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[57) ABSTRACT

At least two parallel annular electrodes are disposed on the
outside dielectric surface of the body starting from the for-
ward edge thereof, perpendicularly to the direction of the
symmetry axis of a magnetic field around the body. A propul-
sion electromagnetic force field is produced around the body
such as to substantially decrease the overpressure in front of
said moving body while accelerating the surrounding fluid
backward and aside from said body, thereby to reduce the
shock wave due to said overpressure.

9 Claims, 10 Drawing Figures
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ELECTROMAGNETIC PROPULSION DEVICE FOR USE
IN THE FORWARD PART OF A MOVING BODY

BACKGROUND OF THE INVENTION

The present invention relates to an electromagnetic propul-
sion device intended to be used in the forward part of a mov-
ing body and which creates in the surrounding flow medium,
or fluid (such as air or water) an electromagnetic force field
accelerating the fluid backward and expanding it aside from
the body. Overpressure generated by the body motion in the
fluid is reduced or suppressed. In case of a supersonic motion,
the shock wave generated by that overpressure in front of the
body can be minimized or suppressed.

Different electromagnetic propulsion devices acting upon
the surrounding fluid outside of a vehicle are known. One was
used in the electroriagnetic submarine EMS-1 (experiment
by Westinghouse in Santa Barbara in 1966) but the magnetic
symmetry axis therein is substantially perpendicular to the
direction of the body motion and the electric field not does
not an axial symmetry. Consequently, an eventual reduction
of the sonic boom is not possible all around the body.

Other similar electromagnetic devices have been studied in
view of their application to re-entry-maneuvers of satellites
into planetary atmospheres, but they are not propulsion
devices; on the contrary they increase drag and shock wave in-
tensity. :

Electrostatic devices have been studied in connection with
the reduction of the sonic boom in front of a supersonic vehi-
cle, but their action is essentially based on a progressive
deceleration of surrounding flow and not its acceleration. For
that reason their effect is unstable and furthermore they have
the very poor efficiency of any electrostatic device in the at-
mosphere.

Electro-magnetic propulsion devices having, some similari-
ty with a Hall radial accelerator (as described in the report
NASA TN D-3332, Mar. 1966) were suggested. The action of
the lattier is inside the vehicle and the fluid is not expanded but
compressed by the Hall effect, and therefore it cannot sup-
press a shock wave. :

SUMMARY OF THE INVENTiON

The invention provides an electromagnetic propulsion
device intended to be mounted in the forward part of 2 moving
body, comprising an electromagnetic coil for generating a
magnetic field around said body, the symmetry axis of said
magaetic field having substantially the same direction as the
relative motion between the body and the surrounding fluid, at
least two annular electrodes placed on the outside dielectric
surface of said body perpendicularly to the symmetry axis of
said magnetic field, one of said electrodes being mounted at
the forward end of said body, ionization means for the said
fluid between said electrodes around said body, and a power
generator having its terminals connected to said electrodes for
generating between same an electric field and an electric cur-
rent in the ionized fluid around said body, the action of said
electric current in said magnetic field causing said fluid to
rotate such as to produce a centrifugal force while at the same
time the electric current due to the Hall effect produces an ad-
ditional force effective to accelerate the ionized fluid
backward and aside from the said body, thereby to increase
the centrifugal force and produce a propulsion force acting on
said body. .

