensionlessvalueto characterizethepowerproducedby theMHD
generator,namely, the enthalpyextractionratio´g . The quantities´g

and Wg are related by the ratio Wg D ´g W0. In the case of constant
value of speci� c heat, W0 D PmcpT1[1 C .° ¡ 1

2 /M2
1 ]. To take into

account the relative power spent on � ow ionization, we introduce
factor r as the ratio of power input to ionizationand power produced
by the MHD generator, r D Wion=Wg . Also we will use parameter
´ion D Wion=W0. In general,case factorr is a functionof the enthalpy
extraction ratio r D r .´g/. The function r .´g/ can be calculated for
various regimes of MHD � ows on the analogy of Refs. 4 and 11, by
using dependenciesobtained in preceding section.

The one-dimensionalmodel of MPCE takes into account that part
r .´g/ of the power produced by the MHD generator is put into � ow
ionizationwhile the remainingpower[1 ¡ r.´g/] is transferredto the
MHD accelerator. The power spent on � ow ionization, ultimately,
as a result of recombinationprocesses passes into heat. We suppose
approximately that this additional heat release is implemented in
the combustion chamber. Let us consider the combustion chamber
working in a mode with a constantpressure.A mass-� ow rate of fuel
is usually much less than air mass-� ow rate; thus, we will regard a
fuel supply into the combustion chamber as a heat release without
injection of mass. We suppose that the nozzle � ow is isentropic.
The inlet implements a multishock gas-dynamical compression of
the incident � ow. It is characterized by the total pressure recovery
coef� cient ¾in. The engine exhaust in our consideration is perfectly
expanded,so that p5 D p1 . To take into account nozzle nonideality,
we introduce factor ÁN . The value ÁN D 1 corresponds to the ideal
nozzle. In Ref. 2 it was shown that positive effect of MHD control
on the speci� c impulse of scramjet increases while decreasing the
ÁN value. In this paper we will consider ÁN D 1.

The set of equations for calculating MPCE speci� c impulse Isp

in assumptions just listed, according to Ref. 4, is next:

Isp D ®L0

g
.’N v5 ¡ v1/

v5 D
q¡

v2
1 C 2cpT1

¢
C 2cp.1T ¡ T5/

T5 D T4

,

¾
.1 ¡ 1=° /

in

"
T1

T1

³
T2

T1

´»1=»1 C 1³
T4

T3

´»3=»3 C 1
#
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T4 D T3 C
k3 ¡ 1

k3
T1

³
1 C ° ¡ 1

2
M 2

1

´
.1 C »3/´g[1 ¡ r .´g/]

T3 D T2 C 1T C
Wion

Pmc p
; 1T D

Hu

cp.®L0 C 1/

Wion

Pmc p
D r.´g/ ¢ ´g ¢ T1

³
1 C ° ¡ 1

2
M2

1

´

T2 D T1 C T1

³
1 C ° ¡ 1

2
M 2

1

´
.1 C »1/´gÃ

Ã D

8
>><

>>:

1
k1

¡ 1; for Faraday MHD generator

1 C ¯2k2
1

¯2k1.1 ¡ k1/
; for Hall MHD generator

(10)

The accordance of the factor » value with the typical � ow regimes
in the MHD channel is given in Ref. 4. Subscripts in Eqs. (10) are
used to note parametersof a � ow in correspondingcross sectionsof
the engine channel accordingto designationsindicated in the Fig. 1.
Parameters T1 and ¾in are determinedby averagingthe resultsof nu-
merical calculations in the two-dimensional Euler approach. Now
we brie� y explain the meaning of formulas in the set of Eqs. (10).
The � rst one is a conventional equation for scramjet speci� c im-
pulse in the approach of a perfectly expanded nozzle (p5 D p1).
The second equation determines the � ow velocity at the nozzle exit
in accordancewith the law of energy conservation.The third equa-
tion determines the temperature at the nozzle exit. It is obtained in
Ref. 3 on condition that p5 D p1 . The last equations determine the
temperature at the exits of the MHD accelerator, the combustion
chamber, and the MHD generator.

