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MINIATURE RECIPROCATING HEAT
PUMPS AND ENGINES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. provisional appli-
cation serial No. 60/268,523, filed Feb. 13, 2001, and U.S.
provisional application serial No. 60/331,883, filed Nov. 20,
2001 which are both hereby incorporated by reference in
their entirety to the extent not inconsistent herewith.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

Portions of this invention were made with U.S. Govern-
ment support under Air Force Contract Number F29801-00-
C-0188 awarded by the Air Force and this invention was
made with Government support under contract NAS2-01042
awarded by NASA. The Government has certain rights in
this invention.

BACKGROUND OF THE INVENTION

This invention relates generally to devices for cooling,
generating power, compressing, pumping, and evacuating to
pressure below ambient.

There are numerous references in the literature to minia-
turized devices whose recent appearance is coincident with
the application of microfabrication processes to the produc-
tion of mechanical systems. Microfabrication processes are
those typically associated with integrated circuit production,
but more generally include processes capable of producing
components and assemblies with micron-sized features and
producing a plurality of assemblies or components simulta-
neously or in “batches”. The fine dimensional tolerances of
microfabrication processes means that entire classes of
novel miniaturized machines can be realized. The ability to
produce multiple parts simultaneously means that in many
cases these novel machines may be produced efficiently and
in great numbers; batching leads to economy-of-scale reduc-
tion in the production costs.

The realization that many macroscopic machines can be
fully miniaturized has led to a class of devices; for examples
see “Silicon Micromachining”, Cambridge University Press,
1998 and “Handbook of Microlithography,
Micromachining, and Microfabrication”, SPIE Press, 1997,
incorporated herein by reference to the extent not inconsis-
tent herewith.

One way to enhance microelectronic system efficiency as
well as increase reliability is to cool electronic devices to
temperatures that substantially reduce power consumption/
generation. This however, implies a substantial cooling
system. The large heat density produced by present genera-
tion electronics is one of the main problems facing present
cooling systems. Present heat densities are now exceeding
30 W/cm?. However, if these same circuits could be cooled
to cryogenic temperatures, they could operate at higher
frequencies, with reduced power, more reliably, and at lower
voltages as indicated in the references by E. Simoen and P.
Ghazavi (citations below).

Three of the most important considerations facing any
novel active cooling technology are cost of implementation,
reliability, and efficiency. If the cooling device is prohibi-
tively expensive and/or unreliable or if the cooling device
uses substantially more power than is saved, many of the
benefits derived from cooling vanish. Efficiency is espe-
cially important when cryogenic cooling is considered, since
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2

most common cryogenic systems operate at only a few
percent of Carnot efficiency.

Present cooling and refrigeration technologies are unable
to satisty present demands. For example, as CMOS elec-
tronics have approached the 0.18 um gate size, they have
begun to generate heat densities that require active cooling
if these electronic devices are to operate efficiently and
reliably. To date there have been many proposed solutions to
the problem of cooling very dense microelectronics, but
very few of these proposals provide substantial sub-ambient
cooling power, and none do so efficiently.

There are also many applications for cryogenic cooling,
which extend beyond the needs of conventional electronics,
such as superconducting electronics and infrared imaging
sensors cooled to temperatures of 35 K and below. There are
many applications for which superconducting electronics,
operating at both high (70-35 K) and low (354 K)
temperatures, provide the only feasible solution. Likewise
there are many high-precision long-wavelength remote sens-
ing applications, which can only be realized if the sensing
detector is maintained at very low temperatures. Often,
however these applications have limited space available for
the cryogenic system and limited power with which to drive
such a system. These two requirements greatly increase the
cost and difficulty of realizing present cryogenic support
systems.

Present cryogenic cooling technologies suffer from one or
more of the following limitations: limited lifetime, high cost,
large size, excessive weight, vibration, and ineffective inte-
gration with the objects to be cooled. Commercial and
tactical cryocoolers that operate at liquid nitrogen tempera-
tures cost on the order of tens of thousands of dollars,
generally have lifetimes of less than two years, have limited
heat lift, and do not incorporate effective vibration control.
Low-temperature cryocoolers, such as Gifford-McMahon
cryocoolers, weigh several hundred pounds, have high
vibration, and require several kilowatts of power input for a
few watts of heat lift at 10 K and below. Aerospace cryo-
coolers that have long lifetimes and vibration control can
cost over one million dollars each. These cryocoolers have
high efficiency for temperatures above 50 K; however, as
their operating temperature decreases, their efficiency gets
much worse, and their practical minimum temperature is
about 30 K. Further, all present cryocoolers require complex
and expensive assembly procedures that do not readily lend
themselves to mass production; therefore, they are limited in
their capacity to enjoy economy of scale cost reductions.

For all of these reasons, there has been a need in devel-
oping miniaturized and highly efficient cryogenic systems
using Micro-Electro-Mechanical Systems (MEMS) tech-
nologies. For example, see U.S. Pat. Nos. 5,932,940, 5,941,
079, and 5,457,956. Unfortunately, applying the common
principles of refrigeration and cryogenic design to systems
with dimensional scales of microns and millimeters has
posed substantial problems. For example, U.S. Pat. No.
5,932,940 proposes a reverse Brayton cycle refrigerator, but
to extract useful amounts of heat the proposed system must
operate at very large rotational speeds, 300-1000 krpms.
Among the many technical challenges presented in reducing
such a design to practice is the fact that this turbine speed
requires complex load bearing assemblies; refer to K. S.
Breuer et al. “Challenges for High-Speed Lubrication in
MEMS”. To operate properly, these bearings must be fab-
ricated with such precision that present MEMS process
technologies are not capable of satisfying the requirements.