The basic effect of this propulsion device is that it does not

only push the fluid aside from the body by centrifugal and Hall -

effects, but that it also accelerates the fluid backward (and
- does not decelerate the fluid forward as in other magnetic or
electrostatic devices) such as to produce a propulsion effect
simultaneously with a reduction of the drag due to the over-
pressure generated by the body motion relative to the fluid. In
fact, thanks to the backward acceleration and in order to
satisfy the conservation of mass condition, the fluid can be
pushed aside from the body by the electromagnetic forces
(and not by a pressure gradient as in ordinary flow) without or
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with a reduced increase of pressure such that the fluid is ac-
tually expanded aside from the body. Furthermore as the
shock wave is only generated by compression flow, such a
propulsion device also reduces drag and can suppress the
shock wave generated in front of a supersonic body.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic elevational view of a body nose incor-
porating a particular embodiment of the electromagnetic
propulsion device according to the invention;

FIG. 2 is a horizontal view of the body of FIG. 1;

FIGS. 3, 4 through 8 show schematically in vertical projec-
tion (FIGS. 3, 5 and 7) and in horizontal projection (FIGS. 4,
6 and 8) the magnetic field configurations, the electric current
lines and the resulting forces;

FIG. 9 is an elevational view of a body nose incorporating a
variant of the propulsion device according to the invention;

FIG. 10 illustrates an ionization device according to the in-
vention. '

DETAILED DESCRIPTION:

FIGS. 1 and 2 show (in elevational and horizontal view
respectively) the forward part of a body 1 which may be the
nose of an aircraft having a general axial symmetry about'lon-
gitudinal axis 2. In this case the propulsion device according to
the invention is used for the aircraft propulsion or as an assist
part of the aircraft propulsion system together with conven-
tional propulsion devices, and acting at the same time to
reduce or suppress the front shock wave, thereby to reduce
drag and noise. It may also be used for the aircraft decelera-
tion by inverting the force field as will be seen hereinafter.

The electromagnetic coil 5 generates a magnetic field hav-
ing a symmetry axis that is illustratively coinciding with the
aircraft axis 2. The field is a “poloidal magnetic field”, in con-
trast to a “‘toroidal magnetic field”. A toroidal magnetic field
is a magnetic field which can be represented in cylindrical
coordinates by the equation;

Hy=1, X7 T where T is a scalar function. This equation
means that the magnetic lines of force are annular or that the
magnetic field is like a torus.

A poloidal magnetic field is a magnetic field which is not to-
roidal or whose magnetic lines of force are perpendicular to
those of a toroidal magnetic field. Such a magnetic field is
general and it can be represented in cylindrical coordinates by
the equation: N

H,=VX (1, X7 P) where P is a scalar function.
Toroidal coils which produce approximately force-free mag-
netic fields are used. They provide a toroidal magnetic field in-
side a torus (including the coils) and a “‘poloidal” magnetic
field outside the torus. The magnetic stresses of the toroidal
magnetic field are opposite to the stresses of the poloidal mag-
netic field. Therefore the resulting stresses on the coils are
strongly reduced or balanced. The poloidal magnetic fields are
the most common magnetic fields, but the term “poloidal™ has
been introduced considering that only the poloidal component
of the magnetic field would be outside the vehicle and con-
sequently the only active component. This field is represented
by vector H and has field lines 50 that go through the body en-
velope and have in the surrounding space a configuration as
shown in FIGS. 1, 3, 5 and 7. The coil itself can ad-
vantageously be made of superconductors disposed inside a
torus 5 (e.g. cooled by liquid Helium), the disposition of the
conductors being such that the magnetic field approaches a -
force free” or “balanced’’ state, thereby reducing the mag-

- netic stresses in the coil such that a dimensionally large (i.e.

70
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comparable with the body diameter) and powerful magnetic
field can be generated.

" A pair of parallel annular electrodes 3 and 4 are disposed on
the aircraft dielectric outside surface 1 substantially perpen-
dicularly to the symmetry axis of the magnetic field H. Elec-
trode 3 is shown at the forward edge of the body while elec-
trode 4 is shown close to the widest part thereof. The forward
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edge may be blunt or pointed and the shape of the electrode
thereat can then be considered as the limit of the ring.

The power generator symbolized by box 6 is connected to
the electrodes by thie connections 7 and 8 with the appropriate
polarity.It may comprise any current generator such as a
dynamo driven by a gas turbine, etc. It can also ad-
vantageously use the magnetic field inside the vehicle and the
necessary energy can be found in the magnetic field itself
which then would serve as an energy source.

