US 20150260184A1

a9 United States

a2y Patent Application Publication (o) Pub. No.: US 2015/0260184 A1

Farrell et al. 43) Pub. Date: Sep. 17, 2015
(54) SEGMENTED POSITIVE DISPLACEMENT (52) US.CL
ROTOR HOUSING CPC ....ccvue F04C 3/08 (2013.01); F04C 15/0003
(2013.01); F04C 15/0076 (2013.01)
(71) Applicant: Exponential Technologies, Inc., Calgary
(CA)
57 ABSTRACT
(72) Inventors: Erik Farrell, Calgary (CA); Alejandro
Juan, Calgary (CA); Curtis Patterson,
Calgary (CA); Stephen F. Scott, Calgary This disclosure concerns an advanced nutating positive dis-
(CA); Kyle Fiolka, Calgary (CA) placement device having a high power to mass ratio and low
production cost. This device in one example forms an exem-
(21) Appl. No.: 14/215,609 plary pump as will be discussed in detail. The examples
. disclosed herein are of the rot ositive displacement type,
(22)  Filed: Mar. 17, 2014 but in a class by themselves.al:[yhz devices arr)e formed g;o a
Publication Classification nutating rotor having a face comprising lobes and valleys, and
a fixed stator also having a face with lobes and valleys. The
(51) Int.ClL face of the rotor opposes and cooperates with the face of the
Fo4C 3/08 (2006.01) stator. The opposing faces define chambers that change vol-
Fo4C 15/00 (2006.01) ume with rotation of the rotor.

S




Patent Application Publication

Sep. 17,2015 Sheet 1 of 33

US 2015/0260184 A1

N
o
LL
-
o)
o | & &d L.
| | \
.
2.~ & -
e




Patent Application Publication  Sep. 17, 2015 Sheet 2 of 33 US 2015/0260184 A1

62




Patent Application Publication

Sep. 17,2015 Sheet 3 of 33

112

[
[_J58

1N

US 2015/0260184 A1

\80

\36

13

@
(o))
\ I
o
- %) N
< 9 v
S
=X
o
o ]
< N 7
\\\\ 7
e
. \\
% \\ \\ -+
- N
\,
TN
(<o) " N
X N N -
™ . Y P
T~ \\{
2 o ~dN
4 \ 4
o0, \\\ - “« N,
« . N
O
% "\ g
~r
WA\T © X ©
o~ ~~
o o
<
=

70

112

28/

Fig. 5

Fig. 4



Patent Application Publication  Sep. 17, 2015 Sheet 4 of 33 US 2015/0260184 A1




US 2015/0260184 A1

Sep. 17,2015 Sheet 5 of 33

Patent Application Publication

<D
prec

6 ‘B4

gEL—"]

74

A%

2]
o3
pocks

ST

4




Patent Application Publication  Sep. 17, 2015 Sheet 6 of 33 US 2015/0260184 A1

Fig. 12

Ot
[ag]
paton



US 2015/0260184 A1

Sep. 17,2015 Sheet 7 of 33

Patent Application Publication

ﬁ_/t?v
¥EL \/ﬂ/ /ma/ \\/
,o@r




US 2015/0260184 A1

Sep. 17,2015 Sheet 8 of 33

Patent Application Publication

861

291/291

@rmmn_ \mmzw@v

/

8ie

prlighl

.
29




US 2015/0260184 A1

Sep. 17,2015 Sheet 9 of 33

Patent Application Publication

- 7
S 44 L o
el //@/,xi\uvmp\\\ 05~
8eL
e




US 2015/0260184 A1

Sep. 17,2015 Sheet 10 of 33

Patent Application Publication

BEL

44

=7 EN
ooz A\ M\ /
AN




US 2015/0260184 A1

Sep. 17,2015 Sheet 11 of 33

Patent Application Publication

/ ; ,J
v89l" g\ \ |
£ T\\, wﬂwtﬂ_ M | 20
e o /,“\\ / \
Yool Y

7 U

%2%&; ,-i \\\\\ :
R

vel




Patent Application Publication

Sep. 17,2015 Sheet 12 of 33 US 2015/0260184 A1

Fig. 37

Lot

(g A DY)

140 7

fon]
o N =
y ! ¥/
{ <L §\ ; // /’/ \
g /
LB S
,\ ; ‘i / /\ N
S, \




Patent Application Publication  Sep. 17, 2015 Sheet 13 of 33 US 2015/0260184 A1

1140

2201
Fig. 40

4IN_138

160'BJ/

228
1648

134




US 2015/0260184 A1

Sep. 17,2015 Sheet 14 of 33

Patent Application Publication

~—0%¢

V89l

\ TR Gy B
vée \/ff — / 7 \\~
/

9c iy

" .

