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HYBRID CYCLE ROTARY ENGINE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation of U.S.
patent application Ser. No. 13/758,375 filed Feb. 4, 2013,
which is a continuation of U.S. patent application Ser. No.
12/939,752, filed Nov. 4, 2010, now U S. Pat. No. 8,365,699,
which is a divisional application of U.S. patent application
Ser. No. 11/832,483, filed Aug. 1, 2007, now U.S. Pat. No.
7,909,013, which claims priority from U.S. Provisional
Patent Application No. 60/834.919, filed Aug. 2, 2006, and
U.S. Provisional Patent Application No. 60/900,182, filed
Feb. 8, 2007, the disclosures of which are incorporated by
reference herein in their entirety.

FIELD OF THE INVENTION

[0002] The present invention relates to engines, and spe-
cifically, to hybrid cycle rotary engines.

BACKGROUND ART

[0003] Excluding very large ship diesels, the typical maxi-
mum efficiency of modern internal combustion engines (ICE)
is only about 30-35%. Because this efficiency is only attain-
able in a narrow band of loads (normally close to full load)
and because most vehicles typically operate at partial load
around 70% to 90% of the times, it should not be surprising
that overall, or “well to wheel,” efficiency is only 12.6% for
city driving and 20.2% for highway driving for typical mid-
size vehicle.

[0004] There is prior art in which a Homogeneous Charge
Compression Ignition (HCCI) cycle offers to improve the
efficiency of internal combustion engines. While offering
some advantages over existing engines, they too, however,
fall short in providing high maximal efficiency. In addition,
HCCI cycle engines also are polluting (particulate matter)
and are difficult and costly to control because the ignition
event is spontaneous and function of great many variables
such as pressure, temperature, exhaust gas concentration,
water vapor content, etc.

SUMMARY OF THE INVENTION

[0005] In one embodiment, the invention provides an
engine. The engine of this embodiment includes a source of a
pressurized working medium and an expander. The expander
includes a housing, a piston, an intake port, an exhaust port, a
septum, and a heat input. The piston is movably mounted
within and with respect to the housing, to perform one of
rotation and reciprocation. Fach complete rotation or recip-
rocation defines at least a part of a cycle of the engine. The
intake port is coupled between the source and the housing, to
permit entry of the working medium into the housing. The
exhaust port is coupled to the housing, to permit exit of
expended working medium from within the housing. The
septum is mounted within the housing and movable with
respect to the housing and the piston so as to define in con-
junction therewith, over first and second angular ranges of the
cycle, a working chamber that is isolated from the intake port
and the exhaust port. The heat input is coupled to the working
medium at least over the first angular range of the cycle to
provide heat to the working medium and so as to increase its
pressure. In this embodiment the working chamber over a
second angular range of the cycle expands in volume while
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the piston receives, from the working medium as a result of its
increased pressure, a force relative to the housing that causes
motion of the piston relative to the housing.

[0006] In a further related embodiment. the piston and the
septum simultaneously define, at least over the first and sec-
ond angular ranges of the cycle, an exhaust chamber that is
isolated from the intake port but coupled to the exhaust port.
Alternatively or in addition, the source includes a pump.
Alternatively or in addition, the engine also includes a fuel
source coupled to the expander; in this embodiment, the
working medium includes one of (i) an oxygen-containing
gas to which fuel from the fuel source is added separately in
the course of the cycle and (ii) an oxygen-containing-gas with
which fuel from the fuel source is mixed outside the course of
acycle, and the heat input is energy release from oxidation of
the fuel at least over the first angular range, so that the engine
is an internal combustion engine. As a further related embodi-
ment, the working chamber has a volume, over the first angu-
lar range, that is substantially constant. Optionally the engine
also includes a turbulence-inducing geometry disposed in a
fluid path between the source of pressurized working medium
and the working chamber to enhance turbulence formation in
the working medium. Optionally, the engine also includes a
fuel valve assembly coupled between the fuel source and the
expander, and a controller, coupled to the fuel valve assembly.
The controller is also coupled to obtain engine cycle position
information, and controller operates the fuel valve assembly
to cut off flow of fuel to the expander during a portion of the
cycle when fuel addition is not needed. Also optionally, the
engine also includes an air valve assembly coupled between
the pressurized working medium source and the expander,
and a controller, coupled to the air valve assembly. The con-
troller is also coupled to obtain engine cycle position infor-
mation, and the controller operates the valve assembly to cut
off flow of the working medium to the expander during a
portion of the cycle when addition of working medium is not
needed. In a further related embodiment, the air valve assem-
bly includes a check valve.

[0007] Ina further related embodiment, introduction of the
pressurized working medium through the intake port into the
working chamber causes a temporary drop in the working
medium pressure and efficient mixing of the working medium
with fuel introduced into the working chamber, under condi-
tions of continually increasing pressure of working medium
in the working chamber, until temperature of the fuel-work-
ing-medium mixture reaches an ignition temperature result-
ing in combustion of the mixture. Optionally, such combus-
tion causes an increase of pressure in the working medium
that, in turn, causes the check valve to close automatically.

[0008] In a further related embodiment, the air valve
assembly also includes a second valve coupled to the control-
ler. Optionally, the air valve assembly also includes a latch on
the check valve coupled to the controller to maintain the
check valve in a closed position when directed by the con-
troller. Optionally, the controller is configured to cause cut off
of flow of fuel to the expander during some cycles of the
engine so that the engine runs at less than a hundred percent
duty cycle. Optionally, operation of the controller to cause cut
off of fuel flow to the expander during some cycles of the
engine effectuates no substantial reduction of supply of work-
ing medium to the expander, so that working medium sup-
plied to the expander when fuel flow to the expander is cut off
serves to cool the engine, and the controller is configured to
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operate the engine under normal conditions at less than one
hundred percent duty cycle so as to provide cooling to the
engine.

[0009] Also in a further related embodiment, the piston is a
cam, and the septum is a cam-following rocker, engagable
against the cam. Optionally, the engine includes a vessel for
coupling the source to the intake port; the vessel includes a
volume for storing pressurized working medium. Optionally,
the vessel includes an air tank disposed in a location external
to the housing. Also optionally, the first and second angular
ranges are at least partially overlapping. Alternatively, the
first and second angular ranges are non-overlapping. Option-
ally, the working medium is an oxygen-containing gas, and
the engine further includes a fuel injector disposed in a fluid
path from the source to a region within the housing. Option-
ally, the fuel injector is disposed in the intake port.

[0010] Also in a further related embodiment, the engine is
a modified axial vane rotary engine, wherein the septum is a
stator ring, the piston is a vane mounted for axial reciproca-
tion in the stator ring, and the housing is a rotary cam ring that
rotates with respect to the stator ring and includes a flattened
region defining a dwell period over the first angular range
during which the vane is stationary with respect to stator ring.
[0011] In yet another related embodiment of an engine in
accordance with the present invention, the piston is a recip-
rocating blade, the septum is a hub having a circular cross
section in which the piston is slidably mounted. The housing
is concentrically disposed around the hub and rotates with
respect to the hub and includes a first interior circular wall
portion that maintains sealing contact with the hub in the
course of the housing’s rotation around the hub and a second
wall portion contiguous with the first interior wall portion.
The wall portions define, with the blade and the hub, a work-
ing chamber over the first and second angular ranges.
[0012] Another embodiment of the present invention pro-
vides a method of operating an internal combustion engine.
The method of this embodiment includes using a cam, rotat-
ably mounted in a housing, and a cam follower, mounted
within the housing and movable with respect to the housing,
to define, over first and second angular ranges of an engine
cycle, a working chamber that is isolated from an intake port
and an exhaust port. In this embodiment, the working cham-
ber has substantially constant volume over the first angular
range. The method additionally includes introducing fuel into
the working chamber; introducing pressurized working
medium into the working chamber over a fluid path through
the intake port from a source of pressurized working medium,
s0 as to cause a temporary drop in the working medium
pressure and efficient mixing of the working medium with
fuel introduced into the working chamber, under conditions
of continually increasing pressure of working medium in the
working chamber. The introduction of pressurized working
medium continues until temperature of the fuel-working-
medium mixture reaches an ignition temperature resulting in
combustion of the mixture. The combustion causes an
increase in pressure in the working medium wherein the
increase in pressure causes rotation of the cam. The combus-
tion commences within the first angular range.

[0013] In a further related embodiment, the method also
includes closing a valve in the fluid path between the source
of pressurized working medium and the working chamber
when pressure in the working chamber exceeds pressure of
the source of pressurized working medium. Optionally, the
method further includes operating the cam and the cam fol-
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lower simultaneously at least over the first and second angular
ranges of the cycle to define an exhaust chamber that is
1solated from the intake port but coupled to the exhaust port.

[0014] In another embodiment, the invention provides an
internal combustion engine that includes a source of a pres-
surized working medium and an expander. The expander
includes a housing, a cam, an intake port, an exhaust port, and
a cam-following rocker. The cam is rotatably mounted within
and with respect to the housing. Each complete rotation of the
cam defines at least a part of a cycle of the engine. The intake
portis coupled between the source and the housing, to permit
entry of a working medium into the housing. The exhaust port
is coupled to the housing, to permit exit of expended working
medium from within the housing. The cam-following rocker
is mounted within the housing and movable with respect to
the housing and the cam so as to define in conjunction there-
with, over first and second angular ranges of the cycle, a
working chamber that is isolated from the intake port and the
exhaust port. The working medium includes one of (i) an
oxygen-containing gas to which fuel is added in the course of
the cycle and (ii) an oxygen-containing-gas-fuel mixture. At
least over the first angular range, oxidation of the fuel occurs
and the working chamber has a volume that is substantially
constant. Such oxidation provides heat to the working
medium so as to increase its pressure. The working chamber,
over a second angular range of the cycle, expands in volume
while the cam receives, from the working medium as a result
of its increased pressure, a force relative to the housing that
causes rotation of the cam.

[0015] 1In a further related embodiment, the cam and the
rocker simultaneously define at least over the first and second
angular ranges of the cycle an exhaust chamber that is isolated
from the intake port but coupled to the exhaust port.

