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MAGNETOHYDRODYNAMIC CONTROL
SYSTEMS
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ments, to Space Technology Laboratories, Inc., El
Segundo, Calif., a corporation of Delaware
Filed Jan. 26, 1959, Ser. No. 789,202
10 Claims. (CL 244—14)

This invention relates to a new and improved system
for controlling the relative movement between a fluid
medium and a flight vehicle, and more particularly to a
system in which forces are generated between a moving
electrically conductive air mass and a flight vehicle in
accordance with magnetohydrodynamic principles.

Where a flight vehicle, such as a missile or rocket,
passes through the atmosphere at relatively high speeds,
heat transfer between the turbulent air within a boundary
layer and the surface of the vehicle elevates the temper-
ature of the surface. Under extreme conditions, as where
a missile re-enters the atmosphere from space, the ele-
vation of the temperature of the surface may produce a
deterioration in the material of the surface with a con-
sequent destruciion of the vehicle. Accordingly, a great
deal of effort in connection with high-speed flight vehicles
has been expended upon the development of materials
capable of withstanding high temperatures. While ma-
terials have been developed which are inherently capable
of withstanding extremely high temperatures, there still
exists a limitation upon the maximum speed of a flight
vehicle through the atmosphere due to the heating of the
flight vehicle surfaces.

Another problem arising where a flight vehicle passes
through the atmosphere at relatively high velocities is the
control of the flight path, Ordinary aerodynamic control
surfaces are generally not desirable due to the technical
complexity and added weight of the control mechanisms.

Accordingly, the present invention is directed to a mew
and improved system for generating forces between a
moving electrically conductive fluid and a flight vehicle
whereby the flow pattern of the air surrounding the flight
vehicle may be altered to reduce the heat transfer under
high velocity conditions and whereby the direction of the
flight path of the vehicle may be altered by reaction forces
between the air mass and the flight vehicle without the
use of conventional conirol surfaces.

Therefore, it is a primary object of the present inven-
tion to provide a new and improved magnetohydro-
dynamic system for producing electrical currents within a
moving air mass.

It is yet another object of the present invention to pro-
vide a new and improved magnetohydrodynamic system
for controlling the position of a shock wave relative to a
flight vehicle.

It is still another object of the present invention to pro-
vide a new and improved magnetchydrodynamic system
for steering a flight vehicle.

It is a still further object of the present invention to
provide a new and improved magnetohydrodynamic sys-
tem for reducing transfer of heat to the surfaces of a
Right vehicle from a moving air mass.

Briefly, in accordance with the invention, 2 magnetic
field source is positioned within a flight vehicle casing
which is adapted to be propelled through the atmosphere
at velocities at which a shock wave is established forward
of the flight vehicle in its direction of travel. The shock
wave produces an electrically conductive plasma sur-
rounding the flight vehicle casing and the magnetic field
source functions to induce currents within the plasma
which interact with the magnetic field to control the flow
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pattern of the air mass or to alter the flight path of the
vehicle.

In a preferred arrangement of the invention for re-
ducing heating at the surface of the flight vehicle, a mag-
netic field source in the form of a coil is axially aligned
with the direction of movement of the fiight vehicle.
When the flight vehicle is propelled at velocities which
produce an electrically conductive plasma in the region
of the magnetic fields, electrical currents are induced in
the plasma which affect the position of a shock wave. As
the induced currents increase, the shock wave is sep-
arated by a greater distance from the forward region, ie.
ncse, of the vehicle. The result is that the flow pattern
of the air mass along the surface of the flight vehicle is
altered in a manner in which the transfer of heat to the
surface is substantially reduced.

Where the present invention is to be adapted for use in
controiling the flight path of the vehicle, magnetic field
sources may be oriented in other than an axial position
so that currents are induced in the electrically conductive
plasma which produce reaction forces upon the magnetic
field source which deflect the flight vehicle in the desired
direction.