—
H
/
/
7
/ d
[
%
oA
S

voor—, N\ N
e N / N E@E
G, AL |

L _AOFL

A . y
\\W\\\! }M//,ﬁ/ )
) PR— // /
(S
7 92z // ™~
|25 Ty




US 2015/0260184 A1

Sep. 17,2015 Sheet 15 of 33

Patent Application Publication




US 2015/0260184 A1

Sep. 17,2015 Sheet 16 of 33

Patent Application Publication

08¢
\
[4 %4
6 gy B
O.—u_\ll(
1144
vl 8eI~| vel

|

T W.Z\m@e TG N
zrl TN | ) ™\
/ /] RN 89}, \
/ W F ™ RS ﬁ 5
/ TR AN i n . ¥ 7, Jree ST \
AT N A ‘ e, ,,
/N . W ..u - > \ >/ Ry «// ,Aw
| %A\ & N
~ \ N o
7z Jﬁ,mx/ X 7 o)
;.rﬂv//;/‘v./‘/ 3
& L7
~ NV/&.,V\!\\\\H e




US 2015/0260184 A1

Sep. 17,2015 Sheet 17 of 33

Patent Application Publication

04¢




Patent Application Publication  Sep. 17, 2015 Sheet 18 of 33 US 2015/0260184 A1

5
& Tp)
o N}
x
e
L
N
=
g o (9] o
o (o] ~N e
z 2 =
@ o
<t W0
(o) LO
o) o)
LL L

320

318

318

322



US 2015/0260184 A1

Sep. 17,2015 Sheet 19 of 33

Patent Application Publication




US 2015/0260184 A1

Sep. 17,2015 Sheet 20 of 33

Patent Application Publication

9 ‘B4 19 ‘b4

u\mhm Nmtv_ At
&;@ ¥av ooy 0lE i | % a5y
- : /
O

958~

TAS e

iy

85¢

0%¢ N@.Y




US 2015/0260184 A1

Sep. 17,2015 Sheet 21 of 33

Patent Application Publication

s
e

19 Bl
us
ole

09




US 2015/0260184 A1

Sep. 17,2015 Sheet 22 of 33

Patent Application Publication

9/ b4 G/ "Bi-

11 B

P
X

B80S

059
viy

&9y 6% o -
™~ 06¥ imm -!_
. 69 —
ges
911} M
g i oLy
99y @mvi.\a/v N 0./,,
/r\/N/:\J
7o ! 8lg
oLy
5"
T




Patent Application Publication  Sep. 17, 2015 Sheet 23 of 33 US 2015/0260184 A1




Patent Application Publication  Sep. 17, 2015 Sheet 24 of 33 US 2015/0260184 A1

588/ Fig. 82



Patent Application Publication  Sep. 17, 2015 Sheet 25 of 33 US 2015/0260184 A1




Patent Application Publication  Sep. 17, 2015 Sheet 26 of 33 US 2015/0260184 A1




US 2015/0260184 A1

Sep. 17,2015 Sheet 27 of 33

Patent Application Publication

T TR R

P e

s AR RIS

P




Patent Application Publication  Sep. 17, 2015 Sheet 28 of 33 US 2015/0260184 A1

632




Patent Application Publication  Sep. 17, 2015 Sheet 29 of 33 US 2015/0260184 A1

652

652




US 2015/0260184 A1

Sep. 17,2015 Sheet 30 of 33

Patent Application Publication




Patent Application Publication  Sep. 17, 2015 Sheet 31 of 33 US 2015/0260184 A1

720




Patent Application Publication  Sep. 17, 2015 Sheet 32 of 33 US 2015/0260184 A1




Patent Application Publication  Sep. 17, 2015 Sheet 33 of 33 US 2015/0260184 A1

fo]

- X\X\%&%/{ /j =

834 815
68 e T ] ‘

L

N o

\\‘Q\\f‘

e

Fig. 106




US 2015/0260184 Al

SEGMENTED POSITIVE DISPLACEMENT
ROTOR HOUSING

RELATED APPLICATIONS

[0001] This application is related to U.S. Ser. No. 13/840,
514, filed Mar. 15, 2013, incorporated herein by reference.

