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ROTARY MACHINE WITH PRESSURE
RELIEF MECHANISM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 14/296,433 filed on Jun. 4, 2014, entitled
“Rotary Machine”. The 433 application claims priority
benefits, in turn, from U.S. provisional patent application
Ser. No. 61/831,248, filed on Jun. 5, 2013, entitled “Rotary
Machine With Elliptical Rotor”, from U.S. provisional pat-
ent application Ser. No. 61/865,604, filed on Aug. 13, 2013,
entitled “Rotary Pump”, and from U.S. provisional patent
application Ser. No. 61/939,737, filed on Feb. 13, 2014,
entitled “Rotary Machine”. The *433, *248, 604 and 737
applications are each hereby incorporated by reference
herein in their entirety.

FIELD OF THE INVENTION

The present invention relates to rotary machines, particu-
larly rotary compressors, pumps or expansion engines in
which at least one rotor has planetary motion within a
housing.

BACKGROUND OF THE INVENTION

Rotary machines, in which at least one rotor has planetary
motion within a housing, can be employed, for example, as
rotary compressors, pumps (including positive displacement
pumps, dynamic pumps and vacuum pumps) or expansion
engines.

Conventional rotary machines can have one or more
rotors. Various shapes of rotors are known, including circu-
lar, elliptical, triangular and, in some cases, the rotors
incorporate vanes. Vanes can be mounted on a rotor in a
housing, and can be of variable length or urged to maintain
contact with the interior surface of the housing as the rotor
rotates. The housing for the rotor is most commonly cylin-
drical although other housing shapes such as trochoidal
(either hypo- or epitrochoidal) shapes are known. There is a
class of rotary machines for which the rotor is trochoidal and
the housing is also trochoidal, wherein the housing has one
more apex than the rotor. Trochoidal shapes can be gener-
ated by tracing a point on the circumference of a first circle
as it is rolled around the circumference of a second circle
either on the inside (producing a hypotrochoidal shape) or
outside (producing an epitrochoidal shape).

A configuration in which the housing (or an outer rotor)
has one more apex (or tooth) than the inner rotor is known
as a generated rotor or gerotor. A gerotor is a positive
displacement pump and can comprise a trochoidal inner
rotor and an outer rotor formed by a circle with intersecting
arcs.

Various gerotor configurations can be designed by rotat-
ing an inner rotor about a first point moving in a circle about
a second point wherein the second point is fixed. The inner
rotor can comprise two or more apexes, and can rotate in the
same direction or in the opposite direction as the rotation of
the first point about the second point. The relative rotational
rates of the rotor and the first point about the second point
can be adjusted to achieve a desired gerotor configuration.

Rotary pumps are known devices that can move a fluid
from one place to another. There is a wide range of end uses
for rotary pumps including irrigation, fire-fighting, flood
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2

control, water supply, gasoline supply, refrigeration, chemi-
cal movement and sewage transfer.

Rotary pumps are typically positive displacement pumps
comprising a fixed housing, gears, cams, rotors, vanes and
similar elements. Rotary pumps usually have close running
clearances, do not require suction or discharge valves, and
are often lubricated only by the fluid being pumped.

A positive displacement pump moves the fluid by trapping
a volume of fluid and forcing the trapped volume into a
discharge pipe. Some positive displacement pumps employ
an expanding cavity on the suction side and a decreasing
cavity on the discharge side. Fluid flows into the pump as the
cavity on the suction side expands and the fluid flows out of
the discharge pipe as the cavity collapses. The output
volume is the same for each cycle of operation. Theoreti-
cally, a positive displacement pump can produce the same
flow rate at a given pump speed regardless of the discharge
pressure.

A rotodynamic pump is a kinetic machine in which energy
is imparted continuously to the fluid by means of a rotating
impeller, propeller, or rotor.

Rotary machines, such as those described above, can be
designed for various applications. The design and configu-
ration of rotary machines can offer particular advantages for
certain applications. For example, rotary pumps, such as
those described above, can be designed for various appli-
cations with suitable capacity and discharge pressure. The
design and configuration of rotary pumps can offer particular
advantages, such as high volumetric efficiency, for certain
applications.

SUMMARY OF THE INVENTION

A rotary machine comprises:

(a) a rotor comprising an outer surface having an elliptical
cross-section;

(b) a crankshaft for providing rotational force to rotate the
rotor about a first axis of rotation at a first angular
velocity;

(c¢) a mechanical coupling between the crankshaft and the
rotor, the coupling configured such that:

(1) rotation of the crankshaft about the first axis of
rotation induces rotation of the rotor about an instan-
taneous second axis of rotation at a second angular
velocity proportional to the first angular velocity, the
second axis of rotation positioned at a fixed distance
from the first axis of rotation; and

(ii) the second axis of rotation orbits about the first axis
of rotation at the first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
the housing having an interior cavity within which the
rotor is configured to rotate, the housing interior cavity
comprising an inner surface having a cross-sectional
profile defined by a locus of a set of points on the rotor
outer surface for which an instantaneous velocity vec-
tor is perpendicular to a line drawn from a member of
the set of points to the second axis of rotation as the
rotor completes one revolution of rotation, the housing
cavity inner surface having an interiorly-extending
inverse apex region between the inlet and the outlet that
is in contact with the rotor during rotation of the rotor
thereby providing separation between the inlet and the
outlet.

The housing cavity inner surface further comprises a first

cut-out formed therein that extends circumferentially and is
fluidly connected to one of the inlet or the outlet.
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Upon connecting the inlet to a fluid source, rotation of the
rotor draws fluid into a space formed between the rotor and
the housing cavity inner surface and discharges the fluid
from the outlet.

The housing inner surface can further comprise a second
cut-out, wherein the first cut-out is fluidly connected to the
inlet and the second cut-out is fluidly connected to the outlet.
In some embodiments, the first cut-out can be configured to
increase the amount of fluid drawn via the inlet into the
space formed between the rotor and the housing cavity inner
surface during rotation of the rotor. In some embodiments,
the second cut-out is configured to reduce mechanical
restraint of the rotor during discharge of an incompressible
fluid via the outlet. The cut-outs can be connected to the
housing cavity inner surface by a transition region.

In preferred embodiments of the rotary machine, the
crankshaft induces rotation of the rotor about the second axis
of rotation at a second angular velocity that is half the first
angular velocity.

In some embodiments, the rotary machine further com-
prises a second rotor comprising an outer surface having an
elliptical cross-section, and the second rotor is configured to
rotate out of phase with respect to the first rotor.

In preferred embodiments of the rotary machine, the
crankshaft is connected to a drive assembly for rotating the
crankshaft at a rotational rate that varies during the period of
each rotation of the crankshaft. In some embodiments the
drive assembly can comprise a motor, a driveshaft and a
universal joint. The driveshaft of the motor is configured to
rotate at a substantially constant rate, and the universal joint
is configured to provide a variation in the rotational rate of
the crankshaft. In other embodiments, the drive assembly
comprises transmission comprising a non-circular gearing
mechanism, with the non-circular gearing mechanism con-
figured to provide a variation in the rotational rate of the
crankshaft.

In preferred embodiments of the rotary machine, the
inverse apex region comprises a dynamic apex seal.

A rotary pump comprises:

(a) a rotor comprising an outer surface having an elliptical

cross-section;

(b) a crankshaft for providing rotational force to rotate the
rotor about a first axis of rotation at a first angular
velocity;

(c) a mechanical coupling between the crankshaft and the
rotor, the coupling configured such that:

(1) rotation of the crankshaft about the first axis of
rotation induces rotation of the rotor about an instan-
taneous second axis of rotation at a second angular
velocity proportional to the first angular velocity, the
second axis of rotation positioned at a fixed distance
from the first axis of rotation; and

(ii) the second axis of rotation orbits about the first axis
of rotation at the first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
the housing having an interior cavity within which the
rotor is configured to rotate.

The housing interior cavity is substantially circular in
cross-section and comprises an interiorly-extending inverse
apex region between the inlet and the outlet. The inverse
apex region is in contact with the rotor during rotation of the
rotor thereby providing separation between the inlet and the
outlet.

Upon connecting the inlet to a fluid source, rotation of the
rotor draws fluid into a space formed between the rotor and
the housing cavity inner surface and discharges the fluid
from the outlet.
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In a preferred embodiment, the crankshaft induces rota-
tion of the rotor about the second axis of rotation at a second
angular velocity that is half the first angular velocity.

In a preferred embodiment, the rotor has a pair of oppo-
sitely disposed tips, the rotor tips separated by a distance that
provides a substantially continuous gap between the tips and
the housing cavity inner surface.

In some embodiments, the housing cavity inner surface
has a first cut-out formed therein that extends circumferen-
tially and is fluidly connected to one of the inlet or the outlet.

In some embodiments, the pump can further comprise a
second rotor comprising an outer surface having an elliptical
cross-section. The second rotor is preferably configured to
rotate out of phase with respect to the first rotor.

In preferred embodiments of the rotary pump, the crank-
shaft is connected to a drive assembly for rotating the
crankshaft at a rotational rate that varies during the period of
each rotation of the crankshaft. In some embodiments the
drive assembly can comprise a motor, a driveshaft and a
universal joint. The driveshaft of the motor is configured to
rotate at a substantially constant rate, and the universal joint
is configured to provide a variation in the rotational rate of
the crankshaft. In other embodiments, the drive assembly
comprises transmission comprising a non-circular gearing
mechanism, with the non-circular gearing mechanism con-
figured to provide a variation in the rotational rate of the
crankshaft.

In preferred embodiments, the inverse apex region com-
prises a dynamic apex seal.

The rotary pump can further comprise at least one lining
disposed along at least a portion of the housing cavity inner
surface. The lining can be formed of a material that is less
abradable than the housing cavity inner surface. The lining
can have uniform or non-uniform thickness.

An improved rotary machine directs a quantity of fluid
from an inlet to an outlet. The apparatus comprises:

(a) a rotor comprising an outer surface having an elliptical

cross-section;

(b) a crankshaft for providing rotational force to rotate the
rotor about a first axis of rotation at a first angular
velocity;

(c¢) a mechanical coupling between the crankshaft and the
rotor, the coupling configured such that:

(1) rotation of the crankshaft about the first axis of
rotation induces rotation of the rotor about an instan-
taneous second axis of rotation at a second angular
velocity proportional to the first angular velocity, the
second axis of rotation positioned at a fixed distance
from the first axis of rotation; and

(ii) the second axis of rotation orbits about the first axis
of rotation at the first angular velocity;

(d) a housing having an interior cavity within which the
rotor is capable of rotating, the housing interior cavity
comprising an interior surface having a cross-sectional
profile defined by a locus of a set of points on the rotor
outer surface for which an instantaneous velocity vec-
tor is perpendicular to a line drawn from a member of
the set of points to the second axis of rotation as the
rotor completes one revolution of rotation.

In a preferred embodiment, the crankshaft induces rota-
tion of the rotor about the second axis of rotation at a second
angular velocity that is half the first angular velocity.

In a preferred embodiment, the rotor has a major axis
ending in pair of oppositely disposed tips, and the rotor tips
contact the housing interior surface. Alternatively, the rotor
tips can be spaced from the housing interior surface.
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In a preferred embodiment, the inlet is formed within the
housing for introducing the fluid quantity into the interior
cavity and the outlet is formed within the housing for
discharging the fluid quantity from the interior cavity. Rota-
tion of the rotor about the second axis of rotation preferably
divides the interior cavity into three separate chambers
during at least a portion of the revolution of the rotor about
the second axis of rotation. Preferably, the fluid quantity is
introduced via the inlet into one of the chambers and
substantially all of the fluid quantity is discharged from the
one of the chambers upon completion of the one revolution
of rotation, thereby fully scavenging the fluid quantity from
the interior chamber.

In a preferred embodiment, the housing has a through-
hole formed therein for introducing fluid into the interior
cavity, and the rotor superimposes the through-hole during
the one revolution of rotation. The rotor can have at least one
interior chamber formed therein such that the rotor interior
chamber fluidly communicates with the through-hole when
the rotor interior chamber superimposes the through-hole.
The fluid introduced via the through-hole can have a com-
position that is different from the composition of the fluid
introduced to the interior chamber via the inlet.

An improved method directs a quantity of fluid from an
inlet to an outlet. The method comprises:

(a) encasing a rotor within an interior cavity formed in the
housing, the rotor comprising an outer surface having
an elliptical cross-section, the housing interior cavity
comprising an interior surface having a cross-sectional
profile defined by a locus of a set of points on the rotor
outer surface for which an instantaneous velocity vec-
tor is perpendicular to a line drawn from a member of
the set of points to an instantaneous axis of rotation as
the rotor completes one revolution of rotation;

(b) mechanically coupling a crankshaft and the rotor, the
crankshaft having a first axis of rotation, the coupling
configured such that:

(1) rotation of the crankshaft about the first axis of
rotation induces rotation of the rotor about the
instantaneous axis of rotation at a second angular
velocity proportional to the first angular velocity, the
instantaneous axis of rotation positioned at a fixed
distance from the first axis of rotation; and

(ii) the instantaneous axis of rotation orbits about the
first axis of rotation at the first angular velocity;

(c) applying rotational force to the crankshaft, thereby
inducing rotation of the rotor about the instantaneous
axis of rotation, the rotor contacting the interior cavity
at three locations during at least a portion of the
revolution of the rotor about the instantaneous axis of
rotation, thereby dividing the interior cavity into three
chambers that may or may not be fluidly isolated from
one another;

(d) introducing the fluid quantity via the inlet into one of
the chambers; and

(e) discharging substantially all of the fluid quantity from
the one of the chambers upon completion of the one
revolution of rotation, thereby fully scavenging the
fluid quantity from the interior chamber.

In a preferred method embodiment, the crankshaft
induces rotation of the rotor about the second axis of rotation
at a second angular velocity that is half the first angular
velocity.

