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Deceleration of Supersonic Plasma Flow
by an Applied Magnetic Field

Sergei V. Bobashev¤ and Yurii P. Golovachov¤

Russian Academy of Sciences, 194021, St. Petersburg, Russia
and

David M. Van Wie†

Johns Hopkins University, Applied Physics Laboratory, Laurel, Maryland 20723-6099

The problem of gas � ow control by a magnetic � eld is considered as it applies to � ows in the intakes of supersonic
aircraft. The method to be discussed for control of the intake operation consists of a preliminary ionization of
incoming gas and subsequent control of the ionized � ow by an applied magnetic � eld. To estimate the prospects
of such a mode for � ow control and the effects of the magnetogasdynamic interaction, a numerical investigation
was conducted. The results demonstrate the possibility of controlling the � ow structure at reasonable plasma
and magnetic � eld parameters. The effects of magnetogasdynamicinteraction on supersonic � ow deceleration are
investigated.

Nomenclature
a0 = Bohr radius
B = induction of magnetic � eld
b = unit vector of magnetic induction
c = speed of light
ci = computationalvector
E = electric � eld strength
e = charge of electron
j = electric current density
k = Boltzman constant, external load coef� cient
ki = ionization rate constant
kr = recombination rate constant
L = � ow length scale
lD = Debye length
M = Mach number
m = heavy particle mass
me = mass of electron
ne = electron number density
Pne = number rate of electron production per unit volume
n® = number density of the ® component
P = plasma pressure
Rem = magnetic Reynolds number
S = Stuart number
s = ion slip parameter
T = heavy particle temperature
Tc = electron temperature
V = mass-averaged � ow velocity
v; ¾ = volume and surface of computational cell
® = ionization degree
¯ = Hall parameter
" = permittivity
"ion = ionization energy per atom
¹ = permeability
ºea = collision frequency of electron with atoms
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ºei = collision frequency of electron with ions
½ = plasma density
¾ = electric conductivity
¾ = tensor of electric conductivity
’ = electric � eld potential
! p = plasma frequency

Introduction

T HE idea of controlling electrically conducting � ows with an
applied magnetic � eld is successfullyexploited in a number of

technicalapplications.Until recently, the efforts of researchershave
been concentrated,for the most part, on the investigationof magne-
tohydrodynamic (MHD) � ows in ground-based facilities intended
for the transformationof thermal energy to electric energy.This pa-
per considers the prospects of the idea as it applies to supersonic
aerodynamicsproblems and, more exactly, to the control of � ows in
the intakes of supersonicaircraft.The use of MHD technology is an
important element of the AJAX concept for supersonic aircraft.1;2

In particular, an applied magnetic � eld is assumed to be used for
development of controlled intakes, which would sustain the design
operating regime with variation of the � ight conditions.3¡5

The MHD effects on the � ow structure are determined by the
electrical conductivity and by the induction of a magnetic � eld.
Some techniquesfor obtainingsuf� cient ionizationof the incoming
stream are discussed in Refs. 6–8. Our investigation is focused on
MHD � ow control. To separate this problem from that of � ow ion-
ization, the calculations are carried out with rare gas plasmas that
are characterized by far slower recombination times as compared
with air� ow. The use of rare gas plasma is an important simpli� -
cation that is made to maintain the necessary level of the electric
conductivityand to allow investigationof the � ow controlpotential.
Numerical simulationsof the plasma � ows are carriedout within the
MHD approachusing high-resolutionGodunov-typecomputational
schemes.

Formulation of the Problem
Preliminary estimates of magnetogasdynamicinteractionand the

prospects of � ow control were carried out with the simplest mag-
netohydrodynamic interaction (MHI) model, in which the weakly
ionized plasma was considered as a perfect gas with constant heat
capacity and electrical conductivity.After preliminary calculations
with the simplest model, the physical model was re� ned through
speci� cation of real thermodynamic and electrophysicalproperties
of a nonequilibriumrare gas plasma.
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Basic Assumptions and Governing Equations
The calculationsare carriedoutwithin the frameworkof theMHD

