
AIAA JOURNAL

Vol. 43, No. 8, August 2005

Magnetoaerodynamic Actuator for Hypersonic Flow Control
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The classic pressure interaction over a sharp leading edge is a unique feature of hypersonic flow in which the
boundary layer interacts strongly with the oncoming stream. The present magnetoaerodynamic actuator is based
on the fact that the plasma ignited on a surface can modify the boundary-layer displacement thickness. This electro-
magnetic perturbation to the flowfield is further amplified by the hypersonic viscous-inviscid interaction to produce
a high-surface-pressure plateau on a microsecond scale. The induced surface pressure is an effective hypersonic
flow control mechanism. In essence, the minuscule magnetoaerodynamic interaction adjacent to the solid surface is
introduced as an added physical mechanism for flow control. The electromagnetic force enhanced inviscid-viscous
interaction generates a greater high-pressure regime over the solid surface than that of the classic hypersonic
pressure interaction. This plasma actuator is demonstrated by solving the two-dimensional magnetoaerodynamic
equation including the Lorentz force and Joule heating. For plasma generated by secondary electronic emission,
the well-known ionization formulation for thermal excitation is inapplicable. The drift-diffusion plasma model is
adopted to describe the detailed electrodynamic structure of the glow discharge. The idea of a plasma actuator has
been supported by preliminary experimental data at a Mach number of five.

Nomenclature
B = magnetic flux density
Da = ambipolar diffusion coefficient
E = electric field strength
j = electric current density
L = spatial scale
p = pressure
Q = heat flux
T = temperature
u, v = components of flow velocity V
β = electron-ion recombination coefficient
λ = conductivity
µ = viscosity
µe = electron mobility
µ+ = ion mobility
νi = ionization frequency
ρ = density
σ = electric conductivity
ϕ = electric potential

subscripts

w = surface
∞ = undisturbed stream

Introduction

R ECENT research in magnetofluid dynamics has led to a better
appreciation of harnessing electromagnetic-aerodynamic in-

teraction for improving aerodynamic performance. In the past few
years, innovations have been advocated for counterflow plasma in-
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jection for hypersonic flow drag reduction,1,2 Magnetogasdynamics
(MGD) flow bypass for scramjet propulsion,3 magnetohy-
drodynamic mechanism for ignition and combustion stability
enhancements,4 and more recently, the use of energy deposition for
flowfield control.5 After close scrutiny, some of these ideas show
potential to be revolutionary technology developments.6−10 It is re-
alized that the significant effect of an electromagnetic force must be
built on a self-sustained and amplifiable phenomenon that is accen-
tuated by viscous-inviscid and magnetoaerodynamic interactions.
The weakly ionized hypersonic flow environment offers a realizable
opportunity. For this reason, the magnetoaerodynamics interaction
remains to be the most promising and vibrant technical frontier for
future hypersonic flight.

In all research activities, two classic magnetofluid-dynamic simil-
itude parameters repetitively reassert themselves as the key criteria
for assessing the relative merit of technologic innovations. The mag-
netoaerodynamic interaction parameter S = σ B2 L/ρu is the defin-
ing index for the electromagnetic force to produce a significant mod-
ification to aerodynamic behavior. For the electromagnetic force to
exert a strong influence on the flowfield, the electrical conductiv-
ity of the flow medium must be sufficiently high together with a
strong applied magnetic field strength. The interaction parameter
has a greater value when the flight environment is in a high-altitude
or low-density environment. The other similarity parameter is the
magnetic Reynolds number ReM = µσuL , which establishes a mea-
sure for the ratio of the induced to total magnetic field strength. In
most aerodynamic applications, this parameter has a value much
less than unity.11 In other words, in weakly ionized gases the in-
duced magnetic field is negligible in comparison with an externally
applied field.

Nearly all ground-based experimental facilities use electron col-
lision processes for plasma generation in which the electron attains
a highly excited state and the positive and negative charged ions
retain the thermal condition of their ambient environment.12 The
charge number density of the nonequilibrium, weakly ionized gas is
generally limited to the order of magnitude around 1012/cm3, and the
thermodynamic behavior is significantly different from the plasma
generated by thermal excitation.11,12 In computational simulation,
high-temperature statistical thermodynamics with chemical kinetics
developed for hypersonic flow is incapable to predict the degree of
ionization for the low-temperature plasma. Therefore, an alternative
approach to evaluate the degree of ionization for the low-temperature
weakly ionized gas becomes necessary.

