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[57] ‘ ABSTRACT

Magnetic heat engines directly converting heat to electricity.
using emf induced by demagnetization. Generated power
manifests as negative resistance, and almost any kind and
shape of magnetic medium can be used. Electromagnetic
engines are also tolerant to non-uniform heating, inherently
non-contact and non-mechanical, easy to model and design.
and operable at high frequencies. The engines are suitable
for augmenting local heating, refrigeration without fluid
refrigerants, efficient cooling of cryogenic components, syn-
chronous cooling of digital circuits, completely solid-state
power generation, and improvement of power plant effi-
ciency and control.

3 Claims, 8 Drawing Sheets
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ELECTROMAGNETIC HEAT ENGINES AND
METHOD FOR COOLING A SYSTEM
HAVING PREDICTABLE BURSTS OF HEAT
DISSIPATION

FIELD OF INVENTION

This invention generally relates to magnetic heat engines.
More particularly, it is concerned with an electromagnetic
heat engine for directly converting power between heat and
electrical forms using rnagnetism.

BACKGROUND OF INVENTION

Most of the electrical power generated today comes from
conversion of heat using steam turbo-generators. Magneto-
hydrodynamic and magnetocaloric schemes, while reducing
the solid moving parts. still involve an intermediate
mechanical form as kinetic energy in a fluid medium. and
furthermore, require the medium to be magnetic and con-
ductive at the same time. The flow of fluids is particularly
difficult to model and control, and in the above
methodologies, the work transfers occur primarily through
the physical boundary of the medium, which limits the
throughput. The prior art lacks a heat engine in which the
work transfer is not confined by the surface of the medium,
and which converts heat to electricity directly without
involving any intermediate mechanical form whatsoever.

Hitherto only mechanical means have been used for the
work transfers in magnetic engines, though they have been
known for a century since Nikola Tesla’s Thermo-Magnetic
Motor [U.S. Pat. No. 396,121, issued 15 Jan. 1889]. The
mechanism of inductive work transfer had not been con-
ceived of for want of a negative resistance model of power
generation. Inadequate thermodynamic insight is also to
blame for the slow development of magnetic engines.

Magnetism is made particularly difficult by the lack of a
magnetic analog of the kinetic theory of gases. and by the
multitude of units and conventions. Among the defects in the
prior perception is the relative lack of interest in
paramagnetism, the gaseous state of magnetization. Ferro-
magnetism basically means easier saturation, and holds even
less energy than paramagnetism for a given magnetization
intensity. Very high intensity fields are therefore needed in
prior art magnetic engines to obtain useful power densities.

The maximum magnetic energy densities are close to but
less than the realizable energy densities in gases, because
gases have no internal structure that can oppose or break
under the stress. Higher operating speeds are required for
magnetic engines to provide useful power densities, but the
mechanical form of prior art magnetic engines severely
limits their speeds. In cryogenic refrigeration. for instance,
the speeds are down to a few cycles per second.

Incidentally, thermodynamic ideas are lately being
applied in the field of digital electronics, for reducing
dissipation. Adiabatic switching and reversible computation
require lowering of the operating speed. and are inapplicable
to existing systems because different logic design principles
are prescribed. Further, these schemes involve arguable
extrapolations of thermodynamic ideas, particularly while a
fundamental theoretical relation between abstract informa-
tion and physical entropy is yet to be discovered.

Much of the dissipation in modern CMOS technologies is
due to motion of charges during logic state transitions. A
more direct application of thermodynamics would appear
appropriate to the problem. considering that the dissipation
is periodic and driven by a clock signal, allowing a heat
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engine to be operated in synchronization to remove the heat
rapidly. The dissipation in a given cycle is however rela-
tively small and randomly located in the physical circuit.
Further. it is the peak temperatures instantaneously reached
within an individual logic gate or transistor structure that
ultimately limits the performance and packing density, and
therefore needs to be directly handled. Only magnetism can
instantly couple the energy of such predictable bursts over
the extent of a chip or system, and the coupling must be
inductive rather than mechanical for practical reasons. None
of the prior art heat engines qualify for this requirement.

Accordingly, it is an object of the present invention to
provide a thermodynamic means for directly converting
power between heat and electrical forms using magnetism.