approach, with the induced magnetic � eld neglected. When the
re� ned physicalmodel is used, the partially ionized rare gas plasma
is assumed to consist of atoms a, singly ionized positive ions i , and
electronse. The analysis is conductedwith a two-temperaturemodel
and under the assumptionof plasma quasi neutrality.Validity of the
preceding assumptions follows from inequalities lD ¿ L , V0 ¿ c,
E0 < V0 B0 , L=V0 À !¡1

p , and Rem < 1, which certainly hold for
the � ows under study. Here, lD D

p
"kTe=nee2 is the debye length,

!P D
p

nee2="me is the plasma frequency, and Rem D V0L¾ ¹ is
the magnetic Reynolds number. The subscript 0 denotes the refer-
ence scales for gas velocity, electric � eld strength, and induction
of the magnetic � eld. In addition, we neglect the viscosity, heat
conductivity, and diffusion, which allows us to use an inviscid gas
model as described by the Euler equations. The latter assumption
is substantiated, to some extent, by the high Reynolds numbers of
the � ows under study, but it precludesan analysisof situationswith
� ow separation.

With the preceding assumptions, the nonequilibrium three-
component and two-temperature plasma � ow subjected to an ap-
plied magnetic � eld is governed by the following equations:
The total continuity equation is

@½

@t
C r ¢ .½V/ D 0 (1)

The continuity equation for the electrons is

@ne

@ t
C r ¢ .neV/ D Pne (2)

The total momentum balance equation is
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The total energy balance equation is
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The energy balance equation for the electrons is
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Here, ½ D ½a C ½i C ½e is the plasma density, p D pa C pi C pe the
plasmapressure, p® D n® kT® thepartialpressureof the® component
(® D a; i; e/, n® is the number density of the ® component, and
m D ma ¼ m i is the mass of a heavy particle.

In the case of steady supersonic � ows, the boundary conditions
for Eqs. (1–5) are formulatedwith all plasma parametersprescribed
on the in� ow boundary and impermeability conditions imposed on
the duct walls.

Ionization Kinetics and Collision Frequencies
The main processes that determine the charged particle concen-

trations within the range of conditions considered are ionizationby
electron impact and three-particle recombination,9

A C e , AC C e C e

which implies the following de� nition for the number rate of the
electron production

Pne D ki nena ¡ kr n3
e

The recombination rate constant kr is calculated after the theory
of nonequilibriumionization in a low-temperature rare gas plasma,

developed by Biberman et al.10 The ionization rate constant ki is
found through the equilibrium constant.

Collision frequenciesare evaluated with formulas11;12
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for Xe, where a0 D 0:529 £ 10¡10 m is the radius of � rst Bohr orbit.

MHI Models
Ignoring the induced magnetic � eld, one can take magnetic in-

duction to be that of the applied magnetic � eld. The latter being
known, the electric current density and the electric � eld strength
remain to be determined to calculate the ponderomotive force and
Joule heat release.With that end in view, one can use the generalized
Ohm’s law

j C ¯e j £ b D ¾ [E C V £ B C .r Pe=ene/] (6)

in which the electric � eld strength may be found through speci� ca-
tion of the external load coef� cient k:

E D ¡k.V £ B/

Here, ¾ D nee2=m e.vei C vea/ is the electrical conductivity and
¯e D eB=me.vei C vea / is the Hall parameter for the electrons.
The preceding MHI model is widely used in calculations of MHD
generators.13

A moreaccurateway to determinetheelectric� eld strengthcomes
from the use of Maxwell equations. In the case of a stationarymag-
netic � eld, the Faraday law reads

r £ E D 0

which implies that

E D ¡r’

The generalized Ohm’s law is rewritten in the form

j D Q¾ [¡r’ C V £ B C .r Pe=ene/] (7)

The electric � eld potential is found from the condition r ¢ j D 0,
which follows from Maxwell equations. Along with Eq. (7), this
yields the equation

rf Q¾ [¡r’ C V £ B C .r Pe=ene/]g D 0 (8)

for the electric � eld potential.
Wall boundary conditions for Eq. (8) are given by a � xed volt-

age on the electrodes and by a zero electric current normal to any
insulated segments of the wall. The in� ow and out� ow boundary
conditionsdependon theductgeometryand theelectrodesystemde-
sign. Calculations conducted with the preceding MHI models have
shown that the algebraic model provides qualitatively correct re-
sults, but slightly overestimates � ow deceleration by the applied
magnetic � eld.5