1633



1634 SHANG AND SURZHIKOV

From the most recent research result, a drift-diffusion glow dis-
charge model has successfully simulated glow discharge phenom-
ena even in the presence of a magnetic field.13,14 The numerical
results indicate orders-of-magnitude higher charged particle con-
centrations adjacent to the electrodes, thus a much greater electrical
conductivity σ near the plasma sheath region. This observation is
substantiated by transverse, dc discharge experiments in a Mach 5
plasma channel.15,16 From earlier experiments, the applied magnetic
field generated by a solenoid decays much faster than the inverse
cubic power of distance from the magnetic pole.6 Near the surface,
a strong applied magnetic field strength can be maintained locally
without an excessive power requirement. This environment of a
combined high electrical conductivity and strong applied magnetic
field will greatly enhance the magnetoaerodynamic interaction.

Classic hypersonic flow theory by Hayes and Probstein describes
the inviscid-viscous interaction over a sharp leading edge as the pres-
sure interaction.17 The pressure distribution near the leading edge of
a solid surface can be significantly altered by the growth rate of the
displacement thickness of a boundary layer. The outward deflection
of the streamlines and size of the induced high-pressure region can
be manipulated to reach far downstream. The magnitude of the in-
duced pressure is well known and can be calculated by a single inter-
action parameter χ̄ = M3(C/Rex )

1/2, where C = (µwρw/µ∞ρ∞),
and Rex = (ρ∞u∞x/µ∞). The dependence on the cubic power of
the freestream Mach number for the pressure interaction parameter
is greatly amplified in hypersonic flows.

The ideas of using surface plasma for flow control differ signif-
icantly from most conventional plasma-based actuators including
that of Leonov et al.8 In the present approach, the viscous-inviscid
interaction is a key component of the control mechanism. The sur-
face plasma is introduced into the interacting flowfield as an elec-
tromagnetic perturbation; the ensuing viscous-inviscid interaction
generates a pressure rise for the pitching moment. Therefore the
electromagnetic force is only imposed as the added physical di-
mension for flow control to alter the boundary-layer structure. This
electromagnetic perturbation is amplified by the naturally occurring
aerodynamic interaction to produce a flow deflection on a fixed con-
trol surface. This effect shows itself as a pitching moment. Mean-
while, neither moving components nor parasitical appendages of
the flight control system are required. A parallel experimental and
computational effort is planned for this research endeavor.15,16

Governing Equations
For the purpose of demonstrating the hypersonic magnetoaero-

dynamic actuator concept, only the two-dimensional magnetoaero-
dynamic equations in terms of mass-averaged variables are used.
Computational grid transformation is used only for the purpose of
localized grid refinement at the leading edge of the plate and elec-
trodes. The governing equations constitute the magnetoaerodynamic
and electrodynamic formulations to illustrate the interrelationship
and interaction between two dominant elements of the magnetoaero-
dynamic interaction. In classic magnetohydrodynamic numerical al-
gorithms, a system of eight eigenvalues must be considered, which
leads to a very complex formulation and computational procedure.7

However, if one takes advantage of the low-magnetic-Reynolds-
number condition to treat the Lorentz force and the Joule heating
as source terms in the Navier–Stokes equations, the formulation
is vastly simplified. In the present investigation, the charged parti-
cle and electrical current conservation equations are solved along
with the external circuit equation to ensure a self-consistent electric
field.

The weakly ionized gas is assumed to consist of three compo-
nents: electrons, positive charged ions, and neutral particles. At an
experimental condition of a Mach 5 plasma channel, the static tem-
perature and pressure of the airstream is 43 K and 0.59 torr, re-
spectively. The neutral particle number density is estimated to be
1.33 × 1017/cm3, and the maximum degree of ionization is of the or-
der of magnitude of 10−5. The electrical conductivity σ , measured
by both Langmuir probe and microwave absorption measurement,
yields a value about 0.1 Mho/m (Refs. 15 and 16). In spite of the
low density level of the channel, the unit Reynolds number in the test

section is 1.08 × 106 per meter to ensure that the flowfield remains
in the continuum regime.

In view of the vast range of difference between the speed of light
and the speed of sound, a loosely coupled and iterative scheme is
adopted to solve the magnetoaerodynamic and the electrodynamic
equations. The numerical result of the present effort is a steady-state
asymptote after the iterative and consecutive solutions converge to
a prescribed tolerance (10−5).

Aerodynamic Equations
To capture strong shock waves, a flux-vector-splitting scheme is

used to solve the governing equations of magnetoaerodynamics.9

At the low magnetic Reynolds condition, the magnetoaerodynamic
equations are essentially the Navier–Stokes equations with the
Lorentz force and Joule heating appearing as source terms in the
momentum and energy equation respectively. Therefore, the solv-
ing schemes developed in computational fluid dynamics are equally
effective for these governing equations.