[0016] In another embodiment, the invention provides an
internal combustion engine that includes a housing, a cam, a
cam-following rocker, a combustion chamber formed in the
house, an intake port, and an exhaust port. The housing has an
interior region with a generally circular cross section defined
by an inner surface of the housing, wherein the generally
circular cross section is interrupted by a rocker mounting
region. The housing also has a pair of sides. The cam is
rotatably mounted in the housing, and sweeps a circular path
in the interior region. The cam is in sealing contact with the
sides of the housing and also, when a leading edge of the cam
is not adjacent to the rocker mounting region, is in sealing
contact with the inner surface of the housing. The cam-fol-
lowing rocker is mounted in the rocker mounting region, in
sealing contact with the sides of the housing, and, at least
when the leading edge of the cam is not adjacent to the rocker
mounting region, is in sealing contact with the cam. The
rocker has a seated position defining generally, when a lead-
ing edge of the cam is adjacent to the rocker mounting region,
acontinuation ofthe circular cross section of the housing. The
rocker is pivoted at a pivot end to move at a free end generally
radially with respect to the circular path of the cam, so that the
free end of the pivot reciprocates between the seated position
and a maximum unseated position. The rocker completes a
full reciprocation cycle when the cam completes a revolution
around the working region. The combustion chamber is
formed in the housing proximate to the rocker mounting
region adjacent to the free end of the rocker, and has an
opening. The opening is occluded over a first angular range of
rotation of the cam. The inlet port is coupled to the combus-
tion chamber for providing pressurized working medium.



US 2015/0110609 Al

The working medium includes one of (i) an oxygen-contain-
ing gas to which fuel is added within or before the first angular
range and (ii) an oxygen-containing-gas-fuel mixture. Com-
bustion occurs within the first angular range so as to provide
substantially constant volume combustion in the combustion
chamber. The cam and the rocker are configured to provide an
expansion region over a second angular range when the arcu-
ate opening is not occluded. The exhaust port is formed in the
housing proximate to the rocker mounting region adjacent to
the free end of the rocker, for removing expended working
medium.

[0017] In yet another embodiment, the invention provides
an internal combustion engine that includes a housing, a
piston, an intake port, an exhaust port, and a cam. The piston
is reciprocally mounted within and with respect to the hous-
ing. Each complete reciprocation of the piston defines at least
a part of a cycle of the engine, and each stroke of the piston
definesits displacement in a working chamber ofthe housing.
The intake port is coupled between the pump and the working
chamber, to permit entry of the working medium into the
working chamber. The working medium includes one of (i) an
oxygen-containing gas to which fuel is added in the course of
the cycle and (ii) an oxygen-containing-gas-fuel mixture. The
exhaust port is coupled to the working chamber, to permit exit
of expended working medium from within the working cham-
ber. The cam is coupled to the piston, and defines displace-
ment of the piston as a function of angular extent of the cycle.
In this embodiment, at least over a first angular range of the
cycle, oxidation of the fuel occurs and the cam has a shape
that causes substantially no displacement of the piston, so that
the working chamber has a volume that is substantially con-
stant. Such oxidation provides heat to the working medium so
as to increase its pressure. The working chamber, over a
second angular range of the cycle, expands in volume while
the piston receives, from the working medium as aresult of its
increased pressure, a force relative to the housing that causes
displacement of the piston.

[0018] In another embodiment, the invention provides a
virtual piston assembly that includes a body including at least
one fluidic diode and a member rotatably mounted within the
body. The member includes at least one fluidic diode. The
member is disposed in relation to the body, and the body has
a correspondingly shaped interior, so as to form a virtual
chamber having a volume that varies with rotation of the
member.

[0019] In a further related embodiment, the member is a
disk. In another related embodiment, the member is cylindri-
cal. In yet another related embodiment, the member is coni-
cal.

[0020] In another embodiment, the invention provides a
pump that includes a housing, a cam, an intake port, an
exhaust port, and a cam following rocker. The cam is rotatably
mounted within and with respect to the housing. Each com-
plete rotation of the cam defines at least a part of a pumping
cycle. The intake port is coupled between the pump and the
housing, to permit entry of a fluid. The exhaust port is coupled
to the housing, to permit exit of pumped fluid from within the
housing. The cam-following rocker is mounted within the
housing and movable with respect to the housing and the cam
s0 as to define in conjunction therewith, a working chamber
that over a first angular range of the cycle is isolated from the
from the intake port and from the exhaust port.

[0021] 1Ina furtherrelated embodiment, the pump is a com-
pressor, and the working chamber is a compression chamber.
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Optionally, the compression chamber over a second angular
range remains isolated from the intake port but coupled to the
exhaust port. Optionally, the rocker and the cam simulta-
neously define at least over the first angular range an intake
chamber that is isolated from the exhaust port and coupled to
the intake port.

[0022] In yet another embodiment, the invention provides
an internal combustion engine that includes a source of a
pressurized working medium, a fuel source, and an expander.
The fuel source is optionally a pump. The expander includes
a housing, a piston an intake port, an exhaust port, and a
septum. The piston is movably mounted within and with
respect to the housing, and performs one of rotation and
reciprocation. Fach complete rotation or reciprocation
defines at least a part of a cycle of the engine. The intake port
is coupled between the source and the housing, to permit
entry of the working medium into the housing. Optionally, a
turbulence-inducing geometry is disposed in a fluid path
between the source of pressurized working medium and the
working chamber to enhance turbulence formation in the
working medium. The exhaust port is coupled to the housing,
to permit exit of expended working medium from within the
housing. The septum 1s mounted within the housing and mov-
able with respect to the housing and the piston so as to define
in conjunction therewith, over first and second angular ranges
of the cycle, a working chamber that is isolated from the
intake port and the exhaust port. Also the working chamber
has a volume, over the first angular range, that is substantially
constant, and the piston and the septum simultaneously define
at least over the first and second angular ranges of the cycle,
an exhaust chamber that is isolated from the intake port but
coupled to the exhaust port. The working medium includes
one of (1) an oxygen-containing gas to which fuel from the
fuel source is added separately in the course of the cycle and
(ii) an oxygen-containing-gas with which fuel from the fuel
source is mixed outside the course of a cycle. The fuel under-
goes combustion in the working chamber at least over the first
angular range. The combustion provides heat to the working
medium so as to increase its pressure. The working chamber
over a second angular range of the cycle expands in volume
while the piston receives, from the working medium as a
result of its increased pressure, a force relative to the housing
that causes motion of the piston relative to the housing.
Optionally the embodiment includes a fuel valve assembly
coupled between the fuel source and the expander. Also
optionally, the embodiment includes an air valve assembly
coupled between the pressurized working medium source and
the expander. The air valve assembly optionally includes a
check valve. Optionally, the embodiment includes a control-
ler, coupled to the optional fuel valve assembly and to the
optional air valve assembly. The controller is also coupled to
obtain engine cycle position information, and operates the
optional air valve assembly to cut off flow of the working
medium to the expander during a portion of the cycle when
addition of working medium is not needed and operates the
optional fuel valve assembly to cut off flow of fuel to the
expander during a portion of the cycle when fuel addition is
not needed. Also optionally, the controller is configured to
cause cut off of flow of fuel to the expander during some
cycles of the engine so that the engine runs at less than a
hundred percent duty cycle. Also optionally, operation of the
controller to cause cut off of fuel flow to the expander during
some cycles of the engine effectuates no substantial reduction
of supply of working medium to the expander, so that work-
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ing medium supplied to the expander when fuel flow to the
expander is cut off serves to cool the engine; in such a case the
controller is configured to operate the engine under normal
conditions at less than one hundred percent duty cycle so as to
provide cooling to the engine. Optionally the piston is a cam,
and the septum is a cam-following rocker, engagable against
the cam. Optionally introduction of the pressurized working
medium through the intake port into the working chamber
causes a temporary drop in the working medium pressure and
efficient mixing of the working medium with fuel introduced
into the working chamber, under conditions of continually
increasing pressure of working medium in the working cham-
ber, until temperature of the fuel-working-medium mixture
reaches an ignition temperature resulting in combustion of
the mixture; such combustion causes an increase of pressure
in the working medium that, in turn, causes the check valve to
close automatically.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG.1 shows an exemplary schematic depictionofa
hybrid-cycle rotary engine (HCRE).

[0024] FIG. 2 is a three dimensional representation of an
HCRE, according to one specific embodiment.

[0025] FIGS. 3(A)-3(B) show various details of the internal
structure of an HCRE.

[0026] FIGS. 4(A)-4(B) show various aspects of the inter-
nal assembly and functions of the compressor and the
expander in an HCRE.

[0027] FIGS.5(A)-5(1) show the operation of a compressor
over one full revolution of the cam.

[0028] FIGS. 6(A)-6(I) shows the operation of an expander
over one full revolution of the cam.

[0029] FIG. 7 shows a cam passing across the edge of a
rocker.
[0030] FIG. 8 shows a groove cam that can be used to

regulate the action of a rocker in an alternate embodiment.
[0031] FIG. 9 gives the layout of a two-sided cam that can
be used in an alternate embodiment.

[0032] FIG. 10 gives the layout of a dual-rocker arrange-
ment that can be used in an alternate embodiment.

[0033] FIG. 11 is a three dimensional representation of an
HCRE, according to an alternate embodiment using a sliding
blade.

[0034] FIG. 12 shows the internal structure of an expander
in an HCRE, according to an alternate embodiment using a
sliding blade.

[0035] FIGS.13(A)-13(C) show the functional layout of an
expander in an HCRE, according to an alternate embodiment
using a sliding blade.

[0036] FIGS. 14(A)-14(H) show the operation of an
expander in an HCRE over one full revolution of the hub,
according to an alternate embodiment using a sliding blade.
[0037] FIGS. 15(A)-15(E) show an expander, according to
several alternate embodiments.

[0038] FIGS. 16(A)-16(B) show an expander, according to
an alternate embodiment with pivoting blades.

[0039] FIG. 17 shows an expander, according to an alter-
nate embodiment based on an axial vane concept.

[0040] FIGS. 18(A)-18(F) show the operation of an
expander over a full cycle, according to an alternate embodi-
ment based on the axial vane concept.

[0041] FIG. 19 shows an HCRE according to an alternate
embodiment based on a concealed blade technology.
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[0042] FIGS. 20(A)-20(E) show several modes of sealing,
as practiced in various embodiments.