Means for ionizing the surrounding fluid may comprise any
device such as a particle emitter, a high frequency electromag-
netic field generator, etc. In the illustrative embodiment the
fonization is assumed to be initiated by means (not shown)
such as.a spark generator, a device for applying an instantane-
ous high voltage between the electrodes, etc. In this case, the
ionization is assumed to be maintained by the electric field
generated by said power generator. Thus the power generator
would produce a glow discharge (which must be close to an
arc discharge at the atmospheric pressure). It is favored by the
annular configuration and the transverse magnetic field such
that it has a good efficiency with a small electrode corrosion.
Furthermore the expanding and centrifugal forces reduce heat
transfer with the dielectric outside surface. However devices
may simultaneously be used for a better efficiency or to have
ionization varying according to operating conditions.

The forces produced in the fluid by the device as described
and their reaction applied to the vehicle through the magnetic
coil may be divided into different species. Their action will be
better understood by assuming three different operating con-
ditions in which only one species is predominant, the other
ones being then relatively negligible. :

Ist case (see FIGS. 3 and 4) the body velocity is slow

enough such that the induced electric current is negligible
and the magnetic field strength and the fluid pressure are
such that the Hall effect is negligible (since the Hall coef-
ficient Cy = w 7 is proportional to the electron cyclotron
frequency o which in turn is proportional to the magnetic
field strength, and inversely proportional to the electron
collision frequency 1/r which in turn is proportional to
" the pressure).

Under these conditions, the electric current j between elec-
trodes 3 and 4 and its resulting force field F in the fluid are as
sketched in FIGS. 3 and 4; said force field causes the fluid to
rotate and by reaction it induces an opposite couple to the
body through the magnetic coil. :

The air rotation produces underpressure due to the cen-
trifugal force F.and the underpressure in turn reacts with the
body surface, accelerating the fluid backward (F,) and induc-
ing to the body through its surface a propulsion reaction Fi
similar to the sucking effect in a cyclone. The vector relation-
ship of the forces is seen in FIG. 3. The centrifugal force F,
produced by the air rotation reacts with the body surface such
that it can be divided into two components: F, is perpendicu-
lar to the surface and Fr is tangent to the surface. The sur-
rounding fluid is accelerated backward: due to the axial sym-
metry, Fs in turn can be divided into two components: F, that

" is.perpendicular to the symmetry axis and F,’ that is parallel to
- the symmetry axis, which gives the said propulsion reaction.

However if the body motion is not negligible, the underpres-
sure will be balanced by an overpressure and the induced elec-
tric current will also increase the overpressure as it will be
seen in the second case.

2nd case (FIGS. 5§ and 6) there is no applied electric field.

. In pure aerodynamics, the fluid radial acceleration due to
the body motion U is obtained by a pressure gradient, i.e. an
overpressure which decelerates the fluid too, producing on'the
body a drag partially balanced at subsonic speed only by a
similar overpressure in the back of the body. :

As the surrounding fluid is ionized, the body motion U in-
duces an azimuthal electric current j, as sketched in FIGS. §
and 6, generating a decelerating compressure force F; as well
as the reaction Fy, thereof. This induced force increases the
pressure gradient or overpressure in front of the body, increas-
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4

ing drag and shock stand-off distance as it was proposed to be
used for the re-entry of satellites.

The device according to the invention is characterized by its
capability of inverting said induced force thanks to the Hall ef-
fect as'it will be seen in the third case.

3rd case (FIGS. 7 and 8) the Hall effect is important as is

the case at high altitude and with high magnetic field
strength. :

The Hall effect is the electric current tendency of going per-
pendicularly to the electric and magnetic field directions and
therefore in this case the Hall current flows parallely to the
electrodes, i.e. following an azimuthal direction.