Continuity and conservation of momentum for the low-magnetic-
Reynolds-number magnetoaerodynamic equations in a Cartesian
coordinate system are given as follows:
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where FM,x and FM,y are the components of the Lorentz force. In
the present approach, the temperature is chosen as the dependent
variable for the energy conservation law, and this equation is cast in
the nonconservative form as
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where Pr = (µ∞cp∞/λ∞) is the Prandtl number. Functions Qi on
the right-hand side of Eq. (2) contains source terms describing the
heat transfer in the control volume; Q J is the heat release caused
by Joule heating, Q p is the heat release caused by compressibility
of the gas, and Qµ is the heat release due to viscous dissipation.

The last two terms can be presented in the following form:
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The term Q J in the present analysis includes the Joule heating
Q J = η(j · E), where j and E denote vectors of electric current den-
sity and electrical field intensity. In this expression η is the part of
the Joule dissipation that converts the electromagnetic energy into
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thermal energy. Another part of the electromagnetic energy is spent
on excitation of the vibrational molecular states. It is known from
the laser physics12 that the value of η for molecular nitrogen has the
range of 0.15 < η < 0.75 (Ref. 13).

Electrodynamics Equations
As has been mentioned already, the electrodynamic equations are

based on the global quasi-neutral drift-diffusion theory for the glow
discharge plasma in a gas flow.12 This model has been successfully
demonstrated to model the glow discharge over a wide range of flow
regimes.18,19

It is well known20 that all parameters of the model must be modi-
fied in the presence of a magnetic field. Nevertheless it can be shown
that for the present simulation conditions with an externally applied
magnetic field up to 0.2 T one can neglect the magnetic field in cal-
culating the ambipolar coefficient in the shock layer. Some decrease
of electronic mobility and ionization frequency in a quasi-neutral
plasma leads to a change in the voltage drop of the discharge between
the electrodes and induced magnetic forces.

For the present purpose, the governing equations consist of the
species concentration equation for the charged particles and conti-
nuity equation for the current density, from which one can calculate
self-consistent electric field intensity. The basic formulation is pre-
sented in the following:
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The Lorentz force FM is calculated as
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Dimensions of all pertaining variables used in this computa-
tion are the following: the current density is j ∼ enµe E, A/cm3

where [µe] = cm2/s · V, [E] = V/cm. The Joule heating is Q J ∼
ηenµe E2, W/cm3. The magnetic force is designated as fM ∼
105χenµeEB, g/cm · s2, and the magnetic field strength is given
in teslas.

Initial Values and Boundary Conditions
The initial values and boundary conditions for the system of equa-

tions are straightforward. Figure 1 depicts the investigated config-
uration with the embedded electrodes parallel to the leading edge.
For aerodynamic variables, the no-slip condition for the velocity
components, the vanishing pressure gradient condition, as well as
the prescribed surface temperature or the adiabatic condition are
imposed on the solid surface. For the electromagnetic variables,
the tangential components of the electric intensity and the normal
component of the magnetic field are allowed to continuously pass
through the media interface. The normal component of the elec-
tric field intensity and tangential components of the magnetic field

Fig. 1 Schematic of electromagnetic-fluid-dynamic actuator.

must be balanced by the surface charge density and surface current
respectively at the interface.7

In the present analysis, with an ambient pressure over 1 torr, the
Debye length is less then 10−4 m except at the sharp corners of
the electrodes. This means that the quasi-neutral model can still
be applied. The specific boundary conditions on the computational
domain are prescribed as follows.

At x = 0:
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where n0 is the typical concentration of charged particles in the
positive column (n0 ≈ 1010 cm−3) and VA is the anode potential
relative to the cathode which is grounded.

The electric field intensity is obtained from the external electric
circuit equation, IR0 + VA = emf = E , from which an anode voltage
drop VA can be determined. Here R0 is the ballast resistance, and I
is the total current in the circuit, which in its turn can be calculated
as follows;

I =
∫

x ∈ [xC ,xD ]

j dx =
∫

x ∈ [xE ,xF ]

j dx (10)

For the present investigation, a small electromagnetic perturbation
is introduced into the Navier–Stokes solution as the initial values
for the magnetoaerodynamic interaction.
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Constitutive Relationships
The constitutive relationships for the magnetoaerodynamic equa-

tions in centimeter-gram-second (CGS) units are the viscosity co-
efficient µ and molecular thermal conductivity λ (Refs. 11, 13,
and 18):

µ = 2.6710−5
√
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)
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√
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where cp is the specific heat at constant pressure, MA = 29 g/mole,
and R0 = 8.314 × 107 erg/(mole K) is the universal gas constant.