In a preferred method embodiment, the rotor has a major
axis ending in pair of oppositely disposed tips, and the rotor
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tips contact the housing interior surface. Alternatively, the
rotor tips can also be spaced from the housing interior
surface.

In a preferred method embodiment, the inlet is formed
within the housing for introducing the fluid quantity into the
interior cavity and the outlet is formed within the housing for
discharging the fluid quantity from the interior cavity. The
fluid quantity is preferably introduced via the inlet into one
of the chambers and substantially all of the fluid quantity is
discharged from the one of the chambers upon completion of
the one revolution of rotation, thereby fully scavenging the
fluid quantity from the interior chamber.

In a preferred method embodiment, the housing has a
through-hole formed therein for introducing fluid into the
interior cavity, and the rotor superimposes the through-hole
during the one revolution of rotation. The rotor preferably
has at least one interior chamber formed therein such that the
rotor interior chamber fluidly communicates with the
through-hole when the rotor interior chamber superimposes
the through-hole. The fluid introduced via the through-hole
can have a composition that is different from the composi-
tion of the fluid introduced to the interior chamber via the
inlet.

An improved rotary pump comprises:

(a) a rotor comprising an outer surface having an elliptical

cross-section;

(b) a crankshaft for providing rotational force to rotate the
rotor about a first axis of rotation at a first angular
velocity;

(c¢) a mechanical coupling between the crankshaft and the
rotor, the coupling configured such that:

(1) rotation of the crankshaft about the first axis of
rotation induces rotation of the rotor about an instan-
taneous second axis of rotation at a second angular
velocity proportional to the first angular velocity, the
second axis of rotation positioned at a fixed distance
from the first axis of rotation; and

(ii) the second axis of rotation orbits about the first axis
of rotation at the first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
the housing having an interior cavity within which the
rotor is configured to rotate, the housing interior cavity
comprising an inner surface having a cross-sectional
profile defined by a locus of a set of points on the rotor
outer surface for which an instantaneous velocity vec-
tor is perpendicular to a line drawn from a member of
the set of points to the second axis of rotation as the
rotor completes one revolution of rotation;

(e) a front plate and a rear plate attached at opposite sides
of the housing for fluidly encasing the housing interior
cavity.

Upon connecting the inlet to a fluid source, rotation of the
rotor draws fluid into a space formed between the rotor and
the housing cavity inner surface and discharges the fluid
from the outlet.

In a preferred embodiment, the rotary pump, the crank-
shaft induces rotation of the rotor about the second axis of
rotation at a second angular velocity that is half the first
angular velocity.

In another preferred embodiment, the rotor has a pair of
oppositely disposed tips, and the rotor tips are separated by
a distance that provides a substantially continuous gap
between the tips and the housing cavity inner surface.

In another preferred embodiment, the housing cavity
inner surface has an interiorly-extending inverted apex por-
tion between the inlet and the outlet and a pair of cut-outs
formed therein adjacent the inlet and the outlet. The cut-outs
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extending circumferentially away from the inverted apex
portion and axially between the front plate and the rear plate.
The cut-outs can extend partially between the front plate and
the rear plate. Each of the cut-outs can be connected to the
housing cavity inner surface by a transition portion. In this
embodiment, the rotor preferably has a pair of oppositely
disposed tips, the rotor tips separated by a distance that
provides a substantially continuous gap between the tips and
the housing cavity inner surface.

In another preferred embodiment, the rotary pump further
comprises at least one lining disposed along at least a portion
of the housing cavity inner surface. The at least one lining
is preferably formed of a material that is less abradable than
the housing cavity inner surface. The at least one lining can
be replaceable. The at least one lining can be a plurality of
stacked linings, each of the linings having a thickness such
that when stacked an adjustable gap is formed between the
elliptical rotor tips and the housing cavity inner surface. The
linings can have a uniform thickness or thicknesses that vary
such that the gap differs in radial distance at different
locations along the housing cavity inner surface.

In another preferred embodiment, the rotor has a circum-
ferential edge, and the rotary pump further comprises a
compressible seal disposed around the elliptical rotor cir-
cumferential edge.

In another preferred embodiment, the elliptical rotor has
a front face and a rear face and the elliptical rotor further
comprises at least one friction feature disposed on at least
one of the elliptical rotor front face and rear face. The at least
one friction feature is preferably formed of abradable mate-
rial.

In another embodiment, the rotary pump further com-
prises a second elliptical rotor capable of undergoing eccen-
tric rotation within the housing interior cavity, and the
elliptical rotors are separated within the housing interior
cavity by a central plate. The rotary pump can further
comprise a valve operatively associated with the central
plate for relieving internal pressure within a volume defined
by at least a portion of the housing cavity on one side of the
central plate to a volume defined by at least a portion of the
housing cavity on the other the of the central plate.

In another embodiment, the rotary pump further com-
prises a valve for relieving internal pressure within a volume
defined by at least a portion of the housing cavity. The valve
can be a one-way sprung check valve.

In another preferred embodiment, the inverse apex is
hinged and biased such that the inverse apex is rotatable
away from a position substantially perpendicular to a tan-
gent to the housing cavity inner surface to form a gap
between the housing cavity inner surface and the elliptical
rotor, thereby relieving pressure in an adjacent volume
formed in the housing cavity.

Another improved rotary pump comprising:

(a) a rotor comprising an outer surface having an elliptical

cross-section;

(b) a crankshaft for providing rotational force to rotate the
rotor about a first axis of rotation at a first angular
velocity;

(c) a mechanical coupling between the crankshaft and the
rotor, the coupling configured such that:

(1) rotation of the crankshaft about the first axis of
rotation induces rotation of the rotor about an instan-
taneous second axis of rotation at a second angular
velocity proportional to the first angular velocity, the
second axis of rotation positioned at a fixed distance
from the first axis of rotation; and
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(ii) the second axis of rotation orbits about the first axis
of rotation at the first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
the housing having an interior cavity within which the
rotor is configured to rotate, the housing interior cavity
encased by a front plate and a rear plate attached at
opposite sides of the housing, the housing interior
cavity comprising an interiorly-extending inverted
apex portion between the inlet and the outlet.

Upon connecting the inlet to a fluid source, rotation of the
rotor draws fluid into a space formed between the rotor and
the housing cavity inner surface and discharges the fluid
from the outlet.

An improved method directs fluid from an inlet to an
outlet formed in a housing having an interior cavity. The
method comprises:

(a) rotating a crankshaft mechanically coupled to a rotor
comprising an outer surface having an elliptical cross-
section, the crankshaft rotating the rotor within the
housing interior cavity about a first axis of rotation at
a first angular velocity, the coupling configured such
that:

(1) rotation of the crankshaft about the first axis of
rotation induces rotation of the rotor about an instan-
taneous second axis of rotation at a second angular
velocity proportional to the first angular velocity, the
second axis of rotation positioned at a fixed distance
from the first axis of rotation; and

(ii) the second axis of rotation orbits about the first axis
of rotation at the first angular velocity;

(b) connecting the inlet to a fluid source.

The housing interior cavity comprises an inner surface
having a cross-sectional profile defined by a locus of a set of
points on the rotor outer surface for which an instantaneous
velocity vector is perpendicular to a line drawn from a
member of the set of points to the second axis of rotation as
the rotor completes one revolution of rotation.

Rotation of the rotor draws the fluid into a space formed
between the rotor and the housing cavity inner surface and
discharges the fluid from the outlet.

Another improved method directs fluid from an inlet to an
outlet formed in a housing having an interior cavity encased
by a front plate and a rear plate attached at opposite sides of
the housing. The method comprises:

(a) rotating a crankshaft mechanically coupled to a rotor
comprising an outer surface having an elliptical cross-
section, the crankshaft rotating the rotor within the
housing interior cavity about a first axis of rotation at
a first angular velocity, the coupling configured such
that:

(1) rotation of the crankshaft about the first axis of
rotation induces rotation of the rotor about an instan-
taneous second axis of rotation at a second angular
velocity proportional to the first angular velocity, the
second axis of rotation positioned at a fixed distance
from the first axis of rotation; and

(ii) the second axis of rotation orbits about the first axis
of rotation at the first angular velocity;

(b) connecting the inlet to a fluid source.

The housing interior cavity comprising an interiorly-
extending inverted apex portion between the inlet and the
outlet.

Rotation of the rotor draws the fluid into a space formed
between the rotor and the housing cavity inner surface and
discharges the fluid quantity from the outlet.

A rotary machine has a rotor with at least two rotor
apexes. In some embodiments the rotor is elliptical in cross
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section. The rotor is located in a housing in which it can
undergo eccentric rotation when driven by a crankshaft. The
rotation of the crankshaft can be an integer multiple of the
rotation rate of the rotor and in the same direction of the
rotor. In some embodiments with an elliptical rotor, the
integer multiple is two.

The rotor is in contact with at least one point of the
interior surface of the housing during its rotation and forms
multiple chambers from which different inlet and outlet
ports can be connected. The rotary machine can also contain
a dynamic apex seal which is formed at an inverse apex
region of the interior of the housing. In a preferred embodi-
ment, the inverse apex region can be shaped like the arc of
a circle. In other embodiments, the inverse apex region can
be shaped, among other things, like a portion of a parabolic
curve, a portion of a polynomial of degree higher than two,
and/or a portion of a sinusoidal curve.

In at least one embodiment, multiple rotors are used in the
housing and are configured to rotate out of phase with
respect to each other to reduce the variation in the net output
flow rate.

In some embodiments, the crankshaft is coupled to a
driveshaft of a motor via a universal joint wherein the
driveshaft is configured to rotate at a substantially constant
rate, and the universal joint is configured to provide a
variation in the rotational rate of the crankshaft. Alterna-
tively, or in addition, in some embodiments, the transmission
can comprise a non-circular gearing mechanism that is
configured to provide a variation in the rotational rate of the
crankshaft.

In one embodiment, the rotary machine also includes a
sun gear, a ring gear, and a mechanical coupling. The ring
gear rotates via the mechanical coupling when the crank-
shaft rotates. The sun gear can contain a protrusion which is
configured to connect the sun gear to the rotor via a socket
located on the surface of the rotor. In one embodiment the
protrusion is a hexagonal key.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustrating the geometry of an
ellipse rotating about the rotating end of a rotating radial
arm.

FIG. 2 is a schematic illustrating the geometry of an
elliptical rotor assembly in cross-section.

FIGS. 3A-3D are schematics illustrating the geometry of
an elliptical rotor assembly in cross-section as it undergoes
eccentric rotation.

FIG. 4 is a schematic illustrating the profile generated by
an elliptical rotor assembly in cross-section as it undergoes
eccentric rotation.

FIG. 5 is a schematic illustrating the geometry of an
elliptical rotor and housing assembly in cross-section.

FIGS. 6A-6G are schematics illustrating the geometry of
the elliptical rotor and housing assembly at different stages
of a single revolution of the elliptical rotor.

FIGS. 7A-7D show various views of a through-hole in the
elliptical rotor and housing assembly of FIG. 5.

FIG. 8 is an isometric projection of an embodiment of an
elliptical rotor and housing assembly.

FIG. 9A is a schematic illustrating the geometry of an
embodiment of a positive displacement rotary pump in
cross-section.

FIG. 9B is an isometric projection of the positive dis-
placement rotary pump assembly of FIG. 9A.

FIGS. 10A-10D are schematics illustrating how the cross-
sectional geometry of the housing of the positive displace-
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ment rotary pump assembly of FIG. 9A can be modified to
create an embodiment of a rotodynamic pump assembly.

FIGS. 11A-11D are schematics illustrating the geometry
of an embodiment of a rotodynamic pump assembly at
different stages of a single revolution of the elliptical rotor.

FIG. 12 is a composite schematic illustrating a first
embodiment of a rotodynamic pump, like that illustrated in
FIGS. 11A-11D, in side cross-section and cut-away isomet-
ric views.

FIGS. 13A and 13B are schematics illustrating a second
embodiment of a rotodynamic pump, with features similar to
the rotodynamic pump illustrated in FIGS. 11A-11D, in
orthogonal cross-sectional views.

FIG. 14 is a schematic illustrating the geometry of an
elliptical rotor and a second smaller rotor having the same
center of mass as the elliptical rotor.

FIG. 15A is a schematic illustrating the profile generated
by a near-elliptical rotor assembly in cross-section as it
undergoes eccentric rotation as described herein.

FIG. 15B is a schematic showing the inverse apex region
in a close-up view.

FIGS. 16A and 16B are schematics illustrating the dif-
ference in the inverse apex for an elliptical rotor and the
inverse apex region for a second smaller rotor constructed as
described herein.

FIGS. 17A-17B are schematics illustrating the construc-
tion of an asymmetric rotor cross-sectional outline that is a
combination of elliptical and near-elliptical arcs.

FIG. 17C shows the combination of the four quadrants
denoted in FIG. 17A and FIG. 17B to form a complete
outline that is a combination of elliptical and near-elliptical
outlines.

FIGS. 18A and 18B are schematics illustrating the hous-
ing shape corresponding to the asymmetric rotor of FIG.
17C.

FIG. 19A is a schematic illustrating the shape described
by an asymmetric rotor assembly in cross-section as it
undergoes rotolliptic motion.

FIG. 19B is a schematic showing the inverse apex region
of FIG. 19A in a close-up view.

FIG. 20A is a schematic illustrating the shape described
by an asymmetric rotor assembly in cross-section as it
undergoes rotolliptic motion.

FIG. 20B is a schematic showing the inverse apex region
of FIG. 20A in a close-up view.

FIG. 21A is a graph illustrating the change in volume of
each of three chambers in a rotary machine as the rotor
undergoes eccentric motion the housing.

FIG. 21B is a graph illustrating the net output flow rate for
a rotary machine with a single rotor.

FIG. 22 is an isometric view of an embodiment of a
rotodynamic pump assembly with two elliptical rotors con-
figured to undergo eccentric motion.