Provided that the applied electric field is high enough and
has the right polarity, the azimuthal Hall current j, will be
larger than and opposite to the induced electric current and
their combined action Fy will be reversed, as sketched in
FIGS. 7 and 8, with a propulsion reaction Fp, applied to the
body through the magnetic coil.

The transverse component j of the electric current causes

the surrounding fluid to rotate, inducing a centrifugal force as
in the first case, but, for a large Hall coefficient, i.e. at low
pressure or high altitude, this action will be negligeable g<<j
H-
The Hall force Fy can be divided into two components, a
radial force F,, similar to the centrifugal force, and a
backward acceleration force F,, both of them being necessary
in order to reduce or suppress the overpressure produced by
the body motion. In fact, the pressure gradient can be
replaced by the radial force F, to curve the streamlines aside
from the body, but the conservation of mass condition implies
a similar backward acceleration of the surrounding fluid along
those contracting streamlines which are progressively narrow-
ing, by the F, component.

Therefore it is only because the device according to the in-
vention generates radial expansion simultaneously with a
backward acceleration that it can actually suppress the over-
pressure generated by the body motion and, thanks to its axial
symmetry, this is achieved in the whole surrounding flow.

The mechanism just described above can be analyzed using
the magnetohydrodynamic equations which can be written,
when neglecting dissipative effects and for axi-symmetric
flow:

mass conservation:

au v .
P+ ier )+ (u

momentum conservation:

ap

ap\ _
dx >—0

v
ar

0
p(ul-i-v
dx
o

3 i)
p (u (?x+ r‘)r> -

dw '
p (u ax + U(Tr‘)

auy _ ap
ﬂr) ax JoBy

aJ , w?
b __p_ + juB, + L
ar T

= (irBr *jrB.r - M
-
with, deduced from the generalized Ohm’s law:. |
joB = [ (4B, —vB:)B~ Cy(E.B, — E,B, — wh?) ]
JeBr —j;B: =T [ Cy(uB, — vB,)B + (E.B, — E,B, — wB?) |
where = o / (14+C,?) is the reduced conductivity.
Tt is possible to recognize in these flow equations:
the pressure gradient, aplorand dp/or,  which must
satisfy, in the forward part of the moving body, the condi-
tions . 4p/dx < 0 and apjor =0 in order to have no
overpressure (it is interesting to note that such flows with
-dplar = 0 are not unstable as those created by electro-
static devices because of the condition aplox=<0 in--
stead of dp/ax > 0 in the latter), .
the electromagnetic backward force — j,B, which must be
positive or j,B, < 0,
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the electromagnetic radial force jsB, which must be posi-
tive in order to replace the pressure gradient aplor
which is negative in ordinary flows,

the centrifugal force pw¥/r,

the rotation electromagnetic force j B, — j.B,,

the Coriolis force pwv/r,
and, from the generalized Ohm’s law, it can be seen that the
Hall effect produces an apparent decrease of conductivity
(corresponding to a proportional increase of Joule dissipation
and electromagnetic work) and that C; must be not negligea-
ble in order to have the applied radial electromagnetic force
larger than the induced one, proportional to uB, — vB,.

These equations are fully determined by the boundary con-
ditions, determined themselves by the shape of the body, and
by the electromagnetic configuration, determined itself by the
Maxwell’s equations and the electrode disposition. Therefore
any body shape is not susceptible to satisfy the conditions dp/
dx<0Oandépfor=0 and, for that reason, although the
device according to the invention will reduce the overpressure
generated in front of a vehicle, it will actually completely sup-
press that overpressure only for a particular range of body
shapes determined by constant pressure flow conditions, i.e.
dplor=0and apfix=0.

When pressure flows become constant (that is, do not in-
crease) the least energy is required The study of shaped and
flows was done by the applicant in a M.Sc. thesis.