[0043] FIGS. 21(A)-21(F) show shows an implementation
of water sealing, as practiced in an alternate embodiment
using a sliding blade.

[0044] FIGS. 22(A)-22(C) show implementations of seal-
ing techniques, as practiced in alternate embodiments.
[0045] FIGS. 23(A)-23(C) show several variations on an
alternate design for a compressor.

[0046] FIG. 24 shows an alternate design for a compressor
using two blades and one chamber.

[0047] FIGS. 25(A)-25(C) show an alternate design for
implementing the HCRE cycle.

[0048] FIG. 26 shows a technique for recycling heat from
exhaust gases, according to an alternate embodiment.
[0049] FIGS. 27(A)-27(B) show the sealing arrangement
according to an alternate embodiment using a sliding blade.
[0050] FIG. 28 is a graph comparing the pressure-volume
characteristics of the high-efficiency hybrid cycle to the Otto
and Diesel cycles.

[0051] FIG. 29 is a graph comparing the pressure-volume
characteristics of the homogenous charge stimulated ignition
cycle to the Otto and Diesel cycles.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Definitions

[0052] As used in this description and the accompanying
claims, the following terms shall have the meanings indi-
cated, unless the context otherwise requires:

[0053] “Sealing contact” of two members shall mean that
the members have sufficient proximity directly, or via one or
more sealing components, so as to have acceptably small
leakage between the two members. A sealing contact can be
intermittent when the members are not always proximate to
one another.

[0054] A portis “coupled” to a chamber when at least some
of the time during a cycle it is in communication with the
chamber.

[0055] A full “reciprocation cycle” of a rocker that recip-
rocates between seated position and a maximum unseated
position includes 360 degrees of travel of the main shaft,
wherein travel from one of such positions to the other of such
positions amounts to 180 degrees of travel of the main shaft.
[0056] The “working medium” describes the various sub-
stances which may usefully injected into the working cham-
ber, In the case of an internal combustion engine, “working
medium” includes an oxygen-containing gas either by itself
(in which case fuel is added in the course of a cycle) or mixed
with fuel outside the course of a cycle. The oxygen-contain-
ing gas may include air or oxygen, alone or mixed, for
example, with one or more of water, superheated water, and
nitrogen.

[0057] The “working chamber” of an engine relates collec-
tively to the portions thereof (i) wherein a heat input is
received (being a combustion chamber in the case of an inter-
nal combustion engine) and (i1) wherein expansion caused by
increased pressure on account of delivery of heat is used to
drive a piston that reciprocates or rotates in the engine.
[0058] FIG. 1 is a schematic representation of a hybrid-
cycle rotary engine (HCRE) 1000 according to one embodi-
ment of the present invention. A compressed air module
(CAM) 100 takes atmospheric air 303, compresses it to rela-
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tively high pressures, (optionally) stores it in an external air
tank 107, conditions it (i.e. regulates pressure and/or tempera-
ture in a combination distributor/conditioner 109), and sends
it, via air valve assembly 118, to a power generation module
(PGM) 200. The air valve assembly includes a one-way check
valve to prevent back flow of air during combustion. Control-
ler 319 is coupled to the air valve assembly to maintain the air
supply in an off position during the portion of the cycle when
air addition is not needed. The controller acts on the assembly
by either a second valve or by latching the check valve in a
closed position.

[0059] PGM 200 receives compressed air 305 from CAM
100 and fuel from fuel supply 304. PGM 200 combusts fuel
under essentially constant volume conditions and expands the
combustion products in an expander 201 (shown in FIG. 2),
thereby converting the thermal energy of the combustion
products into mechanical power 308. This mechanical power
308 is used first to drive CAM 100 and the remaining work
308 is used by an external load 309. There is the option for
water 306 to enter PGM 200 and cool, seal, and lubricate
PGM 200, as well as to suppress NOx formation. An optional
condensing unit 300 condenses steam contained in exhaust
gas 307 and returns condensed water 306 to the water loop
317. We show optional paths forentry of fuel from fuel supply
304, The fuel may be injected directly into the combustion
chamber in the course of a cycle, separately from compressed
air 305, in which case the left-hand dotted arrow applies to the
fuel path. Alternatively, the fuel may be mixed with the com-
pressed air 305 outside the course of a cycle before being
introduced into the combustion chamber, in which case the
right-hand dotted arrow applies to the fuel path. It is also
possible to use both of the methods above by admitting a
premixed air-fuel mixture into the combustion chamber and
also injecting directly into the combustion chamber the same
or different fuel.

[0060] Entry of fuel from fuel supply 304 is gated by fuel
valve assembly 318. If fuel takes the left-hand dotted path just
described, then the fuel valve assembly 318 may be imple-
mented as an injector valve. In addition, the controller 319
causes operation of the fuel valve assembly 318 to maintain
the fuel supply in an off position during the portion of the
cycle when fuel addition is not needed. Additionally, the
controller 319 is used to keep fuel cut off during “off-cycles™
described below in connection with the “digital mode of
operation”. The controller 319 has a variety of engine param-
eter and user inputs. It obtains cycle position information
from a location such as the output shaft of the engine and uses
this position information to control the fuel valve assembly
318. Furthermore, the controller obtains user input as to
desired power (which in the case of the engine’s being used in
an automobile corresponds to accelerator pedal position), the
engine speed, the engine wall temperature, as well as other
optional parameters, to decide whether or not the cycle should
fire (on) or be skipped (off) and whether the fuel only should
be cut off, or both fuel and air cut off. Alternatively or in
addition, the controller is configured to determine the amount
of fuel to be supplied in each cycle.

[0061] The controller may operate totally mechanically—
control of fuel injection in early diesel engines was achieved
with total mechanical control, for example—and analogous
techniques may be employed in this different context in order
to achieve the necessary control. Alternatively, the controller
may use a microprocessor operating with a suitable program,
in a manner known in the art, to provide electronic control of
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the valve assembly, and the valve-assembly under such cir-
cumstances may include, for example, a solenoid-operated
valve that is responsive to the controller.

[0062] The structure of engine 1000 is now described with
reference to FIGS. 2, 3(A)-3(B), and 4(A)-4(B). CAM 100
consists of a compressor 101, which takes atmospheric air
303 and compresses it to relatively high pressures and sends
it through a 3-way valve 108 to either a small, optional, air
buffer 105 or an optional external air tank 107. If optional air
buffer 105 1s not used, air is sent directly to PGM 200. The
volume of air buffer 105 is typically 10to 30 times the volume
ofacorresponding PGM combustion chamber 212 (described
below), ie. of sufficient volume to support supplying
approximately constant pressure to the PGM combustion
chamber 212. CAM 100 and PGM 200 may or may not be
physically located within the same engine housing walls.
CAM 100 and/or PGM 200 could be disconnected as needed
to recover braking energy or to increase the instantaneously
available power.

[0063] FIG. 2 shows a single body for both compressor 101
and expander 201. Compressed air 305 exiting from external
air tank 107 is optionally conditioned by a conditioner 106,
which can reduce the pressure to optimal value and increase/
decrease the temperature of the compressed air 305. This
temperature increase could be accomplished by using a heat
exchanger, by exchanging heat from the exhaust of PGM or
by means of special heater. Compressor 101 can be of the
rotary, piston, scroll or any other type as long as it is efficient
and capable of supplying high compression ratios, on the
order of 15 to 30 or above, preferably in a single stage. The
exemplary embodiment of this engine will include compres-
sor 101 that works on the same principle as expander 201.
[0064] Compressor 101, which is the main element of
CAM 100, consists of the following components, shown in
FIGS. 3(A)-3(B) and 4(A)-4(B): a compressor housing 102, a
piston-type compressor cam (C-cam) 103, a compressor
rocker (C-rocker) 104 serving as a septum, a shaft 250, and
bearings 207. Housing 102 contains an air intake port 111 and
an exhaust port 116. Bearings 207 could be implemented as
“fluid film” (hydrostatic, hydrodynamic or air) bearings, or as
permanently lubricated ceramic bearings or conventional
bearings. The spaces between housing 102, a separating plate
301 (FIG. 3(A), 3(B), 4(A), 4(B)) C-cam 103 and C-rocker
104 define compressor chambers.

[0065] Thereare two types of chambers in compressor 101,
which are now described with reference to FIGS. 5(A)-5(D).
Intake chamber 112 is defined between C-rocker 104, C-cam
103, and intake port 111 (see FIG. 5(A)). Compression cham-
ber 110 is defined between C-rocker 104, C-cam 103, and
exhaust port 116 (see FIG. 5(A)). PGM 200 in this case is
simply expander 201, consisting of: an expander housing 202,
an expander cam (E-cam) 203, an expander rocker (E-rocker)
204, a shaft 250, bearings 207, and valves (not shown) admit-
ting air from compressor 101, air buffer 105, or external air
tank 107.

[0066] The spaces between housing 202, separating plate
301 (FIG. 3(A), 3(B), 4(A), 4(B)), E-cam 203 and E-rocker
204 define various expander chambers. (In embodiments
described below, the E-rocker is a cam follower, and is piv-
otally mounted. Alternatively the rocker may be slidably
mounted.) There are three types of chambers in engine 1000,
which are now described with reference to FIGS. 6(A)-6(1).
Combustion chamber (CbC) 212 is defined as an enclosed,
minimal and constant volume chamber space (see FIGS.
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6(A)-6(B)). Expansion chamber 210 is defined as an enclosed
expanding volume chamber space. The minimal expansion
volume is equal to combustion chamber volume, while maxi-
mum expansion volume occurs at the moment when pressure
within expansion chamber 210 drops to approximately ambi-
ent (atmospheric) pressure (FIG. 6(H)). Exhaust chamber 213
is defined as open to ambient air, and is a contracting volume
chamber space.