BACKGROUND OF THE DISCLOSURE

Field of the Disclosure

[0002] This disclosure relates to the field of fluid transfer
devices having a plurality of cooperating surfaces, one sur-
face on a fixed stator and the other surface on a nutating rotor.

SUMMARY OF THE DISCLOSURE

[0003] Disclosed herein is a fluid flow apparatus compris-
ing in one example: a housing having a frusta-spherical inner
surface; wherein the housing is fixed in space; a stator having
a center axis, and a front face comprising lobes and valleys;
the stator fixed to the housing; a rotor having an axis, and a
frusta-spherical radially outward surface; wherein the rotor
nutates about the stator. The term “frusta” comes from the
Latin word “frustum” meaning “a piece broken off”. A frusta-
spherical surface therefore is a surface forming a part of a
sphere. In one example a static seal is provided between the
frusta-spherical outward surface of the stator and the inner
frusta-spherical surface of the housing. The apparatus may be
arranged wherein the axis of the stator intersects the axis of
the rotor; wherein the axis of the stator is offset from the axis
of the rotor by an alpha () angle. In one example, the rotor
having a front face with lobes and valleys is configured to
interoperate with the lobes and valleys of the stator. In one
example, the number of lobes on the rotor are equal to the
number of lobes on the stator such that net rotation of the rotor
relative to the stator is not permitted. In one example, the
device is arranged wherein the lobes and valleys of the stator
are substantially in fluid tight seal to the lobes and valleys of
the rotor at least at two points during rotation/precession of
the rotor. Also disclosed is a gearing system utilizing a hous-
ing ring gear fixed to the housing; a planet gear carrier nutat-
ing with a rotor; a plurality of planet gears rotating about an
axis fixed to the planet gear carrier and indexed off of the
housing ring gear; a rotor ring gear attached to the rotor;
wherein the planet gears index the rotor ring gear; and
wherein the planet gears indexes the rotor relative to the
stator.

[0004] The fluid flow apparatus may further comprise: an
upper planet gear in a plane with the rotor; indexed off of the
housing ring gear; and indexing the planet gears.

[0005] The fluid flow apparatus as above may further com-
prise: adouble gear in a plane with the rotor; indexed off of the
housing ring gear via a bevel gear portion; and indexing the
planet gears via spur gear portion. The double gear may be a
unitary homogenous structure with a bevel gear portion and a
spur gear portion.

[0006] One significant advantage of the lobe/valley face
designs disclosed herein is the ability to produce a device
wherein the surfaces of the pumping chambers are used to
prohibit rotation of the rotor relative to the stator. Among
others, U.S. Pat. No. 3,895,610 discloses a nutating apparatus
wherein two segmental sections of a spherical body are
rotated one relative to the other to compress a fluid. In this
patent as with many of the prior art references known, gearing
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is required to provide the rotor with the necessary motion to
follow the sinuous configuration of the stator. One significant
advantage of the disclosed lobe/valley face designs disclosed
herein is the ability to produce a device wherein the surfaces
of the pumping chambers are utilized to prohibit rotation of
the rotor relative to the stator. The working chamber remains
at the same position relative to the stator while the chamber
volume increases and decreases in a sinusoidal manner with
every nutation cycle. In many examples this eliminates the
need for timing gears in the apparatus. Prior art devices
require the rotor to move in precession relative to the stator to
manifest the volume change.

[0007] The fluid flow apparatus as disclosed herein may be
arranged wherein the alpha (o) angle is between three (3) and
forty-five (45) degrees, or in a narrower range, between 25
and 35 degrees. In some applications, an alpha angle of thirty
(30) degrees has been found beneficial.

[0008] The fluid flow apparatus as recited herein may be
arranged wherein each of the stator and the rotor comprise an
even number of lobes.

[0009] The fluid flow apparatus may be arranged wherein
the lobes of each of the stator and second rotor comprise a
leading surface comprising substantially a radial projection
of'a spherical involute. Alternatively, the lobes of each of the
stator and second rotor comprise a leading (axial) surface
comprising substantially a spiral spherical projection of a
spherical involute.

[0010] The fluid flow apparatus may be arranged wherein
the lobes of each of the first rotor and second rotor comprise
a following (axial) surface comprising a radial projection of a
teardrop curve.