U.S. Pat. Nos. 5,457,956 and 5,941,079 appear to require
amaterial that has thermal properties outside those of known
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materials. In addition, the frequency at which these proposed
MEMS compressors must operate to produce a useful cool-
ing effect is too high for an efficient resonant system.

Chemical charge storage batteries have provided the
majority of the portable energy sources for powering por-
table electronics. Such batteries, however, are limited in
both power density and lifetime, particularly when it is
desired that the power source be reusable. For these reasons
and since the power demands of portable electronic devices
have been steadily increasing, chemical batteries have
become increasingly inadequate. By comparison to
batteries, heat engines, such as internal combustion engines,
generate large amounts of power, but are typically massive,
making them incompatible with portable applications. One
of the reasons that heat engines produce large amounts of
power results from the large energy density of liquid fuels,
much larger per unit mass than any known charge storage
device. Thus, if liquid fuels or pressurized gases can be used
to drive a miniaturized electrical power generator, the result
would be a revolution in portable energy technology which
would enjoy increased operating times at higher levels of
power consumption, reduced operating expense, higher lev-
els of reusability, and a more environmentally benign opera-
tional effect.

Of the proposed solutions to portable power generation,
two examples are found in U.S. Pat. Nos. 5,932,940 and
6,109,222. U.S. Pat. No. 5,932,940 proposes a microscale
gas turbine operating at very large rotational speeds, which
can collect the energy released during the gas-phase com-
bustion of a fuel and oxidizer, and convert it into electrical
energy. The miniaturization of the gas turbine provides
many technical advantages. However, the very large rota-
tional speed required to produce useful effects has presented
severe difficulties in producing an operating device, chief
among them the fabrication of high precision gas-bearings.
The tolerance requirements of these bearings have made
implementation very difficult and will quite dramatically
increase production costs; refer to K. S. Breuer et al.
“Challenges for High-Speed Lubrication in MEMS”.

On the other hand, U.S. Pat. No. 6,109,222 proposes a
micro/meso-scale reciprocating piston that oscillates
between combustion cylinders. In this case, the energy
released during combustion of the gas-phase products is
collected either mechanically from gas jets or via magnetic
commutation. Again, it is not clear an operating device can
be prepared with the needed efficiency or reliability. In fact
all other presently proposed miniaturized power-generation
technologies seem to have practical limitations to their
usefulness including limited energy generation capabilities,
questionable reliability, severe operational inefficiencies,
complicated and expensive manufacture, and the require-
ment for tolerances which presently exceed capabilities of
microfabrication processes.

There are numerous potential applications for miniatur-
ized pumps for moving fluid volumes and compressors for
increasing gas pressures. Such pumps (or compressors for
gases) can be used to control scaled-down chemical
processes, to meter fluids, circulate compressed fluids for
temperature control processes, dispense medicines, and
actuate miniaturized hydraulic systems. Many MEMS
pumps have been proposed; representative examples can be
found in U.S. Pat. Nos. 5,932,940, 6,109,889, 5,336,002,
6,106,245, 6,019,882, and 5,788,468. All of these inventions
have limitations; U.S. Pat. No. 5,932,940 has the same
limitations detailed previously. U.S. Pat. Nos. 6,109,889 and
5,336,062 are suited to very small applications when neither
a large pressure head nor a significant volume is required;
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these two pumps are involved almost exclusively with
micrometering applications and are not suited for more
robust general purpose pumping applications. U.S. Pat. No.
6,106,245 discloses a diaphragm pump, with an electrostati-
cally actuated polymer diaphragm. To move significant
amounts of fluids at useful pressures, a number of these
pumps would have to be ganged in a series-parallel con-
figuration. Further, the continuously flexing diaphragm
introduces a serious reliability issue, especially considering
that the diaphragm is fashioned from a polymer and in some
configurations is bi-stable exhibiting a “snapping” behavior.
U.S. Pat. No. 6,019,882 discloses an electro-osmotic pump.
The electro-osmotic process is observed when an
electrolyte, a liquid containing solvated ions, comes into
contact with a solid under the influence of an electric field.
Because an electrolyte forms a charged layer at the interface
between the solid and the liquid, an electric field can
produce a net drift of the charged species, resulting in fluid
flow at increased pressure. As disclosed in U.S. Pat. No.
6,019,882, the electro-osmotic effect is significant for
porous media and in this case, the system can generate very
large hydraulic pressures. The drawback to this invention is
the fact that this effect is only observed for special fluids
containing ionic species; thus to pump any fluid in which
ionic species are not present requires a complex secondary
pumping system. In fact pumping vaporized fluids, as pro-
posed in U.S. Pat. No. 6,019,882, will almost certainly
involve the fabrication of a diaphragm-based pump, with
some of the same reliability limitations affecting U.S. Pat.
No. 6,106,245. The diaphragm-based design will be required
to maintain isolation between the electrolyte and the fluid
being pumped.

Unlike the preceding patents which all use some form of
electric actuation to realize a miniaturized pump, U.S. Pat.
No. 5,788,468 deals with a magnetically actuated pump.
And while magnetic actuation is a useful means for reducing
the operational voltage, this invention has several limita-
tions. For example, the disclosed invention, and more impor-
tantly the technique for its manufacture, describes devices
whose actuation vectors are parallel to the substrate upon
which the devices are fabricated, severely limiting the
volume of fluid that may be moved per stroke. Further, since
generating large pressures is proportional to the ability to
fabricate electromagnetic coils with large Ampere-turns, it is
not clear that any of the proposed embodiments could
functionally enjoy the benefits of batch fabrication, operate
at high electrical power efficiencies, or have extended opera-
tional lifetimes.