FIG. 23 is an exploded view of the rotodynamic pump
assembly of FIG. 22, with two elliptical rotors configured to
undergo eccentric motion.

FIGS. 24A and 24B are cut-away isometric and isometric
views respectively of the rotodynamic pump assembly of
FIG. 22 showing the crank and gear mechanism of each
elliptical rotor, as well as the housing.

FIGS. 25A-251 are schematics illustrating the geometry of
the rotodynamic pump assembly of FIG. 22 at different
stages of rotation of the two elliptical rotors.

FIG. 26 is a graph illustrating the net output flow rate for
a rotary machine with one or more rotors.

FIG. 27A is a schematic illustrating a rotary machine
assembly.
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FIG. 27B is a schematic illustrating a rotary machine
assembly with a universal joint (U-joint).

FIG. 28A is a graph illustrating the effect of a U-joint as
a coupling mechanism between drive shafts.

FIG. 28B is a graph illustrating the effect of combining a
drive comprising a U-joint with a rotary machine comprising
two rotors configured to reduce output flow variation.

FIG. 29 is a schematic illustrating two oval gears.

FIG. 30 is a graph illustrating the variation of shaft speed
for oval gears.

FIGS. 31A-31C are schematics illustrating an embodi-
ment of a rotodynamic pump, a lining for the inner surface
of the housing, and a rotodynamic pump comprising a lining
for the inner surface of the housing.

FIG. 32 is an isometric view of an elliptical rotor that can
be used in the rotary pump of FIG. 9A, the rotor comprising
friction features.

FIG. 33 is a front view of an elliptical rotor, like that
shown in FIG. 32, and further comprising a compressible
seal around each edge of the rotor.

FIGS. 34A and 34B are cross-sectional views, taken in the
direction of arrows A-A in FIG. 33, of the elliptical rotor of
FIG. 33.

FIGS. 35A and 35B are cut-away views of the elliptical
rotor of FIG. 33.

FIGS. 36A and 36B are isometric views of the elliptical
rotor of FIG. 33 comprising a secondary seal.

FIG. 37A is a schematic illustrating a rotary machine
having a dynamic apex seal.

FIG. 37B is a schematic showing a close-up of the rotary
machine in the vicinity of the inverse apex region.

FIG. 38 is a schematic illustrating a cross-section of a
rotary machine.

FIG. 39A is a schematic illustrating a sun gear configured
to comprise a hexagonal nut.

FIG. 39B is a schematic illustrating a sun gear and a ring
gear.

FIGS. 40A and 40B illustrate a first embodiment of an
internal pressure relief valve configuration suitable for use in
the rotodynamic pump assembly of FIG. 22.

FIGS. 41A and 41B further illustrate the first embodiment
of an internal pressure relief valve configuration shown in
FIGS. 40A and 40B suitable for use in the rotodynamic
pump assembly of FIG. 22.

FIGS. 42A and 42B illustrate a second embodiment of an
internal pressure relief valve configuration suitable for use in
the rotodynamic pump assembly of FIG. 22.

FIG. 43 is an isometric view of an embodiment of a
rotodynamic pump assembly configured for external pres-
sure relief.

FIGS. 44A-44D are schematics illustrating an example
embodiment of a rotary machine.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENT(S)

The present apparatus and method relate to rotary
machines in which at least one rotor has planetary motion
within a housing, wherein the housing is shaped to provide
advantages for applications including, but not limited to,
rotary compressors, positive displacement pumps, dynamic
pumps, vacuum pumps and expansion engines.

FIG. 1 is a schematic illustrating the geometry of an
ellipse rotating about the head of a rotating radial arm. In
geometric configuration 100, ellipse 110 has a center C, a
major axis indicated by dotted line AA and a minor axis
indicated by dashed line BB. Major axis AA is the longest
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diameter of ellipse 110, and minor axis BB is the shortest
diameter of ellipse 110. Ellipse 110 rotates about center C at
an angular velocity m, in a counter-clockwise direction
relative to a frame of reference in which center C is
stationary. Centre C is located at the head of a rotating radial
arm 120. Radial arm 120 has length k and rotates about a
fixed end O at an angular velocity w, in a counter-clockwise
direction relative to a frame of reference in which fixed end
O is stationary.

If angular velocity o, is negative, it indicates that rotation
of ellipse 110 about center C is in a clockwise direction
relative to a frame of reference in which center C is
stationary. If angular velocity w, is negative, it indicates that
rotation of radial arm 120 about fixed end O is in a clockwise
direction relative to a frame of reference in which fixed end
O is stationary.

Depending on the relative magnitude of o, and w,, ellipse
100 may appear to rotate in a clockwise direction relative to
a frame of reference in which fixed end O is stationary even
when o, and w, are both positive.

Circle 130 is the locus of the head of radial arm 120 as it
rotates about fixed end O. Line OC is also referred to as the
crank arm, and length k is also referred to as the crank
radius.

Angular velocities m, and w, can be different from one
another, and can be positive or negative; that is, rotation of
ellipse 110 and/or rotation of radial arm 120 can be in a
counter-clockwise or clockwise direction.

When angular velocity w; is half angular velocity ,,
ellipse 110 rotates half as fast as radial arm 120, and radial
arm 120 completes two full revolutions for each full revo-
Iution of ellipse 110. There can be an initial phase lag
between the rotations of ellipse 110 and radial arm 120 at the
start of rotation. The initial phase lag is an angle describing
the phase difference between the rotational motion of ellipse
110 and the rotational motion of radial arm 120. When the
initial phase lag is 3m/4 radians (or equivalently 135
degrees), major axis AA of ellipse 210 is horizontal when
radial arm 120 is vertical, with center C of ellipse 210
directly below fixed end O of radial arm 120. This is the
configuration shown in FIG. 1.

FIG. 2 is a schematic illustrating the geometry of an
elliptical rotor assembly in cross-section. Elliptical rotor
assembly 200 comprises a rotor 210 having an elliptical
cross-section. Rotor 210 is referred to as an elliptical rotor.
Dotted line AA is the major axis of elliptical rotor 210.
Dashed line BB is the minor axis of elliptical rotor 110.

In operation, elliptical rotor 210 rotates in a manner as
described for ellipse 110 in FIG. 1. The rotation can be
achieved mechanically in a number of ways. In the embodi-
ment show in FIG. 2, elliptical rotor assembly 200 com-
prises a sun gear 220, a crankshaft 222, a ring gear 230 and
a mechanical coupling (not shown in FIG. 2). Sun gear 220
is fixed (for example to non-rotating components not shown
in FIG. 2) and does not rotate. Sun gear 220 is meshed with
a ring gear 230 fixed to elliptical rotor 210. When crankshaft
222 rotates, ring gear 230 is made to rotate by means of the
mechanical coupling. The mechanical coupling is config-
ured to hold ring gear 230 against sun gear 220, keeping
crank arm length k constant at all times during rotation.

The angular velocity (rotational rate) of elliptical rotor
210 about its instantaneous center of rotation R is w,. The
angular velocity of crankshaft 222 is w,. In the example
embodiment of elliptical rotor assembly 200 shown in FIG.
2, o, and m, are both in a counter-clockwise direction. The
angular velocity of crankshaft 222 and the angular velocity
of elliptical rotor 210 can be different. In an example
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embodiment, m, is twice m,; that is, the angular velocity of
crankshaft 222 is twice the angular velocity of elliptical
rotor 210. In the example embodiment, crankshaft 222
makes two complete revolutions for each complete revolu-
tion of elliptical rotor 210. In the example embodiment, the
tooth count and pitch diameter of ring gear 230 are twice the
tooth count and pitch diameter of sun gear 220 on crankshaft
222.

In the configuration described above, an instantaneous
center of rotation R of elliptical rotor 210 lies at a point 2k
from center C of elliptical rotor 210 on a line drawn from
center C through the center O of crankshaft 222.

Circle 225 is the circumference of sun gear 220 and is the
locus of instantaneous center of rotation R of elliptical rotor
210 as crankshaft 222 rotates.

Rotor tips 240 and 245 are defined as regions on the outer
surface of elliptical rotor 210 at or close to the ends of major
axis AA. For the purposes of the present description, the
rotor tips are defined as places on the outer surface of
elliptical rotor 210 that subtend an angle equal to or less than
angle D from major axis AA at center C.

The magnitude of angle D varies with the relative lengths
of major axis AA and minor axis BB. In an example
embodiment, the ratio of major axis AA to minor axis BB
can be approximately 1.85 and angle D can be approxi-
mately 12 degrees.

The term “rotolliptic motion” is defined to mean the
motion of a rotary machine comprising a rotor having two or
more rotor apexes (or lobes) and a housing in which the rotor
undergoes eccentric rotation driven by a crankshaft, the
rotation rate of the crankshaft being substantially an integer
multiple of the rotation rate of the rotor, the rotations being
in the same direction and the integer multiple being equal to
the number of rotor apexes, wherein the rotor is in contact
with one or more fixed points or localized regions on the
interior surface of the housing throughout its rotation.

FIGS. 3A-3D are schematics illustrating the geometry of
an elliptical rotor assembly in cross-section as it undergoes
eccentric rotation. Eccentric rotation is defined as rotation of
the elliptical rotor about an instantaneous center of rotation
that travels in a circle about a fixed point.

FIG. 3A shows a first position of elliptical rotor 210 of
FIG. 2, with major axis AA of elliptical rotor 210 in a
horizontal orientation and crank arm OC (which is equiva-
lent to radial arm 120 in the geometry of FIG. 1) in a vertical
orientation. Instantaneous center of rotation R is located 2k
from center C on a line drawn from C through O.

FIG. 3B shows a second position of elliptical rotor 210 of
FIG. 2, after counter-clockwise rotation of crankshaft 222 of
FIG. 2 through an angle of 7/2 radians (90 degrees). Ellip-
tical rotor 210 has rotated through an angle of /4 radians
(45 degrees). Instantaneous center of rotation R has rotated
through an angle of 7t/2 radians (90 degrees), and (as in FIG.
3A) is located 2k from center C on a line drawn from center
C to instantaneous center of rotation R through origin O.
Line CR is the diameter of a circle with radius k.

FIG. 3C shows a third position of elliptical rotor 210 of
FIG. 2, after counter-clockwise rotation of crankshaft 222 of
FIG. 2 through an angle of 7/2 radians (90 degrees) relative
to the second position (FIG. 3B). Elliptical rotor 210 has
rotated through an angle of 7/4 radians (45 degrees) relative
to the second position (FIG. 3B). Instantaneous center of
rotation R has rotated through an angle of n/2 radians (90
degrees) relative to the second position (FIG. 3B), and (as in
FIGS. 3A and 3B) is located 2k from center C on a line
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drawn from C through O. Major axis AA of elliptical rotor
210 is in a vertical orientation and line OC is also in a
vertical orientation.

FIG. 3D shows a fourth position of elliptical rotor 210 of
FIG. 2, after counter-clockwise rotation of crankshaft 222 of
FIG. 2 through an angle of 7/2 radians (90 degrees) relative
to the third position (FIG. 3C). Elliptical rotor 210 has
rotated through an angle of 7w/4 radians (45 degrees) relative
to the third position (FIG. 3C). Instantaneous center of
rotation R has rotated through an angle of n/2 radians (90
degrees) relative to the third position (FIG. 3C), and (as in
FIGS. 3A-3C) is located 2k from center C on a line drawn
from C through O.

FIG. 4 is a schematic illustrating the profile generated by
an elliptical rotor assembly in cross-section as it undergoes
eccentric rotation as described above. Ellipse profiles 410A-
410L show the orientation of elliptical rotor 210 of FIG. 2
as it rotates when crankshaft 222 of FIG. 2 is rotated. The
outer envelope of profiles 410A-410L, and all intervening
profiles that could be generated by rotation of elliptical rotor
210, describes the shape 420 of the inner surface of a
housing in which elliptical rotor 210 can be situated.

Circle 430 is the locus of the instantaneous center of
rotation of ellipse 410.

Shape 420 encloses elliptical rotor 210 for all angles of
rotation. The instantaneous velocity vector at a given point
on ellipse 410 lies perpendicular to a line joining the given
point to the instantaneous center of rotation (shown as R in
FIGS. 2 and 3A-3D). For a given ellipse profile (such as
410A-410L and all intervening profiles that could be gen-
erated by rotation of ellipse 410), there exists a set of points
lying on the ellipse at which the instantaneous velocity
vector is tangential to the ellipse. The locus of all such sets
of points for all ellipse profiles describes shape 420.

Shape 420 has three places of contact with ellipse 410 at
all angles of rotation; that is for ellipse profiles 410A-410L
and all intervening profiles that could be generated by
rotation of elliptical rotor 210, with the exception of when
the major axis of ellipse 410 is oriented vertically in which
case shape 420 has just two points of contact with ellipse
410. Ellipse 410 is always in contact with the “inverse apex”
440.

The asterisks drawn in FIG. 4 indicate the ends of the
major and minor axes of ellipse profiles 410A-410L.

As shown in FIG. 4, the places of contact of ellipse
profiles 410A-410L. with shape 420 do not necessarily
coincide with the ends of the major and minor axes of the
ellipse profiles.

Region 450 is the region having no ellipse profile lines
within it. All points belonging to region 450 lie within all
ellipse profiles 410A-410L and all intervening profiles that
could be generated by rotation of elliptical rotor 210.

The following paragraphs describe the design and con-
figuration of a rotary machine using the geometry described
heretofore in the present application.

FIG. 5 is a schematic illustrating the geometry of an
elliptical rotor and housing assembly in cross-section.
Assembly 500 comprises elliptical rotor 510, crankshaft 515
and housing 520 having a characteristic shape defined in
FIG. 4. Elliptical rotor 510 can have the geometry shown in
FIG. 2 and described above.

Inner surface 525 of housing 520 in cross-section is
designed such that at least a portion of each of rotor tips 530
and 535 is in contact with housing surface 525 at all times
during a complete revolution of elliptical rotor 510.