A bvetter understanding of the invention may be had
from a reading of the following detailed description and
an inspection of the drawings, in which: :

FIG. 1 is a fragmentary perspective view of a flight
vehicle including a magnetohydrodynamic system in ac-
cordance with the invention for reducing the transfer of
heat to the flight vehicle;

FIG. 2 is a diagrammatic {llustration of an arrange-
ment similar to that included in the flight vehicle of
FIG. 1;

FIG. 3 is a diagrammatic illustration of an alternative
arrangement of the invention utilizing a fixed permanent
magnet as a magnetic field scurce;

FIG. 4 is a perspective view of a flight vehicle includ-
ing magnetohydrodynamic means in accordance with the
invention for controlling the fiight path of the vehicle;

FIG. 5 is a diagrammatic illustration of a portion of a
flight vehicle including magnetohydrodynamic means for
controlling the attitude or flight path of the vehicle sim-
ilar to FIG. 4. ' :

FIG. 6 is a flow chart showing the estimated variations
in the electrical conductivity of air; and

FIG. 7 is a flow chart showing the estimated variations
in the electrical conductivity of air behind .a normal
shock wave.

In FIG. 1 thers are illustrated fragmentary portions of
a flight vehicle casing including a forward section in the
form of a nose cone 5 and a trailing body portion 6. To
the sides of the body porticn & may be attached one or
more aerodynamic surfaces such as the wing 7. In oper-
ation, the flight vehicle of FIG. 1 may be propelled at a
relatively high velocity by a rocket engine or the like
(not shown). While passing through the earth’s atmacs-
phere at relatively high velocities, a shock wave 8 may
be formed about the nose cone 5, with the air mass within
the region between the shock wave 8 and the nose cone
5 being ionized to form an electrically conductive plasma.
The region of the electrically conductive plasma is repre-
sented in FIG. 1 by the shaded area 9. :

As is well known, where a flight vehicle passes through
an air mass at high velocities, heat is generated within a
region surrounding the surfaces of the flight vehicle due to
the viscous dissipation of the kinetic energy present in the
relative movement between the flight vehicle and the air
mass. The generated heat is transferred to the surface
of the flight vehicle so that the flight vehicle casing may
be elevated to a temperature at which structural deteriora-
tion occurs. The elevation of the temperature at the sur-

face of a flight vehicle is particularly acute in connection
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with the re-entry of a flight vehicle from space under the
influence of gravity at velocities and resultant surface
temperatures which no known material is capable of with-
standing.

A similar phenomenon has long been observed in the
burning of meteorites which arrive in the earth’s atmos-
phere at relatively high speeds and are ignited by the tem-
peratures produced in their passage through the atmos-
phere.

The arrangement of FIG. 1 is specifically adapted to
overcome the aforementioned problem of heat transfer
to the surfaces of a flight vehicle by means of a mag-
netohydrodynamic system which functions to alter the
position of the shock wave 8 and to change the pattern of
flow of the electrically conductive plasma in a manner
which reduces the heat transfer to the surfaces of the
nose cone 3 and the aerodynamic surface 7. For this pur-
pose, a magnetic field source in the form of a coil 1@ is
wound inside the nose cone 5 in a manner in which the
axis of the coil 19 is aligned with the axis of the nose
cone 5 so that a magnetic field is produced which extends
through the forward tip of the nose cone 5 following the
configuration illustrated in FIGS. 1 and 2 by the lines 11.
When the flight vehicle is in motion and the coil 10 is ener-
gized, magnetic fields are generated which induce annular
currents within the electrically conductive plasma which
flow around the flight vehicle casing as illustrated by the
circular current path 12 (FIG. 1). In addition, the mag-
netic field at the forwardmost portion of the nose cone 5
induces electrical currents within the ionized plasma which
function to push the shock wave 8 outwardly from the tip
of the nose cone. The combined effect of the induced cur-
rents and the repositioning of the shock wave § alters the
flow pattern in the region 9 in a manner which reduces the
heat transfer between the air mass and the surface of the
flight vehicle.