[0067] The operation of compressor 101 is now described
with reference to FIGS. 4(A), 4(B) and 5(A)-5(I). At the
beginning of the cycle, compression chamber 110 is formed
between C-cam 103 and C-rocker 104 (and housing 102 and
separating plate 301, FIGS. 3(A) and 3(B)) (FIG. 5(A)). (In
embodiments described below, the C-rocker is a cam fol-
lower, and is pivotally mounted. Alternatively the rocker may
be slidably mounted.) C-cam 103 rotates within housing 102
such that the size of compression chamber 110 decreases
(FIGS. 5(B)-5(C)). Once the air in compression chamber 110
has reached a certain level of compression, the air starts to
transfer through exhaust port 116 into air buffer 105, external
air tank 107, or expander 201 (FIG. 5(D)). As C-cam 103
continues to rotate, it passes exhaust port 116, and the transfer
of air completes (FIG. 5(E)). From this point, no air is left in
compression chamber 110 until the cycle completes and a
new compression chamber 110 is formed (FIGS. 5(G)-5(1)).
Also note that simultaneously with compression, intake
occurs in intake chamber 112. This helps to make engine 1000
very compact.

[0068] The operation of expander 201 is now described
with reference to FIGS. 6(A)-6(1). Combustion chamber 212
is formed between E-cam 203 and housing 202 (and separat-
ing plate 301). Rotating E-cam 203 continues to define com-
bustion chamber 212 at essentially constant volume (FIG.
6(A), 6(B)). The working medium, e.g., compressed air 305
and fuel from fuel supply 304, is injected into combustion
chamber 212, spontaneous ignition occurs, combustion starts
and continues during the existence of combustion chamber
212 until substantially complete. In some embodiments,
some amount of combustion may continue during the expan-
sion phase, albeit at some loss of efficiency. The shaft RPM
and the length of large diameter circular segment on E-cam
203 define how long combustion chamber 212 exists. At the
moment shown in FIG. 6(B), combustion chamber 212 trans-
forms into expansion chamber 210. As E-cam 203 rotates in
response to the force exerted by the combusted gases, expan-
sion chamber 210 expands, cooling the gases and reducing
pressure in expansion chamber 210 (FIGS. 6(C)-6(H)). Once
E-cam 203 passes the opening of exhaust port 211, expansion
ends, and exhaust begins for the combustion gases combusted
in this cycle. Note that simultaneously with the expansion
stroke, the combusted gases from the previous expansion
stroke are in an exhaust chamber 213 coupled to exhaust port
211 to permit exhust of the combusted gases. As with the
similar nature of compressor 101, again, this contributes to
compactness of engine 1000.

[0069] When air 305 is injected into combustion chamber
212 from air buffer 105, it is initially decompressed (and
cooled) and then recompressed (and re-heated) when pres-
sure in the combustion chamber 212 reaches the pressure in
air buffer 105. Due to the large pressure difference between
the air buffer 105 and compression chamber 212 (which is
initially at ambient pressure), the air 305 entering the com-
bustion chamber 212 forms a supersonic swirl which rotates
athigh rpm. Turbulence formation may be enhanced by use of
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suitable structures built into the combustion chamber.
Description of a Hilsch vortex tube used in carburetor design
appears in U.S. Pat. No. 2,650,582, which is hereby incorpo-
rated herein by reference. For example, vortex tubes having
approximately the same geometry as the combustion cham-
ber 212 have been known to support vortices as high as
1,000,000 rpm, and the input pressure into a vortex tube is
only 100 psi as compared to 800-900 psi for an HCRE. Vortex
formulation increases turbulence and enhances mixing. The
fuel from fuel supply 304 injected simultaneously with the
compressed air 305 into a low pressure environment will be
dragged into compression chamber 212 by the air swirl, mix
very well with the air and evaporate very quickly. When
temperature and pressure reaches the auto-ignition point, fuel
304 will ignite within the whole volume (similar to an HCCI
engine). At this point, intake of the working medium of com-
pressed air 305 and fuel from fuel supply 304 stops.

[0070] As explained above, various chambers are formed
between the housings 102, 202, separating plate 301, cams,
103,203 and rockers 104, 204. It is advantageous for efficient
operation of engine 1000 to have tight seals between all these
components. Wankel-type face and apex seals 310, as shown
inoperationin FIG. 7, could be used on the cams 103,203 and
rockers 104, 204, while fluidic-type and liquid seals are also
feasible. It should be noted that the net force on the surface of
the rockers 104, 204 when exposed to high pressure gases
passes through the center of rotation of the rockers 104, 204
and, therefore, does not influence the motion of the rockers
104, 204. Therefore, the rockers 104, 204 should be con-
stantly pressed against the cams 103, 203 to eliminate leakage
of gases from the chambers. The simplest way to apply pres-
sure against the rockers 104, 204 is by a suitable torsion or
constant force spring. Or if Wankel-type apex seals are used,
the rockers 104, 204 should be kept relatively small—on the
order of 0.001" to 0.003" separation with the cams 103, 203.
Alternatively, controlled air pressure on the opposite side of
the rockers 104, 204, or controlled motion of the rockers 104,
204 by a separate electric solenoid or motor or external cam
could be used as well. This may present an opportunity to
have the rockers 104, 204 exert very little pressure on the
cams 103, 203, thus reducing or eliminating wear.

[0071] Engine 1000 may be cooled by conventional means,
1.e., passing water 306 through stationary components in a
water jacket and air cooling housing walls 102, 202. Alterna-
tively, engine 1000 can be cooled by passing water 306
through the channels formed between various components of
engine 1000, which see lots of heat. Finally cooling may be
achieved in whole or in part by running at less than 100
percent duty cycle, as explained below in connection with the
“digital mode of operation”.

[0072] An HCRE engine as in embodiments of the present
invention differs in significant ways from a conventional
HCCI cycle engine. For example, modern HCCI engines
experience problems achieving dynamic operation of the
engine. The control system must change the conditions that
induce combustion. At present, very complicated, expensive
and not always reliable controls are used to effect marginal
variation of engine performance in response to varying load
conditions. The variables under control to induce combustion
include the compression ratio, the inducted gas temperature,
the inducted gas pressure, and the quantity of retained or
re-inducted exhaust.

[0073] InHCRE, additional control means exist that do not
require complicated control mechanisms, referred to as com-
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bustion stimulation means (CSM). CSM are the measures
taken to stimulate or induce the combustion of a conditioned
working medium of air and fuel within combustion chamber
212, including, but not limited to, one or more of the follow-
ing: the pressure of the conditioned working medium, the
temperature of the conditioned working medium, the concen-
tration of exhaust gas recirculation (EGR) within the condi-
tioned working medium, the concentration of water vapors
within the conditioned working medium, catalytic surfaces
within combustion chamber 212 (i.e. walls covered with a
catalystor a catalyst placed within combustion chamber 212),
a catalytic burner placed within combustion chamber 212
(such as nickel mesh, or ceramic foam), high combustion
chamber wall temperature, a tungsten wire heater inside com-
bustion chamber 212, re-inducted exhaust 307 (which alone
or in mixture with water vapor might induce a water shift
reaction within fuel from fuel supply 304 as a thermo-chemi-
cal recuperator), and additional fuel injected or introduced
into combustion chamber 212. This additional fuel may be,
but does not have to be, the same as fuel from fuel supply 304,
i.e. fuel produced by dissociation of water (steam) molecules
in the presence of a catalyst and possibly assisted by an
electric spark discharge into hydrogen and oxygen. This can
be produced by electrolysis of water (or steam) within the
confines of combustion chamber 212 itself utilizing the heat
of engine 1000. The heat generated during the air/fuel mix-
ture compression may supply a significant part of the energy
needed for such dissociation. Hydrogen generated in the pro-
cess of dissociation is used during combustion. Thus, the net
effect of this process is partial recovery of the heat of com-
pression.

[0074] As mentioned above, engines running under HCCI
cycles are notoriously difficult to control, especially under
part-load. While standard means of control, such as regulat-
ing fuel amount, pressure, temperature, amount of EGR, etc.
are still available, a more elegant way to control HCRE
(which will be referred to as “digital mode of operation”) is
available: to run every cycle at full load, but sometimes skip
cycles. For example, skipping three out of each eight cycles
will enable running under %th of full power, skipping six out
of each eight cycles will enable running under ¥4 of full
power, and so on.

[0075] To operate in the digital mode, and in particular to
skip one or more cycles, it is possible to cut off both the
compressed air 305 and the fuel supply 304 or to cut off only
the fuel supply 304. As described previously in connection
with FIG. 1, fuel from the fuel supply 304 is gated by fuel
valve assembly 318, which is controlled by controller 319, so
as to cause cut off of the fuel supply. Similarly, air from the
compressed air module 100 is gated air valve assembly 118,
which is also controlled by controller 319. The controller may
additionally be coupled to receive an engine load signal 1011.
Such a signal may be derived by a variety of methods; under
one method, engine speed is monitored in relation to fuel
consumption or in relation to an engine speed directive (such
as accelerator pedal position in an automobile). Under light
load conditions, evidenced by the engine load signal 1011, the
controller may be configured to run the engine at a duty cycle
less than 100%, so that the engine skips the combustion
portion of the cycle after a regular number of cycles. Thus the
engine load signal 1011 to the controller causes the controller
to cut of fuel to the expander after a regular number of cycles.
As an example, in one mode, the engine may operate with fuel
to the expander cut off every fourth cycle, for approximately
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a25% reduction in power and in fuel consumption. In another
mode, the engine may operate with fuel to the expander cut
off every other cycle, for approximately a 50% reduction in
power and in fuel consumption. In the case when fuel is cut off
from the expander, the compressed air 305 furnished by com-
pressor 101 will then expand in expander 201 without much
loss in energy, since compressed air 305 will be heated by the
combustion chamber walls during the idle time in combustion
chamber 212. Cycles of the engine operating under the latter
case, when fuel supply 304 is cut off, will be referred to as
“off-cycles,” as opposed to “on-cycles” when both air and
fuel are delivered and combustion events occur. An additional
effect of this operation is that it will cool the walls of com-
bustion chamber 212 and the whole engine 1000. Since it is
common for an engine to operate at peak loads for only a
small fraction of its operating life, this feature would make it
possible to operate such an engine without cooling at all, i.e.
cooling would naturally occur during these “off-cycles”. To
operate such an engine at maximum power (when the “off-
cycles” reduce towards zero, the engine 1000 can initially be
oversized and not allowed to operate normally at more than
some maximum preset power level, e.g., 80% (i.e., 80% duty
cycle). The remaining 20% of power-duty cycle is used for
cooling. This approach would somewhat increase the size of
the expander 201, but elimination of bulky cooling system
components can lead to overall reduction in engine size. With
such an approach, in a further embodiment, the controller
may receive an engine temperature signal 1012 and use such
a signal to place a limit on the maximum duty cycle; using
temperature to limit maximum duty cycle may permit
momentary uses of a larger duty cycle under conditions of a
temporarily high demand for peak engine power. If air is cut
off during the off cycles, it will typically be necessary to vent
the working chamber through a vent valve or other suitable
arrangement.