Housing surface 525 comprises an inverse apex 540. For
operation of assembly 500, it is desirable that inverse apex
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540 is in contact with the outer surface of elliptical rotor 510
at all times during a complete revolution of elliptical rotor
510. Referring to the geometry shown in FIG. 2, the desired
contact of elliptical rotor 510 with inverse apex 540 can be
achieved by configuring the geometry of assembly 500 such
that the difference between major axis AA and minor axis
BB of elliptical rotor 510 is four times crank radius k. In an
example embodiment, major axis AA is 200 mm, minor axis
BB is 108 mm, and crank radius k is 23 mm.

The contact of elliptical rotor 510 with housing 520 at
three positions, as described above, divides the interior
volume of housing 520 into three chambers 550, 552 and
554. When elliptical rotor 510 is in contact with housing 520
at only two distinct positions (for example when the major
axis of elliptical rotor 510 is oriented vertically), elliptical
rotor 510 divides the interior volume of housing 520 into just
two chambers.

In some embodiments, housing 520 comprises ports 560
and 565 for inflow and outflow of fluid as desired during
operation.

Circular element 518 is the mechanical coupling referred
to in the paragraphs describing FIG. 2.

FIG. 6A-6G are schematics illustrating the geometry of
elliptical rotor and housing assembly 500 of FIG. 5 at
different stages of a single revolution of elliptical rotor 510.

FIG. 6A shows elliptical rotor 510 in a first position in
housing 520. A portion of each of rotor tips 530 and 535 is
in contact with inner surface 525, and outer surface of rotor
510 is in contact with inverse apex 540, as described above.
In an example embodiment, rotor 510 rotates in the direction
indicated by arrow XX (counter-clockwise) about its instan-
taneous center of rotation (as illustrated by elliptical rotor
210 and instantaneous center of rotation R of FIG. 2).

FIG. 6B shows elliptical rotor 510 in a second position
after rotor 510 has rotated through an angle of approxi-
mately 60 degrees. A portion of each of rotor tips 530 and
535 remains in contact with inner housing surface 525, and
outer surface of rotor 510 remains in contact with inverse
apex 540, as previously described

FIG. 6C shows elliptical rotor 510 in a third position after
a further rotation of approximately 30 degrees. FIG. 6D
shows elliptical rotor 510 in a fourth position with its major
axis oriented vertically, as indicated by dashed line VV. A
portion of rotor tip 530 is in contact with inverse apex 540
and a portion of rotor tip 535 is in contact with inner surface
525 directly above inverse apex 540.

For the remainder of the description below for FIGS.
6E-6G, numeral 510 for the elliptical rotor has been omitted
for clarity, but it should be understood to be the same
elliptical rotor shown in FIGS. 6A-6D.

FIGS. 6E-6G show elliptical rotor 510 after further rota-
tions in a counter-clockwise direction. FIG. 6F shows ellip-
tical rotor 510 in a position with its major axis oriented
horizontally. In a preferred embodiment, the sun and ring
gears described above are configured to mesh correctly to
achieve a substantially horizontal orientation of the major
axis of elliptical rotor 510, as indicated by dashed line HH.

Herein, the terms horizontal, vertical, front, rear and like
terms related to orientation are used in reference to the
Figures with the particular orientations illustrated. Nonethe-
less, the rotary mechanism and rotary machine assemblies
described herein can be placed in any orientation suitable for
their end use application.

FIGS. 7A-7D show various views of a through-hole 570
that can be formed in the elliptical rotor and housing
assembly 500 of FIG. 5. (FIGS. 7A-7D are essentially the
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same as FIGS. 6C-6F.) Numerals as used in FIG. 5 are used
to describe the same or similar elements in FIGS. 7A-7D.

Through-hole 570 is a passage that can be formed through
elliptical rotor and housing assembly 500 of FIG. 5. It
traverses assembly 500 from a hole in a first planar wall (not
shown in FIG. 5) on one side of assembly 500 to a hole in
a second planar wall on the other side of assembly 500.

Referring again to FIG. 4, there is a region 450 that
always lies within the bounds of ellipse 410 (or equivalently
elliptical rotor 510). Through-hole 570 can pass through
region 450 of FIG. 4 without intersecting working chambers
550, 552 or 554 of assembly 500 of FIG. 5.

Through-hole 570 does not compromise the integrity of
any of the two or three working chambers such as 550, 552
and 554 of assembly 500. There is no path from the interior
of through-hole 570 to the interior of working chambers 550,
552 or 554. Therefore, there is no path from the interior of
the working chambers to the atmosphere outside assembly
500, and consequently no loss of pressure or fluids that may
be contained within the working chambers provided the
boundaries of the working chambers are sealed.

FIGS. 7A-7C illustrate a substantially straight-through
path for through-hole 570 when elliptical rotor 510 is in the
positions shown. Openings 580 and 582 in rotor 510 provide
a path for fluid traversing assembly 500 via through-hole
570.

In FIG. 7D, through-hole 570 is hidden from view by
rotor 510. Nonetheless, the sides of rotor 510 can be
constructed to provide a path from one side to the other, and
therefore a continuous path traversing assembly 500 via
through-hole 570 and openings 580 and 582.

Through-hole 570 can be used for cooling, lubrication or
other suitable purpose. In some embodiments, a first fluid
introduced via through-hole 570 has a different composition
than a second fluid that passes through working chambers
550, 552 and 554 of assembly 500. In other embodiments,
the fluid that passes through working chambers 550, 552 and
554 can be directed through assembly 500 via through-hole
570 either before it enters the working chambers or having
been discharged from the working chambers.

In the illustrated embodiment of FIG. 5, a portion of each
of rotor tips 530 and 535 is substantially in contact with
inner surface 525 of housing 520 at all times during rotation.
In this configuration, the rotary machine can, for example,
operate as a positive displacement pump, and the machine is
fully scavenging, that is the machine is capable of expelling
fluid from the entire volume of each of chambers 550, 552
and 554.

In another embodiment, assembly 500 can be designed
such that rotor tips 530 and 535 are not always in contact
with inner surface 525 of housing 520 during rotation. In this
configuration, the rotary machine can, for example, operate
as a dynamic pump.

FIG. 8 is an isometric projection of an embodiment of an
elliptical rotor and housing assembly 800. Assembly 800
comprises an elliptical rotor 810 and a housing 820. Housing
820 has an inner surface 825 which in cross-section has
shape 420 of FIG. 4. Inner surface 825 has an inverse apex
840 that is in contact with elliptical rotor 810 throughout
rotation of elliptical rotor 810. Assembly 800 has a crank-
shaft 815 that turns a ring gear 835 by means of a mechanical
coupling (not shown). The mechanical coupling is config-
ured to hold ring gear 835 against a sun gear 830, keeping
the crank arm length constant at all times during rotation.
Ring gear 835 is fixed to elliptical rotor 810, and rotates
about sun gear 830, resulting in eccentric rotation of ellip-
tical rotor 810 about the center axis of crankshaft 815. As
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described in reference to FIG. 5, elliptical rotor 810 is in
contact with inner surface 825 at two or three places, and
divides the interior volume of housing 820 into two or three
working chambers, for example chambers 850, 852 and 854
of FIG. 8. Elliptical rotor 810 is held within housing 820 by
a first planar wall 890 at the rear of assembly 800 and a
second planar wall (not shown) at the front of assembly 800.

FIG. 9A is a schematic illustrating the geometry of an
embodiment of a positive displacement rotary pump assem-
bly 900 in cross-section. Pump assembly 900 comprises an
elliptical rotor 910 and a housing 920. Housing 920 has an
inner surface 925 which in cross-section has shape 420 of
FIG. 4. Inner surface 925 has an inverse apex 940 that is in
contact with elliptical rotor 910 throughout rotation of
elliptical rotor 910. Assembly 900 has a crankshaft (not
shown) that turns a ring gear 918 by means of a mechanical
coupling (not shown). The mechanical coupling is config-
ured to hold ring gear 918 against a sun gear 915, keeping
the crank arm length constant at all times during rotation.
Ring gear 918 is fixed to elliptical rotor 910, and rotates
about sun gear 915, resulting in eccentric rotation of ellip-
tical rotor 910 about the center axis of the crankshaft.

As described in reference to FIG. 5, elliptical rotor 910 is
in contact with inner surface 925 at either two or three
places, and divides the interior volume of housing 920 into
either two or three working chambers, respectively, for
example chambers 950, 952 and 954.

As described above, inner surface 925 of pump assembly
900 of FIG. 9A is described by the outer envelope of profiles
of elliptical rotor 910 generated by eccentric rotation of
elliptical rotor 910.

FIG. 9B is an isometric projection of the positive dis-
placement rotary pump assembly 900 of FIG. 9A. Elliptical
rotor 910 is encased within housing 920 by a first plate 980
at the rear of assembly 900 and a second plate (not shown)
at the front of assembly 900.

Referring to FIGS. 9A and 9B, the volume enclosed by
housing 920 and first (rear) plate 980 of FIG. 9B and second
(front) plate (not shown) is divided by rotor 910 into two or
three chambers. Chamber 950 is at its maximum volume
when rotor 910 is in an essentially horizontal orientation, as
shown in FIG. 9A. For situations where the fluid being
pumped is essentially incompressible (such as a liquid like
water), it is beneficial to modify the inner surface of the
housing, as described in more detail below.

As rotor 910 rotates clockwise, the volume of chamber
952 of FIG. 9A increases, and the volume of chamber 954
decreases.

Housing 920 has an inlet 960 and an outlet 965 for flow
of fluid in and out of pump assembly 900 respectively.

Housing 920 has two cut-outs 970 and 975. Cut-outs 970
and 975 are shown in FIG. 9B as being cut into the middle
ot housing 920. In other embodiments, cut-outs 970 and 975
can extend from the front of housing 920 to the rear.

For pumping compressible fluids, cut-out 970 adjacent to
inlet 960 is optional, and has a benefit of reducing a
constriction on the flow of fluid into pump 900 through inlet
960. Cut-out 975 is not desirable for pumping compressible
fluids because it would allow back-bleed of the fluid being
compressed and would impair the ability of pump 900 to be
fully scavenging.

For pumping incompressible fluids, cut-outs 970 and 975
are desirable to alleviate unwanted effects at inlet 960 and
outlet 965. For example, cut-outs 970 and 975 can alleviate
hydrolock, reduce constriction and allow greater flow.

In some embodiments of a pump assembly, elliptical rotor
(such as 810 of FIG. 8 or 910 of FIG. 9A) can be fixed and
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the corresponding housing (820 of FIG. 8 or 920 of FIG. 9A)
can be configured to rotate in an eccentric manner about the
fixed rotor to obtain an essentially equivalent operation of
the pump assembly. In other embodiments, the crank arm
(line OC in FIG. 1) can be fixed to achieve essentially
equivalent operation of the pump assembly. In yet other
embodiments, a combination of rotations of elliptical rotor,
housing and crank arm can be configured to achieve relative
eccentric rotation and obtain an essentially equivalent opera-
tion of the pump assembly.

FIGS. 10A-10D are schematics illustrating how the cross-
sectional geometry of the housing of positive displacement
rotary pump assembly like that shown in FIG. 9A can be
modified to create an embodiment of a rotodynamic pump
assembly.

The modifications are described in two steps. The first
step is illustrated in FIGS. 10A and 10B, and the second step
is illustrated in FIGS. 10C and 10D.

FIG. 10A shows an embodiment of rotodynamic pump
assembly 1000A in cross-section. Pump assembly 1000A
comprises an elliptical rotor 1010 within a housing 1020A.
Elliptical rotor 1010 has rotor tips 1030 and 1035. Housing
1020A has an inlet 1060 and an outlet 1065. Housing 1020A
has an inner surface 1025A that is a modified version of
surface 925 of pump assembly 900 of FIGS. 9A and 9B.
Surface 1025A comprises cut-outs 1070 and 1075, and
transition regions 1080 and 1085. Surface 1025A comprises
an inverse apex 1040. Inverse apex 1040 is in contact with
rotor 1010 during rotation of rotor 1010 within housing
1020A. Rotor 1010 undergoes eccentric rotation within
housing 1020A as described above.

Cut-outs 1070 and 1075 in housing 1020A extend the
width of rotor 1010 from the front wall of pump assembly
1000A to the rear wall. Cut-out 1070 can be configured to
allow chamber 1050 to increase the amount of fluid drawn
in via inlet 1060 up to substantially the maximum volume
possible in this embodiment. Cut-out 1075 can be config-
ured to reduce mechanical restraint of the rotor when dis-
charging an incompressible fluid via outlet 1065, thereby
reducing the likelihood of hydrolock.

Transition regions 1080 and 1085 connect the cut-outs to
the remainder of inner surface 1025A.

FIG. 10B shows the position of rotor 1010 in housing
1020A of pump assembly 1000A at seven points during its
rotation. The outline of rotor 1010 at each of the seven
positions is indicated by profiles 1012A-1012G. As shown
in FIG. 10B, rotor 1010 is in contact with inverse apex 1040
during rotation, and rotor tips 1030 and 1035 (shown in FIG.
10A) are in contact with inner surface 1025A in the region
above and between transition regions 1080 and 1085.

FIG. 10C shows pump 1000A of FIGS. 10A and 10B with
a circle 1090 superimposed. Circle 1090 is a close approxi-
mation to inner surface 1025A of pump 1000A in the region
above and between transition regions 1080 and 1085.

FIG. 10D is a cross-sectional schematic of pump 1000D
comprising elliptical rotor 1010 (shown in multiple posi-
tions during its rotation) and housing 1020D. Housing
1020D has an inner surface 1025D that is circular in
cross-section. One benefit of a circular cross-section is that
it can be easier to manufacture than other shapes (such as the
one illustrated in FIG. 10C). Another benefit of inner surface
1025D having a circular cross-section is that it can be
configured to create a gap between rotor tips 1030 and 1035
(shown in FIG. 10A) and inner surface 1025D except at
inverse apex 1040 for all positions of rotor 1010. Such a gap
can be beneficial if the fluid being pumped contains particles



US 10,844,720 B2

19

or other solid matter that might be abrasive to internal
surfaces and/or inhibit smooth operation of pump 1000D.