As illustrated in FIG. 2, the coil 1§ may be connecied
to a suitable source of current 12 contained within the
flight vehicle. A switch 14 may be connected serially
between the source of current 13 and the coil 10 so that the
magneichydrodynamic heat reduction system in accord-
ance with the invention may be seclectively operated.
Where the system is to be employed for the protection of a
flight vehicle during re-entry from outer space, the switch
14 may comprise a temperature-sensitive device which is
actuated when a predetermined temperature exists at the
surface of the flight vehicle, indicating that the vehicle is
entering into the earth’s atmosphere and that the magneto-
hydrodynamic system should be energized to limit the
transfer of heat to the flight vehicle casing.

While in FIGS. 1 and 2 the coil 10 has been illusirated
as a single layer solenoid, it will be appreciated that a
multiple layer solenoid or a disc solenoid may be used as
well. Since the spacing between the shock wave and the
forward tip of a flight vehicle has a substantial effect
upon the amount of heat transferred to the body of the
flight vehicle, in a practical embodiment it is desirable to
utilize a multiple layer solenoid or disc solenoid positioned
near the tip of the nose so as to concentrate the electro-
magnetic field in that region.

A magnetohydrodynamic system for reducing the heat
transfer to a non-symmetrical aerodynamic surface, such
as surface 7, is illustrated in FIG. 1 which functions in
a manner silimar to that described above. Accordingly, a
current-carrying conductor 17 may be wound in the con-
figuration of a coil following the shape of the aerodynamic
surface 7 to generate a magnetic field represented by the
lines 18 in a direction substantially aligned with the flow
of air over the aerodynamic surface 7. Again, a shock
wave 19 may be formed which produces an electrically
conductive ionized plasma surrounding the aerodynamic
surface 7 within the shaded region 20. The magnetic fields
generated by current flow through the current carrying
conductor 17 interact with the electrically conductive
plasma within the region 20 to induce currents and at-
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tendant forces which displace the shock wave 19 and alter
the flow pattern adjacent the aerodynamic surface 7.
The induced currents are represented in FIG. 1 by the
line ZX. A source of power 22 may be connected to the
conductor 17 for energizing the magnetohydrodynamis
system associated with the aerodynamic surface 7. As
described above, a temperature-sensitive switch may be
connected between the power supply 22 and the conductor
17 for rendering the system operable in response to a pre-
determined condition of temperature at the aerodynamic
surface 7.

An alternative magnetohydrodynamic system for re-
ducing the transfer of heat to the surface of a fight vehicle
is diagrammatically illustrated in FIG. 3 in which the nose
cone 25 of a flight vehicle is equipped with a permanent
magnet magnetic field source 26. From a comparison
of the magnetic field configuration of the permanent mag-
net of FIG. 3 and the coil of FIG. 2, it is apparent that the
magnetic field patterns are substantially similar, with the
direction of the magnetic field being directed outwardly
from the tip of the nose cone 25 into the region of a shock
wave 27. Where magnetic fields of sufficient strength may
be obtained by means of permanent magnets to achieve
the desired reduction in the transfer of heat to the flight
vehicle, the permanent magnet arrangement of FIG. 3
may be employed in lieu of the current-carrying coils 10
and %7 illustrated in FIGS. 1 and 2. However, in the
arrangement of FIG. 3 the effect produced by the magneto-
hydrodynamic system operates continuously with the re-
sult that a certain drag upon the flight of the vehicle may
be expected due to the reaction forces acting upon the
flight vehicle via the magnetic field and the fixed magnetic
field source. Accordingly, the arrangement of EIGS. 1
and 2 is preferable where the magnetohydrodynamic sys-
tem is to be selectively actuated.