The constitutive relationships of the electrodynamic equations are
for the species concentration equation, which require the Townsend
and recombination coefficients α and β. The approximations for the
transport properties of electrons and ions are also given:

vi = (α/p∗)p∗ Eµe(p∗), (α/p∗) = A exp −[B/(E/p∗)]

p∗ = p(293/T ) (12)

De = µe(p∗)Te, D+ = µ+(p∗)T+

µe(p∗) = 4.2 × 105(1/p∗), µ+(p∗) = 1450(1/p∗) (13)

where

β = 8 × 10−6 cm3/s, Te = 11,610 K

A = 15 (cm · torr)−1, B = 365 V/(cm · torr)

and N = 0.954 × 1019(p/T ) is the concentration of the neutral
particles. The use of empirical coefficients describing the physical-
chemical kinetics in a glow discharge allows realistic initial con-
ditions for a computing simulation.12 An effective coefficient of
recombination β can be used because air is an electronegative
gas.12,14

Numerical Procedure
The present numerical procedure has the following two peculiar

properties: first, the energy conservation equation is cast in non-
conservative form, and second, at each time step two subiterations
must be performed. In the first step, the momentum and continuity
equations are integrated by an explicit method. The system of mag-
netoaerodynamic equations is solved by the van Leer second-order
splitting method.21 The second step is the integration of the energy
conservation equation and continuity of charged particles in an elec-
tric field by an implicit method. Calculations were performed on a
clustered grid.18,19

For the nonconservative energy equation and the electromagnetic
equations, the five-point scheme was used:
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Numerical Accuracy Assessment
To demonstrate for the first time a unique flow control concept

by using electromagnetic force, a side-by-side computational and
experimental effort becomes essential. In particular, the present in-
vestigation is a path-finding effort that ventures into a technical area
involving significant uncertainty. For this reason, all simulations
were performed on two simple flat-plate models with an identical
configuration but slightly different physical dimensions.15,16 The
first model has a dimension of 75 × 56 mm with the electrode di-
mensions of 51 × 6.4 mm. The cathode is placed at a distance of
22 mm from the sharp leading edge of the plate, and the anode is
located at a distance 51 mm downstream. The second model has an
even smaller physical dimension of 38 × 67 mm with electrode di-
mensions of 32 × 6.4 mm and three surface pressure ports of 2 mm
in diameter. The cathode is placed a short distance of 22.3 mm
downstream of the sharp leading edge, and the separation distance
between the electrodes is 30.5 mm. The surface-pressure orifices are
also located on the model centerline at distances of 34.9, 47.6, and
60.3 mm from the leading ledge. The static pressure is individually
measured by three MKS Baratron 722A transducers and has been
calibrated to yield an accuracy of 0.5% over the range from 0.001
to 2.0 torr (Refs. 15 and 16). For the present effort, the measured
surface-pressure data are adopted as a part of validating basis.

All numerical simulations were conducted in the identical flow
condition of a Mach 5 plasma channel.16 This blowdown channel
produces a freejet of a Mach number of 5.15 expanding from the
stagnation pressure of 49.3 kPa and stagnation temperature of 294 K,
respectively. Although the test section has a relatively small inviscid
core of 120 × 100 × 50 mm (x , y, z), the flowfield is uniform and
free from a significant streamwise gradient. The unperturbed jet
stream is characterized by a static pressure of 78.4 Pa (0.59 torr),
a temperature of 43 K, and a velocity of 675.5 m/s. Under these
flow conditions, the Reynolds number per meter is 1.615 × 105.
The surface plasma is generated by a Universal Voltronics dc power
supply that can deliver a current 800 mA up to 10 kV.

The behavior of the strong inviscid-viscous interaction near a
sharp leading-edge wedge at the zero incident angle is clearly
demonstrated by the schlieren picture in Fig. 2. This image is
recorded at the freestream Mach number of 5.15, and the Reynolds
number based on the length of the plate model is 1.2 × 105. Thus the
boundary layer over the flat upper surface of the model is expected to
be laminar. The growth of the displacement thickness of the bound-
ary layer clearly deflects the stream outward and induces a pressure
over the upper flat surface. This classic hypersonic inviscid-viscous
interaction indeed generates an oblique shock over the flat-plate
surface of the model. At the trailing edge of the model, the pres-
sure interaction parameter χ with the Chapman–Rubeson constant
C of unity is 0.41. In this photograph, the boundary layers leave the
model surface and continue as a free shear downstream.

Fig. 2 Shock and shear layer structure of a wedge at M = 5.15.
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Fig. 3 Comparison with classic pressure interaction theory.