FIGS. 11A-11D are schematics illustrating the geometry
of'an embodiment of a rotodynamic pump at different stages
of a single revolution of the elliptical rotor. Rotodynamic
pump 1100 comprises an elliptical rotor 1110 and a housing
1120. Housing 1120 has an inner surface 1125 which has a
substantially circular cross-section similar to housing 1020D
of FIG. 10D. Inner surface 1125 has an inverse apex 1140
that is in contact with elliptical rotor 1110 throughout
rotation of elliptical rotor 1110.

FIG. 11A shows elliptical rotor 1110 in a substantially
horizontal position. Elliptical rotor 1110 is in contact with
inverse apex 1140. Elliptical rotor 1110 has first and second
rotor tips 1130 and 1135 respectively, where the rotor tips
are regions defined in the same way as rotor tips 240 and 245
of FIG. 2. There is a first gap 1160 between first rotor tip
1130 and inner surface 1125 of housing 1120, and a second
gap 1162 between second rotor tip 1135 and inner surface
1125.

Elliptical rotor 1110 rotates within housing 1120 in a
clockwise direction as indicated by arrow XX.

Elliptical rotor 1110 divides the interior volume of hous-
ing 1120 into three chambers 1150, 1152 and 1154 that are
not fluidly isolated from one another. Fluid can move
between chambers 1150 and 1152, and also between 1150
and 1154, via gaps 1160 and 1162 respectively.

FIG. 11B shows elliptical rotor 1110 after clockwise
rotation from the substantially horizontal position of FIG.
11A. Elliptical rotor 1110 remains in contact with inverse
apex 1140 as it rotates.

FIG. 11C shows elliptical rotor 1110 after further clock-
wise rotation from the position shown in FIG. 11B. Elliptical
rotor 1110 is in an almost vertical position. There is still a
gap 1160 between rotor tip 1130 and inner surface 1125 of
housing 1120. Elliptical rotor 1110 remains in contact with
inverse apex 1140. Elliptical rotor 1110 divides the interior
volume of housing 1120 into two chambers separated by gap
1160 between rotor tip 1130 and inner surface 1125.

FIG. 11D shows elliptical rotor 1110 after further clock-
wise rotation in the direction of arrow X-X, as elliptical rotor
1110 approaches the horizontal position.

FIG. 12 is a schematic illustrating a first embodiment of
a rotodynamic pump like that illustrated in FIGS. 11A-11D
in side cross-section and cut-away isometric views. Roto-
dynamic pump 1200 comprises an elliptical rotor 1210 in a
housing 1220. Housing 1220 has an inverse apex 1240 with
which elliptical rotor 1210 remains in contact as it rotates in
housing 1220 as described above. There is a gap 1260
between rotor tip 1230 and inner surface 1225 of housing
1220.

FIGS. 13A and 13B are schematics illustrating a second
embodiment of a rotodynamic pump similar to that illus-
trated in FIGS. 11A-11D in orthogonal cross-sectional
views. FIG. 13A shows a side view of a cross-section
through rotodynamic pump 1300. Pump 1300 comprises an
elliptical rotor 1310 in a housing 1320, in contact with an
inverse apex 1340. There is a gap 1360 between rotor tip
1330 and inner surface 1325 of housing 1320. The dimen-
sion W of elliptical rotor 1310 is less than the corresponding
dimension of elliptical rotor 1210 of FIG. 12, while at the
same time the corresponding dimension of the interior cavity
of housing 1320 within which rotor 1310 rotates is nar-
rowed. The major and minor axes of elliptical rotor 1310 and
the dimensions of housing 1320 are increased from the
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corresponding dimensions of pump 1200 to maintain sub-
stantially the same volume within housing 1320 as housing
1220 in FIG. 12.

A benefit of rotodynamic pump 1300 over rotodynamic
pump 1200 is that, for a given distance between housing
inside surface 1325 and the adjacent rotor tip, gap 1360 has
a lower cross-sectional area than gap 1260 when gaps 1260
and 1360 have the same height and pumps 1200 and 1300
are dimensioned to have substantially the same volume
within housings 1220 and 1320 respectively. The benefit of
reducing the cross-sectional area of gap 1360 while main-
taining the same volume within the housing of pump 1300
will be discussed in more detail in the following paragraph.

In rotodynamic pump 1300, gap 1360 between housing
inside surface 1325 and the adjacent rotor tip is chosen to be
large enough so that particles entrained in the fluid (such as
in the case of a sludge), will not interfere with rotation of the
rotor and will not cause significant gouging or abrading of
housing inside surface 1325. Gap 1360 thus allows a delib-
erate leak of fluid between housing inside surface 1325 and
the adjacent rotor tip and thereby degrades performance of
the pump. It is therefore desirable for gap 1360 to be large
enough to accommodate particles entrained in the fluid
while as small as possible to reduce the detrimental impact
the gap will have on performance. Having a “thinner” rotor
(one with less depth, namely, a smaller W in FIG. 13A)
reduces the cross-sectional area of gap 1360 for a fixed gap
size (namely, the distance between housing inside surface
1325 and the adjacent rotor tip). Pump 1300 can be config-
ured to have the same volume displacement per revolution
as one with a “thicker” rotor (larger dimension W) by
increasing the dimensions of elliptical rotor 1310, namely,
by increasing the major and minor axes of elliptical rotor
1310.

Rotolliptic motion can be applied to geometries other than
those having elliptical rotors. Rotary machines similar to
those described above can comprise a rotor having a non-
elliptical shape in cross-section. Examples of such embodi-
ments are described in the following paragraphs.

FIG. 14 is a schematic illustrating the geometry of an
elliptical rotor 1410 and second smaller rotor 1420 having
the same center of mass C as the elliptical rotor. Elliptical
rotor 1410 has a cross-section with an elliptical outline
having major axis AA and minor axis BB. Rotor 1420 has a
cross-section with an outline that is inwardly offset at each
point around the outline of elliptical rotor 1410 by a fixed
distance d measured perpendicular to a tangent to the outline
of elliptical rotor 1410 at that point. The resulting outline of
rotor 1420 is not an ellipse. For the purposes of the present
description, rotor 1420 is called a near-elliptical rotor.

FIG. 15A is a schematic illustrating the profile generated
by a near-elliptical rotor assembly in cross-section as it
undergoes rotolliptic motion as described above. Profiles
1510A-1510D show the orientation of near-elliptical rotor
1420 of FIG. 14 as it rotates when a crankshaft (not shown)
is rotated to provide eccentric rotation of rotor 1420. The
outer envelope of profiles 1510A-1510D, and all intervening
profiles that could be generated by rotation of near-elliptical
rotor 1420, describes the shape 1520 of the inner surface of
a housing in which near-elliptical rotor 1420 can be situated.

Shape 1520 encloses near-elliptical rotor 1420 for all
angles of rotation. The instantaneous velocity vector at a
given point on the outline of the cross-section of near-
elliptical rotor 1420 lies perpendicular to a line joining the
given point to the instantaneous center of rotation. For a
given profile (such as 1510A-1510D and all intervening
profiles that could be generated by rotation of near-elliptical
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rotor 1420), there exists a set of points lying on the profile
at which the instantaneous velocity vector is tangential to the
profile. The locus of all such sets of points for all profiles
describes shape 1520.

FIG. 15B is a schematic showing the base of shape 1520
in a close-up view. Profiles 1510A-1510D show the motion
of rotor 1420 at the base of shape 1520 as rotor 1420
undergoes rotolliptic motion as described above. The region
at the base of shape 1520 is known as an inverse apex region.
Unlike shape 420 of FIG. 4 (or equivalently inner surface
525 of FIG. 5), shape 1520 does not have a discontinuity in
the inverse apex region. Instead, the inverse apex region is
a smooth transition between the left- and right-hand sides of
shape 1520.

FIGS. 16A and 16B are schematics illustrating the dif-
ference in the inverse apex for an elliptical rotor (such as 510
of FIG. 5) and the inverse apex region for a second smaller
rotor constructed as described above (such as 1420 of FIG.
14).

FIG. 16 A shows shape 1610 generated in the same way as
shape 420 of FIG. 4. Shape 1610 comprises inverse apex
1630. FIG. 16A also shows shape 1620 generated in the
same way as shape 1520 of FIG. 15A. Shape 1620 comprises
inverse apex region 1640.

FIG. 16B shows a close-up of the inverse apex region
1640. All points in inverse apex region 1640 are equidistant
from inverse apex 1630 and lie on an arc of a circle. The arc
provides continuity between the left and right hands of shape
1610 of FIG. 16A.

Referring again to FIGS. 15A and 15B, shape 1520 has
three places of contact with near-elliptical rotor 1420 at the
various angles of rotation, namely, for profiles 1510A-
1510D and the various intervening profiles that could be
generated by rotation of near-elliptical rotor 1420, with the
exception of when the long dimension of rotor 1420 is
oriented vertically in which case shape 1520 has just two
points of contact with rotor 1420. Rotor 1420 remains in
contact with a point belonging to inverse apex region 1640
of FIG. 16B. Thus, rotor 1420 is in contact with a fixed point
or localized region on an interior surface of a housing,
throughout rotation of rotor 1420, where the interior surface
of the housing has shape 1520.

As shown in FIG. 15A, the places of contact of profiles
1510A-1510D with shape 1520 do not necessarily coincide
with the ends of the long and short dimensions of the
profiles.

The smooth transition in inverse apex region 1640 of FIG.
16B has benefits for operation of a rotary machine based on
the principles described here. The smooth inverse apex
region allows for smooth rolling motion of non-elliptical
rotor 1420 of FIG. 14. There is no discontinuity or sharp
edge in the surface either to scrape rotor 1420 or to cause it
to get caught. Sealing between rotor 1420 and a housing
having shape 1520 is easier, and is more effective at reduc-
ing the amount of fluid escaping from a first chamber to a
second chamber in the inverse apex region.

Furthermore, when the contact of rotor 1420 of FIG. 14
with the housing at inverse apex region 1640 of FIG. 16B is
no longer at a single point, the width of a dynamic apex seal
(such as a dynamically-sprung apex seal) can be adjusted to
suitable widths. Alternatively, the seal can be omitted.

Additionally, the configuration of the rotary machine
having a wide dynamic apex seal with suitable geometry of
a near-elliptical rotor and corresponding housing can pro-
vide an inherent pressure relief mechanism. This can be
achieved by configuring the inverse apex region of the
housing to move in response to sufficiently high pressure.

20

35

40

45

55

22

More generally, and referring again to FIGS. 14 and 15A,
it is possible to use various shapes of inverse apex region
1530 that permit contact of rotor 1420 with inverse apex
region 1530 during eccentric rotation of rotor 1420 as
described above. Examples of such shapes include, but are
not limited to, an arc of a circle (as described above), a
portion of a parabolic curve, a portion of a polynomial of
degree higher than two, and a portion of a sinusoidal curve.
One factor determining the shape is the magnitude of the
offset of the second smaller rotor from the elliptical rotor. In
some embodiments, the near-elliptical rotor is symmetric
about its long dimension and also about its short dimension.

When the difference between the long dimension of the
rotor and the short dimension of the rotor is equal to four
times the crank radius, and the rotor is in the vertical
position, the point of contact with the inverse apex region is
in the same location regardless of the shape of the inverse
apex region.

For an elliptical rotor, the inverse apex region shape
comprises two convex parts that meet at the inverse apex. A
housing with this shape does not interfere with motion of the
rotor during eccentric rotation of the rotor as described
above.

For a near-elliptical rotor described above, the inverse
apex region shape is concave and the housing in the inverse
apex region does not interfere with motion of the rotor
during eccentric rotation of the rotor as described above.

In a preferred embodiment, the rotor is configured to be
symmetric about its long dimension and its short dimension.
Similarly, in a preferred embodiment, the housing is con-
figured to be symmetric about an axis drawn vertically
through the center of the inverse apex region.

Rotolliptic motion can be applied to geometries other than
those having symmetric rotors. Rotary machines similar to
those described above can comprise a rotor having an
asymmetric shape in cross-section. An example of such an
embodiment having asymmetry about the long and short
axes of the rotor is described below.

FIGS. 17A-17B are schematics illustrating the construc-
tion of a rotor 1700 with an asymmetric cross-sectional
outline that is a combination of elliptical and near-elliptical
arcs.

For the purposes of the following explanation, outline of
rotor 1700 is divided into four substantially equal quadrants
1710, 1720, 1730 and 1740. FIG. 17A shows two quadrants
1710 and 1730 of an ellipse with major axis AA and minor
axis BB. FIG. 17B shows two quadrants 1720 and 1740 of
a near-elliptical outline constructed by inwardly offsetting
each point around an elliptical outline with major axis
AA+distance 2d and minor axis BB+distance 2d by a fixed
distance d measured perpendicular to a tangent to the
elliptical outline at that point.

FIG. 17C shows the combination of four quadrants 1710,
1720, 1730 and 1740 to form a complete outline that is a
combination of elliptical and near-elliptical outlines. The
resulting rotor 1700 is asymmetric about axis AA and about
axis BB.

FIGS. 18A and 18B are schematics illustrating the hous-
ing shape corresponding to asymmetric rotor 1700 of FIG.
17C. Housing shape 1820 comprises two halves 1820A and
1820B. Housing shape 1820 further comprises an inverse
apex region 1830 and an inverse apex 1840.

FIG. 19A is another schematic illustrating shape 1920
described by asymmetric rotor 1700 of FIG. 17C as it
undergoes rotolliptic motion. Rotor profiles 1910A and
1910B show the orientation of asymmetric rotor 1700 of
FIG. 17C as it rotates when a crankshaft (not shown) is
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rotated to provide eccentric rotation of rotor 1700. The outer
envelope of profiles 1910A and 1910B, and other profiles
that could be generated by rotation of asymmetric rotor
1700, describes a housing shape 1920 of the inner surface of
a housing in which asymmetric rotor 1700 can be situated.