As that condition suppresses one variable p, it was necessary
to introduce other variables related with the body shape and
electromagnetic configuration in order to make the flow equa-
tions compatible and a numerical approximate resolution
method was established therefrom, proving that such flows
were actually achievable. This method can be applied to the
particular electromagnetic configurations according to the in-
vention, although it needs new experimental data. ]

From that study, optimum body shapes relating to operating
conditions can be found. However this device can be used in-
dependently from optimum conditions and more elaborated
embodiments than those of FIGS. 1 and 2 can provide operat-
ing adaptability as will be disclosed hereinafter.

It will be necessary to note that the device according to the
invention can work as a deceleration device when, for in-
stance, the applied electric field is reversed or when Cy(uB, —
vB.)B is larger than E, B, — E,B, — wB? which is the condition
for partially recovering the body kinetic energy. It is also
possible to make the deceleration varying, thanks to the Hall
effect, when varying the applied electric field.

The device according to the invention can zlso be used in-
side a channel in order to accelerate a fluid without large
variations of the channel cross section and pressure. In this
case the magnetic coil may be disposed outside of the channel
and the device will work as an electromagnetic pump or ac-
celerator. It will not be very different from a radial Hess ac-
celerator, except for the magnetic field convergence. It can be
used together with the outside fluid acceleration, using the
same magnetic field, in order to increase the total thrust. In
this case the nose of the body would be hollow.

In conclusion, it may be interesting to summarize the main
properties and advantages of a device according to the inven-
tion. ]

It is firstly a propulsion device, reducing also the drag and
noise generated by the front shock wave in case of a super-
sonic body. It can also be used for deceleration with body
kinetic energy partial recovery, by increasing drag. In this case
it will reduce heat transfer produced at hypersonic speed, by
increasing shock stand-off distance.

It has a good efficiency for an electromagnetic propulsion
device to be used in the atmosphere. In fact the electrical and
mechanical efficiencies are increased because the usable cross
section outside of a body or vehicle is larger than the one in-
side of the vehicle, allowing smaller electric current densities
and smaller fluid acceleration for the same thrust. Further-
more the ionization is favored by the axial symmetry with
transverse magnetic field. It can have as good an efficiency as
similar annular glow or arc discharge with a reduced heat
transfer and electrode corrosion.
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The structure of the invention may be used with auxiliary
devices for certain conditions of operation. Variable
geometry, retractable wings, auxiliary propulsion devices, etc.
. . may be used without objection.

To increase the effectiveness, further annular electrodes
may be used, as shown in FIG. 9, which illustrates a body 1
similar to that shown in FIG. 1. Four electrodes 61 to 64 are
shown similar to electrodes 3 and 4 in FIGS. 1 and 2. It may
also be advantageous to provide an additional pair of annular
electrodes such as 65 and 66 where the body diameter is larger
in order to suppress or modify the reaction couple applied to
the vehicle. )

Moreover, other electrodes such as electrodes 67 to 72,
substantially parallel to the direction of the fluid motion rela-
tive to the body, may also be used for modifying the motion
direction or be used as auxiliary propulsion or deceleration
device.

Ionization devices may also be used in order to modify lo-
cally or generally the surrounding fluid jonization. According
to another aspect of the invention one illustrative embodiment
of such a device is schematically shown in FIG. 10. Electrodes
such as 72 and 73, e.g. of annular shape, are disposed on the
outside surface of the dielectric body envelope 1. Another
electrode 75 is disposed on the inside surface of the body en-
velope. The electrodes 72 and 73 are connected to a DC volt-
age source 74 which may be constituted by the electric field
generator. Electrode 75 is connected to an AC voltage source
76. lIonizing alternative glow discharge is thus induced
between the dielectric body surface 71 and the outside elec-
trodes 72 and 73. The frequency and voltage of source 76 are
to be adjusted in term of the operating conditions.