In Fig. 3, the surface-pressure distributions over the upper flat
surface of the first model were presented and compared with the
classic pressure interaction theory.17 A series of grid refinements
for the viscous-inviscid interaction were performed. The grid den-
sity varies from (201 × 51) to (700 × 100). It was found that the
numerical results were essentially grid independent for a mesh sys-
tem of 35,000 points with a clustering in the high gradient domains.
Thus, all numerical results were generated on a (500 × 70) grid sys-
tem with high grid density at the leading edges of the plate and
electrodes. For the flow condition described before, the calculated
plate surface pressure at the leading edge approaches twice the value
of the freestream. The pressure decays asymptotically toward its
freestream value far downstream. In spite of the pressure interac-
tion, the displacement thickness of the boundary layer still grows
proportional to the square root of the distance from the leading edge.
The present numerical result substantiates this observation, agreeing
perfectly with the weak pressure interaction data.17

Glow Discharge Interaction
The present investigation demonstrates that the aerodynamic-

electromagnetic interaction can be developed into a magnetoaero-
dynamic actuator for flow control. This notion is based on the fact
that an electromagnetic perturbation can easily modify the growth
rate of the displacement thickness in two respects: changing the
kinematics of the field structure and initiating a heat exchange in
the glow discharge region. When electrodes for plasma generation
are embedded in the model surface, the electrode and Joule heat-
ing is substantial. In turn, the plasma heating will affect the ther-
mal and velocity profile of the boundary layer. The change induced
by the electromagnetic field can be significant even with a limited
amount of energy input. The ensuing inviscid-viscous interaction
will greatly amplify the electromagnetic perturbation in a hypersonic
stream.

In earlier research efforts of glow discharges, the separation dis-
tance between the electrodes and the segmented electrodes have
shown significant effect in modifying the magneto-fluid-dynamic
interaction.15,16 In Fig. 4, the surface-pressure distribution gener-
ated by a dc discharge is depicted for the large model (model 1)
without an applied magnetic field. This glow discharge simula-
tion duplicates the experimental environment in the MHD chan-
nel. The electrodes are assumed to operate at a surface temper-
ature of 600 K. The glow discharge is maintained at an applied
electrical field of 1.2 kV over an electrical resistance of 12 k�.
The controlled electrical current transmitted between the electrodes
is 50 mA. At this minuscule power input, the flow control ef-
fectiveness that is quantified by the integrated aerodynamic force
over the plate surface is nearly double to that without the plasma
actuator.

Fig. 4 Comparison of glow discharge induced pressure interaction
with interaction theory.

Fig. 5 Aerodynamic forces produced by direct current discharge
(DCD) induced pressure interaction.

In Fig. 5, the resultant aerodynamic forces measured by the pres-
sure and skin friction coefficients are presented. The steep adverse
pressure gradients upstream of the electrodes almost produce flow
separations locally as predicted by the two-dimensional simulation.
In this computation, only the glow discharge is ignited. Because the
external magnetic field is absent, the Lorentz force is negligible.
The measured surface pressure is higher than the well-known clas-
sic pressure interaction that consists of only an expanding flowfield
from the leading edge. The modified boundary-layer structure by
the surface plasma induces a rather complex compression and ex-
pansion region between the electrodes, and the surface shear stress
must adjust accordingly. In short, the perturbation by electromag-
netic forces is significant and can be easily elevated by either in-
creasing the glow discharge power input or implementing a series
of electrodes.18,19 In the experimental effort, by doubling the dis-
charge electric current to 100 mA, a significant increase in induced
pressure was noticed.16

In supersonic and hypersonic flows, the pressure contour is an ex-
cellent description of shock-wave structure. The shock structure at
the leading edge and its modifications by the discharging electrodes
is detectable in Fig. 6. Instead of expanding continuously from the
leading edge toward the downstream of the plate, secondary com-
pression waves coalesce at the leading edges of the cathode and
anode and are partitioned by an expansion region between the elec-
trodes. This observation is substantiated by the surface-pressure
distribution over the entire plate shown in Fig. 4. The increased
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Fig. 6 Shock-wave structure over glow discharge plate, p in torr.

Fig. 7 Temperature contour over glow discharge field, T in K.

Fig. 8 Charged particle number concentration over the electrodes, 1010 cm−3.

surface pressure by the glow discharge is in good agreement with
experimental observations.16

The corresponding temperature contours over the plate are de-
picted in Fig. 7. The temperature distributions represent the result
of heat transfer by conductive, convective, and Joule heating in the
boundary layer. The high-temperature regions downstream of the
electrode and within the discharge domain correctly reveal the an-
ticipated physical phenomenon. Preliminary verification by com-
paring with experimental observation exhibits a general agreement
in the overall temperature distributions over the electrodes. Addi-
tional and detailed comparison must be wait for further progress in
the experimental effort.