Another object of the invention is to allow use of wider
range of magnetic media and operating conditions in mag-
netic heat engines.

Yet another object of the invention is to provide a means
for operating magnetic heat engines at higher speeds. to
obtain greater conversion power densities.

A further object is to establish negative resistance as a
useful model of power generation with the added feature that
the power can be regulated and controlied by a low power
input needed to setup the load current.

A still further object of the invention is to provide a direct
thermodynamic means for cooling synchronous digital sys-
tems.

SUMMARY OF THE INVENTION

In the present invention. these purposes, as well as others
which will be apparent, are achieved generally by providing
a heat engine which directly converts between heat and
electrical power forms using magnetism. More particularly.
the invention is concerned with an electromagnetic heat
engine in which electrical power is absorbed or generated
inductively by a magnetic medium. The invention also
improves upon known magnetic heat engines by incorpo-
rating a wider range of magnetic media, and by allowing
higher operating speeds than was hitherto possible.

Advantage lies in potentially eliminating moving parts.
directly converting to electricity at useful power densities,
greater choice in selection of magnetic media and operating
speeds, more flexible engine and system design, instant
thermodynamic use of local hot spots, and the capability to
control dissipation in digital systems by the instant conver-
sion to electricity. The present invention thus consists of
three parts:

An electromagnetic heat engine, inductively converting
power between heat in a magnetic medium and current in an
electrical circuit.

The magnetic Carnot cycle consists of magnetizing a
magnetic medium at one temperature and demagnetizing the
medium at a different temperature. If the susceptibility of the
medium drops with rising temperature, as is commonly the
case, heat gets absorbed during demagnetization and
released during magnetization. Appropriate heat transfers
are therefore required to keep the temperature steady during
each of these isothermal operations. The temperature
changes are effected by adiabatic magnetization or demag-
netization operations. Work is done on the medium during
magnetization, and the medium performs work as it
demagnetizes, but the work transfers are unequal because
the susceptibility changes with the temperature. Performing
magnetization cycles in synchronization with temperature
cycles thus results in net conversion between heat and
coherent power.
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In the electromagnetic engine. the electric current does
work in magnetizing the medium. and comversely. the
medium does work on the electrical circuit by the induced
emf during demagnetization. The engine thus converts
between heat and electrical power. Since the induced emf is
proportional to the current, the work done by the medium
instantaneously appears as a negative resistance in the
circuit. Correspondingly. magnetization induces a positive
resistance in the circuit. The induced resistance also varies
with the susceptibility, which depends on the instantaneous
temperature, hence a net negative resistance is induced when
operating as an engine.

The negative resistance is not merely incremental. as
obtained, for instance. in tunnel diodes, but is obtained even
when the current is d.c. The negative resistance form of the
induced power permits regulation and control through an
auxiliary electrical power source needed to setup the current.
Useful conversion power densities using high susceptibility

media and high operating speeds. Greater freedom in

system design.

The work done per cycle by a heat engine is a direct
fraction of the energy stored in the thermodynamic medium.
The conversion power density is therefore directly propor-
tional to the density of energy storage in the medium. Under
practical operating conditions, gas engines are confined to a
small range of power densities by the universal gas constant.
and by the mechanical constraints on speed.

The magnetic energy density depends on the susceptibil-
ity of the medium. Available susceptibilities span several
orders of magnitude, ranging from the weak paramagnetism
of fifty five elements to the strong ferromagnetism of iron.
The corresponding energy densities range from a few micro-
joules per cm” in many paramagnetic materials. to over 1
J/em® per Tesla in gadolinium and dysprosium in their
ferromagnetic states. The comparative figure for gases is
about 40 mJ/K-cm? at ordinary pressures. and the range is
limited to one order of magnitude.

The range of susceptibilities, the various forms of mag-
netism available. and a wide range of operating speeds.
mean a greater freedom in system design. This freedom was
not realized in prior art magnetic engines because of
restricted attention to ferromagnetism and mechanical
operation. Though higher power densities are available
particularly when using ferromagnetism, the theory and the
practical aspects of paramagnetism remained unexplored.
With the negative resistance approach and inductive work
transfer, electromagnetic engines are better suited to exploit-
ing the entire gamut of magnetic characteristics.