Where the system is to be employed in the re-entry of a
flight vehicle into the earth’s atmosphere, electrochemical
baiteries, as for example, a silver-zinc battery, may be
employed to achieve a high discharge rate for the relatively
short period in which the system must be in operation,
which period may be of the order of 100 seconds for the
re-entry of a space vehicle from space and 25 seconds
in the case of an intercontinental missile.

The coil 15 should be designed to produce the required
magnetic field in the region of the tip of the nose cone
with the available current flow passing therethrough. In
the case of an intercontinental ballistics missile, the field
strength may be of the order of 80,000 gauss, while for
the re-entry of an earth satellite, the field strength may
be substantially reduced to the order of 10,000 gauss.
With magnetic field strengths of this order of magnitude,
a 75% reduction in heat transfer to the surface of a flight
vehicle may be expected.

An arrangement in accordance with the invention utiliz-
ing the reaction forces upon a magnetic field source in
a magnetohydrodynamic system is illustrated in FIGS. 4
and 5. Referring to FIG. 4, a flight vehicle 38, having
a center of gravity 31, includes a casing in the form of
a nose cone 32 at the forward end of the vehicle. A mag-
netic field source may be enclosed within the nose cone 32
which produces a magnetic ficld in a direction indicated
by the arrow 33. Where the flight vehicle 30 is pro-
pelled through the atmosphere at velocities sufficiently
large to create an electrically conductive plasma in the
region of the magnetic ficld indicated by the arrow 33,
electrical currents will be induced within the plasma and
a reaction force will occur upon the magnetic field source
in the direction indicated by the arrow 34. As labeled
in FIG. 4, such forces are somectimes referred to as
“ponderomotive’” forces.

FIG. 5 illustrates diagramatically the manner in which
a magnetic field source In the form of a disc solencid 35
may be mounted within the nose cone 32 for generating
a magnetic field as illustrated in FIG. 4. The disc sole-
noid 35 may be connected to the current source 3¢ via
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a switch 37 so that when the switch 37 is closed, current
is passed through the coil 35 to create a magnetic field
which in turn produces the ponderomotive forces which
act upon the coil 35 to turn the flight vehicle about the
center of gravity 31. Accordmgly, when the flight ve-
hicle is in free flight, a change in the attitude of the ve-
hicle may be produced by means of a magnetohydro-
dynamic system in accordance with the invention. Al-
though only a single magnetic field source is illustrated in
FIG. 5, by including a number of separate magnetic field
sources of different orientation within the nose cone 32,
the attitude of a flight vehicle in its path through the
atmosphere may be readily altered in any direction.

Accordingly, the magnetohydrodynamic system in ac-
cordance with the invention not only functions as illus-
trated in FIGS. 1-3 as an exemplary mechanism for re-
ducing the heat transfer to the surface of a flight vehicle,
but also is adaptable to function as a steering mechanism
as illustrated in FIGS. 4 and 5 when desired, by utilizing
the reaction forces upon the magnetic field source.

In view of the fact that the ionized air between the
nose of the vehicle and the shock wave plays such an
important role in the consideration of the present inven-
tion and in view of the further fact that the ionization
of the air was spoken of in only general terms, it would
be worthwhile at this peint to present specific data as
to such ionization or electrical conductivity of air at re-
entry conditions. Thus, the electrical conductivity of a
gas o is expressed by

Ne62
meCo %7 74

o=

where n, is the number density of free electrons, e the
electronic charge, m, the electronic mass, #; the number
density of the species j, Q; its Maxwell-averaged total
electron collision cross section, and where