[0076] In a related embodiment, a plurality of expanders
may be employed. In such a case, a separate valve assembly
for each expander may be employed, although the valve
assemblies may be controlled by a common controller 319.
The expanders may be mounted on a common shaft at differ-
ing angular orientations, so that they operate out of phase with
one another in order to smooth out power generation over the
course of'a shaft rotation. Alternatively, for example, a pair of
expanders may be mounted at a common angular orientation
but operated with alternate off cycles, any given time one
expander is generating power while the other expander has an
off cycle, and in this way, the overall engine will exhibit a
generally balanced mode of operation. A flywheel may also
be used to smooth out engine operation.

[0077] 1If engine 1000 is equipped with external tank 107
and clutches 261 (see FIG. 11), compressor 101 may be
disconnected for a short while, thus allowing about a 25%
power boost, since engine 1000 will not spend this amount of
energy for the compression of air 303. Alternatively, braking
energy could be partially recovered by disconnecting engine
1000 and applying the momentum of a vehicle to turn wheels,
which in turn will turn compressor 101, which in turn will
compress air 303 and push it into external air tank 107
through the valve. Moreover, due to small size of both com-
pressor 101 and expander 201, it would be possible to locate
them in part or even entirely within the wheel well. So, the
front wheel wells could contain expanders, and the rear wheel
wells could contain compressors. In such embodiments, there
would not need to be a shaft connecting expanders and com-
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pressors, this function would be executed by the road. This
could create very compact and flexible arrangements for
vehicle design as well as allow certain degree of redundancy.
[0078] External tank 107 can also start engine 1000 instead
of or in addition to an electrical starter, or expander 201 can
serve as an air motor running on compressed air 305 or liquid
nitrogen.

[0079] From the first law of thermodynamics it follows that
the less heat is rejected to the environment, the more heat can
be converted into useful work. Heat is rejected from an inter-
nal combustion engine into the environment via two mecha-
nisms. One is thermodynamic losses due to hot exhaust gases,
and the other is engineering losses, due to the need to cool
engine components. Low heat rejection (LHR) engines use
high temperature components to address the second of these.
[0080] Theoretically, LHR engines should exhibit higher
thermodynamic efficiencies. In practice, however, the results
are inconclusive at best and opposite to what is expected at
worst. This in because incomplete combustion due to higher
engine temperature forces premature ignition before the fuel
has time to mix with the air. Also, higher combustion tem-
peratures result in higher exhaust temperatures. Thus,
decreased engineering loss is accomplished at the cost of
increased thermodynamic loss.

[0081] The design of engine 1000 may present us with an
opportunity to address both components of loss at once. The
approach includes but is not limited to some or all of the
following measures.

[0082] One option is thermally insulating the engine from
the environment by using ceramic components, various coat-
ings, or other insulation materials. Another option is sup-
pressing the temperature increase of components (housing
102, 202, bearings 207, cover 216 and blade 214) by remov-
ing extra heat from these components. Unlike conventional
engines which remove heat from the walls and transfer it to
the environment through coolant and a heat exchanger (radia-
tor), engine 1000 could be cooled by injecting water 306
between the components. For an example of how water 306,
shown in FIG. 1, could be injected to form a water seal, see
FIG. 20(B), where the water seal is shown as item 311. Water
306 supplied to these components at very high pressure will
turn into steam, which will escape into expansion chamber
210 and aid combustion products in the expansion process,
thus increasing the efficiency of engine 1000. Thus we
accomplish partial recovery of thermal cooling losses, while
simultaneously lowering the temperature of exhaust gases
307. The water vapors could be recovered through conven-
tional condenser 300, shown in FIG. 1. However, this may
require large space and associated costs (e.g. because it has to
be corrosion resistant). Alternatively, condensing may be
accomplished via a centrifugal condenser. Another option is
extending the expansion process further until atmospheric
pressure is reached, as shown in FIGS. 28-29. We lower the
temperature of the exhaust gases 307 further, thus reducing
the thermodynamic component of the losses. The net result is
that we expect engine 1000 to exhibit much higher efficien-
cies than conventional engines.

[0083] Many variations on the design of the exemplary
embodiment are possible and apparent to those skilled in the
art. Examples of various embodiments of the present inven-
tion are described below.

[0084] Cams 103, 203 may be implemented according to
several alternatives. Cams 103, 203 may be implemented in
various shapes, the cylindrical surface could be replaced with
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conical, semi-spherical, or curved surfaces. The functions of
cams 103, 203 can be fulfilled by using variations such as
groove-cams 114, shown in FIG. 8, in which a cam-follower
113 tracks a path through a groove in a groove-cam 114, and
the action of a shaft is regulated thereby. Also, the single-cam
design could be replaced by a dual-cam design, such as the
one shown in FIG. 9. The design variation shown in FIG. 9
employs a two-sided cam 115 and a single rocker 104. Varia-
tions on this setup are possible including multiple rockers, as
well.

[0085] It is possible to build a combination compressor/
expander 302 (see FIG. 10), according to the principles of
operation used in an exemplary embodiment such that both
functions exist in a single body rather than two separate
bodies. One such possible design variation is shown in FIG.
10 using a single rotating cam 203 and two rockers 204. Other
designs could include three rockers, multiple cams, or a com-
bination of these variations.

[0086] It can be shown that, unlike compressor 101, the
efficiency of engine 1000 is increased if air 303 is heated
during the compression process, rather than cooled. So to
increase the efficiency, some of the heat from the exhaust
gases 307 could be transferred to air 303 being compressed. It
has to be done intermittently from the point in time when cam
103 closes intake port 111 to the point in space when tem-
perature due to compression reaches the maximum tempera-
ture of exhaust gases 307 (minus ~20° C.) (see FIG. 26). In
addition, exhaust gases 307 (at~800° K) could be used to cool
combustion chamber 212, where temperature during combus-
tion could be higher than 2600° K (which is why ceramic
walls or coating should be used in combustion chamber 212).
This temperature has to be reduced to enable long engine
operation. This could be accomplished by a conventional
water shroud, by water injection into combustion chamber
212 and/or expansion chamber 210, or by gas cooling, utiliz-
ing exhaust gases 307 as a cooling medium. Exhaust gases
307 would increase the temperature to ~1200°-1300° K. This
would make utilization of exhaust gas heat to heat air 303
during the compression stroke much more attractive. Alter-
natively, or in addition to the above, cooling could also be
accomplished by utilizing the “off-cycle” WM expansion as
discussed above. The additional effect of cooling utilizing the
digital mode of operation is that engineering heat losses (i.e.
due to the need to cool components for structural purposes)
will be reduced by utilization of this heat during the “off-
cycle”.

[0087] Given the extreme heat felt by combustion chamber
212, greater cooling efforts could be undertaken near com-
bustion chamber 212 and lesser cooling at the end of expan-
sion. Similarly, as much higher pressures exist in the vicinity
of combustion chamber 212, that is the place where the walls
should be the thickest. Other possible variations also include
a sliding rocker with an eccentric disk cam, and a fixed and
stationary combustion chamber. Still another variation is to
locate the combustion chambers within the separating plate or
the rocker, or some combination of thereof.

[0088] One variation of the basic engine design showing
the variety of ways the design ideas can be implemented is a
design using a sliding blade 214 (see FIGS. 14(A)-14(H)) in
place of the standard rotating cam. FIG. 11 shows what such
a design might look like fully assembled. In this configura-
tion, compressor 101 is driven by a belt drive 251, via optional
clutch 261. Alternatively, it can be driven by gears, chain drive
or any other suitable means, including directly by PGM 200.
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Ifclutch 261 is used, compressor 101 can be turned on and off
as needed. For example, if engine 1000 is being used in a
vehicle, then to recover the braking energy of the vehicle, one
can turn oft PGM 200 through clutch 261, and run compressor
101 only from the rotating wheels of the vehicle or the fly-
wheel. Air 303 compressed by compressor 101 will be
directed to external tank 107, via 3-way valve 108. Alterna-
tively, when a car employing an embodiment herein requires
more power, compressor 101 is deactivated completely via
clutch 261, and compressed air 305, stored in external tank
107, is used for operation of PGM 200. This will afford
maximum flexibility and power management to the vehicle.
[0089] The implementation of a PGM 200 according to a
sliding blade embodiment is now described with reference to
FIGS. 12 and 13(A)-13(C). In the implementation shown the
housing walls 221 of an expander 222 rotate around a station-
ary, internal hub 220. Alternatively, other configurations may
employ a rotating hub and stationary housing. PGM 200
includes housing 221, a cover 216, hub 220 (consisting of two
semi-cylindrical guides 215, and two bearings 207), a sliding
blade assembly 214, an air inlet port 217 (serving as an inlet
port), a water inlet fitting 218, and a water outlet fitting 219.
[0090] The spaces between hub 220, housing walls 221,
sliding blade assembly 214, bearings 207, and cover 216
define engine chambers. There are three types of chambers, as
shown in FIGS. 13(A)-13(C). As in the exemplary embodi-
ment, these chambers are combustion chamber 206, expan-
sion chamber 208, and exhaust chamber 209. (An exhaust
port, not shown, is coupled to the exhaust chamber 209.) Tt
can be seen in these figures that the housing includes a first
interior circular wall portion, marked as item 131—the por-
tion lies generally between the two locations identified by the
reference lines associated with reference number 131; this
portion maintains sealing contact with the hub in the course of
the housing’s rotation around the hub. The housing also
includes a second interior portion contiguous with the first
interior wall portion. The portions define, in combination
with the blade and the hub, a working chamber (namely a
combustion chamber 206 and an expansion chamber 208) that
is isolated from the air inlet port and an exhaust port at
relevant portions of the engine cycle, as indicated in FIGS.
13(A) and 13(B) and FIGS. 14(A)-14(H).