The set of formulas (10) allows one to calculate speci� c impulse
of the MPCE at given parameters of the inlet, MHD systems, and
the combustion chamber. To determine the range of parameters at
which the MHD interactionimprovesscramjetperformance,we use
an obvious functional ratio .@ Isp=@´g/j´g ! 0 > 0. Having done nec-
essary transformations, it is not dif� cult to show that the preceding
inequality is true when

»1 > T1=1T ¢ [1 C ±=Ã]; ± D f1 ¡ .1=k3/[1 ¡ r.0/]g (11a)

It is evident that r .0/ can be determinedas the ratio of power densi-
ties r.0/ D qi =qg . As 0 · r.0/ · 1 and k3 ¸ 1, the factor± has a value

Fig. 8 Maximal Mach number for two various inlets: Md = 10 and
Fth = 0.12.

in the range 0 · ± · 1. The inequality(11a) combinessome parame-
ters of the scramjet, MHD systems, and ionizer.Cursory analysisof
the inequality lets us infer that the internal MHD generator allows
one to increase the scramjet speci� c impulse only when we use the
MHD generatorin a regime with pressureincreasingalongthechan-
nel length. Indeed, for the MHD generatorÃ > 0 and 0 · ± · 1, and
so the right-hand part of Eq. (11a) is positive. According to Ref. 4,
the condition»1 > 0 correspondsto MHD � ow with dp/dx > 0. Here
we will attempt to explainclearly the physicalreasonfor the require-
ment. Let us see the MPCE scheme in a situation when pressure in
the channel of the MHD generator is constant. The total pressure
losses in the MHD generator do not recover totally in the MHD
accelerator.So the MHD interactionwill decrease the scramjet spe-
ci� c impulse at any given heat release in a combustion chamber.
The only way to improve the scramjet performance is to improve
the thermodynamic cycle. The improvement of the thermodynamic

a)

b)

Fig. 9 Relative speci� c impulse of MPCE at M1 = 6, Md = 10,
µN = 15 deg, Fth = 0.12, and ± = 0.35: a) Faraday MHD generator and
b) Hall MHD generator, ¯ = 2.
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cycleof theengine is achievedby increasingthe static pressurein the
MHD generator in the case when parameters of the MHD generator
and the MHD accelerator satisfy inequality (11a).

If we consider the MHD generator with constant cross-sectional
area, the inequality (11a) takes on the form

° ¡ 1 C ° C 1=Ã

M 2
1 ¡ 1

>
T1

1T
¢
³

1 C ±

Ã

´
(11b)

This inequalityprescribesthe rangeof variationofMPCE subsystem
parametersat which using the MHD generatorwith a constantcross-
sectional area allows one to increase scramjet speci� c impulse.

As a result of inequality (11b) analysis, we obtain limitations on
� ightMach number at which the MHD interactioncauses the MPCE
speci� c impulse to increase. Figure 8 shows the dependencies of
maximal � ight Mach number upon factor ± for various values of Ã

a)

b)

Fig. 10 Relative power excess in MPCE at M1 = 6, Md = 10,
µN = 15 deg, Fth = 0.12, and ± = 0.35: a) Faraday MHD generator and
b) Hall MHD, ¯ = 2.

factor. The MHD interaction increases speci� c impulse of scramjet
in the case when � ight Mach number M1 < Mmax . As it follows
from Eq. (11a), the factor ± mainly characterizes the relative power
spent on � ow ionization. In situations when power spent on ion-
ization is equal to zero (initially ionized � ow), ± D 0. The factor
± D 1 describes the situation for which all of the power produced by
the MHD generator is spent on � ow ionization. It is evident that,
while increasing the factor ±, Mmax is decreasing. At a small value
of ±, decreasing the Ã factor provides expansionof range of Mach-
number values at which the MHD interaction improves scramjet
performance.Contrarily at ± ¼ 1, an increase of the Ã factor causes
the Mmax to be increased.

Figure 9 demonstrateshow the speci� c impulse of the MPCE de-
pends on the MHD interaction parameter Sv and on the load factor
k1. The load factorvalues are shown in Figs. 9 and 10 near the corre-
sponding curves. In calculating we use the dependence Sv.´/ from
Ref. 4. It follows from Fig. 9a that at small values of Sv parame-
ters for a Faraday MHD generatordecreasing the load factor causes
the speci� c impulse to increase.For a Hall MHD generator(Fig. 9b)
the tendency is opposite to that for the Faraday one. While increas-
ing the MHD interaction parameter, the dependencies of speci� c
impulse on the load factor become nonmonotone for both Faraday
and Hall MHD generators. Estimations show that the Hall param-
eter, which is determined by the relation ¯ D ¹B, takes on a value
from 1 to 3 at typical conditions for the internal MHD generator.
In calculations we consider ¯ D 2. As it follows from Fig. 10, the
dependenciesof the excess power for Faraday and Hall MHD gen-
erators are quite similar. Except for to reproduce the dependencyof
the power excessupon load factorwe need to use kHall

1 D 1 ¡ kFaraday
1 ,

where the upper index denotes the type of MHD generator.
Figure 11 demonstrates the dependencies of the MPCE speci� c

impulse on the MHD interactionparameter for various relative val-
ues of the inlet throat area.One can see that the larger the inlet throat
Fth, the greater the positive in� uence of the MHD interactionon the
speci� c impulse of scramjet. For small values of Sv , the Hall MHD
generator provides a more noticeable increase of scramjet speci� c
impulse than the Faraday one. For Sv > 0:7 the Faraday MHD gen-
erator gives a greater increment of scramjet speci� c impulse than
the Hall one. Figure 12 shows dependenciesof the enthalpy extrac-
tion ratio for various relative values of inlet throat. One can see that
the larger the inlet throat Fth , the greater the value ´g . The Faraday
MHD generator produces more electric power than Hall one in all
of the cases.