[0011] The fluid flow apparatus as recited herein may be
arranged wherein the second rotor is rotateably attached to a
shaft passing through the housing and transferring rotational
torque with the second rotor.

[0012] The fluid flow apparatus as recited herein may be
arranged wherein the shaft passes through and rotates relative
to the first rotor.

[0013] The fluid flow apparatus as disclosed herein may be
arranged wherein the shaft comprises: a first portion adjacent
to the first rotor and coaxial thereto; a second portion adjacent
to the second rotor and coaxial thereto; and wherein the first
portion forms an angle relative to the second portion equal to
the alpha (o) angle.

[0014] The fluid flow apparatus as recited above may fur-
ther comprise: a main shaft passing through the housing and
rotating relative thereto; a precession cam (eccentric rotor)
fixed to the shaft so as to rotate there with; a precession shaft
attached to the precession rotor so as to rotate about the main
shaft at a precession angle thereto; wherein the precession
shaft is attached to the second rotor coaxial with the axis of
the second rotor; and wherein the precession shaft transfers
rotational torque with the second rotor.

[0015] The fluid flow apparatus as recited herein may be
arranged wherein the precession angle equals the alpha (o)
angle.

[0016] The fluid flow apparatus may be arranged wherein
the precession cam and precession shaft are counterbalanced.
[0017] The fluid flow apparatus may further comprise an
indexer such as those described in published and publicly
available U.S. patent application Ser. No. 12/560,674 incor-
porated herein by reference as a description of underlying
technology. In another example, the nutating rotor may be
indexed using a gear arrangement so as to maintain a prede-
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termined gap, precision fit, or interference fit between said
faces to provide sealing. In one example, the gear arrange-
ment may be epicyclic, planetary, or a combination thereof.
[0018] The fluid flow apparatus as recited herein may be
arranged wherein the housing comprises: a first portion and a
second portion fixedly attached to the first portion; wherein
each of the first and the second portions each comprise an
inner surface forming the frusta-spherical inner surface of the
housing; and wherein the first portion and second portion
meet at the equator of the frusta-spherical inner surface.
[0019] The fluid flow apparatus as recited herein may fur-
ther comprise: surfaces defining inlet ports through the hous-
ing; surfaces defining outlet ports through the housing;
wherein precession of the second rotor relative to the first
rotors forms a region of maximum volume and a region of
minimum volume between the first and second rotors; and
wherein the inlet ports and outlet ports are in fluid commu-
nication with each of the valleys of the first and/or second
rotor.

[0020] The fluid flow apparatus may be arranged wherein
the inlet ports and outlet ports comprise check valves provid-
ing one-way flow of fluid though specific regions of the appa-
ratus.

[0021] The fluid flow apparatus may be arranged wherein
the inlet ports and/or outlet ports exit the housing substan-
tially parallel to the shaft.

[0022] The fluid flow apparatus may be arranged wherein
the inlet ports are angled to direct a fluid flow to non-contact-
ing portions of the lobes and/or valleys to remove precipitat-
ing debris therefrom.

[0023] The fluid flow apparatus as disclosed herein may be
arranged wherein the shaft comprises a surface defining a
fluid conduit for passage of fluid for cooling and/or lubricant
fluid to the second rotor. In one form, this is accomplished by
a surface defining a longitudinal void through a substantial
length of the shaft.

[0024] The fluid flow apparatus as recited herein may fur-
ther comprise turbulence generating surfaces on non-inter
contacting portions of the lobes of the first and/or second
rotors.

[0025] The fluid flow apparatus may further comprise a
rolling seal on the non-axial face of each lobe.

[0026] The fluid flow apparatus may further comprise a
sliding seal on the axial faces of each lobe for self cleaning.
[0027] A nutating positive displacement device is disclosed
herein, in one form comprising: a (stationary) stator and a
(moving/nutating) rotor with equal number of mounds and
valleys as the stator. In one form, the rotor follows a precess-
ing motion with respect to the stator such that the central axis
of' the rotor is at a constant angle to the axis of the stator, and
the rotor’s axis rotates about the stator axis. The contoured
seal faces of the mounds and valleys of the stator and rotor
may be formed in such a way as to provide a predetermined
gap, precision fit, or interference fit between said faces to
provide sealing.

[0028] The device recited above may be arranged wherein
the constant angle of precession (alpha (o) angle) and smooth
motion of the rotor are determined by a series of bearings, one
or more bearings of which are mounted at an angle on a
rotatable part, the rotatable part rotating about an axis that is
parallel or collinear to the axis of the stator.