Housing shape 1920 encloses asymmetric rotor 1700 for
the various angles of rotation. The instantaneous velocity
vector at a given point on the outline of the cross-section of
asymmetric rotor 1700 lies perpendicular to a line joining
the given point to the instantaneous center of rotation. For a
given profile (such as 1910A and 1910B and other profiles
that could be generated by rotation of asymmetric rotor
1700), there is a set of points lying on the profile at which
the instantaneous velocity vector is tangential to the profile.
The locus of such sets of points for the profiles describes
housing shape 1920.

Housing shape 1920 further comprises an inverse apex
region 1930 and an inverse apex 1940.

FIG. 19B is a schematic showing inverse apex region
1930 of FIG. 19A in a close-up view. Inverse apex region
1930 of housing shape 1920 comprises inverse apex 1940.
Profiles 1910A and 1910B contact housing shape 1920 in
inverse apex region 1930, at or near inverse apex 1940.

FIG. 20A is another schematic illustrating shape 2020
described by an asymmetric rotor 1700 of FIG. 17C as it
undergoes rotolliptic motion. FIG. 20A is similar to FIG.
19A and shows seven rotor profiles 2010A-2010G (rather
than the only two rotor profiles of FIG. 19A) describing a
housing shape 2020 of the inner surface of a housing in
which asymmetric rotor 1700 can be situated.

Housing shape 2020 further comprises an inverse apex
region 2030 and an inverse apex 2040.

FIG. 20B is a schematic showing inverse apex region
2030 of FIG. 20A in a close-up view. Inverse apex region
2030 of housing shape 2020 comprises inverse apex 2040.
Profiles 2010A-2010G contact housing shape 2020 in
inverse apex region 2030, at or near inverse apex 2040.

In some embodiments of the technology described above,
the output of the rotary machine tends to vary (or pulsate)
during each cycle of operation according to the rate of
change of volume of the discharging chamber.

As an example, FIG. 21A is a graph illustrating the change
in volume of each of the three chambers 550, 552 and 554
in rotary machine 500 of FIG. 5 as rotor 510 undergoes
eccentric motion in housing 520. FIG. 21A shows the
normalized change in volume of each of the three chambers.
The maximum volume achieved by each of the three cham-
bers is normalized to 1.0. A similar change in volume for
each of three chambers would be observed in rotary machine
800 of FIG. 8. Line 2110 illustrates the variation in volume
of a first chamber (Chamber 1) as rotor 510 of FIG. 5
undergoes eccentric rotation in housing 520. Line 2120
illustrates the variation in volume of a second chamber
(Chamber 2) as rotor 510 of FIG. 5 undergoes eccentric
rotation in housing 520. Line 2130 illustrates the variation in
volume of a third chamber (Chamber 3) as rotor 510 of FIG.
5 undergoes eccentric rotation in housing 520.

Note that when rotor 510 is in a vertical position, it
contacts housing 520 at only two places—at inverse apex
540 and at a point on housing 520 directly above inverse
apex 540. In this position, rotor 510 divides the interior of
housing 520 into just two chambers of substantially equal
size, and the volume of the third chamber is zero.

Lines 2110, 2120 and 2130 of FIG. 21A define an essen-
tially identical relationship between normalized volume of
each of the three chambers and angle of rotation of the rotor.
Lines 2110, 2120 and 2130 are out of phase with one another
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by essentially 360 degrees of rotation of the crankshaft. Each
of lines 2110, 2120 and 2130 is periodic with a period of
1080 degrees of rotation of the crankshaft.

FIG. 21B is a graph illustrating the net output flow rate for
a rotary machine with a single rotor (such as rotary machine
500 of FIG. 5). FIG. 21B illustrates how the net output flow
rate varies with rotation of the crankshaft. Line 2140 is the
net output flow rate as a function of crank angle. In some
embodiments, the net output flow rate can be periodic (with
a period of one completion rotation of the crankshaft) and
can vary by approximately 83% of the maximum flow.

Uneven output of the rotary machine can be undesirable
in at least some applications. It can be beneficial in some
applications to reduce or eliminate output flow variation.

Benefits of reducing output flow rate variation include
reduced stress on the rotary machine—leading to improved
function and durability.

One approach to reduce output flow rate variation is to
configure the rotary machine with more than one rotor, the
rotors configured to rotate out of phase with one another so
as to compensate for flow variations associated with a single
rotor. For example, FIG. 22 is an isometric view of an
embodiment of a rotodynamic pump assembly 2200 with
two elliptical rotors configured to undergo eccentric motion.

FIG. 23 is an exploded view of rotodynamic pump
assembly 2200 of FIG. 22, with two elliptical rotors 2210A
and 2210B each configured to undergo eccentric motion.

With reference to FIGS. 22 and 23, pump assembly 2200
comprises a housing 2220 with two elliptical rotors 2210A
and 2210B configured to undergo eccentric rotation. Pump
assembly 2200 comprises a sun gear 2215A and a ring gear
2218A associated with elliptical rotor 2210A, and a sun gear
2215B and a ring gear 2218B for elliptical rotor 2210B.
Housing 2220 comprises an inverse apex 2240. Elliptical
rotors 2210A and 2210B are both in contact with inverse
apex 2240 during their rotation.

Housing 2220 comprises an inlet 2260 and an outlet 2265.
Fluid enters the pump through inlet 2260 and is expelled
from the pump through outlet 2265. Rotation of elliptical
rotor 2210A can be out of phase with respect to rotation of
elliptical rotor 2210B. For example, rotors 2210A and
2210B can have an angular separation about the instanta-
neous axis of rotation of 90 degrees, and a phase angle
between the mechanical couplings (not shown in FIG. 22) of
180 degrees.

Housing 2220 also comprises a center plate 2228 located
between the two rotors 2210A and 2210B. For clarity, center
plate 2228 is not shown in FIG. 22.

FIGS. 24A and 24B are cut-away isometric and isometric
views respectively of the rotodynamic pump assembly of
FIG. 22 showing the crank and gear mechanism of each
elliptical rotor, and the housing. In FIG. 24A, center plate
2228 is integrated with housing 2220.

FIGS. 25A-251 are schematics illustrating the geometry of
the rotodynamic pump assembly of FIG. 22 at different
stages of rotation of the two elliptical rotors.

In some embodiments, more than two rotors operating out
of phase with each other can be used to compensate for the
output flow variation. In general, the flow variation will be
reduced further by adding more rotors.

FIG. 26 is a graph illustrating the net output flow rate for
a rotary machine with one or more rotors. FIG. 26 illustrates
how the output flow rate varies with rotation of the crank-
shaft. In FIG. 26, for rotary machines with multiple rotors,
the rotors have been configured to be out of phase with each
other. The net output flow rate exhibits less variation as the
number of rotors is increased. Line 2610 shows the net
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output flow rate for a rotary machine with a single rotor. Line
2620 shows the net output flow rate for a rotary machine
with two rotors. Line 2630 shows the net output flow rate for
a rotary machine with three rotors. Line 2640 shows the net
output flow rate for a rotary machine with four rotors. Line
2650 shows the net output flow rate for a rotary machine
with six rotors. Line 2660 shows the net output flow rate for
a rotary machine with eight rotors.

Another approach to reducing or eliminating output flow
rate variation is to vary the rotational speed of the shaft
driving the rotary machine to compensate for the variation in
the rate of change of volume of the discharging chamber.

One approach to reduce flow variation is to modify the
coupling between the rotary machine and the device driving
the assembly (for example, a motor and drive shaft) to vary
the rotational speed of the drive shaft.

FIG. 27A is a schematic illustrating rotary machine
assembly 2700A. Rotary machine assembly 2700A com-
prises motor 2710, drive shaft 2720, and rotor and housing
assembly 2730. Motor 2710 is configured to turn drive shaft
2720. In one mode of operation, motor 2710 is configured to
turn drive shaft 2720 at an approximately constant rate.

If drive shaft 2720 rotates at a substantially constant rate,
rotary machine assembly 2700A can have considerable net
output flow rate variation, for example in accordance with
the graph of FIG. 21B.

FIG. 27B is a schematic illustrating rotary machine
assembly 2700B with a modified coupling. In the illustrated
embodiment, the modified coupling comprises a universal
joint (U-joint). Rotary machine assembly 2700B comprises
motor 2710, drive shafts 2722 and 2724, U-joint 2740, and
rotor and housing assembly 2730. In an embodiment, rotor
and housing assembly 2730 comprises dual rotors 2732 and
2734 (not shown). Rotors 2732 and 2734 can be elliptical or
non-elliptical as described above.

To reduce flow variation, it can be beneficial to provide a
mechanism that varies the rotational rate of rotors 2732 and
2734 in rotor and housing assembly 2730 so as to at least
partially compensate for the flow variation described above.
U-joint 2740 acting as a coupling between drive shafts 2722
and 2724 can be used to provide a variation in rotational rate
of drive shaft 2724 for an approximately constant rotational
rate of drive shaft 2722. The variation in rotational rate of
drive shaft 2724 depends on angle 2750 subtended by drive
shaft 2722 and drive shaft 2724. (In FIG. 27B drive shafts
2722 and 2724 are drawn in the plane of the paper.)

As shown in FIG. 27B, rotary machine assembly 27008
can be configured as a pump producing reduced variation in
the flow rate of fluid output relative to the variation shown
in FIG. 21B. With motor 2710 turning drive shaft 2722 at an
approximately constant rotational rate, angle 2750, and the
phase angle between U-joint 2740 and rotors 2732 and 2734,
can be adjusted to produce a reduced variation in the net
output flow rate of fluid from rotor and housing assembly
2730.

FIG. 28A is a graph illustrating the effect of a U-joint as
a coupling mechanism between drive shafts. The variation in
the rotational rate of an output drive shaft for constant
rotational rate of an input drive shaft is shown for different
angles subtended by the drive shafts coupled by a U-joint.

Referring also again to FIG. 27B, FIG. 28A is a graph
illustrating the variation in the rotational rate of drive shaft
2724 for constant rotational rate of drive shaft 2722 for
different angles 2750 subtended by drive shafts 2722 and
2724. Line 2810 is the rotational rate of drive shaft when
angle 2750 is zero degrees. Line 2820 is the rotational rate
of drive shaft when angle 2750 is 10 degrees. Line 2830 is
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the rotational rate of drive shaft when angle 2750 is 20
degrees. Line 2840 is the rotational rate of drive shaft when
angle 2750 is 30 degrees. Line 2850 is the rotational rate of
drive shaft when angle 2750 is 45 degrees. Line 2860 is the
rotational rate of drive shaft when angle 2750 is 60 degrees.

Driving the crankshaft of a rotary machine comprising
two rotors by a suitably configured U-joint can reduce flow
variation in the output of the rotary machine. FIG. 28B is a
graph illustrating the effect of combining a drive comprising
a U-joint with a rotary machine comprising two rotors
configured to reduce output flow variation. The values in the
graph of FIG. 28B have been normalized.

Line 2870 shows the output shaft speed of a U-joint
coupling for substantially constant rotational speed of the
input shaft of the U-joint coupling (for example, line 2840
of FIG. 28A). Line 2880 shows the variation in output flow
for a rotary machine comprising two rotors configured to be
out of phase with each other. Line 2890 shows the variation
in output flow for a rotary machine comprising two rotors
configured to be out of phase with each other, where the
crankshaft is driven by a motor coupled to the rotary
machine via a U-joint configured to reduce the net variation
in output flow.

Another approach to reducing output flow rate variation is
to use a non-circular gearing mechanism to drive the crank-
shaft of a rotary machine such as rotary machine 800 of FIG.
8. Non-circular gears can be used to vary the rotational rate
of a driveshaft.

FIG. 29 is a schematic illustrating an example embodi-
ment of two non-circular gears, in this case two oval gears
2910 and 2920. Oval gears can provide an essentially
sinusoidal shaft speed variation. FIG. 30 is a graph illus-
trating the variation of shaft speed for oval gears such as
those illustrated in FIG. 29. Line 3010 shows an essentially
sinusoidal shaft speed.

When coupled with a rotary machine comprising one or
more rotors, a crankshaft driven by suitably configured oval
gears can reduce flow variation in the output of the rotary
machine. Furthermore, identical non-circular gears (oval or
otherwise) provide a constant axis of rotation.

More generally, a rotary machine comprising one or more
rotors can be driven by a crankshaft connected to a trans-
mission comprising non-circular gears configured to modify
the output flow variation of the rotary machine. Gear shapes
can be chosen and the gearing configured for the rotary
machine such that the output flow variation of the rotary
machine can be reduced or eliminated.

In addition to the mechanisms described above, the output
flow rate variation of the machine can be modified by other
suitable mechanisms including, but not limited to, a drive
with a variable and electronically controlled rotational
speed, or other suitable variable speed transmission.

FIGS. 31A-31C are schematics illustrating an embodi-
ment of a rotodynamic pump 3100, a lining 3140 for the
inner surface 3125 of the housing, and a rotodynamic pump
3100 comprising a lining for the inner surface of the
housing.

Pump 3100 comprises an elliptical rotor 3110 in a housing
3120 having an inverse apex 3130 in contact with elliptical
rotor 3110 throughout its rotation. Elliptical rotor 3110
undergoes eccentric rotation as described above.

FIG. 31A shows pump 3100 without a lining for the inner
surface 3125 of housing 3120. FIG. 31B shows lining 3140
for the inner surface of housing 3120. FIG. 31C shows a
front view of pump 3100 with lining 3140 installed against
inner surface 3125 of housing 3120.
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In some embodiments, more than one lining 3140 can be
installed in housing 3120. Lining 3140 can be a replaceable
lining. Lining 3140 can be made from a different material
than elliptical rotor 3110 and housing 3120. For example,
the material of lining 3140 can be chosen to be more durable
and/or softer.