LT\ /2

TMe
(k=Boltzmann’s constant, T—temperature) is the mean

speed of the electrons, Thermodynamic equilibrinm with -

an electron temperature equal to the gas temperature is
assumed.
The summation in Eq. 1 is extended over those species,
neutrals as well as ions, which contribute appreaably to
the total cross section. An inspection of the equilibrium
composition of air in the range from 6000° XK. to 24,000°
K. and a density ratio p/py (pg==standard density) varying
from 103 to 10 indicates that the neutrals of major im-
portance are Nj, N and O. The cross sections for these
species above an electron temperature of 6000° K. are
rather similar, and nearly independent of the energy in
the range considered. On this point see, for example,
Lamb, L. and Lin, 8., Electrical Conductivity of Thermal-
ly Ionized Air Produced in a Shock Tube, Journal of
Applied Physics, vol. 28, No. 7, 1957, At much higher
temperatures, the effect of the neutrals becomes negligible.
The computations are based hterefore on a common cross
section of the mneutrals, Qu, which was taken as
0.8 1015 cm.2,
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The sum over all cross sections in Eq. 1 can therefore

be expressed as

AT-: 2@ =10+ 1.0,=

nan ﬁ[(Nz+N+o>m+e—z§i] )

where n, andn; are the number densities of neutrals and
ions, respectively. ny , is the number of -density equiv-
alent “air atoms” at standard condition. Ny, N, O and e™
are the number of M-molecuies, N-atoms, O-atoms, and
free electrons, respectively, per “air atom.”

Spitzer and Hiarms’s results (Transport Phenomena in
a Completely Ionized Gas, Physical Review, vol. 89, No.
5, 1953) for the conductivity of a fully ionized gas, if
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written in terms of an equivalent cross section Q for
the positive ions, give
2 ln(aC'e"’)

we?

Ql_ aLT ‘ (3)
for singly ionized ions, where
ET T2
263 [271'7!, :I

(ne=number density of the electrons, n,=n;) and
~ve=0.582. C, is the R.M.S. electron velocity

370T /2

The results of a computa’uon of s, based on Egs. 1 and
3 are given in FIGURE 6.

Based upon the temperature and density behind a nor-
mal shock, the conductivity was calculated for different
velocities U and altitudes H above sea level and is plotted
in FIGURE 7. For comparison, the velocity of a satel-
lite in the circular orbit of 7X 105 m radius, and the
escape velocity, have also been indicated.

Tt is also deemed worthwhile at this time fo present
an analysis-and results for the weight optimization of
a magnetic field producing assembly of the type that may
be considered herein. A disc solenoid is used in all cases
in the presentation.

The magnet, that is, the disc solenoid, must be cooled
or it will melt due to the joule heating by the high cur-
rent in the windings. Also, a power supply must be
provided to energize it, as shown in FIG. 2 of the draw-
ings. The total weight of the magnet equipment, W,
is equal to the sum of the weights of the magnet coil,
Wiy, the liquid coolant, Wy, and the power supply, Wi

We=Wyt+Wit+Wp 1)
This equation becomes

1 i
We=pMVM—I-E1;Rj;lZIZ(t)dt+SRLIE Bd (2)

Here Vy is the volume of the magnet coil, R the total
electrical resistance of the coil, pir the density of the coil
material, &y, the heat of vaporization of the coolant, s the
weight-energy ratio of the power supply, I the magnet
current, #; the magnet cut-on time, and 7, the magnei
cut-off time. In this formulation it has been assumed
that all the liguid carried can be evaporaied 1o cool the
magnet. Weight for extra liquid, for structures, and for

‘equipment to store and pump the coolant are included by

increasing by 25 percent the value of W, obtained from
optimizing Eq. 2.

From the Biot-Savart Law and from the geometry of
the magnet, one obtains a relationship between I and By
of the following form

) Iz(t)=f[6: iy BDZ(I)] (3)
When this equation is substituted into Eq. 2 together

with the proper expressions for the volume and resistance
of the magnet coil, there results an equation of the form

11
- Wc=f[6: Tb;ﬁlzBﬂg(t)dti PM) G'Mhln s:l (4)

Since only constant current magnets are considered. Eq. 4
can be simplified to

I/Ve-=f[5, 4y BD’ At, oyt oM er 5] (5)

In this expression & is the variable to be optimized; ry
is the radius of the hemispherical nose of the vehicle;
By and Ar are determined by the trajectory and by the
desired value of the heat transfer ratio, S; par and oy are
properties of the magnet material; Ay, is-a property of the
coolant, and s is the performance parameter for the
power supply.