All of the presently proposed miniaturized pumps suffer
from one of the following deficiencies: limited mass flow
capabilities (ul/min), difficult and expensive fabrication
processes, excessive valve leakage, inefficient and unreli-
able operation, and very low pressure heads (less than an
atmosphere).

Finally, a miniaturized vacuum system is essential to any
number of novel miniaturized systems presently under
development. For example, many forms of chemical and
scientific testing cannot be performed under conditions other
than at reduced pressures. Recently there has been a great
deal of interest in the fabrication of miniaturized sensing and
analysis devices many of which would benefit from a highly
portable, compact, low-power, and efficient method for
evacuating a fixed volume and/or maintaining pressures
reduced below ambient hereafter referred to as a vacuum. An
example of such applications is miniaturized mass-
spectrometry; e.g., U.S. Pat. No. 6,157,029. Likewise, a
large number of electronic devices, such as field emission
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tips and miniaturized vacuum tubes, require the maintenance
of vacuum to operate; e.g., U.S. Pat. No. 5,763,998. Due to
fabrication limitations, the sealed vacuum enclosures of the
electronic systems often have significant leak rates. The
long-term consequence of these leaks is of course degraded
performance. Such systems could clearly benefit from an
inexpensive, highly compact vacuum system that could be
incorporated into the system architecture and periodically
refresh the vacuum of the enclosed devices. Several minia-
turized vacuum pumps have been proposed; e.g., U.S. Pat.
No. 5,871,336. The invention described in U.S. Pat. No.
5,871,336 can only evacuate very small volumes and under
very small flows of higher-pressure gas.

There is a need in the art for improved cooling systems,
power generation devices, pumping systems, and vacuum
systems.

SUMMARY OF THE INVENTION

The present invention provides devices and methods for
cooling, generating power, pumping fluids/compressing
gases, and producing a vacuum. These devices and methods
are capable of being miniaturized, use a reciprocating piston,
are highly efficient, and are capable of being mass-produced
using the broad class of microfabrication techniques men-
tioned above and informally known as Micro-Electro-
Mechanical Systems (MEMS) processes or conventional
processes.

In one embodiment, the present invention is a highly
compact, modular, low-cost, lightweight, miniaturized heat
pump/heat engine. This heat pump/heat engine can be used
to produce significant amounts of cooling down to cryogenic
temperatures, to generate significant amounts of power, to
pump substantial amounts of fluids, to compress gases, and
to produce a vacuum.

More specifically, there is provided a fluid expander
comprising: a housing defining an enclosed work space and
having a working fluid, said housing comprising: a first end
forming a first plate of a capacitor; a piston slidably disposed
in the housing for reciprocating motion to define a variable
volume within said housing, said piston having a first side
forming a second plate of a capacitor, said second plate in
electrostatic or magnetic connection with said first plate; and
a control circuit linked to said piston and said first end which
controls the strength of the electrostatic or magnetic force
between the plates of the capacitor.

The description above describes a single-stage device. It
should be recognized that any of the devices described
herein may operate as single-stage (single-acting) devices or
double-stage (double-acting) devices. For example, in the
expander described above, a double-acting device is formed
by adding a second end to the housing. In the double-acting
device, the piston is slidably disposed in the housing
between the first end and the second end for reciprocating
motion to define a variable volume within the housing. In
addition to the first side of the piston which forms a first
capacitor with the first end, in double-acting devices, the
piston has a second side in electrostatic connection with the
second end of the housing and forms a second capacitor.
Also, the control circuit linked to the piston controls the
strength of the electrostatic or magnetic force between the
first end and the piston and the second end and the piston.

Also provided are methods of using the devices described
herein. One exemplary method of use is a method of
expanding a gas, the method comprising: applying a clamp-
ing voltage between a piston slidably disposed in a housing
and a first end of said housing, wherein said piston moves
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toward said first end but does not contact said first end;
allowing a working fluid (pressurized gas, for example) to
enter the space between said first end of said housing and
said piston; releasing the clamping voltage between said
piston and said first end, whereby said piston moves away
from said first end and said working fluid is expanded. The
expansions described herein are isentropic (i.e., constant
entropy). It is understood that a completely isentropic pro-
cess is impossible because of various losses described herein
and known to the art. When the term “isentropic” is used
herein, it is to be understood that processes that are physi-
cally obtainable are referred to, including those processes
where the losses, which cause an isentropic process to move
from the ideal, are minimized to the extent possible and
practical.

All methods described herein may be single-acting or
double acting, where the device configuration is altered as
discussed above. In double-acting devices, while the piston
is energized with respect to the first end of the housing and
an associated change in thermodynamic state is occurring in
the first end, the mechanical motion of the second end of the
housing is preparing the second end for such action in a
complementary way. In a double-acting expander, the
method comprises: applying a clamping voltage between a
piston slidably disposed in a housing and a first end of the
housing, the housing defining an enclosed work space and
the housing comprising a first end having at least one inlet
and at least one outlet and a second end having at least one
inlet and at least one outlet, wherein the piston moves
toward the first end but does not contact the first end;
allowing a working fluid to enter the space between the first
end of said housing and the piston; releasing the clamping
voltage between the piston and the first end, wherein the
working fluid is isentropically expanded and the piston
moves away from the first end and toward the second end;
applying a clamping voltage between the piston and the
second end of the housing, wherein the piston moves toward
the second end but does not contact the second end; allowing
a working fluid to enter the space between the second end of
the housing and the piston; releasing the clamping voltage
between the piston and the second end, wherein the working
fluid is isentropically expanded and the piston moves away
from the second end and toward the first end. The cycle can
be repeated as desired.