By adding or removing one or more linings 3140, the gap
between elliptical rotor 3110 and housing 3120 can be
adjusted. In some embodiments, the gap can be approxi-
mately 5 mm. Some embodiments of lining 3140 can be of
uniform thickness. Other embodiments of lining 3140 can
have thickness that varies around the lining thereby provid-
ing an adjustment of the gap at different locations around the
lining which can be beneficial for certain applications.

One or more linings can optionally be incorporated into
the various embodiments of rotary machines described
herein.

FIG. 32 is an isometric view of an elliptical rotor 3200
that can be used in embodiments of the rotary machines
described herein. Elliptical rotor 3200 comprises rotor body
face 3210 and friction features 3220A-3220D that can be
made of abradable, self-lubricating material. Friction fea-
tures 3220A-3220D can help to keep elliptical rotor 3200
aligned in the housing between the front and rear plates (not
shown in FIG. 32).

Friction features can optionally be incorporated into the
various embodiments of rotary machines described herein.

FIG. 33 is a front view of an elliptical rotor 3300 like that
shown in FIG. 32 further comprising a compressible seal
around each edge of the rotor. Elliptical rotor 3300 com-
prises rotor front face 3310, friction features 3320A-3320D,
a ring gear 3318, and a seal 3330A. Seal 3330A inhibits fluid
from escaping from a volume contained by elliptical rotor
3300, the housing and the front and rear plates (not shown
in FIG. 33). Seal 3330A is an elliptical ring seal that runs
around the edge of elliptical rotor 3300. Seal 3330A is
sprung such that it is in contact with the front plate (not
shown) as elliptical rotor 3300 undergoes eccentric rotation
in the housing (not shown). A second seal (not shown in FIG.
33) can run around the rear edge of elliptical rotor 3300.

FIGS. 34A and 34B show cross-sectional views of the
elliptical rotor 3300 of FIG. 33 through line AA. FIG. 34A
shows front and rear seals 3330A and 3330B uncompressed,
that is sprung out and away from rotor 3300 towards the
front and rear plates respectively. FIG. 34B shows seals
3330A and 3330B compressed, that is pressed against front
and rear plates 3380A and 3380B respectively.

FIGS. 35A and 35B show cut-away views of the elliptical
rotor 3300 of FIG. 33. FIG. 35A corresponds to FIG. 34A
and shows seals 3330 A and 3330B uncompressed. FIG. 35B
corresponds to FIG. 34B and shows seals 3330A and 3330B
compressed, as they would be against front and rear plates
(not shown).

FIGS. 36A and 36B are isometric views of the elliptical
rotor of FIG. 33 comprising a secondary seal. FIG. 36A
shows elliptical rotor 3300 and secondary seal 3340 sepa-
rately. FIG. 36B shows elliptical rotor 3300 with secondary
seal 3340 installed.

FIG. 37A is a schematic illustrating a rotary machine 3700
having a dynamic apex seal. Rotary machine 3700 com-
prises rotor assembly 3750 and housing 3760. Housing 3760
comprises inverse apex region 3770 and dynamic apex seal
3775.

FIG. 37B is a schematic showing a close-up of rotary
machine 3700 in the vicinity of inverse apex region 3770.
Inverse apex region 3770 is wide enough to allow for an
increased surface area of dynamic apex seal 3775 when rotor
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3750 is in a position that would yield the largest pressures.
Dynamic apex seal 3775 can be configured to produce a
force nearly equal to the net force of the internal pressure of
rotary machine 3700 on the applicable surface area. When
the product of the internal pressure and the surface area
equals the force produced by dynamic apex seal 3775, apex
seal 3775 will move away from rotor 3750. When this
occurs, pressure can pass from one side of rotor 3750 (the
side at higher pressure) to the other side of rotor 3750 (the
side at lower pressure).

In this manner, the system can be configured to provide
pressure relief by means of dynamic apex seal 3775. While
apex seal 3775 is in contact with rotor 3750, apex seal 3775
functions as a seal between rotor 3750 and inverse apex
region 3770.

Dynamic apex seals can optionally be incorporated into
the various embodiments of rotary machines described
herein.

FIG. 38 is a schematic illustrating a cross-section of rotary
machine 3800. Rotary machine 3800 comprises rotor 3810,
housing 3820, ring gear 3830, sun gear 3840 and crankshaft
3850. In operation, crankshaft 3850 is rotated and causes
rotation of sun gear 3840 and corresponding rotation of ring
gear 3830. Rotor 3810 undergoes corresponding eccentric
rotation within housing 3820.

In a preferred embodiment, the crank radius can be related
to the long and short dimensions of the rotor as follows:
(AA-BB)=4C, where AA is the long dimension of the rotor
(for example, major axis of an elliptical rotor), BB is the
short dimension of the rotor (for example, minor axis of an
elliptical rotor) and C is the crank radius. The corresponding
ring gear has a pitch circle equal to 4C, and the correspond-
ing sun gear has a pitch circle equal to 2C.

Sun gear 3840 comprises an opening for a drive shaft. The
size of the drive shaft is constrained by the size of sun gear
3840. Furthermore, there are additional constraints on the
size of the opening for the drive shaft that include the
mechanical requirements for fastening sun gear 3840 to a
mating surface in the rotor assembly. In one example, sun
gear 3840 can be fastened to the mating surface in the rotor
assembly by means of alignment pins and fasteners.

One approach to increasing the size of the opening for the
drive shaft is to configure sun gear 3840 to comprise a
geometric mechanical protrusion that can press into a cor-
responding socket in the mating surface of the rotor assem-
bly.

FIG. 39A is a schematic illustrating sun gear 3940 such as
sun gear 3840 in rotary machine 3800 of FI1G. 38 configured
to comprise a hexagonal nut 3945. Hexagonal nut 3945 and
corresponding hexagonal socket (not shown) on the mating
surface of the rotor assembly can be used to align and fasten
sun gear 3940 to the rotor assembly. In this configuration,
opening 3955 for the drive shaft (not shown) can be larger
than if alignment pins and fasteners are used to attach sun
gear 3940 to the rotor assembly.

A suitably shaped protrusion and corresponding socket
can be used including, but not limited to, hexagonal, square,
triangle, star and spur.

FIG. 39B is a schematic illustrating sun gear 3940 and
ring gear 3930. Sun gear 3940 comprises hexagonal nut
3945 and opening 3955 for the drive shaft.

FIGS. 40A and 40B illustrate a first embodiment of an
internal pressure relief valve configuration suitable for use in
the rotodynamic pump assembly of FIG. 22. Pump assembly
2200 comprises a first elliptical rotor 2210A and a second
elliptical rotor (not visible in FIGS. 40A and 40B). The first
and second elliptical rotors are separated in housing 2220 by
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center plate 2228. Housing 2220 has an inlet port 2260 and
an outlet port 2265. Center plate 2228 has cut-outs 2270 and
2275 to allow fluid to enter the pump assembly 2200 via
inlet 2260, and to exit pump assembly 2200 via outlet 2265,
more readily. Cut-outs 2270 and 2275 can serve as mani-
folds.

FIG. 40A shows a cross-section through line BB of FIG.
40B.

Housing 2220 comprises inverse apex 2240 shown in
FIG. 40A on both sides of center plate 2228. Inverse apex
2240 is in contact with the first and second rotors during
their eccentric rotation in housing 2220.

Center plate 2228 comprises a pressure relief valve 2280
allowing fluid to cycle back through the pump to relieve
pressure in a volume defined by housing 2220 and one or
both of the first and second elliptical rotors. Pressure relief
valve 2280 can be a one-way sprung check valve.

FIGS. 41A and 41B further illustrate the first embodiment
of an internal pressure relief valve configuration shown in
FIGS. 40A and 40B suitable for use in the rotodynamic
pump assembly of FIG. 22.

FIG. 41A is an isometric view, partially in cross-section,
through integrated housing 2220 and center plate 2228 of
pump assembly 2200, through line AA of FIG. 41B. Inte-
grated housing 2220 and center plate 2228 comprises inlet
2260 and outlet 2265, cut-outs 2270 and 2275, and pressure
relief valve 2280.

FIGS. 42A and 42B illustrate a second embodiment of an
internal pressure relief valve configuration suitable for use in
the rotodynamic pump assembly of FIG. 22. Pump assembly
4200 of FIGS. 42A and 42B comprises a housing 4220 with
a first elliptical rotor 4210A separated from a second ellip-
tical rotor (not visible in FIGS. 42A and 42B) by a center
plate 4228. Center plate 4228 has cut-outs 4270 and 4275,
and inlet and outlet ports (not shown in FIGS. 42A and 42B).
Housing 4220 has inverse apex 4240 which in normal
operation of pump assembly 4200 is in a substantially
vertical position as shown in FIG. 42A, and is in contact
with the first and second elliptical rotors as they undergo
eccentric rotation in housing 4220. Inverse apex 4240 can be
configured to act as an internal pressure relief valve for
pump assembly 4200. Inverse apex 4240 can be hinged and
sprung such that when there is sufficient pressure within the
volume of fluid being expelled from pump assembly 4200
through the outlet port (not shown in FIGS. 42A and 42B),
inverse apex 4240 rotates away (as shown in FIG. 42B) from
the substantially vertical position shown in FIG. 42A. This
creates a gap 4290 between inverse apex 4240 and first rotor
4210A and the second rotor (not shown in FIGS. 42A and
42B). Fluid can escape through gap 4290 back through
pump assembly 4200, thereby relieving the pressure.

In other embodiments, a pressure relief valve (such as one
of those described above) can be used to provide pressure
relief in a single rotor positive displacement pump assembly
or rotodynamic pump assembly, such as those described
above with reference to FIGS. 9A and 9B, and FIGS.
11A-11D or in other rotary machines as described herein.

FIG. 43 is an isometric view of an embodiment of a
rotodynamic pump assembly 4300 configured for external
pressure relief. Rotodynamic pump assembly 4300 com-
prises housing 4320 and at least one elliptical rotor (not
visible in FIG. 43). Rotodynamic pump assembly 4300
further comprises an inlet 4360 and an outlet 4365, and a
back plate 4380 with a pressure relief port 4390 fluidly
connected internally to inlet 4360, and a pressure relief port
4395 fluidly connected internally to outlet 4365. Pressure
relief ports 4390 and 4395 are configured such that they can
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be fluidly connected by a length of pipe containing a
pressure relief valve (pipe and valve not shown in FIG. 43).
In the event the pressure in a first chamber within housing
4320 fluidly connected to outlet 4365 exceeds a threshold,
the pressure relief valve will allow the excess pressure to be
relieved into a second chamber within housing 4320 fluidly
connected to inlet 4360.

FIGS. 44A, 44B, 44C and 44D are schematics illustrating
an example embodiment of a rotary machine 4400 compris-
ing elements of the technology described above.

FIGS. 44A and 44C are the same side view of rotary
machine 4400. Rotary machine 4400 comprises housing
4420, crankshaft 4430 and outlet port 4450.

FIG. 44B is a cross-sectional view of rotary machine 4400
along the dashed line C-C shown in FIG. 44A. Rotary
machine 4400 comprises a first rotor 4410, housing 4420,
crankshaft 4430, a first sun gear 4432, a first ring gear 4434,
outlet port 4450 and outlet cut-out 4455, inlet port 4440 and
inlet cut-out 4445, inverse apex 4460 and dynamic apex seal
4465.

Inlet cut-out 4445 and outlet cut-out 4455 can serve as
manifolds for the inlet 4440 and outlet 4450 respectively.

FIG. 44D is a cross-sectional view of rotary machine 4400
along the dashed line D-D shown in FIG. 44C. Rotary
machine 4400 further comprises a second rotor 4415, a
second sun gear 4436 and a second ring gear 4438.

In operation of rotary machine 4400, crankshaft 4430
rotates and is mechanically coupled via first sun gear 4432
and first ring gear 4434 to cause eccentric rotation of first
rotor 4410 within housing 4420. Crankshaft 4430 is also
mechanically coupled via second sun gear 4436 and second
ring gear 4438 to cause eccentric rotation of second rotor
4415 within housing 4420. Fluid is drawn into rotary
machine 4400 via inlet port 4440 and expelled from outlet
port 4450. First rotor 4410 and second rotor 4415 are in
contact with dynamic apex seal 4465 at inverse apex 4460
throughout rotation of rotors 4410 and 4415.

Particular elements, embodiments and applications of the
present invention have been shown and described in relation
to pumps and/or rotary machines. Embodiments of the
present invention can be utilized in machines and applica-
tions including, but not limited to, rotary compressors,
positive displacement pumps, dynamic pumps and expan-
sion engines.

While particular elements, embodiments and applications
of the present invention have been shown and described, it
will be understood, that the invention is not limited thereto
since modifications can be made by those skilled in the art
without departing from the scope of the present disclosure,
particularly in light of the foregoing teachings.