Thus we can conclude that MHD interaction improves scramjet
performanceonly when the parametersofMPCE subsystemssatisfy

Fig. 11 Relative speci� c impulse of MPCE at M1 = 6, Md = 10,
µN = 15 deg, k1 = 0.5, and ± = 0.17.
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Fig. 12 Enthalpy extraction ratio for Faraday and Hall MHD gener-
ators in MPCE at M1 = 6, Md = 10, µN = 15 deg, k1 = 0.5, and ± = 0.17.

Fig. 13 Relative power excess of MHD generator in MPCE at Md = 10,
µN = 15 deg, B = 5 T, and k1 = 0.5.

inequalities (11). The extent of MHD in� uence on scramjet perfor-
mance essentiallydependson the parametersof the MHD generator,
ionizer, and inlet.

Some results of calculations using dimensional parameters for
a scramjet with µN D 15 deg, Md D 10, and Fth D 0:12 are shown
in Figs. 13 and 14. In these calculations we consider the MHD
generator with a constant cross-sectionalarea and e-beam with en-
ergy Eb D 100 keV as ionizer of � ow. Figure 13 shows the de-
pendencies of relative power characteristicsof the MHD generator
on the current density of e-beam for two values of freestream dy-
namic pressure q and � ight Mach number M1 . One can see that
the power excess (´g ¡ ´ion) is a nonmonotone function of e-beam
current density. At small values of jb , increasing the current den-
sity causes the excess power to be increased too. It is evident that
this is because the � ow conductivity increases while increasing the
current density. At large values of jb , increasing the current den-

Fig. 14 Relative speci� c impulse of MPCE and power excess of
MHD generator at Md = 10, µN = 15 deg, B=5 T, k1 = 0.5, k3 = 1.2, and
q = 40 kPa.

sity causes the excess power to decrease. This effect is a conse-
quence of increasing the relative power spent on � ow ionization
(´ion value). Both increasing the � ight Mach number and decreas-
ing the freestream dynamic pressure causes the excess power to
increase.Figure 14 shows dependenciesof relative speci� c impulse
of the MPCE and relative excess power on jb for various values
of MHD generator length L . These dependencies are similar to
ones from the Fig. 13. Increasing the MHD generator length causes
the maximum value both for speci� c impulse and excess power
to increase.

MHD-Controlled Inlet: Two-Dimensional Analysis
The investigation of an MHD-controlled inlet is carried out in

a two-dimensional Euler approach. Stationary � ow is considered,
such that

@½vx

@x
C

@½vy

@y
D 0;

@
¡
½v2

x C p
¢

@x
C

@½vx vy

@y
D fx

@
¡
½v2

y C p
¢

@y
C @½vx vy

@x
D f y

@.e C p/vx

@x
C @.e C p/vy

@y
D qg C qr (12)

where e D ½[cv T C .v2
x C v2

y/=2] and p D R½T .
It is assumed that the magnetic induction vector is located in

a plane of � gure B D fBx ; By; 0g. The density of an induced cur-
rent j is connected to a magnetic induction vector B and electrical
� eld E by the generalized Ohm’s law: j D ¾ .E C v £ B/. Expres-
sions for the right-hand sides of Eqs. (12) have the following view:
f D f fx ; f y; 0g, f D j £ B; qg D j ¢ E. The quantity qr included in the
right-hand sides of Eqs. (12) arises from the energy input to a � ow
as a result of a recombination of charged particles.

We consider the ideally sectioned Faraday MHD generator for
which current density has only a z component [ j D .0; 0; jz/].
In this case the MHD interaction is de� ned by the equations
fx D ¡ jz By I fy D jz Bx I qg D ¡ jzkv1 B, where B D

p
.B2

x C B2
y /,

and the load factor is determined by the ratio k D ¡Ez=v1 B. The
MHD generator is characterizedby a negative value of qg ; thus, fx

is negative too. One can see that the direction of the y component
for the Lorentz force depends on the ratio Bx =By . If Bx =By < 0,
then f y < 0, and if Bx =By > 0, then f y > 0. Thus by changing the
direction of the magnetic � eld, one can change the direction of the
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a)

b)

c)

Fig. 15 Density contours in MHD-controlled inlet: a) M1 = Md = 10,
B = 0; b) M1 = 12, B = 0; and c) M1 = 12, B = 5.3 T, Bx /By = 0.