As used herein, energizing or activating means a suitable
force is applied to a component (piston, for example), or
section (capacitor formed between the piston and first end,
for example) to produce the desired effect. As described
herein, the piston may be energized electrically or
magnetically, or using a combination of both methods.

Also provided is a method of generating power compris-
ing: placing a combustible substance in the first end of a
housing having a first end and a second end and a piston
slidably disposed in said housing for reciprocating motion to
define a variable volume within the housing, the piston
having a first side in electrostatic or magnetic connection
with the first end of said housing and forming a first
capacitor and a second side in electrostatic or magnetic
connection with the second end of the housing and forming
a second capacitor; energizing the piston by applying a force
to the piston so that the piston is moved toward the first end;
igniting the combustible substance, thereby increasing the
temperature and pressure in the first end; reducing the force
on the piston allowing the combustible substance to expand
against the energized capacitors formed by the piston and the
housing, thereby generating power. The power may be
harnessed or transferred by any means known in the art.
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Also provided is another method of generating power
comprising: applying a clamping voltage between the first
end of a housing and a piston slidably disposed in the
housing and in electrical or magnetic connection with the
first end of the housing; admitting heated gas or fluid into the
first end of a housing; releasing the clamping voltage on the
piston; allowing the piston to expand away from the first
end, thereby generating power. This heated gas may be
supplied by heat generated from any source including the
type of heat generated from electronics or by combustion
products.

Also provided is a method of pumping a substance
comprising: placing a compressible substance in the first end
of a housing having a first end having at least one inlet and
at least one outlet, and a second end having at least one inlet
and at least one outlet, a piston slidably disposed in the
housing between the first end and the second end for
reciprocating motion to define a variable volume within the
housing, the piston having a first side in electrostatic or
magnetic connection with the first end of the housing and
forming a first capacitor, the piston having a second side in
electrostatic connection with the second end of the housing
and forming a second capacitor; energizing the piston by
applying a force to the piston so that the piston moves
toward the first end, whereby the temperature and pressure
of the compressible substance are increased; removing the
compressible substance from the first end of the housing. A
means for double action is also provided by placing a
compressible substance in the second end of the housing,
energizing the piston by applying a force to the piston so that
the piston moves toward the second end, whereby the
temperature and pressure of the compressible substance are
increased; removing the compressible substance from the
second end of the housing.

Also provided is a method of reducing the pressure in a
vessel in gas or fluid connection with a housing comprising:
simultaneously minimizing the volume of the first end of a
housing having a first end and a second end, separated by a
piston slidably disposed in the housing between the first end
and the second end for reciprocating motion to define a
variable volume within the housing, the piston having a first
side in electrostatic or magnetic connection with the first end
of the housing and forming a first capacitor and a second
side in electrostatic or magnetic connection with the second
end of the housing and forming a second capacitor; when the
second end has the volume maximized, thereby reducing the
pressure in the second volume. Gas at a higher pressure than
that present in the second end is then admitted from the
vessel into the second end raising the pressure of the second
end and incrementally decreasing the pressure of the vessel.
The gas in the second end is expelled through an outlet by
energizing the piston so that it moves toward the second end
reducing the volume of the second end simultaneously
increasing the volume of the first end reducing the pressure
of the gas in the first end, thereby providing a means for
double action when the volume of the second end has been
minimized and the volume of the first end has been maxi-
mized.

Also provided are ways of using the devices described
herein in a cooling system, for example comprising: a cooler
in thermal connection with an object to be cooled; a com-
pressor comprising a housing having a first end having at
least one inlet and at least one outlet, a second end having
at least one inlet and at least one outlet; a piston slidably
disposed in the housing between said first end and said
second end for reciprocating motion to define a variable
volume within said housing, said piston having a first side in
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electrostatic or magnetic connection with said first end of
said housing and forming a first capacitor, said piston having
a second side in electrostatic connection with said second
end of said housing and forming a second capacitor; and
means for providing electrical or magnetic control to said
device, said compressor in fluid or gas connection with said
cooler; a heat exchanger in fluid or gas connection with said
compressor and said cooler, whereby in operation, cooling is
provided to the desired level. Also provided is a means
whereby the cooler may be an expander, which uses the
expansion method, provided herein.

Also provided is a cooling system comprising: a pre-
cooler; a compressor in fluid connection with said precooler;
a first heat exchanger in fluid connection with said com-
pressor; an expander in fluid or gas connection with said first
heat exchanger, said expander comprising a first end having
at least one inlet and at least one outlet, a second end having
at least one inlet and at least one outlet, a piston slidably
disposed in the housing between said first end and said
second end for reciprocating motion to define a variable
volume within said housing, said piston having a first side in
electrostatic or magnetic connection with said first end of
said housing and forming a first capacitor, said piston having
a second side in electrostatic connection with said second
end of said housing and forming a second capacitor; a
second heat exchanger in fluid or gas connection with said
expander; control electronics which are in electrical con-
nection with said expander and said compressor. Also pro-
vided is a means whereby said precooler may be an expander
using the method of expansion described herein.

Also provided is a method for mechanical voltage/energy
conversion comprising: applying a force between a first end
of a housing and a piston in a housing having a first end
having at least one inlet and at least one outlet, a second end
having at least one inlet and at least one outlet, and a piston
slidably disposed in the housing between said first end and
said second end for reciprocating motion to define a variable
volume within said housing, said piston having a first side in
electrostatic or magnetic connection with said first end of
said housing and forming a first capacitor, said piston having
a second side in electrostatic connection with said second
end of said housing and forming a second capacitor; opening
said inlet to said first end; inserting gas into said first end
through said inlet; reducing the force between said first end
and said piston so that said piston is able to move; closing
the inlet valve to said first end, whereby the gas in said first
end expands, increasing the electrical potential between the
first end and the piston.