Numerical Method
The method for solving Eqs. (1–5) is based on the Godunov-type

high-resolution� nite volumescheme.14 Stationary solutionsare ob-
tained via a time-asymptotic technique. The calculations were per-
formed for planar � ows. In this case, the computational procedure
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looks as follows. The governingequationsare written for the Carte-
sian coordinates (x , y) in the form

@U
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Assuming gasdynamic variables to be constant within a computa-
tional cell, and makinguse of the integral formulaof vectoranalysis,
one can write out the � nite volume notation of Eq. (9) for a compu-
tational cell

dU

dt
D ¡1

º

Z
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¢
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where º and ¾ are the volume and the surface of a computational
cell, nx and n y are the projectionsof the unit vector that is normal to
surface ¾ , and superscriptn denotes the values at the precedingtime
level t D t n . Integration over a cell surface is ful� lled with formula
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where subscriptn correspondsto thenormal to a cell side.The � uxes
are given by the formula
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When the � uxes Fn are evaluated, the gasdynamic functions are
found from the solutionof the Riemann problemwith the following
initial data:

U L
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i C 1
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(12)

where c1 and c2 are the vectors drawn from the centers of the neigh-
boring computationalcells to the middle of their boundary.Similar
formulas are used on other sides of a computation procedure, for
example:
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With known � uxes, F and G and the components of vector R,
which are evaluatedwith the earlier time level data, Eqs. (10) repre-
sent the set of ordinary differential equations.This set is integrated
in time with a two-step implicit scheme. The preceding computa-
tionalprocedureis second-orderaccuratewith respectto both spatial
coordinatesin the � owregionswith smoothfunctionbehavior.Com-
putations were performed with the grids, which included 64 nodes
across the duct and 300–400 nodes along the duct. The admissible
time increment is limited by the Courant–Friedrichs–Lewy stability
condition to maintain the accuracy of the time-dependentdevelop-
ment of the � ow� eld.This methodhasalsobeenmodi� ed to conduct
space-marchingcomputations of supersonic � ows for steady � ows
and was also generalized for solving three-dimensionalproblems5.
Poisson equation (8) for the electric � eld potential is solved by use
of the implicit/explicit line relaxation procedure,15 which includes
the Thomas algorithm in the y direction. The stationary � ows were
calculated until the residual for the electric � eld potential became
less than 10¡6 .

Results
Computational predictionsof the � ow� eld through a planar inlet

with MHD interactions have been conducted for a geometry that is
being investigatedin a parallelexperimentaleffort.16 A schematicof
theworkingsectionof theexperimentalsetup is shownin Fig.1, with
dimensionsprovidedin millimeters.A shock tube is used to produce
a reservoir of high-temperature plasma that is expanded through a
planar converging–diverging nozzle to approximately Mach 4 con-
ditions. With Krypton used as the test gas, typical reservoir con-
ditions were at T D 9800 K and ½ D 1:08 kg/m3. The supersonic
plasma � ow producedat the nozzle is characterizedby T D 1550 K,
½ D 0.0645 kg/m3, and ¾ D 600 S/m. The simulated inlet consistsof
opposingcompressionsurfaceswith 5.4-degramps. Flush-mounted
electrodesare locatednear the aft end of the nozzle and on the com-
pression surfaces. A pulsed magnetic � eld with an induction value
up to 1.5 T is applied normal to the plane of Fig. 1, which results in
the � ows under study being planar both with and without the MHI.

Preliminary Estimates
Preliminary estimates of the MHD effects on plasma � ows were

performed with the simplest physical model of a perfect gas, in

Fig. 1 Outline of the experimental setup, including nozzle and inlet.
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which the speci� c heat ratio ° and the electrical conductivity ¾
are assumed to be constant, as is the induction of the applied mag-
netic � eld B. This being the case, the MHI is characterized by the
Stuart number S D ¾ B2L=½0V0 , the Hall parameter ¯ , and either
the external load coef� cient k or the electrode voltage 1’, depend-
ing on the MHI model exploited. The MHD � ows in the diffuser
model are investigated with the in� ow parameters obtained from a
preliminary calculation of the nozzle � ow. The distribution of the
electric � eld potential on the in� ow boundary is obtained from lin-
ear interpolation between the � xed values on the lower and upper
electrodes. Note that near-electrode sheath effects are neglected in
the present formulation. The out� ow boundary condition for the
electric � eld potential is taken to be @’=@x D 0, which accounts for
the rapid diminution of the electric � eld with the distance from the
electrodes.