[0091] The operation of expander 222 in this embodiment
is now described with reference to FIGS. 14(A)-14(H). The
cycle begins in FIG. 14(A), when an enclosure is being
formed by rotating housing walls 221 to form combustion
chamber 206. In FIGS. 14(B)-14(D) combustion chamber
206 is already formed. Combustion chamber 206 exists dur-
ing the timeframe when sliding blade assembly 214, which
runs simultaneously on two constant radius segments within
housing walls 221, remains stationary with respect to sermi-
cylindrical guides 215, which together with the cylindrical
segment of housing walls 221 and bearings 207, define the
volume of combustion chamber 206. Referring to FIG. 12,
when left hand side of sliding blade assembly 214 exits con-
stant radius segment, expansion chamber 208 is formed. In
FIGS. 14(A)-14(G) expansion stroke starts in expansion
chamber 208 and, simultaneously, exhaust stroke starts in
exhaust chamber 209.

[0092] A working medium (WM), such as air 305, is admit-
ted to combustion chamber 206 through an electronically
controlled valve (not shown but corresponding to a portion of
air valve assembly 118), located within bearing 207. Alterna-
tively, or in addition to electronically controlled valve, WM
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gets to combustion chamber 206 through a one way valve (not
shown but corresponding to a portion of air valve assembly
118) located within bearing 207. When combustion starts and
pressure increases rapidly, the one way valve closes, trapping
air 305 inside combustion chamber 206.

[0093] Ifconditioned air is used, fuel from fuel supply 304
1s injected by fuel injectors located within bearing 207. If
conditioned air or air/fuel mixture is used, the combustion
occurs spontaneously within combustion chamber 206 trig-
gered by a combustion stimulation means. If a conditioned
air/fuel mixture is used, since the air/fuel mixture is lean as
with any homogenous charge compression ignition (HCCT)
cycle, the amount of fuel from fuel supply 304 can, to a certain
degree, control the power level of engine 1000. However,
such a control is unreliable and very complex. All modern
engines running the HCCI cycle suffer from this problem. In
a further embodiment, in addition or instead of the above
control scheme, to run engine 1000 at full power during each
cycle, i.e. run under a constant air/fuel mix. The power level
of engine 1000 will be controlled, however, by skipping some
of the cycles, e.g., executing the digital mode of operation.

[0094] Depending on the temperature of housing walls 221,
water vapor content and the amount of exhaust gases 207
remaining within combustion chamber 206 from the previous
cycle, etc., the combustion event may occur at different posi-
tions of sliding blade assembly 214 with respect to housing
walls 221, but always will start within combustion chamber
206. Due to the fact that combustion event is very rapid,
because fuel from fuel supply 304 is well premixed within
combustion chamber 206 and combustion starts simulta-
neously at all points of combustion chamber 206, the event is
very rapid and combustion occurs within constant volume
before the gas begins to expand.

[0095] Engines in most, if not all. embodiments of the
invention described herein can run using various cycles
including HEHC, modified HEHC (when combustion occurs
at isochoric conditions first and isobaric condition second,
and/or Homogeneous Charge Stimulated Ignition (HCSI),
described below. Moreover, if high pressure fuel injectors are
used, it is possible to switch between these cycles on the “fly”
during the operation of the engine.

[0096] Thus in a further embodiment of the present inven-
tion, Engine 1000 is configured to execute the HEHC,
described in our published patent application WO 2005/
071230, which is hereby incorporated herein by reference.
The compressed working medium, which may be stored in an
intermediary buffer at ~50 to 70 bar pressure or above, is
admitted to a completely enclosed constant volume working
chamber, formed during first angular range of the cycle, and
containing exhaust gases from the previous cycle at ambient
pressure. Working medium, which may be air, for example, is
admitted into this combustion chamber through air valve
assembly, 118 of FIG. 1, containing a check-valve and a
second valve or a latching check valve. After that, the high
pressure fuel injectors may inject fuel into the combustion
chamber, and combustion proceeds in a manner similar to
conventional Diesel engines, except that combustion occurs
in a constant volume space. When ignition occurs, the supply
of air is brought to a halt by virtue of air valve assembly 118,
which may contain a check valve and electronically con-
trolled valve or latching check valve, so that flow into the
intermediary buffer is prevented. Performance characteristics
for this cycle are shown in FIG. 28.
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[0097] The fuel injection may continue through the second
angular range (expansion stage), i.e. within expansion cham-
ber 208. In this phase, the engine will demonstrate diesel-like
performance with the exception of a higher expansion ratio
(Atkinson cycle)—for that reason, we call this cycle a modi-
fied HEHC.

[0098] In addition to HEHC or medified HEHC cycles,
most, if not all, embodiments of the invention described
herein can run, what we call a Homogeneous Charge Stimu-
lated Ignition (HCSI), which is a variation of known Homo-
geneous Charge Compression Ignition (HCCI).

[0099] In HCCI engines a lean fuel/air mix is compressed
to high compression ratio (~18 to 20) within the cylinder of
the engine. Since the fuel is already well pre-mixed within the
combustion chamber in HCCI engines, it forms a homoge-
neous charge, which then ignites due to an increase in tem-
perature due to compression—hence the name HCCI. Unlike
the Otto engine, one can compress to such a high ratio here
due to the use of a very lean fuel/air mix. On the other hand,
unlike a Diesel engine, the combustion is very rapid, almost
instantaneous, and thus occurs at nearly constant volumes.
These engines have high efficiencies and may run on any fuel.
An essential requirement for these engines, as is true for any
reciprocating piston engines is that ignition has to occur at or
near the Top Dead Center (TDC), a criterion that creates a
very difficult problem in controlling the exact moment of
ignition, as it depends on a great many parameters such as fuel
to air ratio, compression ratio, air temperature and humidity,
EGR rate, cylinder wall temperature, etc., etc. For this reason,
engines of this design are not commercialized. Also, due to
the lean mixture, the power density is low. (One is not using
all the air in the mix, so for the same power one needs a bigger
cylinder volume.)

[0100] In contrast, engines in accordance with embodi-
ments of the invention herein described can be considered to
work on a variation of the HCCI principle, but use of the
distinctive engine geometry makes the time of ignition much
less critical, as will be explained below. When compressed
working medium (air) is injected into the combustion cham-
ber from the intermediary buffer, it is initially decompressed
(and cooled) and then recompressed (and re-heated) when
pressure in the combustion chamber reaches the pressure of
the intermediary buffer. Due to the very large pressure differ-
ence between the intermediary buffer and the combustion
chamber, which is initially at ambient pressure, a supersonic
swirl or vortex of rotating air. which rotates at very large rate
(1,000,000 RPM or above), is formed by the air entering the
combustion chamber. The fuel, injected simultaneously with
air into a low pressure environment, will be dragged into the
chamber by the air swirl, mix very well with the air and
evaporate very quickly, ifit is a liquid fuel. The fuel supply is
then cut off by the fuel valve assembly 318 from the signal
generated by controller 319, while air continues to fill the
combustion chamber and keeps increasing the pressure.
Therefore, unlike a conventional reciprocating piston engine,
which compresses the air by moving a piston, HCRE engine
compresses the air/fuel mixture by the air itself. When tem-
perature and pressure reach the auto-ignition point, the fuel is
going to ignite within the whole volume, in a manner similar
to HCCI engines. At this point of time, pressure buildup in the
combustion chamber causes the check-valve of the air valve
assembly 118 to close, followed by closing of a secondary air
valve as a result of actuation by controller 319. Thus the
energy losses associated with decompression and recompres-
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sion of air entering the combustion chamber, which, inciden-
tally, constitute only about 0.5%, per our calculations, are
converted into a high efficiency fuel/air mixer. This circum-
stance makes it possible to run an HCRE operating under an
HCSIcycle at a high rpm rates, a performance not achievable
by Diesel engines.

[0101] It is furthermore possible to accelerate the ignition
event by utilizing all the same means that are used in HCCI
engines such as fuel to air ratio, compression ratio, air tem-
perature and humidity, EGR rate, cylinder wall temperature,
etc, and also by adding additional control means such as
relative timing of air and fuel injections, presence of catalyst
within the combustion chamber, efc.

[0102] Moreover, it can be seen from this description that
the check valve automatically causes the air supply to be cut
off at precisely the moment when pressure in the combustion
chamber exceeds pressure in the compressed air supply. This
circumstance, coupled with an engine geometry that dis-
penses with the need (in a conventional piston engine) for
critical synchronization of combustion with top dead center
of the piston, eliminates the need for complex calculation of
the point of combustion. Furthermore, in embodiments of the
present invention, the fuel/air mixture is formed during the
admission of air into the working chamber and is at tempera-
tures below auto-ignition. Thus unlike HCCI engines, in
which timing of combustion depends critically on position of
the piston in the cylinder, in embodiments of the present
invention, engine geometry matters little, so combustion can
occur at or near the point of air and fuel injections, which are
always at our control, at a point in the cycle when other
conditions have been optimized.

[0103] Performance characteristics of the cycle are shown
in FIG. 29. The difference between this cycle and the HEHC
above is that instead of conditioned air, the system uses a
conditioned air/fuel mixture, such that the fuel-to-air ratio is
on the lean side and ignition occurs not due to fuel injection as
above but is triggered by combustion stimulating means. It is
similar to the HCCI cycle, which is currently under develop-
ment by numerous groups of scientists and engineers, but,
unlike the HCCI cycle, the HCSI engine does not require
complicated computer controls, due to the fact that the com-
bustion event may occur at any moment during the times
combustion chamber 206 exists (90 to 180 degrees of revo-
lution of the hub 220), by having a one way valve that will
separate combustion chamber 206 from the air/fuel supply at
the moment of the combustion event and forward until either
pressure in combustion chamber 206 exceeds the pressure in
the air/fuel supply or alternative mechanical or electrome-
chanical valves shut off the fuel supply.