In the foregoing the invention was described illustratively in
its application to a bedy moving in an electrically non con-
ducting surrounding fluid, e.g. in the atmosphere. However
the invention is not limited thereto but it will be apparent that
itis applicable to a body moving in an electrically conducting
fluid as well such as the ionosphere or sea water. In that case
provision of ionization means is not necessary for ionizing the
surrounding fluid or initiate said ionization as explained
hereabove. The operation of such a device is quite identical to
that described in the foregoing.

What is claimed is; '

1. Electromagnetic propulsion device to be mounted in the
forward part of a body adapted to move in an ionizable fluid
medium, comprising an electromagnetic coil for generating a
poloidal magnetic field around said body, the symmetry axis of
said magnetic field having substantially the same direction as
the relative motion between the body and the surrounding
fluid; at least two annular electrodes placed on the outside
dielectric surface of said body perpendicularly to the sym-
metry axis of said magnetic field, one of said electrodes being
mounted at the forward end of said body; and a power genera-
tor having its terminals connected to said electrodes for
generating between same an electric field sufficient to provide
for ionization of the fluid and an electric current in the ionized
fluid around said body, the combined action of said electric
current in the fluid subjected to said magnetic field causing
said fluid to rotate stich as to produce a centrifugal force, the
electric current due to the Hall effect producing simultane-
ously an additional force effective to accelerate the ionized
fluid backward and radially aside from the said body to in-
crease the centrifugal force and produce a propulsion force
acting on said body.

2. The electromagnetic propulsion device of claim 1, com-
prising means for changing the applied electric field strength
and polarity to adapt the device to operating conditions and
for reversing the force field direction in order to produce a
deceleration effect with a body kinetic energy partial
recovery.

3. The electromagnetic propulsion device of claim 1,
further comprising a pair of annular parallel electrodes
disposed on the outside surface of said body perpendicularly
to the symmetry axis of said magnetic field thereby to modify
or suppress the reaction rotation couple applied to said body.
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4. The electromagnetic propulsion device of claim 1 further
comprising at least two electrodes disposed on the outside sur-
face of said body substantially parallel to the fluid relative mo-
tion, for changing the direction of motion and for increasing
thrust or deceleration.

5. The electromagnetic propulsion device of claim 1,
wherein the ionization means comprise at least one device for
producing an ionizing alternative glow discharge between the
said electrodes and the body. dielectric surface, thereby to
modify the ionization of the fluid around said body.

6. Electromagnetic propulsion device to be mounted in the
forward part of a moving body surrounded by an electrically
conducting fluid, comprising an electromagnetic coil for
generating a magnetic field around said body, the symmetry
axis of said magnetic field having substantially the same
direction as the relative motion between the body and the sur-
rounding fluid; at least two annular electrodes placed on the
outside dielectric surface of said body perpendicularly to the
symmetry axis of said magnetic field, one of said electrodes
being mounted at the forward end of said body; and a power
generator having its terminals connected to said electrodes to
produce an electric current between said electrodes in the
electrically conducting fluid surrounding said body, the action
of said electric current in said magnetic field causing said fluid
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to rotate and to produce a centrifugal force while at the same
time the electric current, due to the Hall effect, produces an
additional force effective to accelerate the ionized fluid
backward and laterally aside from the said body to increase
the centrifugal force and produce a propulsion force acting on
said body. .

7. The electromagnetic propulsion device of claim 6 com-
prising means for changing the applied electric field strength
and polarity to adopt the device to operating conditions and
for reversing the force field direction in order to produce a
deceleration effect with a body kinetic energy partial
recovery. _

8. The electromagnetic propulsion device of claim 6, com-
prising a pair of annular parallel electrodes disposed on the
body external surface perpendicularly to the symmetry axis of
said magnetic field, thereby to modify or suppress the reaction
rotation couple applied to said body. .

9. The electromagnetic propulsion device of claim 6, com-
prising at least two electrodes disposed on the outside surface
of said body, substantially parallel to the fluid relative motion,
for changing the direction of motion and for increasing thrust
or deceleration. :

* *® * * *