Figure 8 gives the ion concentration over the plate in a hyper-
sonic stream. The high-charged particle number density regions are
located directly over the electrodes. The local charged particle num-
ber density at a distance 0.5 mm above the cathode is 8.11 times
greater than the value between electrodes. This behavior is well
known both from experiments15,16 and from the previous numerical

simulation based on the drift-diffusion glow discharge model.18,19

The charge particles are highly constricted in the discharge path be-
tween electrodes by the electric field. Most importantly, the charged
particle number density is in excellent agreement with the exper-
iment that was conducted at the identical testing condition. The
charged particle number density within the glow discharge path has
a range from 1010 to 8.11 × 1010/cm3. In fact, the computed ion num-
ber density profiles over electrodes are within the scattering band
between Langmuir probe and microwave absorption measurements.
The maximum measured ion number density is determined to be in
the range of 3.0 × 1011 ∼ 1.9 × 1012/cm3 (Refs. 15 and 16).

The numerical simulation has the ability to single out the heat
transfer from different mechanisms. The Joule heating is quanti-
fied in Fig. 9. The energy conversion process takes place along the
discharge path including the plasma sheath, and the most intensive
Joule heating is located over electrodes. The relative magnitude of
Joule heating and the conductive heat flux over the anode has a ratio
of 1.125 (for the model 1). The computed result shows that Joule
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Fig. 9 Joule heating over the electrode embedded plate, erg/cm3 s.

Fig. 10 Electric current density of the glow discharge, mA/cm2.

Fig. 11 E/emf; reference vector value of emf/Rdim; Rdim = 5 cm.

heating makes a significant contribution to modifying the boundary-
layer structure, especially over the electrodes.

From the calculated electric current density, the behavior of Joule
heating in the glow discharge is easily understood. The current den-
sity contours of the discharge are presented in Fig. 10. The electrical
current density of the glow discharge is presented in the physical
dimension of mA per cm2. The lower current density contours in
the discharge region reveal a rather intriguing pattern. But the elec-
tric current density is nearly constant away from the electrodes.
The high current density region is located immediately adjacent to
electrodes. The highly concentrated discharge current path between
electrodes is restrained deeply within the plasma sheath over the
dielectric model surface.

The electric field intensity is depicted in a vector field format;
the reference vector is given in terms of the emf over a reference
length of 5 cm. The electric field intensity varies gradually across
the electrode, but exhibits rapid change in the cathode fall region,
Fig. 11. Over a major portion of the electrodes, the electric field
vector is mostly perpendicular to the discharging surfaces. It is un-
derstandable that the maximum Joule heating coincides with the
highest electric field intensity in the discharge path.

The verification of the present computational results is obtained
by comparison with experimental data. For the present purpose, the
validation is limited only to the surface-pressure measurements.15,16

Figure 12 depicts the comparison of surface pressure distributions
on the second model with the actuated dc glow discharge. The
surface discharge is generated by a constant electrical current of
50 mA at a nominal power supply voltage of 1.2 kV. This simple
dc glow discharge modifies the boundary-layer structure and leads
to an ensuing viscous-inviscid interaction. As a direct consequence,
the surface pressure increases above the value predicted by classic
pressure interaction theory.17 Equally important, very good agree-
ment has been reached between experimental and computational
results.

The electromagnetic effect enters into the shock-boundary-layer
interaction by modifying the boundary-layer profile. The basic
mechanisms are the electrode and Joule heating and the Lorentz
force; at very low density, the Hall effect and ion slip can be also
added to the list of significant mechanisms.11,12 Although in princi-
ple the electrode heating can also be generated by electric resistance
alone, the response time and intensity are substantially slower than
the dc discharge. The Joule heating and the Lorentz force exerted
on the boundary have strictly electromagnetic origins. The intensity
of Joule heating in the present drift-diffusion gas discharge model
is regulated by the electric field intensity and the discharge cur-
rent density via the external circuit equation. To a lesser degree, the
energy released into the boundary layer is also proportional to the
electrode temperature.
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Fig. 12 Induced pressure interaction with and without dc glow discharge.

The contribution from the Joule heating can be separated from
electrode heating in the computation. To demonstrate the electro-
magnetic effect on the induced pressure interaction, the pressure dis-
tributions produced both by the glow discharge and electrode heating
are depicted in Fig. 12. Both calculations were conducted at the iden-
tical electrode surface temperature of 600 K (Refs. 15 and 16). In
this comparative study, the glow discharge heating contains the con-
ductive heating from the electrodes, in addition to the Joule heating.
From this comparison, it is clearly revealed that the Joule heating, a
volumetric heat source, makes further modification to the displace-
ment thickness of the boundary layer beyond the electrode heating.
At higher electrode surface temperatures, the electrical current den-
sity and the induced pressure are elevated accordingly.