Further, the operating frequency of electromagnetic heat
engines is only limited by the speed of the temperature
changes. making electromagnetic heat engines uniquely
suitable for a particular application in modern technology,
involving rapid local temperature changes at frequencies
extending to several gigahertz.

Synchronous cooling of digital systems.

Dissipation in digital systems tends to be concentrated in
bursts following clock edges that trigger the digital state
transitions. An electromagnetic engine can therefore be
constructed around a digital system, using a magnetic
medium repeatedly heated by the bursts of dissipation. By
synchronizing the engine current with the system clock, the
current is made to build up inbetween bursts, when the
medium is at a lower temperature, and is reduced during the
bursts at the higher temperature caused by the dissipation. At
least part of the dissipated heat thus gets converted to
electricity.

The per-clock switching dissipation of a logic gate is quite
small, and in practice only a few gates change states at any
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given clock edge in many circuits. The overall dissipation
becomes significant primarily because of the high operating
frequencies. Consequently, the per-cycle conversion power
density required for the cooling is quite small. and the
performance is limited by the efficiency rather than by the
conversion density. Even the efficiency can be considerably
higher than expected from the overall operating
temperatures, because the conversion depends on the instan-
taneous temperature reached in the immediate vicinity of the
transiting gates.

Other objects, features and advantages of the present
invention will be apparent when the detailed description of
the preferred embodiments are considered in conjunction
with the drawings, which should be construed in an illus-
trative and not limiting sense as follows.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram showing the angular freedom of the
atomic magnetic moments restricted by the magnetic field
applied to the electromagnetic engine in accordance with the
invention.

FIG. 2a is a graph of temperature versus entropy showing
the Carnot cycle for a magnetic engine.

FIG. 2b is a graph of the applied field versus the reciprocal
of magnetization corresponding to the Carnot cycle shown
in FIG. 2a.

FIG. 2c is a graph of the applied ficld versus magnetiza-
tion corresponding to the Carnot cycle shown in FIG. 2a.

FIG. 2d is a graph of the applied field versus the reciprocal
of magnetization showing the Camot cycle for an electro-
magnetic engine in accordance with the invention.

FIG. 2¢ is a graph of the applied field versus magnetiza-
tion showing the Carnot cycle for an electromagnetic engine
in accordance with the invention.

FIG. 2f is a graph of the magnetization versus temperature
for various applied field strengths on a linear ferromagnetic
medium.

FIG. 2g is a graph of the applied field versus the
magnetization, showing the isotherms and adiabatics in a
linear ferromagnetic medium.

FIG. 3 is a circuit diagram of an equivalent circuit to a
negative resistance device. such as an electromagnetic
engine in accordance with the invention.

FIG. 4 is a graph of power gain due to electrical power
output by a negative resistance device versus a normalized
effect on the circuit due to the device.

FIG. 5a is a schematic diagram of a reciprocating mag-
netic heat engine.

FIG. 5b is a schematic diagram of a conventional low
power heat driven magnetic motor.

FIG. 5¢ is a schematic diagram of a conventional mag-
netic turbine.

FIG. 6a is an electrical circuit diagram showing a simple
reciprocating electromagnetic engine using a voltage source
for magnetizing a magnetic medium.

FIG. 6b is an electrical circuit diagram showing a simple
electromagnetic engine which uses a.c. excitation together
with temperature cycling.

FIG. 6¢ is a timing diagram for operating the a.c. excited
engine shown in FIG. 65 as an electrical power source.

FIG. 6d is a timing diagram for operating the a.c. excited
engine shown in FIG. 6b as a refrigerator.

FIG. 6¢ is a detailed timing diagram corresponding to
FIG. 6c. for operating the a.c. excited engine shown in FIG.
6b as an electrical power source.
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FIG. 6f is a schematic diagram of the electromagnetic
analog of the magnetic turbine shown in FIG. Sc.

FIG. 6g is a schematic diagram of a cascade of multiple
electromagnetic turbine stages.

FIG. 6h is a graph of the applied field versus magnetiza-
tion showing the typical thermodynamic cycle when the
electromagnetic engine of the invention is applied to the
cooling of digital integrated circuits.