Figure 2 presents an example of the computational results. The
pressure and the electric � eld potential are normalized by ½0V 2

0 and
by V0 L B, where subscript 0 denotes gas parameters at the critical
cross section of the nozzle, and x and y are provided in millimeters.
Figure 2d shows only direction, but not magnitude, of the electric
current density. Note that the Stuart number S is de� ned here with
the length scale L D 1 mm, which is much shorter than the actual

a)

b)

c)

d)

Fig. 2 MHD � ow in the diffuser model; S = 0.006, ¯ = 0.5, and
¢’ = 18: a) Mach number contours b) static pressure contours, c) con-
tours of electric � eld potential, and d) electric current map.

a)

b)

c)

d)

Fig. 3 MHD � ow in the diffuser model; S = 0.006, ¯ = 0.5, ¢’ = 9:
a) Mach number contours, b) static pressure contours, c) contours of
electric � eld potential, and d) electric current map.

lengthof themodel (L D 85 mm). Note that the MHD � ow presented
in Fig. 2 is supersonic throughout the diffuser model.

Figure 3 shows the drasticchangeof the � ow structurethat occurs
with a decreaseof the electrodevoltage,which results in an increase
in the electric current density and, consequently, an increase in the
pondermotiveforce and Jouleheat release. In Figs. 3a and 3b, which
present the Mach number and the static pressure contours, one can
see a normal shock and a small subsonic zone within the diffuser
model. In Figs. 3c and 3d, a noticeable distortion of isolines of the
electric � eld potential and the disappearanceof the electric current
vortices are seen.

Figure 4 demonstrates the effectsof MHI parameterson the Mach
number, static pressure, and total pressure ratio at the outlet of the
diffuser model. The total pressure ratio, Pt =Pt0 , which is an impor-
tant characteristic of a supersonic intake, is de� ned as the ratio of
the out� ow and in� ow total pressures. The dashed curves present
calculations without the magnetic � eld. One can see the important
role of the electrode voltage, in Fig. 4. An increase of the Hall
parameter deteriorates � ow deceleration, resulting in lower static
pressure and a slight reduction of the total pressure loss. An in-
crease of the Stuart number affects the MHD � ow in the opposite
way. The results presented in Fig. 4c show that plasma decelera-
tion by the applied magnetic � eld is accompanied by a substantial
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Fig. 4 Distributions of Mach number, static pressure, and total pres-
sure ratio at the outlet of the diffuser model: - - - -, without magnetic
� eld; ¯: S = 0.006, ¯ = 0.5, and ¢’ = 18; ¤: S = 0.006, ¯ = 1.0, and
¢’ = 18; 4: S = 0.006, ¯ = 0.5, and ¢’ = 9; and ¤: S = 0.012, ¯ = 0.5,
and ¢’ = 18.

loss of the total pressure, with only a moderate increase in the
staticpressurelevel.This conclusionagreeswith previousanalytical
estimates.17

A comparison of calculations with the experimental data is pro-
vided in Fig. 5. Shown is the distance of the intersectionof oblique
shocks issuing from the leading edges of the diffuserwalls vs induc-
tion of the appliedmagnetic � eld. The axial distance xc is measured
from the diffuser inlet. With increasing MHI, the intersection point
moves upstream, that is, xc decreases. The results of calculations
and measurements are depicted by the solid line and by the circles,

Fig. 5 Position of the shock intersection point vs induction of applied
magnetic � eld: ——, computations and ¯, experiment.

a)

b)

c)

d)

Fig. 6 Time history of Mach number contours in diffuser model;
S = 0.006, ¯ = 0.5, and ¢’ = 6.
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respectively. The conductivity was not well known in the exper-
iments, and so the relationship between the induction of applied
magnetic � eld B and the Stuart number S used in the calculations
was established by locating one of the experimental points on the
calculatedcurve. One can see surprisinglygood agreementbetween
the experimentaldata and calculations,in spite of the use of a rather
crude physical model.