As a direct comparison, the surface-pressure measurements over
a plate at the identical flow condition are also included in Fig. 12. In
the experiment, the electrodes were heated by an electrical resistor
with the total power supply of 50 W matching the power gener-
ated by the glow discharge. The open circle symbols designate the
surface pressure data by electrode heating alone.15,16 The surface
data collected for the glow discharge are given by the filled square
symbols. The computational and experimental results have reached
good agreement and show that the glow discharge is much more ef-
fective in modifying the boundary-layer structure than the electrode
heating. More importantly, the volumetric Joule heating is almost
instantaneous in contrast to the slower response of the electrode sur-
face heat transfer. In short, the present result has shown for the first
time that the electromagnetic force in the form of a surface plasma
can be used as a hypersonic magnetoaerodynamic actuator.

Electromagnetic Interactions
Up to this point, the magnetoaerodynamic actuator exclusively

used the embedded electrode and Joule heating to generate the
induced pressure interaction. The Lorentz force or the applied
magnetic field can further modify the flow near the surface, thus
controlling the boundary-layer structure.7,11 The magnetic field is
known to significantly suppress electron mobility and introduces
the Hall effect.11,12 Under the present experimental condition with
a transverse magnetic field of B = 0.2 T, the electron cyclotron
and the electron-neutral collision frequency is estimated to be
3.5 × 1010 rad/s and 6.3 × 109 s−1, respectively. The Hall parameter
is 5.6 rad to indicate a nearly collisionless environment, in which the
ion-slip phenomenon can also be dominant. Under this condition,
the electric field E is still overwhelmed by the [V × B] acceleration.
In addition, the presence of a magnetic field does not allow steady
and uniform plasma.

Fig. 13 Glow discharge affected by the applied external magnetic
fields (B = 0, B = +0.2 T J ×× B > 0, B = −−0.2 T J ×× B < 0).

In the present investigation, a constant transverse magnetic field
across the surface plasma generates a Lorentz force. The applied ex-
ternal magnetic field is parallel to the embedded electrode surface
and perpendicular to the airflow over the model. The positive polar-
ity of the applied magnetic field designates that the field is applied in
an orientation from the left to the right side of the flow. The magnetic
field of the positive polarity exerts a net uplifting Lorentz force on
the electrons. Through collision processes between ions and neutral
particles, the Lorentz force thickens the displacement thickness in
addition to the electrode and Joule heating. By reversing the polar-
ity of the applied magnetic field, the modification of the boundary
layer counteracts the heating effect to thinning the displacement
thickness. The induced change in surface-pressure distribution by
the electromagnetic field might not be substantial in the electric field
dominated glow discharge, but the ensuing inviscid-viscous inter-
action greatly amplifies the perturbation in a hypersonic stream.
In Fig. 13, these phenomena are clearly observable in a composite
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Fig. 14 Induced surface pressure by electromagnetic field, B = +0.2 T.

Fig. 15 Pressure contour of magnetoaerodynamic interaction, B = +0.2 T.

photograph of glow discharges in the presence of magnetic flux den-
sity of B = 0, +0.2, and −0.2 T. In the presence of an externally
applied magnetic field, the illuminating region over the cathode is
substantially suppressed toward the downstream anode.

In the present numerical simulation, the magnetic field strength of
0.1 ∼ 0.2 T is considered. Figure 14 describe the induced pressure by
electrode and Joule heating as well as the uplifting Lorentz force by
an applied external magnetic field. The external magnetic field with
a flux density of 0.2 T was applied with positive polarity to produce
the Lorentz force that enhances the inviscid-viscous interaction. The
glow discharge was still maintained an electrical potential field of
1.2 kV and with a resistance of 12 k� in the discharge circuit. As
mentioned earlier, the electrode surface temperatures are assigned a
value of 600 K. The agreement between computational and experi-
mental results is reasonable. Under the strong magnetic field strength
the surface-pressure data exhibit substantial oscillations reflected by
a wide scattering band in the data. From this comparison with mea-
surements, it is observed that an applied magnetic field produces a
substantial modification to the structure of the interacting boundary
layer. In short, the Lorentz force has enlarged the domain of influ-
ence far upstream to the leading edge of the plate. The perturbation
of the electromagnetic force further amplifies the viscous-inviscid
interaction and significantly increases the induced surface pressure
in comparison to the effect of electrode and glow discharge alone.

The pressure contours for the induced viscous-inviscid interaction
utilizing the electromagnetic force including the Joule heating and
the Lorentz force are depicted in Fig. 15. The complex shock-waves

system corresponds perfectly with the surface-pressure distribution.
Indeed, the magnetoaerodynamic interaction induced compression
waves are merged with the leading edge shock as it is observed in
this figure.