Lorentz force. So the MHD interactionin the MHD-controlled inlet
will result in � ow deceleration( fx < 0) and also in additional com-
pression or depression of the � ow caused by the direction of the y
component of the Lorentz force.

We consider an inlet with Md D 10 and µN D 15 deg, which is
shown in Fig. 4. Figure 15a shows densitycontours in the inlet with-
out MHD interactionat the designedconditions.In this case oblique
shocks are concentrated on the cowl lip. Figure 15b shows density
contours in the inlet at off-designconditionswithout MHD interac-
tion, M1 D 12. In this case points of shocks intersection are not in
the cowl lip. Figure 15c shows density contours at M1 D 12 with
MHD interaction,B D 5:3 T. One can see that � ow� eld at off-design
conditions with MHD interaction is quite similar to � ow� eld at de-
sign conditions.The same results were obtained in Refs. 7 and 12.

Figure 16 demonstrates the possibilityof using an externalMHD
generator to control the � ow� eld in an inlet in a situation when
the � ight Mach number is less than the design Mach number. In
this situation the MHD interaction allows one to increase the air
mass-� ow rate. We consider � ight Mach number M1 D 6, which is
noticeably less than the design Mach number. Figure 16a shows
density contours in an inlet without MHD control. Figures 16b

a)

b)

c)

Fig. 16 Density contours in MHD-controlled inlet: a) M1 = 6, B = 0;
b) M1 = 6, B = 3 T, Bx /By = 0, qion = 10¡2 W/cm3, xi = 0, ¢x = 5;
and c) M1 = 6, B = 3 T, Bx /By = ¡¡1, qion = 1 W/cm3 , xi = 3.5, ¢x = 1.

Fig. 17 Relativemass-� ow rate at M1 = 6, qi = 10¡2 W/cm3 , xi = 0,and
¢x = 5.
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Fig. 18 Relative mass-� ow rate at M1 = 6, B = 3 T, and Bx/By = ¡¡1.

Fig. 19 Density contours in MHD-controlled inlet at M1 = 6, B = 3 T,
Bx /By = ¡¡1, qion = 1 W/cm3 , xi = 3, and ¢x = 1.

and 16c show density contours in an inlet with MHD control. Ion-
ization regions in these cases are in� nite bands that are enclosed in
the xi < x < xi C 1x region. Figure 16b demonstrates a � ow� eld in
a MHD-controlled inlet in the case when magnetic induction has
only the y component and the ionization region is a broadband.For
Fig. 16c the x and y componentsof the magnetic � eld are equal, and
the ionization region is a narrowband. Figure 17 shows dependen-
cies of the relativevalue of mass-� ow rate upon magnetic induction
for various con� guration of the magnetic � eld. Figure 18 shows de-
pendencies of the relative value of the air mass-� ow rate on power
density put into ionization for various locations of the ionized re-
gion.One can see that the con� gurationand value of magnetic � eld,
location of ionized region, and power density put into ionization
noticeably in� uence the air mass-� ow rate. We can conclude that,
when the � ight Mach number is less than the design Mach number,
the effect of MHD interaction depends on many parameters. We
can obtain both an increase and a decrease of the air mass-� ow rate
while increasing the MHD interaction.

Figure 19 illustrates the principle of operation of MHD control,
which leads to increasing the air capture in the MHD-controlled

inlet. The region of MHD interaction (3 < x < 4) is enclosed by
dash–dot lines. The streamline for B D 3 T, shown in Fig. 19, limits
� ow region, which is captured in the inlet. In the consideredcon� g-
uration the Lorentz force having the y component,which is directed
to the body, distorts the streamline and presses it to the body. It is
this effect that increases the air capture and the � ow compression.
One can see that in the absence of a magnetic � eld this streamline
(dashed line) is not captured in the inlet.

Conclusions
The results obtainedshow that the MHD generatorwith nonequi-

librium conductivity sustained by an e-beam ionizer allows us to
produce electric power at conditions typical for scramjet upstream
the combustion chamber. So the MHD generator can be used in a
scramjet both for scramjet control and for power producing. The
MHD control by internal � ow in a scramjet allows one to increase
the speci� c impulse of the scramjet. MHD control by external � ow
allows one to modify the � ow� eld in the inlet of the scramjet at
off-design conditions. By using the MHD in� uence on � ow, one
can control the oblique shock position and air capture in the inlet.
In the proper choice of parametersof MHD systems and the ionizer,
the MHD control in a scramjet inlet allows us essentially to improve
scramjet performance.
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