Also provided is a means whereby electrostatic forces
may be used to align the piston to the electrodes. This
self-aligned structure can be formed as described herein and
known to one of ordinary skill in the art. The invention may
be used as a liquefaction system for various gases, as will be
evident from the disclosure. The devices may be operated
continuously by repeating the steps, as known in the art.

Other uses for the devices described herein are included
in the invention and will be readily apparent to one of
ordinary skill in the art.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a sectional view showing the heat pump/heat
engine

FIG. 1B shows the flexure approach

FIG. 2 shows a single acting device.

FIG. 3 shows offset piston and force members.

FIGS. 4A and B show the use of magnetic force member
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FIGS. 5A through 5D shows system dynamic steps of the
expansion engine.

FIGS. 6A through 6D shows the dynamic steps of the heat
engine.

FIG. 7 is a diagram showing the isentropic process.

FIGS. 8A and 8B are one application using an expansion
engine.

FIG. 9A shows an example cooling system; FIGS. 9B and
9C show the state change through the example cooling
system; FIG. 9D shows an example analysis for a 35K
expander; FIG. 9E shows an example analysis for a 10K
expander.

FIG. 10 shows an example of a flexure.

FIG. 11 shows a piston formed with raised electrodes.

FIG. 12 shows valve manifolds and attachment to the
valve plate.

FIG. 13 shows the overall expander assembly.

DETAILED DESCRIPTION OF THE
INVENTION

The invention will be better understood by reference to
the following discussion when read in conjunction with the
appropriate drawings in which like reference characters refer
to like parts throughout the views. There are some common
components in the various embodiments of the invention
(see FIG. 1A), namely: piston (10) which has magnetically
or electrostatically actuated members (41) and (40) formed
of a suitable material housing (20) which surrounds piston
(10) without contacting the sides of piston (10), having a
first end (98) and a second end (99) which contain magneti-
cally or an electrostatically actuated members (50, 51) which
permit application of a force between piston (10) and
housing (20). Housing (20) contains a volume between the
face of the piston and the upper housing wall hereafter
referred to as a first portion or reaction chamber or pressure
chamber (60) and a volume between the face of the piston
and the lower housing wall hereafter referred to as a second
portion or reaction chamber or pressure chamber (70) that
permits a double action during every cycle. Housing (20)
contains valves (101, 102, 103, 104) which are formed on
the upper or lower ends, which allow the pressure chambers
to communicate with manifold structures (80) that allow
inlet and outlet fluid streams (91,92,93, 94) to communicate
with the valves (101, 102, 103, 104). Piston (10) preferably
has a small clearance between the housing sides. There may
be solid members called flexures (30) (see FIG. 1B) that
connect piston (10) to housing (20) so that electrical con-
nections can be made to piston (10) and to prevent mis-
alignment between piston (10) and housing (20). Piston (10)
may also be electrically connected to housing (20) by a wire
or spring (not shown).

These common components operate under a common
operational cycle that varies somewhat in detail given the
particular aspect of the present invention under
consideration, but which in general has three common steps.
The operation of the different embodiments of the devices all
begin with the same first step; fluid from manifold (92) is
admitted into the reaction chamber by opening inlet valve(s)
(101). When the reaction chamber is filled to the desired
pressure, inlet valve(s) (101) are closed and the thermody-
namic state of the admitted fluid is changed. Specific cycle
details then define the various embodiments of the present
invention. The operation of the device is discussed in more
detail below.

FIG. 2 shows a single-acting device where piston (10)
containing a braking member (129) positioned in housing
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(20) which contains a braking electrode plate (130). Braking
electrode plate (130) is not in electrical or physical contact
with piston (10). Braking electrode plate (130) is in struc-
tural contact with housing (20). Braking member (120) and
braking electrode plate (130) form a braking capacitor. In
operation of a single acting device, a force must be applied
between the electrodes comprising the reaction chamber to
return the piston to its original position. In this case there
must also be a means of braking the returning piston so that
the kinetic energy of the piston is not turned into heat within
the reaction chamber. This can be accomplished by a braking
capacitor. After an expansion stroke such as that described
herein, the electrostatic force which exists between piston
(10) and braking electrode plate (130) at the end of the
expansion stroke can then be used to return the piston (10)
to its original position, thus preparing it for the beginning of
the next cycle. After an expansion stroke, an electrostatic
force is applied between braking member (129) attached to
piston (10) and braking electrode plate (130). When the
kinetic energy of piston (10) is at the desired value, the
electrostatic force between piston (10) and housing (20)
which acts across the reaction chamber can be removed by
allowing charge to flow out the braking capacitor—this
allows the braking electrode to absorb the kinetic energy of
the piston prior to its complete return. The device is then
ready for another cycle as described above.

All components of the devices may be constructed of any
suitable materials or combination of materials, including
bulk metals, cast metals, plated metals, thin-film metals,
bulk glasses, cast and/or mold formed glasses, thin-film
glasses, bulk ceramics, cast and/or mold formed ceramics,
thin-film ceramics, bulk polymers, mold formed polymers,
thin film polymers, crystalline solids, and other materials
known in the art. All materials may be further formed into
components either by conventional machining or microma-
chining using microfabrication techniques in a manner that
conforms to the tolerance specifications of the device, as
known in the art. It is preferred that the piston be substan-
tially nonflexible in the movement direction, although it is
not required. The piston may be one piece, or may be formed
from different sections. The housing and piston may be
constructed of the same or different materials with care paid
to coefficient of thermal expansion issues to maintain device
specifications. The piston and first and second ends are
constructed so that the piston may be energized to move
toward the first and second ends. In all devices described
herein, appropriate inlets and outlets are assumed to exist.
These inlets and outlets may be valve structures as known in
the art or described herein.