FIG. 7a is a schematic diagram of a reciprocating mag-
netic engine.

FIG. 7b is a schematic diagram of an engine element for
the engine shown in FIG. 7a, suitable for internal combus-
tion.

FIG. 8a is a top view of an electromagnetic turbine.

FIG. 8b is a side view of a hot heat exchanger for use in
the electromagnetic turbine shown in FIG. 8a.

THEORY OF OPERATION

Theoretical background

The dynamical perception of magnetism has been so
insufficient in the past that some researchers have indeed
used the potential instead of the actual energy of magneti-
zation [see Chapter 18 Solid State Physics, A J Dekker,
Prentice-Hall, 1957}, by associating the applied ficld B with
the gas volume V, and the magnetization M, with the
pressure p. This association is imappropriate because it
ignores the fact that the thermal activity tends to gain
orientational freedom for the elementary moments, so the
magnetization. not the applied field. relates to a conceptual
volume. The error is indicative of the theoretical difficulty in
the prior art.

A simple kinetic theory of magnetization is indispensable
for understanding and designing magnetic engines. Magne-
tization is the angular confinement of atomic moments by an
applied field, and is analogous to the spatial confinement of
a gas by walls that withstand its pressure.

Idealness, as in the term “ideal gas”, means absence of
significant internal interactions between the microscopic
constituents. At low temperatures, interactions between
atomic magnetic moments begin to dominate over the ther-
mal activity, eventually causing the magnetization to con-
dense around the Curie temperature. Ferromagnetism in
general refers to the various condensed states of
magnetization, while Curie law paramagnetism constitutes
the ideal gas state.

Basic heat engine theory

In prior thermodynamic theory. the gaseous phase of
matter describes the simplest linear relation between a pair
of conjugate dynamical variables p and V:

pV=constant, [¢8)

known as Boyle’s law. The dynamical variables are conju-
gate in the sense that one represents a force and the other, a
distance, such that while pdV defines a work differential,
Vdp does not.

Thermo-dynamics results when such a pair of conjugate
dynamical variables is related through an intensive property
called the temperature, for then, the dynamical work for a
given motion dV can be varied. An analytical relation of
conjugate dynamical properties with the temperature is
called the equation of state, and suffices to define a cyclic
thermodynamic process.

The simplest equation of state is that of the ideal gas:

pV=T, @
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where the constant 1 is the gas constant R=8.3144 J/K. times

the number of moles of the gas. A very general equation of

state would be the multinomial
I cpp'VIT+= constant. 3)
ik

The higher order terms in this form relate to interactions
between the molecules.

The simplest cyclic process was first described by Carnot.
The process theoretically confines the heat transfers to two
given temperatures, and needs a pair of adiabatic operations
to complete a cycle in the phase space. Adiabatic operations
are described by the adiabatic equation, which takes the
form

pVi=constant )

for the ideal gas, where 1y is a ratio of specific heats. No net
work is done by the two adiabatic operations. which simply
translate the medium between equal temperature intervals.
Equation (2) shows that the isothermal energy transfers are
proportional to the respective temperatures:

Sw=rT,X1nV), i=h, 1, (5)
where the subscripts h and 1 stand for the high and low
temperatures, respectively. The net work per cycle is the
difference of the isothermal energy transfers:

Sw=r3T3(1nV). 6)

The local conservation of energy requires an energy
transfer 8q,, called heat. exactly compensating for each work
increment 8w

dwidg=0, i=h L @

because the internal energy does not change in isothermal
operations on an ideal gas. For the same reason, all heat
transfers are exactly equivalent to work increments of the
same magnitude, so the theory and equations for Carnot
cycles on an ideal gas are essentially dynamical, the only
non-dynamical variable necessary being the temperature.
The efficiency is therefore given by:

Sw dw 3T )]

=S “Bws  Tn
Carnot’s theory and the second law guarantee that the
same efficiency will hold for all Carnot cycles. irrespective
of the ideainess of their media.
With non-ideal media, the internal energy u is no longer
constant during isothermal operations. for which the com-
plete equation

di=—dg—pdV

is required. The second law of thermodynamics requires that
the corresponding entropy change ds=dg/T be an exact
differential, hence the above equation leads to




