As the MHI is increased, the � ow under study eventually be-
comes nonstationary, corresponding to an effective unstart of the
intake with formation of a normal shock that moves upstream to-
ward the diffuser leading edge, followed by an extensive subsonic
zone. Figure 6 presents the Mach number contours in such an un-
steady � ow for several consecutive moments that follow one after
another through 2000 time steps. In this case, the unsteady � ow
regime was achieved by a reduction of the electrode voltage.

The results of the numericalsimulation indicate a substantialloss
of the total pressure when plasma � ow is decelerated by an applied
magnetic� eld.For this reason, it seemsexpedientto useMHI within
a small part of the duct to provide the optimum � ow� eld structure.
Apart from the expected savings in the total pressure, this would
simplify signi� cantly the problems of ionization and creation of an
appliedmagnetic � eld. The precedingidea was estimatedwith refer-
ence to planar MHD � ows in the supersonicintake shown in Fig. 7,
which was designed for the forebody shocks intersecting the cowl
lip at M0 D 6. The magnetic � eld is applied along the z axis, which
is normal to the plane of the intake. The calculationshave been car-
ried out for the case of the Faraday MHD generatorwith continuous
electrodesby the use of the algebraicMHI model. Figures 7a and 7b
show the � ow� eld structure, which includes the shock waves and
expansion fans arising from the wall slope discontinuities. On the
upper wall, a re� ected shock appears and, having interacted with
the expansion fan, it intersects and re� ects from the bottom wall.
Figure 7a presents the results for off-design Mach number, M0 D 7.
Figure 7b corresponds to the � ow with the same Mach number,
M0 D 7, subjected to an applied magnetic � eld. The magnetic � eld
acts only within a small region corresponding to the Stuart num-
ber distribution shown in Fig. 7c. The results display a recovery of
the � ow� eld structure inherent in the design operating condition in
which the shocks arising from the lower wall slope discontinuities
meet at the cowl lip.

a)

b)

c)

Fig. 7 Density contours in supersonic intake at Mach 7: a) without
magnetic � eld and b)with magnetic � eld; c) Stuart numberdistribution.

a)

b)

c)

d)

e)

f)

Fig. 8 Contours of a) Mach number, b) static pressure, c) heavy par-
ticle temperature, d) electron temperature, e) ionization degree, and
f ) electric conductivity with no magnetic � eld.

The results of numerical simulation allow one to estimate the
plasma parametersrequiredfor the consideredmode of � ow control.
For example, with the length scale L D 1 cm, magnetic induction
B D 2 T, Mach number M0 D 6, and density ½ D 0.2 kg/m3 (which
correspondsto the altitude H D 15 km), the Stuart number ensuring
a desirable change of the shock structure is achieved at plasma
electric conductivity¾ on the order of tens of mho/m.

Nonequilibrium MHD Flows
The results presented hereafter were obtained with the re� ned

physical model, which took into account nonequilibrium ioniza-
tion and the real electrophysical properties of shock-heated argon
plasma. The main objectives of these calculations are evaluation
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of the ionization degree, the electric conductivity of plasma, the
Hall parameter, and the investigationof the effects of variable elec-
trophysical properties on plasma � ow deceleration caused by the
applied magnetic � eld. Plasma parameters in the critical cross sec-
tion of the nozzle are the following: M D 1.00; T D T0 D 8600 K;
Te D 10,000 K; ® D 6.28 £ 10¡3; and na C ni D n0 D 1025m¡3 The
Mach number is evaluated with the mass-averagedplasma velocity
and the heavyparticle temperature.In the following, the lengthscale
L D 2 cm is the minimum distancebetween the diffuserwalls. Other
scales include T0, n0, and p0 D n0kT0. The ionizationdegree is mul-
tiplied by factor of 104, and the electric conductivity is presented in
mho/m.