Electrical or magnetic connection between the piston and
first and second ends may be provided by means known in
the art, including coating with one or more suitable materials
which allows the piston to move toward the first or second
ends upon application of a suitable force. Electrodes may be
placed or formed on the piston and the first and second ends,
which may also be constructed of any material that acts as
an electrode. Some portions of the housing may be con-
structed of different materials than other portions, if desir-
able or necessary for operation of the device. There may be
different electrode geometries on each part. Electrodes may
be formed independently and operated independently. If a
coating is formed or placed on a section, the coating does not
need to be continuous, and for certain methods is preferably
discontinuous to facilitate assembly or provide the desired
amount of attractive force. Instead of forming the electrodes
with a coating, the piston, the first end and the second end
or portions thereof, may be constructed of any material
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capable of being electrostatically energized. Metals or
ceramics, which have high magnetic susceptibility, may be
used in the case of magnetic actuation, as known in the art.
Activation of the piston toward the first or second ends may
be provided in a number of ways, for example, applying
suitable electrical or magnetic inputs, as known in the art. A
control circuit may be used to provide electrical or magnetic
control between the piston and said first and second ends.

The device may be constructed of any suitable size to
provide the desired amount of cooling over the desired area,
as known in the art. The device can provide cooling from
room temperature to the liquefaction temperature of the
working fluid selected, for example around 4.2 K for the
case of helium. The device may be used in series or parallel,
as known in the art, to provide additional cooling power
and/or a more efficient cooling effect.

Hybrid devices are also provided that use both electrical
and magnetic actuation in the same embodiment. In addition
to embodiments of the invention having a piston and a first
and second end, a piston may have distributed reaction
chambers, with more than one chamber on each side of the
piston. These chambers may be connected in ways known in
the art and described herein.

Although the piston is shown as having parallel sides in
FIG. 1, the invention includes the configuration shown in
FIG. 3, where piston (10) and housing (20) are offset. FIG.
3 shows electrodes (40) recessed in piston (10).

Various thermodynamic cycles may be used, for example
the Claude or Brayton cycles as known in the art, to provide
the desired thermodynamic change in the working fluid.

The system described may provide cooling at a variety of
different levels, such as 250 K or below, 70 K or below, 45
K or below, 35 K or below or 10 K or below and all
intermediate values and ranges therein, depending on the
design parameters chosen and the working fluid or fluids
used. This cooling system does not need to contain any
Joule-Thomson valves (valves used for liquefaction of
gases, where gases under pressure expand and are adiabati-
cally cooled). If desired, a Joule-Thomson valve may be
incorporated to liquefy the working fluid once it is cooled
below its inversion temperature, as known in the art.

Any working fluid that provides the desired cooling may
be used in the invention. One preferred working fluid is
helium. The selected working fluid depends upon the cool-
ing temperature, heat lift, and other requirements of the
application. Selection of working fluid is well within the
skill of one of ordinary skill in the art, using the parameters
discussed herein. In some cases, multiple stages may be
connected in series to achieve higher vacuum ratios between
the inlet and outlet gas streams or higher compression ratios
between the inlet and outlet streams. Multiple stages con-
nected in parallel achieve higher mass flow rates. Also
included in the systems described is electrical circuitry to
provide activation and control of the force members as
known in the art.

In any case, the capacitor between the piston and the ends
may be replaced by a structure such as a rod with a high
magnetic susceptibility attached to the piston, which is
inserted into a coil formed in the housing. In this case,
passing a current through the coil around the rod energizes
a magnetic field, which creates a force pulling the rod into
the coil as in a standard solenoid. In this configuration,
energy is removed from the pressurized gas as it does work
pulling the magnetized rod out of the energized coil. This
work is converted into electrical energy, which is collected,
stored, and distributed to various electrical loads as required
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by the specific application. A linear electromagnetic motor
may also be used where the gas is allowed to do work by
moving a suitable magnetic member against the magnetic
force established with the electromagnetic member is ener-
gized. Other means of magnetic actuation may also be used
without substantially changing the intent of this disclosure.
An example of magnetic actuation is shown in FIGS. 4A and
4B. FIGS. 4A & B illustrate one instance of a possible
method for using a magnetic field, where posts or piston
operators (140) on piston (10) are surrounded by magneti-
cally activated members (150) for example, magnetic
motors. FIG. 4A shows piston (10) having 2 posts (140)
surrounded by magnetically activated members (150). The
magnetically operated piston appears in the device in the
configuration shown in FIG. 4B, where posts (140) attached
to piston (10) and surrounded by magnetically activated
members (150) are positioned in housing (20) which con-
tains valves (101, 102, 103, 104) as described herein.

Cooler

For the embodiment of the invention, which operates as
an expansion engine used for cooling, the change in ther-
modynamic state occurs by allowing a gas to do work
through expansion by moving the piston against a force. By
doing work during the expansion the gas not only has an
increased in volume but has an associated decrease in
temperature and pressure. The force members may either
apply an electrostatic or magnetic force between the piston
and the housing, or may apply both electrostatic and mag-
netic forces.