‘Eq. 5 is optimized with. respect to & by solving the
equation dW./ds=0 for the optimum & and substituting
this value back into Eq. 5 to obtain the minimum W..
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As discussed previously various combinations of B, #1,
and f, that produce the desired value of § must be tried
until the combination is found that yields the minimum
W,.. Also the best magnet material and coolant must be
chosen so that the simultaneous values of the parameters
o o1 and g, are such as to minimize We. The choice
of magnet material and coclant is complicated by the fact
that ops and hy, are interrelated, since the conductivity of
the metal depends strongly upon the boiling point tem-
perature of the coolant.

Four coolants have been considered: liquid H,0,
liquid N,, liquid Ne, and liquid H,. In all cases H;
gives the minimum W,. Roughly speaking, for the cases
that have been investigated, magnet assembly weights
with H,O are ten times those with H,, with Ny are six
times those with H,, and with Ne are two times those
with Hs. Tt is apparent that to minimize weight both
a high Ay, and a high oy are desired. The reason Hp is
so superior is that the electrical conductivity of most
materials increases extremely rapidly as the temperature
falls. For example, the conductivity of copper, com-
pared to that at the boiling point of H,O (373° K.), is
roughly ten times greater at the liguid Ny temperature
(77° K.), 150 times greater at the liquid Ne temperature
(27° K.), and 200 times greater at the liquid H, tempera-
ture (20° K.). In addition, the heat of vaporization of
H, is several times greater than that for either N, or Ne.
The one disadvantage with Hy is its low density, which
necessitates a relatively large storage container; however,
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that have been computed, it has been found that the best
magnet material is one or the other of the two elements,
copper and lithium. Copper has a very high conductivity,
whereas lithium has a very low density. The results of
the weight optimizations are given for both these magnet
materials. A lithium magnet may require a thin protec-
tive shell of an inert material to prevent any chemical
reactions with the coolant, etc.

Optimized weights are tabulated for the ICBM missile
trajectory, the recoverable earth sateilite trajectory, and
the recoverable moon satellite trajectory. For the ICBM
trajectory, both a hemispherical blunt nose and a spiked
nose are considered.

Values of the parameters that have been employed in
this study are:

ICBM

, Barth
Spiked Nose

Satellite

Moaoon

ICBM
) Satellite

Blunt Nose

1 3
5 0.5

Radius, {t...
S

v

0. 3
0. 0.5,0.75

Ha Ne

hy, joules/kg ... 4.7X108 1L1X105

Cu, Ha Cu, Ne Li, Ha

oy, mhos/m_________ 9.1X10% 6.4X109 1.6X10°8

in the present study, the required coolant storage volumes 3o . .
. . 8—15 lb./kw.-hr.—1.9X10-6 kg./foule.
even for H, are not excessive. The results of weight / T g./joule
optimizations are reported for the two best coolants, Hy The following table compares Li and Cu magnets for
and Ne. As has been previously pointed out, the applica- various applications. H; and H, are the altitudes at
tion of these cryogenic coolants will entail some addi- which the magnet is cut-on and cut-off respectively. Vi,
tional developmental work, which should be carried out 35 is the volume of the liquid coolant. P is the ohmic power
in the future if magnetoaerodynamic heat shielding is to consumpiion of the magnet, Values of W, include the
be reduced to practice. However, cryogenic problems 25 percent allowance for sfructure and other miscel-
are considered to be beyond the scope of the present study. laneous weights.
Blunt Nose, Hy Coolant
Material Bao, i, o, At, Vi, P, {Wnm, | Wy, | We, | W,
Magmnet ga1ss 1,000 ft. | 1,000 ft. | see. | ft.2 | kw. | Ib. 1b. 1b. 1b.
ICBM, 8=0.5
(o] R 80, 000 250 a5 245(10.8] 412 | 69| 47| 42| 197
| ; T 80, 000 250 45 1245 1 23.4 | 905 22 | 103 92 271
EARTH SATELLITE, $=0.5
CU e 10, 000 300 187 | 93191 | 188| 150] 83| 73| as2
87 DR 10, 00O 300 187 | 93 |13.3| 134 | 85}] 58| 52| 244
MOON SATELLITE, 8=0.5
CUemee 3,750 300 192| 70 6.2| 8| 47| 27| 25| 124
55 R 3,750 300 1921 70| 3.7| 48| 20| 16| 14 74
MOON SATELLITE, §=0.25
10, 000 300 175 ) 110202 | 72| 65| 88| 79l 415
10, 000 300 175 110 [14.0| 117{ 97| 61| 54| 268

Virtually all substances for which conductivity data
are available have been considered in selecting the mag-
net material. To a first approximation the best magnet
material is the one with the minimum value of the ratio
pu om at the coolant temperature. In all of the cases

It is seen that Cu is better for the YCBM and Li is better
for the satellites. The following table gives a compari-
son of a magnet assembly for a blunt nose missile versus
a spiked nose missile. In the case of the spike, the value
of §=0.5 applies to the spike itself.

ICBM, S=0.5, Cu Magnet, Hy Coolant

Nose Bo, Hi, Hy, t, Vi, P, |Wwm,| Wi, | Wp, | W,

Shape gauss 1,0001t. | 1,0001t. | see. | it.8 | kw. | 1b. 1b. 1b. 1b.
Blunt_.._.. 80, 000 250 45| 24.5 | 10.8 412 69 47 42 197
Spiked..___ 252, 000 250 45 | 24.5 4.6 167 1/2 20 17 47
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Lower values of § cannot be used for the spike because
B, exceeds limitations imposed by the strengths of the
magnet materials.
The niext table presents comparative results for Hy and

10
hicle casing which interact with the magnetic field source
to control the attitude of the flight vehicle casing: ° :
4, In a flight vehicle adapted to be propelled through
the atmosphere at velocities producing -a shock wave