[0104] Several other possible variations on the design of
PGM 200 are now described with reference to FIGS. 15(A)-
15(E). FIG. 15(A) shows how PGM 200 could be configured
with two collinear blades 255. These blades 255 would work
similarly to sliding blade assembly 214 described above, but
in this configuration hub 220 can provide a central hole,
allowing, e.g., fuel from supply 304 and air 305 to travel
through. In this design, housing walls 221 remain stationary,
while hub 220 and blades 255 rotate around a fixed axis going
through the center of hub 220 and the hole.

[0105] In another variation, two blades 256 could be used
that are parallel but not collinear, as shown in FIGS. 15(B)-
15(C). In this configuration, longer blades 256 may be used
than in the case of parallel blades 255, meaning the expansion
area will be larger than in the collinear case, giving a boost to
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power. In FIG. 15(B) this is implemented using rollers 224 on
the tips of blades 256 to reduce friction. FIG. 15(C) shows a
configuration where friction is reduced without rollers, but
rather using any number of alternatives such as those dis-
cussed below in the section about sealing and lubrication
issues.

[0106] A variation (not shown) uses standalone combustion
chambers 225, similar to those used in our published appli-
cation WO 2005/071230, incorporated herein by reference. A
potential advantage of this approach is that combustion time
could be extended by utilizing two, three or more combustion
cavities 225. One of these combustion cavities 225 is shown
on a cutout view incorporated within the lower chamber.
[0107] FIG.15(E)and FIGS. 16(A)-16(B) show a variation
using a pivoting blade 226 instead of a sliding blade. Blade
226 is connected to a rotating hub 227 at a pivot point. A
combustion chamber 228 is located within hub 227 and is
sealed with blade 226 while blade 226 is within a fixed
(idling) position with respect to hub 227. During this blade
idling, the conditioned air/fuel mixture enters combustion
chamber 228 through one way valve (not shown) from air
buffer 205 (the valve, which allows the conditioned air fuel
mixture to enter combustion chamber 228 is also not shown)
and gets ignited during a CSM event. The central hole within
hub 227 may serve as an air buffer. Blade 226 may have
optional roller 224 running on the walls of housing 221 and
providing the seal. Alternatively, it can use the Wankel-type
apex seal instead of roller or no seal at all if it is made with
wear resistant material as well as housing.

[0108] An altogether different variation of engine 1000 is
shown in FIGS. 17, 18(A)-18(F). It is based on the axial vane
rotary engine (AVRE) configuration, which was considered
in U.S. Pat. No. 4,401,070, which is incorporated herein by
reference, and in earlier prior art. This configuration could be
implemented to run under HEHC.

[0109] The expander 235 configuration of HEHC-AVRE is
shown in FIGS. 17, 18(A)-18(F). While shown in a plane, it
should be realized that we are actually looking at unwrapped
cylindrical bodies. While resembling the prior art in construc-
tion, the operation of engine 1000 is very different. Air 303 is
compressed by a separate compressor. As is true for any other
configuration of the HEHC engines, the compressor part
could be of substantially same design or of any other designs
mentioned in this invention or available commercially, as
long as it is capable of compressing air 303 to high compres-
sion ratios (15-40). Also, the intake volume of the compressor
should be about half of that of the expansion chamber of
expander 235 to take advantage of the Atkinson part of the
cycle.

[0110] Expander 235 consists of: a stator ring 236, and
holding vanes 237, which slides in the axial direction. It may
have rollers 238 that inhibit friction between the blades and
ring 236. Stator ring 236 also houses combustion chambers
240, discussed below. In addition, stator ring 236 houses
exhaust ports 239, which exhaust already expanded combus-
tion gases. These gases are pushed out by the motion and the
shape of a rotary cam ring (RCR) 241, described below (see
FIG. 17).

[0111] RCR 241, driven by expanding combustion gases,
rotates around the axis and drives the output shaft (and pos-
sibly the compressor). It also imparts the intermittent recip-
rocating axial motion to vanes 237. The key feature of RCR
241 is that it provides a dwell period to vanes 237 during
which vanes 237 are stationary with respect to stator ring 236,
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thus forming a constant volume combustion chamber 240.
During this stationary period, compressed air 305 is admitted
through appropriately controlled valves (not shown) into
combustion chamber 240, which is at ambient pressure at that
moment. Either simultaneously with air 305 or with some
delay, fuel from fuel supply 304 is injected into combustion
chamber 240. Due to very turbulent swirling, fuel from fuel
supply 304 is well intermixed with air 305. The mixture
spontaneously ignites and combusts until completion, all
while still under the dwell period or under conditions of
constant volume combustion.

[0112] Vanes 237 slide inside stator ring 236. The only
function of vanes 237 is to stop combustion gases from escap-
ing the expansion chamber. Vanes 237 should have some
sealing mechanism to enable this function. of the sealing
mechanism may utilize Wankel-style apex and face seals or
some other sealing approaches discussed in this document
and in previous patent applications by these authors.

[0113] It should be noted that a number of variations of the
above configuration are possible and apparent to those skilled
in the art. For example, stator ring 236 may be rotary, while
cam ring 241 may be stationary. Combustion chamber 240
may be formed by a cutout within vane 237, rather than within
ring 236. Exhaust port 239 may be located within cam ring
241. Vanes 237 in the drawings are represented as a single
body, but could consist of two or more sliding parts, sup-
ported by springs, sliding blade seals, etc.

[0114] Another variation, radically different from all of the
above, is the concealed blade technology (CBT) engine. The
idea behind CBT, shown as item 249 in FIG. 19, is to replace
some or all of the blades and/or pistons in previous configu-
rations with a virtual chamber, which is implemented with
fluidic diodes 242 or radially located slots, which resist flow
in one direction and permit it in the other. The fluidic diode is
disclosed in our U.S. Pat. No. 7,191,738, which is hereby
incorporated herein by reference, as a check valve. See col. 8,
lines 45-50, and FIG. 3(a) thereof. It is also disclosed in our
published application WO 2005/071230, which is hereby
incorporated herein by reference, as a sealing mechanism.
(See page 46, paragraph 157 through page 47, paragraph 163,
and accompanying figures.) A fluidic diode, invented by
Nikola Tesla, is a physical structure that permits ready flow in
a first direction, but in the case of flow in the opposite, the use
of one or more angled slots in which is placed a suitable
structure creates one or more vortices that impede flow. See
also Tesla’s U.S. Pat. No. 1,329,559, which is hereby incor-
porated herein by reference. In the embodiments herein, each
diode may be implemented with as few as one angled slot, as
in FIG. 3(a) of our U.S. Pat. No. 7,191,738, and FIGS. 43(a),
(b), (c) and (d) of our WO 2005/071230, even though Tesla’s
patent shows a large number of angled slots used simulta-
neously. In particular, we use here one or more fluidic diodes
disposed radially in a disk that rotates with respect to a body
that also includes one or more fluidic diodes. The diodes are
configured in relation to one another so that rotation of the
disk relative to the body traps air between the two diodes as
they approach one another. The air is trapped in what we call
a “virtual chamber” formed between the body, the disk and
the two fluidic diodes. The arrangement therefore establishes
a virtual piston, which can be used to establish a compressor.
Alternatively, the virtual piston can be used to establish an
expander for harnessing pressure from combustion As we
mention, although a disk in this example is the member rotat-
ing with respect to the body, other shapes may be used. For
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example, the rotating member may be a cylinder or it may be
conical, and in each case the interior of the body conforms to
the shape of the rotating member.

[0115] Still referring to FIG. 19, the combustion chamber
cavity is behind fluidic diode 242 (concealed blade) of rotat-
ing rotor or in front of stationary rotor. This embodiment may
be considered as an improvement on the tesla disk or tesla
turbine, but here transformed into an internal combustion
engine. FIG. 19 thus illustrates a turbine by mechanical
design and a piston engine by thermodynamic cycle and
definition of volume expansion engines. The engine utilizes a
rotating disk, item 257, that is rotatably mounted in the body
247. Both the disk and the body are fitted with fluidic diodes
242. The trapping effect is thus compression and is used in a
radial band associated with a compressor region of the
engine, The working medium (which may include air or other
oxygen-containing gas) from the compressor region is then
fed, past a valve assembly that also incorporates one-way
check valve, from a compressor exhaust port 245 into a buffer
region disposed in the body 247. The working medium is then
moved from the buffer region into a substantially fixed vol-
ume combustion chamber formed in body 247 and covered by
aregion of the rotating disk. At this point in the cycle, if it has
not been previously a part of the working medium, fuel is
introduced, and ignition and combustion occur, generating
heat and therefore increased pressure of the working medium.
Following this part of the cycle further rotation of the disk
permits the working medium at increased pressure to enter an
expander chamber associated with a distinct radial band of'the
engine and causing rotation of the disk relative to the body of
the engine. Yet further in the cycle, the working medium, now
expended, is permitted to leave the engine via an exhaust port,
that is in accessable to the working medium while it is in the
expander chamber. Shown in FIG. 19 in addition to the fluidic
diodes 242 are the compressor segment 243, the expander
segment 244, the intake port 246, the exhaust port 245, the
body 247, the cover 248, and the external shaft 250. From the
foregoing description, it is apparent that fluidic diodes used in
members rotatably mounted with respect to one another can
be employed to provide a compressor or an expander. Indeed,
the configurations for a compressor or an expander using
fluidic diodes are similar. Possible variations to this configu-
ration include adding external standalone cylindrical com-
bustion chambers, using a standalone compressor and stan-
dalone expander (i.e. a two-disk configuration), a two sided
configuration where compressor is on one side and expander
is on the other, using multiple stacked discs, disk versa cyl-
inder versa cone configurations (“pipe-in-a-pipe”) with flu-
idic diodes on ID of external “pipe” and OD of internal
“pipe,” “pipe-in-a-pipe-in-a-pipe” configuration, and combi-
nation of the disk configuration with the pipe-in-a-pipe con-
figuration (conical or straight).

[0116] In an HCRE engine, in accordance with various
embodiments of the invention described here, blade(s) move
with respect to the housing walls, the bearings, the cover, and
the hub. And the hub with bearings moves with respect to the
housing walls and the cover. To allow for low cost manufac-
turing, the design of an HCRE should accommodate tolerance
gaps between the various moving components on the order of
0.001"-0.003", after thermal expansion is taken into account
to allow blow-by of the engine gases. This might be accept-
able if the amount of blow-by is small, as it will provide gas
lubrication and some cooling to the engine blade(s). the hous-
ing and the. However, for better performance of the engine, it
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might be desirable for the combustion chamber and expan-
sion chamber to be as leak free as possible while still provid-
ing lubrication and cooling. Since the moving elements
within the engine have a generally rectangular cross section,
special attention needs to be paid to the sealing and tribology
of the engine components.