Figures8a–8f display the � ow structurein the MHD section with-
out an applied magnetic � eld. The results demonstrate a signi� cant
variationof plasma parametersalong the MHD sectionof the exper-
imental setup. It is seen that the � ow under study remains essentially
nonequilibriumdown to the outlet of the MHD section,which is ev-
idenced by the difference between the electron and heavy particle
temperatures.Also note the relatively slow decrease of the electron
temperature in the nozzle and its relatively small increase within
the shocks as comparedwith the behaviorof the heavy particle tem-
perature. The former is explained by energy input into the electron
componentdue to recombination,whereas the latter is explainedby
higher sound speed and, consequently, by less shock intensity for
the electron component. Distributions of the ionization degree and

a)

b)

c)

d)

Fig. 9 Contours of a) Mach number, b) static pressure, c) heavy parti-
cle temperature, and d) electron temperature of the plasma at B = 1.0 T.

a)

b)

c)

d)

Fig. 10 Contours of a) ionization degree, b) electric conductivity,
c) Hall parameter, and d) electric current map of the plasma at B = 1.0 T.

the electric conductivity demonstrate a direct correlation with the
� ow� eld structure.

The followingpresents calculationsof MHD � ows in the diffuser
model. Like earlier calculations,the magnetic � eld is assumed to be
aligned with the z axis, as was the case for Fig. 1. The diffuser is
considered a Faraday generator with continuouselectrodes and the
external load coef� cient, k D 0.5. Figures 9 and 10 display distribu-
tions of plasma parameters in the diffuser model at the induction of
applied magnetic � eld, B D 1 T. Comparison with earlier examples
reveals a weak decelerationof plasma � ow by the appliedmagnetic
� eld, which is explainedby high valuesof the Hall parameter reach-
ing a maximum in the expansion fans near the diffuser outlet. The
Hall effect is responsible for the electric current direction shown in
Fig. 10d. Drastic in� uence of the Hall current on � ow� eld structure
and plasma deceleration is demonstrated by comparison with the
results shown in Fig. 11, which presents calculations made while
the Hall effect was ignored. In this case, the applied magnetic � eld
deceleratestheplasma� owdown to subsonicspeed.The Mach num-
ber contours reveal the normal shock followed by a small subsonic
zone. These results show that a segmented electrode is required to
suppress the Hall current in situationswhere moderate-to-largeHall
parameters are realized.
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a)

b)

c)

Fig. 11 Contours of a) Mach number, b) heavy particle temperature,
and c) electron temperature in the diffuser model at B = 1.0 T, given
¯e = 0.0.

Fig. 12 Contours of ion slip parameter at B = 1.0 T.

It is also of interest to estimate the ion slip effect. With that end in
view, the ion slip parameter s D .½a=½/2¯e¯i was evaluated, where
¯i is the Hall parameter for ions.The resultsare presented in Fig. 12.
When the collision frequencyof ions and atoms is evaluated,which
is required to calculate ¯i , the cross section ¾ia was assumed to
be equal to 5 £ 10¡19 m2, in accordance with the data presented in
Ref. 10 for the charge exchange between ions and atoms of argon.
The results of Fig. 12 indicate a negligible role of the ion slip in the
� ows under study.

Figure 13 presents distributions of plasma parameters along the
symmetry plane of the diffusermodel. Solid and dashed curves cor-
respond to � ows with and without an applied magnetic � eld. It is
seen in Fig. 13 that the heavy particle temperature is only slightly
affectedby the applied magnetic � eld, whereas the electron temper-
ature is signi� cantly increased. Also note a substantial increase in
the ionizationdegree and the electric conductivitydue to the applied
magnetic � eld.

Fig. 13 Variation of plasma parameters along the symmetry plane of
the diffuser model: ——, B = 1.0 T and - - - -, B = 0.0.

Conclusions
Numerical investigation of MHD � ows in the model of a super-

sonic intake has been carried out. The results of numerical simula-
tion provide evidence of the possibilityof plasma � ow deceleration
down to subsonicspeedby applicationof a magnetic � eld; however,
the results also indicate a substantial total pressure loss inherent in
such a mode of � ow control. The results also demonstrate that a de-
sirable change in the � ow structuremay be producedby local use of
the MHI. The calculationsof plasma � ows in theMHD sectionof the
experimental setup provide evidence that the � ows under study are
essentiallynonequilibrium,havingan ionizationdegree and an elec-
tric conductivityhigher than those without a magnetic � eld. Plasma
deceleration by an applied magnetic � eld in a Faraday-type device
becomes more effective with suppression of the Hall effect, which
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may be achieved by segmentationof the electrodes.Excessive MHI
results in such undesirable phenomena as � ow separation and pro-
ductionofa nonstationary� owregimeassociatedwith � ow choking.
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