Conceptually, the expander operates by creating an elec-
trostatic force or magnetic force between two electrodes and
allowing pressurized gas to separate the electrodes. Since
work is the product of force and distance, the gas does work
against the electrostatic force by separating the electrodes;
this work is eventually dissipated as heat in a load resistor.
By doing work, the entropy of the gas is reduced, and the
work provides an efficient means to reduce gas temperature.
The expanded low-temperature gas is expelled during the
next expansion stroke since the designed expander is
double-acting. The expelled gas then moves through the
system as described above and provides useful cooling to the
applied heat load. If the expansion process is nearly revers-
ible and if the time it takes for the expansion to be completed
is short compared to the time it takes for the gas to accept
heat from the outside world, then the process will be nearly
adiabatic and the overall expansion process may be consid-
ered as approximately isentropic. The operation of the
device may also be driven by magnetically activated mem-
bers in an analogous manner to the electrostatically activated
embodiments described in detail herein.

In the design of the expansion engine, as in all expansion
engines, the expanding gas will do work and in so doing lose
energy, reducing both the pressure and the temperature. The
design does this work, both by expelling gas from the
backside of the piston and by forcing current through an
electrical load that is situated remotely from the expansion
head. The front side of the piston is defined as the side
currently undergoing expansion, and the backside as the side
that has previously been expanded and from which gas is
being expelled. The operation of the expansion engine can
be understood as the transfer of mechanical potential from
the gas into an electrical potential. Expressions for energy in
the gas are well known from numerous empirical charac-
terizations. A simple expression for electrical energy in the
capacitor in terms of plate displacement are easily derived
by one of ordinary skill in the art.

Understanding the device depends upon knowing how the
energy in the capacitor changes as the plates of the capacitor
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are forced apart. Clearly, for increasing separation of a
charged parallel plate capacitor, where one of the plates is
free to move and the plates are initially separated, the
potential will increase. If an expanding gas can move the
plates of the piston rapidly enough, where rapid is under-
stood to mean faster than the capacitor is discharging to
equilibrium, then the gas does work on the capacitor result-
ing in an increase in the energy stored within the capacitor
If the plates are performing mechanical work, the energy
stored in the capacitor is decreasing, and if mechanical work
is being done by the system, the energy stored in the
capacitor is increasing.

An understanding of the dynamic system and the related
computational methodology is well known to one of ordi-
nary skill in the art, where it is found that the total current
from the device is proportional to the rate at which the plates
are being forced apart and is functionally related to the rate
at which energy from that gas is flowing into the circuit or
the rate that potential from the gas is being transferred to
potential in the capacitor, which in turn drives current flow.
Also, as the capacitance decreases, the RC time constant
also decreases, and the circuit discharges more rapidly.
Thus, if the discharge characteristics of a circuit with a
dynamically charging capacitance is allowed to dominate
the circuit dynamics, the ability of the capacitor to increase
the electrical potential is reduced. If the expansion stroke is
of short duration compared with the time it takes for heat to
be transferred from the reaction chamber, then the process
may be approximated as adiabatic. If the work done by the
gas on the capacitor is nearly reversible, the process will
then be essentially isentropic and an approximate form of
F may be found from the polytropic relation between

press

pressure and volume:
VOlo (A)

1.68
F, =Pl o———
e = PoA o)

where P, is the pressure; F, . is force due to pressure; Vol,
is the initial volume before fill; Vol(x(t)) is the volume at
time t; and A is area where the exponent, 1.68, is the ratio
of heat capacity at constant pressure, ¢,,, to the heat capacity
at constant volume, ¢, for the fluid in question. If helium is

b h%d
used,

y=2 ~168

Cy

for temperatures above 10 K. From the force due to pressure,
the force between two plates of a moving capacitor can be
derived by one of ordinary skill in the art.

The gas related issues such as pressure drop in valve lines,
fill times for gas flowing beneath the piston, and the dead
volume related efficiency tradeoffs are known in the art and
are not discussed in detail here. As derived above, at the
beginning of its motion, the electrostatic force between the
expander’s capacitor electrodes has a quadratic dependence
on the relative dielectric constant. For example, since every
dielectric material has temperature dependence, temperature
changes can dramatically affect the applied voltage required
to produce the same force. If the dielectric constant is
reduced by 5% as the temperature of the expander drops
from room temperature to 70 K, the applied voltage must
increase by 5% to maintain the same force. While it might
seem that a few percent reduction in the initial force is not
worth considering, it will be shown later that each percent
reduction can result in an equivalent percent reduction in the
overall efficiency of the expander.
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Stiction effects arise due to molecular surface interactions
and are a function of surface area. Stiction forces on the
order of 140 N/cm?® have been measured for MEMs-scale
contacting surfaces However, a solution to the stiction effect
problem is presented by electrodes being separated by thin
lands which act as standoffs to keep the electrodes from
contacting during clamping. Dielectric breakdown may
affect the operation of the device. Methods to minimize the
effect of dielectric breakdown are known in the art. The
squeeze film effect (as the expander completes its stroke, the
gap separating the piston from the valve plate will become
very small) may affect the operation of the device and is
modeled by methods known in the art.

FIG. 5 shows the device at various stages of operation for
the case of an electrostatic force. In this case the expander
operates by creating an electrostatic force between two
electrodes and allowing pressurized gas to separate the
electrodes. Since work is the product of force and distance,
the gas does work against the electrostatic force by sepa-
rating the electrodes; this work is eventually dissipated as
heat in a load resistor. By doing work, the internal energy of
the gas is reduced; the work provides an efficient means to
reduce gas temperature. The expanded low-temperature gas
is expelled during the next expansion stroke since the
designed expander is double-acting. The expelled gas then
moves through the system as described above and provides
useful cooling to the applied heat load.