[0117] There are number of ways to seal the combustion
chamber and the expansion chamber. These include abrad-
able thermal spray coatings, apex and face sealing, water
sealing, fluidic diode sealing, and strip sealing. A practical
solution will be found with one or more sealing arrangements
discussed below. Abradable thermal spray coatings represent
the same technology used for sealing turbine blades. These
coatings withstand temperatures up to 1200° C., and can be
applied to a thickness of 2 mm. The blade/hub motion would
chisel out a path within the coating inside the housing or the
blade or the hub. The result is that the 0.001"-0.003" manu-
facturing gap between the components can be reduced to
almost zero, thereby reducing the leakage from the combus-
tion chamber and the expansion chamber.

[0118] Another approach to minimizing the leakage,
shown in FIG. 20(A) and FIGS. 20(C)-20(D), is to use an
apex seal 310. This might be located on the edge of sliding
blade 214 and/or used as face seals. Apex seal 310 utilizes a
spring loaded sliding vane, which closes the small gap (~0.
001"-0.003") between blade 214 and housing walls 221. The
spring is not shown in the figure. The sliding vane is normally
made out of high wear material such as ceramics, boron
nitride, etc. It is also possible to install seals made out of
various forms of carbon or graphite materials, such as mono-
lithic, expanded graphite sheets or “ropes™ (yarns), imple-
mented as a packing seal. The apex seal concept is applicable
to blade 214 with or without rollers 224, shown in FIG. 20(D).

[0119] Still another alternative sealing arrangement could
be accomplished by utilization of the water seal concept
described in our published application WO 2005/071230, and
elaborated herein in the context of HCRE 1000, with refer-
ence to FIG. 20(B), FIG. 20(E), and FIGS. 21(A)-21(F).
According to the water seal concept, high pressure water 311
enters the channel in a moving part shown in FIG. 20(B) and
fills a very small gap (on the order of 0.001" to 0.003")
between parts. Water 311 is dragged by the moving part and
spread as a thin film occupying the gap and resisting the gases
in front of this thin layer to penetrate this gap. The surface on
the moving part near the channel delivering water is serrated
to form barriers for smooth flow of water film within the gap.
In engine 1000, the parts are very hot and some water will
evaporate, forming hydraulic lock and preventing water 311
from blowing out of the gap. Evaporative cooling provides a
very efficient way to cool engine components as a relatively
small amount of water is required to be evaporated as com-
pared to regular water flow cooling. This is due to the fact that
the heat of water evaporation is significantly higher than the
corresponding heat capacity of the flowing water. However, it
should be stated that this evaporative cooling does not pre-
clude us from using conventional water flow cooling means,
if such will prove to be useful and necessary.

[0120] Water seal 311 could be applied to pivoting blade
assembly 226 with or without rollers or to housing 221, in
which case it can be applied directly between housing 221 and
hub 227, or between housing 221 and roller 224 within hous-
ing 221, as shown in FIG. 20(E). Roller 224 will then seal the
gap with housing.
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[0121] 1Inexpander 222 from FIG. 12, water 306 (see FIG.
1) enters through water inlet fitting 218, passes through the
strategically located water channels within bearing 207, two
semi-cylindrical guides 215, and sliding blade assembly 214,
and exits through water outlet fitting 219. This water 306 also
enters the bearing surfaces of bearings 207 providing for fluid
film hydrostatic/hydrodynamic bearings, eliminating the
need for conventional bearings. But conventional bearings
still could be used in this application.

[0122] FIGS. 21(A)-21(F) give more details of the applica-
tion of the water sealing concept to engine 1000. FIGS.
21(A)-21(C) show water passages inside the channels formed
within the various elements of the expander. These channels
also are shown within bearing 207 in FIG. 21(D), sliding
blade 214 in FIG. 21(E), and bearing 207 in FIG. 21(F).
Arrows in FI1G. 21(C) indicate the direction of inflow and
outflow.

[0123] Therefore, water in engine 1000 has sealing, cool-
ing, lubricating and NOx reduction (as it lowers combustion
chamber temperatures) functions. In addition, as was
explained above, water will increase efficiency of engine
1000 since some of the energy, normally lost due to cooling
losses, is returned back into the system in the form of super-
heated, high pressure steam.

[0124] One interesting possibility is to replace the water in
the above concept with diesel or diesel-like fuels, which have
better lubricity, are non-corrosive, and do not require a con-
densing unit. Since gaps to be closed are very small, the
consumption should be insignificant. Moreover the consump-
tion during expansion phase is useful, since vaporized fuel
will be burned in combustion chamber and expansion cham-
ber. Still another alternative is to add methanol to the water
mix, which will prevent the water from freezing. The metha-
nol will burn when it gets into combustion chamber.

[0125] Wecanalso use a liquid in conjunction with a liquid-
conduit. Water, oil, liquid fuel, etc., could be used for a liquid,
while a small diameter (2-5 mm) carbon/graphite or metal
mesh, made in the form of a pipe or a rope and placed within
channels similar to the ones shown on FIGS. 21(A)-21(C)
could be used as liquid-conduits. High pressure liquid will be
pumped through these conduits, which do not even have to be
water tight, as water leaking through it will evaporate and aid
in cooling, sealing and lubrication.

[0126] Another sealing concept that could be applicable is
the fluidic diode seal. This concept was discussed at length in
our published patent application WO 2005/071230, and is
incorporated herein by reference.

[0127] A strip seal 316 can be used on both hub and/or
blade. As shown in FIGS. 22(A)-22(C), it consists of a strip of
metal and is designed, similarly to a blade apex seal, in such
a way that the net force due to the pressure on strip 316 is
small and directed toward housing walls 221. Having a small
net force will insure that the wear on both strip 316 and walls
221 will be insignificant. The direction of the force will insure
that strip 316 is in constant contact with walls 221, while
maintaining leak-free contact with hub 220 or blade 256.

[0128] The arrows in FIG. 22(C) represent pressure due to
combustion products. Blade 256 is designed in such a way
that the net force due to the pressure on blade 256, whether
rollers are used or not, is small and directed toward housing
walls 221. Having small net force will insure that the wear on
both blade 256 and walls 221 will be insignificant. The direc-
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tion of the force will insure that blade 256 is in constant
contact with walls 221, thus ensuring leak-free operation, at
least in this specific interface.

[0129] The basic concepts underlying the design of engine
1000 can be applied to other engine configurations as well.
FIGS. 23(A)-23(C) show several alternative designs for com-
pressor 101. In FIG. 23(A) a blade-piston 214 is situated ina
central hub 220, and either hub 220 or housing 221 rotating
relative to the other will produce compression in two strokes
per cycle. In FIG. 23(B) this design is modified by putting a
second blade-piston 214 into hub 220, parallel to the first.
Also, for illustrative purposes, we see that design imple-
mented using rollers 224 on the tips of blade-pistons 214.
This configuration will lead to two compression strokes per
cycle for each blade, for a total of four, if configured with one
stage, or two compression pulses per cycle if using a two-
stage configuration. And in FIG. 23(C) we see the design
modified again to have four blade-pistons 214, consisting of
two sets of parallel blades that are positioned on perpendicu-
lar axes relative to each other. This configuration will lead to
either four or eight compression pulses per cycle, again
depending on whether the compressor is configured for one-
stage or two-stage operation.

[0130] In FIG. 24 we see an example of a rotary vane
expander 252 with a piston-type compressor 253 in a single
unit. The entry of piston 214 into hub 220 causes compres-
sion, while the movement of blade 214 through the expansion
area defines the expansion chamber.

[0131] Conventional pistons can also be adapted to imple-
ment the HEHC thermodynamic cycle in a rotary engine, as
shown in FIGS. 25(A)-25(B). As hub 220 and/or housing 221
rotate relative to each other, pistons 254 travel acycle into and
out of hub 220. In operation without a crankshaft, the engine
is driven by a cam ring (not shown) and the cam profile
corresponds to the Atkinson cycle.

[0132] Although various exemplary embodiments of the
invention have been disclosed, it should be apparent to those
skilled in the art that various changes and modifications can
be made which will achieve some of the advantages of the
invention without departing from the true scope of the inven-
tion.

What is claimed is:

1. A rotary engine comprising:

a housing comprising a wall that defines an internal cavity;

a rotor rotatably disposed in the cavity;

a channel in the rotor disposed to provide liquid between

the rotor and the wall; and

a seal between the rotor and the wall, the seal comprising

liquid from the channel.

2. The rotary engine of claim 1, wherein the liquid is water.

3. The rotary engine of claim 1, wherein the liquid is diesel
fuel.

4. The rotary engine of claim 1, wherein the rotor further
comprises a blade movably disposed within the cavity, the
channel disposed to provide the liquid between the blade and
the wall, the liquid forming the seal between the blade and the
wall

5. The rotary engine of claim 4, wherein the blade com-
prises the channel.

6. The rotary engine of claim 5, wherein the blade is piv-
otably coupled to the rotor.

7. The rotary engine of claim 5, wherein the blade is slid-
ably coupled to the rotor.
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8. The rotary engine of claim 1, wherein the rotor com-
prises a serrated surface disposed facing the housing wall and
configured to form barriers against smooth flow of liquid
between the rotor and the walls.

9. A rotary engine comprising;

ahousing comprising a wall that defines an internal cavity;

a rotor rotatably disposed in the cavity;

a roller disposed between the rotor and the wall, the roller

forming a seal between the rotor and the wall; and

a channel disposed so as to provide liquid between the

roller and the wall, the liquid and the roller forming the
seal with wall.

10. The rotary engine of claim 9, wherein the liquid is
water.

11. The rotary engine of claim 9, wherein the liquid is
diesel fuel.

12. The rotary engine of claim 9, wherein the roller is part
of the rotor, and travels with the rotor.

13. The rotary engine of claim 9, wherein the roller is part
of the housing,



	Bibliography
	Abstract
	Drawings
	Description
	Claims