What is claimed is:

1. A rotary machine comprising:

(a) a rotor comprising an outer surface having an elliptical
cross-section;

(b) a crankshaft for providing rotational force to rotate
said rotor about a first axis of rotation at a first angular
velocity;

(c) a mechanical coupling between said crankshaft and
said rotor, said mechanical coupling configured such
that:

(1) rotation of said crankshaft about said first axis of
rotation induces rotation of said rotor about an
instantaneous second axis of rotation at a second
angular velocity proportional to said first angular
velocity, said second axis of rotation positioned at a
fixed distance from said first axis of rotation; and
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(ii) said second axis of rotation orbits about said first
axis of rotation at said first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
said housing having an interior cavity within which
said rotor is configured to rotate, said housing interior
cavity comprising an inner surface having a cross-
sectional profile defined by a locus of a set of points on
said rotor outer surface for which an instantaneous
velocity vector is perpendicular to a line drawn from a
member of said set of points to said second axis of
rotation as said rotor completes one revolution of
rotation, said inner surface of said housing interior
cavity having an interiorly-extending inverse apex
region between said inlet and said outlet, wherein
during its rotation said rotor is in contact with at least
a portion of said inverse apex region and at least one
location on said inner surface of said housing interior
cavity, thereby dividing said housing interior cavity
into at least two chambers, said at least two chambers
comprising an inlet chamber fluidly connected to said
inlet and an outlet chamber fluidly connected to said
outlet, whereby upon connecting said inlet to a fluid
source, rotation of said rotor draws said fluid into said
inlet chamber and discharges said fluid from said outlet
chamber;

wherein said inverse apex region comprises a pressure
relief mechanism configured to relieve pressure in said
inlet chamber or said outlet chamber, when a pressure
differential between said inlet chamber and said outlet
chamber exceeds a threshold value during operation of
said rotary machine,

wherein said pressure relief mechanism is a dynamic apex
seal,

wherein said dynamic apex seal is configured to be in
sealing contact with said rotor when said pressure
differential between said inlet chamber and said outlet
chamber is at or below said threshold value, and is
configured to move out of sealing contact with said
rotor when said pressure differential between said inlet
chamber and said outlet chamber exceeds said thresh-
old value, during operation of said rotary machine, and

wherein said dynamic apex seal is configured to move by
pivoting to create a gap between said dynamic apex
seal and said rotor when said pressure differential
between said inlet chamber and said outlet chamber
exceeds said threshold value, thereby reducing said
pressure differential between said inlet chamber and
said outlet chamber.

2. The rotary machine of claim 1, wherein said crankshaft
induces rotation of said rotor about said second axis of
rotation at a second angular velocity that is half said first
angular velocity.

3. The rotary machine of claim 1, wherein said crankshaft
is connected to a drive assembly for rotating said crankshaft
at a rotational rate that varies during the period of each
rotation of said crankshaft.

4. The rotary machine of claim 1, wherein said rotary
machine is a pump.

5. A rotary machine comprising:

(a) a rotor comprising an outer surface having an elliptical

cross-section;

(b) a crankshaft for providing rotational force to rotate
said rotor about a first axis of rotation at a first angular
velocity;

(c) a mechanical coupling between said crankshaft and
said rotor, said mechanical coupling configured such
that:
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(1) rotation of said crankshaft about said first axis of
rotation induces rotation of said rotor about an
instantaneous second axis of rotation at a second
angular velocity proportional to said first angular
velocity, said second axis of rotation positioned at a
fixed distance from said first axis of rotation; and

(ii) said second axis of rotation orbits about said first
axis of rotation at said first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
said housing having an interior cavity within which
said rotor is configured to rotate, said housing interior
cavity comprising an inner surface having a cross-
sectional profile defined by a locus of a set of points on
said rotor outer surface for which an instantaneous
velocity vector is perpendicular to a line drawn from a
member of said set of points to said second axis of
rotation as said rotor completes one revolution of
rotation, said inner surface of said housing interior
cavity having an interiorly-extending inverse apex
region between said inlet and said outlet, wherein
during its rotation said rotor is in contact with at least
a portion of said inverse apex region and at least one
location on said inner surface of said housing interior
cavity, thereby dividing said housing interior cavity
into at least two chambers, said at least two chambers
comprising an inlet chamber fluidly connected to said
inlet and an outlet chamber fluidly connected to said
outlet, whereby upon connecting said inlet to a fluid
source, rotation of said rotor draws said fluid into said
inlet chamber and discharges said fluid from said outlet
chamber;

wherein said inverse apex region comprises a pressure
relief mechanism configured to relieve pressure in said
inlet chamber or said outlet chamber, when a pressure
differential between said inlet chamber and said outlet
chamber exceeds a threshold value during operation of
said rotary machine,

wherein said pressure relief mechanism is a dynamic apex
seal,

wherein said dynamic apex seal is configured to be in
sealing contact with said rotor when said pressure
differential between said inlet chamber and said outlet
chamber is at or below said threshold value, and is
configured to move out of sealing contact with said
rotor when said pressure differential between said inlet
chamber and said outlet chamber exceeds said thresh-
old value, during operation of said rotary machine, and

wherein said dynamic apex seal is hinged and sprung with
an adjustable spring, said spring adjustable to set said
threshold value for said pressure differential between
said inlet chamber and said outlet chamber above
which said dynamic apex seal will move out of sealing
contact with said rotor.

6. The rotary machine of claim 5, wherein said crankshaft
induces rotation of said rotor about said second axis of
rotation at a second angular velocity that is half said first
angular velocity.

7. The rotary machine of claim 5, wherein said crankshaft
is connected to a drive assembly for rotating said crankshaft
at a rotational rate that varies during the period of each
rotation of said crankshaft.

8. The rotary machine of claim 5, wherein said rotary
machine is a pump.

9. A rotary machine comprising:

(a) a rotor comprising an outer surface having an elliptical

cross-section;
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(b) a crankshaft for providing rotational force to rotate
said rotor about a first axis of rotation at a first angular
velocity;

(c) a mechanical coupling between said crankshaft and
said rotor, said mechanical coupling configured such 5
that:

(1) rotation of said crankshaft about said first axis of
rotation induces rotation of said rotor about an
instantaneous second axis of rotation at a second
angular velocity proportional to said first angular
velocity, said second axis of rotation positioned at a
fixed distance from said first axis of rotation; and

(ii) said second axis of rotation orbits about said first
axis of rotation at said first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
said housing having an interior cavity within which
said rotor is configured to rotate, said housing interior
cavity comprising an inner surface having a cross-
sectional profile defined by a locus of a set of points on
said rotor outer surface for which an instantaneous
velocity vector is perpendicular to a line drawn from a
member of said set of points to said second axis of
rotation as said rotor completes one revolution of
rotation, said inner surface of said housing interior
cavity having an interiorly-extending inverse apex
region between said inlet and said outlet, wherein
during its rotation said rotor is in contact with at least
a portion of said inverse apex region and at least one
location on said inner surface of said housing interior
cavity, thereby dividing said housing interior cavity
into at least two chambers, said at least two chambers
comprising an inlet chamber fluidly connected to said
inlet and an outlet chamber fluidly connected to said
outlet, whereby upon connecting said inlet to a fluid
source, rotation of said rotor draws said fluid into said
inlet chamber and discharges said fluid from said outlet
chamber;

wherein said inverse apex region comprises a pressure
relief mechanism configured to relieve pressure in said
inlet chamber or said outlet chamber, when a pressure
differential between said inlet chamber and said outlet
chamber exceeds a threshold value during operation of
said rotary machine, and

wherein said pressure relief mechanism comprises a one-
way sprung check valve.

10. The rotary machine of claim 9, wherein said crank-
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shaft induces rotation of said rotor about said second axis of
rotation at a second angular velocity that is half said first
angular velocity.

11. The rotary machine of claim 9, wherein said crank- 50

shaft is connected to a drive assembly for rotating said
crankshaft at a rotational rate that varies during the period of
each rotation of said crankshaft.

12. The rotary machine of claim 9, wherein said rotary

13. A rotary pump comprising:

(a) a rotor comprising an outer surface having an elliptical
cross-section;

(b) a crankshaft for providing rotational force to rotate
said rotor about a first axis of rotation at a first angular
velocity;

(c) a mechanical coupling between said crankshaft and
said rotor, said mechanical coupling configured such
that:

(1) rotation of said crankshaft about said first axis of 65
rotation induces rotation of said rotor about an
instantaneous second axis of rotation at a second

60
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angular velocity proportional to said first angular
velocity, said second axis of rotation positioned at a
fixed distance from said first axis of rotation; and

(ii) said second axis of rotation orbits about said first
axis of rotation at said first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
said housing comprising an inner surface and an inte-
rior cavity within which said rotor is configured to
rotate, said housing interior cavity substantially circular
in cross-section and comprising an interiorly-extending
inverse apex region between said inlet and said outlet,
wherein during its rotation said rotor is in contact with
at least a portion of said inverse apex region and at least
one location on said inner surface of said housing
interior cavity, thereby dividing said housing interior
cavity into at least two chambers, said at least two
chambers comprising an inlet chamber fluidly con-
nected to said inlet and an outlet chamber fluidly
connected to said outlet whereby, upon connecting said
inlet to a fluid source, rotation of said rotor draws said
fluid into said inlet chamber and discharges said fluid
from said outlet chamber;

wherein said inverse apex region comprises a pressure
relief mechanism configured to relieve pressure in said
inlet chamber or outlet chamber, when a pressure
differential between said inlet chamber and said outlet
chamber exceeds a threshold value during operation of
said rotary pump,

wherein said pressure relief mechanism is a dynamic apex
seal,

wherein said dynamic apex seal is configured to be in
sealing contact with said rotor when said pressure
differential between said inlet chamber and said outlet
chamber is at or below said threshold value, and is
configured to move out of sealing contact with said
rotor when said pressure differential between said inlet
chamber and said outlet chamber exceeds said thresh-
old value during operation of said rotary pump, and

wherein said dynamic apex seal is configured to move by
pivoting to create a gap between said dynamic apex
seal and said rotor when said pressure differential
between said inlet chamber and said outlet chamber
exceeds said threshold value, thereby reducing said
pressure differential between said inlet chamber and
said outlet chamber.

14. The rotary pump of claim 13, wherein said crankshaft
induces rotation of said rotor about said second axis of
rotation at a second angular velocity that is half said first
angular velocity.

15. The rotary pump of claim 13, wherein said crankshaft
is connected to a drive assembly for rotating said crankshaft
at a rotational rate that varies during the period of each
rotation of said crankshaft.

16. A rotary pump comprising:

(a) a rotor comprising an outer surface having an elliptical

cross-section;

(b) a crankshaft for providing rotational force to rotate
said rotor about a first axis of rotation at a first angular
velocity;

(c) a mechanical coupling between said crankshaft and
said rotor, said mechanical coupling configured such
that:

(1) rotation of said crankshaft about said first axis of
rotation induces rotation of said rotor about an
instantaneous second axis of rotation at a second
angular velocity proportional to said first angular
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velocity, said second axis of rotation positioned at a
fixed distance from said first axis of rotation; and
(ii) said second axis of rotation orbits about said first

axis of rotation at said first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
said housing comprising an inner surface and an inte-
rior cavity within which said rotor is configured to
rotate, said housing interior cavity substantially circular
in cross-section and comprising an interiorly-extending
inverse apex region between said inlet and said outlet,
wherein during its rotation said rotor is in contact with
at least a portion of said inverse apex region and at least
one location on said inner surface of said housing
interior cavity, thereby dividing said housing interior
cavity into at least two chambers, said at least two
chambers comprising an inlet chamber fluidly con-
nected to said inlet and an outlet chamber fluidly
connected to said outlet whereby, upon connecting said
inlet to a fluid source, rotation of said rotor draws said
fluid into said inlet chamber and discharges said fluid
from said outlet chamber;

wherein said inverse apex region comprises a pressure
relief mechanism configured to relieve pressure in said
inlet chamber or outlet chamber, when a pressure
differential between said inlet chamber and said outlet
chamber exceeds a threshold value during operation of
said rotary pump,

wherein said pressure relief mechanism is a dynamic apex
seal,

wherein said dynamic apex seal is configured to be in
sealing contact with said rotor when said pressure
differential between said inlet chamber and said outlet
chamber is at or below said threshold value, and is
configured to move out of sealing contact with said
rotor when said pressure differential between said inlet
chamber and said outlet chamber exceeds said thresh-
old value during operation of said rotary pump, and

wherein said dynamic apex seal is hinged and sprung with
an adjustable spring, said spring adjustable to set said
threshold value for said pressure differential between
said inlet chamber and said outlet chamber above
which said dynamic apex seal will move out of sealing
contact with said rotor.

17. The rotary pump of claim 16, wherein said crankshaft
induces rotation of said rotor about said second axis of
rotation at a second angular velocity that is half said first
angular velocity.

18. The rotary pump of claim 16, wherein said crankshaft
is connected to a drive assembly for rotating said crankshaft
at a rotational rate that varies during the period of each
rotation of said crankshaft.
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19. A rotary pump comprising:

(a) a rotor comprising an outer surface having an elliptical
cross-section;

(b) a crankshaft for providing rotational force to rotate
said rotor about a first axis of rotation at a first angular
velocity;

(c) a mechanical coupling between said crankshaft and
said rotor, said mechanical coupling configured such
that:

(1) rotation of said crankshaft about said first axis of
rotation induces rotation of said rotor about an
instantaneous second axis of rotation at a second
angular velocity proportional to said first angular
velocity, said second axis of rotation positioned at a
fixed distance from said first axis of rotation; and

(ii) said second axis of rotation orbits about said first
axis of rotation at said first angular velocity;

(d) a housing having an inlet and an outlet formed therein,
said housing comprising an inner surface and an inte-
rior cavity within which said rotor is configured to
rotate, said housing interior cavity substantially circular
in cross-section and comprising an interiorly-extending
inverse apex region between said inlet and said outlet,
wherein during its rotation said rotor is in contact with
at least a portion of said inverse apex region and at least
one location on said inner surface of said housing
interior cavity, thereby dividing said housing interior
cavity into at least two chambers, said at least two
chambers comprising an inlet chamber fluidly con-
nected to said inlet and an outlet chamber fluidly
connected to said outlet whereby, upon connecting said
inlet to a fluid source, rotation of said rotor draws said
fluid into said inlet chamber and discharges said fluid
from said outlet chamber;

wherein said inverse apex region comprises a pressure
relief mechanism configured to relieve pressure in said
inlet chamber or outlet chamber, when a pressure
differential between said inlet chamber and said outlet
chamber exceeds a threshold value during operation of
said rotary pump, and

wherein said pressure relief mechanism comprises a one-
way sprung check valve.

20. The rotary pump of claim 19, wherein said crankshaft
induces rotation of said rotor about said second axis of
rotation at a second angular velocity that is half said first
angular velocity.