Operation of the device illustrated in FIG. 5. FIG. SA
shows the first step. With valves 102, 103 and 104 closed,
gas is admitted by opening inlet valve/s (101) until the
desired pressure is attained in reaction chamber (60). When
the desired pressure in reaction chamber (60) is attained,
exhaust valve/s (103) are opened (FIG. 5B). Inlet valve/s
(101) are closed and the electrostatic force between force
members 41 and 51 is reduced to allow the piston to move
(expanding the gas as nearly reversibly as possible) During
pressurization, piston (10) is held in place by the electro-
static force between force members (51) and (41). As piston
(10) is moved the gas expands and energy from the gas is
transferred into electrostatic energy between the plates. The
increased electrostatic potential drives a current through a
remotely located load resistor and the expansion work is
dissipated as Joule heating. As the piston moves, gas that has
been expanded during the previous half-cycle is pushed out
through the open exhaust valves (103) and into the exhaust
manifold (94). At the same time, the high-pressure gas in
reaction chamber (60) is undergoing a reduction in tempera-
ture and pressure. After the expansion is complete, exhaust
valve/s (103) are closed, piston (10) is energized toward
reaction chamber (70) by charging the capacitor structure
formed by force members 40 and 50, the opposing inlet
valve/s (104) are opened, and the half-cycle is repeated (see
FIG. 5C). FIG. 5D shows the device at the start of the next
cycle. In this way piston (10) is double acting, expanding
and exhausting gas as it moves through each half-cycle.
Force members (40, 41, 50 and 51) may be independently
controlled such that there can be a delay of any desired
length before each half-cycle is initiated. The description for
the cooling application in this paragraph will hereafter be
referred to as Cycle 1.

The expander may be operated in many ways, four of
which follow. The first is direct switching of the stationary
filled device into a load circuit. The second is a voltage-
controlled fill (VCF) whereby filling imparts a velocity to
the expander prior to direct switching to the load. The third
is a ‘hybrid’ method of operation, which utilizes active
voltage control of the expander’s capacitive structure, again
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to impart an initial velocity prior to switching of the device
into a load circuit. The last way directly switches the
stationary device into a load circuit that has a load resistor
of sufficiently small resistance so that charge quickly leaves
the device, which in turn quickly reduces the force. After the
piston has attained sufficient velocity, the load resistance can
be sufficiently increased so that very little charge leaves the
device. In this way both the remainder of the expansion and
the produced kinetic energy are converted into electrical
potential. The latter method provides a very efficient means
of removing the mechanical potential from the gas. It should
be clear that many other methods of operation are possible
without substantially changing the intent of this disclosure.

Engine

Another embodiment provides operation using a high-
pressure/high-temperature gas source and operates as a
reciprocating internal combustion engine as shown in FIG.
6. The reciprocating internal combustion engine is com-
prised of: piston (10); piston housing (20); and metal layers
(40, 41) formed on piston (10) and metal layers formed on
the piston housing (50 & 51) to provide a capacitor between
piston (10) and the piston housing. The engine also includes
inlet manifolds (221), (224) and inlet valve structures (211),
(214) that isolate the inlet fluid streams and meter the fuel
source. There is an ignition structure (200) that initiates the
combustion. An exhaust manifold (223), (225) and exhaust
valve structures (212), (213) allow for the removal of the
combustion products. This embodiment may use exhaust
flow to heat the incoming fuel to increase vapor pressure. A
pump may also be provided to optionally pressurize the
oxidizer and/or fuel prior to admission into the combustion
chamber. Fuel and oxidizer storage and plenum volumes
may also be provided, as known in the art. Circuitry for the
collection, storage, and distribution of generated electrical
energy may also be provided, as known in the art.

In operation, the admitted fluid will be a combustible
mixture and will be ignited with an ignition fixture (200). Or
alternately if a high-pressure/high-temperature gas source is
available, it could also be used to activate the piston in the
same manner as a combustible mixture. For the case of
combustion, the combustion mixture is admitted to the
chamber through inlet valve (211) (FIG. 6A). After admit-
ting the combustion mixture, inlet valve (211) is closed and
piston (10) is energized by increasing the force between
force members (41) and (51). The admitted mixture is then
ignited and the pressure and temperature of the resulting gas
in reaction chamber (60) increases. Energized force mem-
bers (41 & 51) hold piston (10) in place during combustion.
After the combustion process is complete, the circuit that
generates the force that holds piston (10) in place during
combustion is switched to an electrical load allowing the
pressurized products of combustion to expand and do work
against force members (41 & 51) (FIG. 6B). The energy
from the gas will be transferred directly to the capacitor or
the electromagnetic force members; this energy will then be
transferred to the electrical load. At the same time that the
combustion products in reaction chamber (60) are allowed to
expand, exhaust valves (212) are opened and the expanded
products of combustion from the previous half-cycle are
expelled from reaction chamber (70) (FIG. 6B). In this way
the piston is double acting, expelling combusted gases while
simultaneously generating electricity with each half-cycle.
The next half-cycle is just a repetition of the previously
described half-cycle and as before, a temporal delay of any
desired length may exist prior to initiating the next half-
cycle (FIGS. 6C and 6D). The description for power gen-
eration in this paragraph will hereafter be referred to as
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Cycle II. In this embodiment the combustion chamber may
be external to the chamber where expansion takes place, in
this case combustion products are admitted through the inlet
valves. In the same manner any source of heat that raises the
temperature of gas may be used to generate power.

Pumping/compression

For the embodiments of the present invention for pump-
ing fluids and gas compression, FIG. 1 shows the configu-
ration of the device. Work is done on the admitted fluid by
applying either a magnetic or an electrostatic force through
force members (40 & 50), between piston (10) and housing
(20). The inlet valve/s (103) are closed, force members (40
& 50) are actuated, and inlet valve/s (101) on the suction
side are opened. The actuation of members (40 & 50) results
in a net force between piston (10) and housing (20), reducing
the volume of the reaction chamber (60) and commensu-
rately increasing the temperature and 