Figure 16 depicts the charged particle number density distribution
over the plate with a magnetic field intensity of B = +0.2 T. The
ion number density is lower than the discharge in the absence of an
externally applied magnetic field; the maximum computed value is
reduced from 8.11 × 1010/cm3 to 6.16 × 1010/cm3. The computed
results reflect correctly that the applied magnetic field indeed sup-
presses the mobility of the charged particles. In spite of that, the
Lorentz force moves the charged particle path outward from the
plasma sheath region; however, the overall dimension of the dis-
charge region remains nearly unaltered. The charged particles are
now concentrated near the electrodes, where they are constricted by
the strong magnetic forces.

By reversing the polarity of the applied magnetic field, a coun-
teractive effect is observed by Joule heating and the compressing
Lorentz force. For this computation, the applied external field is lim-
ited to a magnetic field flux density of 0.2 T to maintain the compu-
tational stability. In Fig. 17, the comparison with surface-pressure
measurements only indicates a general agreement. The computa-
tional result shows a more pronounced influence by the applied
magnetic field than that of experimental data. Both the numerical
results and experimental measurements revealed different degrees of
unsteadiness. In addition, the assumption of a two-dimensional in-
teracting flow is seriously challenged. The calculated and measured



1642 SHANG AND SURZHIKOV

Fig. 16 Charge particles distribution, 1010 cm−3, with B = +0.2 T.

Fig. 17 Surface-pressure distribution over plate, B = –0.2 T.

Fig. 18 Charged particle distribution, 1010 cm−3, with B = –0.2 T.

induced surface pressure with magnetoaerodynamic interaction is
noticeably subdued, and the applied magnetic field has fundamen-
tally altered the flowfield structure in that the interacting flow in the
magnetic field has an expanded domain of influence and reaches
forward to the leading edge of the plate.

The general features of the pressure contours and the thermal
field for the reversed magnetic polarity (J × B < 0.0) are simi-
lar to that of the positive polarity (J × B > 0.0) and therefore are

not presented here. Again, the applied external magnetic field has
shown a profound effect on the electrodynamic structure of the
glow discharge. This observation, reinforced by calculations, in-
cludes both polarities of the magnetic field. A systematic experi-
mental effort, although extremely demanding, is in process. Fig-
ure 18 depicts the reduced charged particle distribution around the
electrodes by the suppressing Lorentz force, B = −0.2 T. The di-
minishing effect on the diffusion and the drift motion of the charged
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particles are clearly demonstrated. This profound change of the dis-
charge pattern seems to be independent of the polarity of the ap-
plied field. Furthermore, the glow discharge under the influence
of an externally applied magnetic field exhibits highly unstable
behavior both from the experimental and computational observa-
tion. The basic characteristics of the magnetoaerodynamic inter-
action are time dependent and three dimensional, thus beyond the
scope of the present analysis. The verification of the concept for
the magnetoaerodynamic actuator involves a huge parametric space
for engineering applications. Therefore, the present comparative
study between experiments and computations must be limited to
global behavior of aerodynamic performance parameters such as Cp

and C f .
Nevertheless, all numerical simulations reveal that the basic con-

cept for flow control using surface plasma as the trigger mechanism
and amplifying by an ensuing viscous-inviscid interaction is a viable
technical innovation. Additional verification of the drift-diffusion
glow discharge model together with computational accuracy is still
required. The progression toward the three-dimensional computa-
tional simulation is the next most critical requirement for validating
the physical fidelity.

Conclusions
Numerical simulations have been successfully demonstrated a

surface plasma to be an innovative hypersonic flow control actuat-
ing surface as a perturbation to the flowfield and subsequent am-
plifying by a viscous-inviscid interaction. The basic premise of the
magnetoaerodynamics actuator has also been substantiated by pre-
liminary experimental measurements. The present approach has the
potential to replace a traditional hypersonic flight control system
using an actuator, servomechanism, and moving control surfaces
by a simple segmented electrode embedded in the fixed control
surface.

The drift-diffusion model for the glow discharge has been ap-
plied successfully to describing the surface discharge phenom-
ena. Numerical results have also shown that Joule heating in
the glow discharge is not necessarily always producing the detri-
mental effect as it does in many applications. The applied ex-
ternal magnetic field reveals profound impact to the electrody-
namic structure and therefore enhances the ensuing viscous-inviscid
interaction.

The present numerical results are only partially verified by the
preliminary side-by-side experimental observations. The detailed
quantification of the effectiveness of the control mechanism must
be sustained to reach fruition.
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