Ne to perform the same mission. 5 behind which in the region of the flight vehicle an eleciri-
Blunt Nose, ICBM, §=0.5, Cu Magnet
Coolazt gfuoés 1,01016’&. 1,0133’&. sg’c. }?“3 a vl‘@." ‘;VI;I." ‘gf.” ‘1’%‘.”
g .ooeeee| 80,000 250 4524 5]|10.8) a12| 0| 4v| 42| 197
Ne. ... 80, 000 250 45245 1.0 412 142| 187 | 42| 464
The results show that the assembly with Ne weighs more cally conductive plasma is present, the combination of a
than twice that with H,. The only advantage of Ne is flight vehicle casing forming a part of the flight vehicle
that the volume of the coolant is less. The final table in a position in which the flight vehicle casing leads the
gives the best results for each mission. oo Hight vehicle in its direction of movement, and a magnetic
field source associated with the flight vehicle casing
adapted to establish an axial magnetic field in the direc-.
Mission | 8 ' Wr (b.) tion of movement of the flight vehicle for inducing electri-
. cal currents within the region between the shock wave and
ICBM.meerocmomeae - g-g %gz o5 the flight vehicle casing which increase the separation
T r e ———— I N % = between the shock wave and the flight vehicle casing.
S O 0.25 268 5. In a flight vehicle adapted to be propelled through
the atmosphere at velocities at which a shock wave is
produced adjacent the leading portion of the flight vehicle,
To achieve these marked reductions in heat transfer I'arge 30 means for reduoing the transfer of heat between the
forces must be produced in the fluid. Thus the above atmosphere and the flight vehicle including the combina-
resuls clearly demonstrate that with magnetic equipment tion of a flight vehicle casing positioned at the forward
of reasonable weight, large and significant forces can be end of the flight vehicle, and magnetohydrodynamic
exerted on the fluid flowing about a missile. means enclosed within the flight vehicle casing for induc-
Although a number of particular arrangements of the g5 ing currents in the atmosphere between the shock wave
invention bave been illustrated above by way of exam- and the flight vehicle casing which function to increase
ple, it is not intended that the invention be limited thereto. the spacing between the shock wave and the flight vehicle
Accordingly, the invention should be considered to in- casing whereby the transfer of heat between the atmos-
clude any and all modifications, alternations or equivalent phere and the flight vehicle casing is reduced.
arrangements falling within the scope of the ammexed 49 6. Apparatus in accordance with claim 5 in which said
claims. magnetohydrodynamic means comprises an electrical con-
What is claimed is: ductor in the form of a coil supported within the flight
1. In a system for controlling relative movement be- vehicle casing in a position in which the axis of the coil
tween an electrically conductive fluid and a flight vehicle, is aligned with the axis of the flight vehicle casing.
the combination of a flight vehicle casing capable of 5 T Apparatus in accordance with claim 6 including
being propelled through an electrically conductive me- temperature sensitive actuating means for energizing said
dium, and means enclosed within the flight vehicle casing coil to produce a magnetic field in response to a predeter-
for inducing electrical currents in the electrically con- mined temperature condition.
ductive medium to produce forces acting between the 8. A steering system for a flight vehicle including the
flight vehicle casing and the electrically conductive fluid ., combination of a flight vehicle casing which is adapted to
which control relative movement between the electrically be propelled through the atmosphere at velocities at which
conductive medium and the flight vehicle. an electrically conductive plasma is formed behind a
2. In a system for controlling the relative movement shock wave in the region of the flight vehicle casing, and
between an electrically conductive fluid medium and a at least one magnetic field source associated with the flight
flight vehicle, the combination of a flight vehicle casing 55 vehicle casing which may be selectively emergized to
capable of being propelled through the electrically con- induce electrical currents within the electrically conductive
ductive fluid medium, a magnetic field source supported plasma in a manner in which reaction forces are applied
by the flight vehicle casing and oriented in a direction to the flight vehicle casing to control its flight path
to establish a magnetic field in a predetermined direction through the atmosphere.
with respect to the direction of movement of the flight ¢, 9. In a flight vehicle which is adapted to pass through
vehicle casing, and means selectively actuating the mag- the atmosphere at velocities at which excessive heat trans-
netic field source to establish magnetic fields within the fer may take place between the atmosphere and the flight
electrically conductive medium surrounding the flight vehicle, the combination of a casing oriented to lead the
vehicle casing for inducing electrical currents within the flight vehicle in its direction of movement through the
electrically conductive medium which interact with the g5 atmosphere, a magnetic field source contained within
magnetic field source to control the relative movement the casing adapted to generate a magnetic field within the
between the flight vehicle and the electrically conductive atmosphere in a direction substantially aligned with the
medium. direction of movement of the flight vehicle, and means
3. In a flight vehicle adapted to be propelled at veloci- for selectively energizing the magnetic ficld source to
ties at which a shock wave is produced which functions yq induce currents within the atmosphere surrounding the
to establish an electrically conductive plasma in the region casing which function to reduce the transfer of heat be-
of the flight vehicle, the combination of a flight vehicle tween the atmosphere and the casing. .
casing, and magnetic field source means contained within 10. Apparatus in accordance with claim 9 including
the flight vehicle casing for inducing currents within the femperature sensitive actuating means connected to the
electrically conductive plasma surrounding the flight ve- 75 selective energizing means for establishing magnetic fields
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in the region of the flight vehicle casing in response fo a
predetermined temperature condition.
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