[0029] The device may be arranged wherein the stator and
rotor are generally spherical in their radially outward extremi-
ties and housed or partially housed within an outer shroud
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assembly that has a spherically concave inner surface to
engage the spherical outer surfaces of the stator and rotor with
or without a prescribed gap between said surfaces. In one
form the shroud member is stationary with respect to the
stator and may provide a static seal between the shroud and
stator.
[0030] The device may be arranged wherein the stator and
rotor are generally spherical in extremities and housed or
partially housed within an outer shroud assembly that has a
spherically concave inner surface that is to engage the spheri-
cal outer surfaces of the stator and rotor with or without a
prescribed gap between said surfaces, the shroud member
being fixed with respect to the rotor and providing a static seal
between the shroud and rotor component, and the shroud
moves in a precessing motion along with the rotor.
[0031] The devices may be arranged wherein the mounds
and valleys are comprised of a geometry such as that
described in U.S. Pat. No. 6,634,873 incorporated herein by
reference as a description of underlying technology, spherical
involutes, or a combination thereof such that one side of a
mound may be comprised of a curve disclosed in the *873
patent and the other side may comprise a spherical involute
and adjoining surfaces therebetween.
[0032] The device may be arranged wherein the spherical
involutes provide a gap, precision fit, or interference fit for
sealing.
[0033] The device may be arranged wherein the spherical
involutes also provide seal surfaces to transfer force from the
rotor to the stator.
[0034] Thedevice may be arranged wherein the lobes ofthe
stator and rotor are designed as balanced (by the methods
described in U.S. Pat. No. 6,497,564 incorporated herein by
reference as a description of underlying technology) wherein
undercuts are created so that the net torque due to fluid pres-
sure around all of the lobes of the rotor is balanced, or rather,
the net torque is made effectively equal to zero by carefully
designed cuts in the mounds and valleys.
[0035] The device may be arranged wherein the mounds of
the lobes have apexes that are long and relatively thin and may
become positively activated by pressure and deflect due to
pressure causing the apexes to touch-down on the opposing
mound or valley forming a contacting seal.
[0036] The device may further comprise movable apex
seals that are either spring loaded or pressure activated and
positioned at the apex or near the apexes of the rotor and/or
stator lobes.
[0037] The devices above may be arranged where the
apexes of the mounds are:
[0038] constant radius along their length and form a por-
tion of a cylinder or
[0039] conical or
[0040] portion of the apexes are flat or nearly flat such
that when a rotor lobe apex is at its maximum distance
away from the stator during a precession, the flat sides of
the lobes of the rotor and stator form a gap seal such that
an escaping fluid would need to traverse a relatively long
gap length in order to leak thus forming something much
like a labyrinth seal at this position, or
[0041] mound apexes that incorporate a cross sectional
shape similar to that shown in U.S. Pat. No. 7,837,451
B2 FIG. 9, the edge meant to reduce leakage by a laby-
rinth effect and may be incorporated on either rounded
apexes or flat apexes of mounds.
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[0042] The device disclosed above may be arranged
wherein the rotor and stator mounds and valleys are formed of
the same surface shapes. These shapes may be circumferen-
tially symmetric.

[0043] The devices above may be arranged wherein the
rotor has mounds of a different (circumferential) width than
the mounds of the stator.

[0044] The devices disclosed above may be arranged
wherein the mounds and valleys are produced as illustrated in
U.S. patent application Ser. No. 12/560,674. The apparatus
disclosed in FIG. 12 of that disclosure may be exemplary for
this application, whereby the apexes extend sideways. Alter-
natively, the mound/valley shapes shown in U.S. Pat. No.
6,923,055 (incorporated herein by reference as a description
ofunderlying technology) FIGS. 6 A/6C item “D”, and FIG. 9
item 50, are termed a “rabbit ear” design. This particular
teardrop lobe shape is created by a process wherein, this
rabbit ear (or “cutter”) is a cone or cylinder or oval (or other
shape) that is aligned tangent to the teardrop shape of the lobe
such that it appears to extend like ears on a rabbit (where the
axial direction corresponds to the up/down direction of a
rabbit standing up with his ears up). In U.S. patent application
Ser. No. 12/560,674, FIG. 12 the cutters are attached no
longer on teardrop base curves but instead are attached to
ovals, and the result is that the tangent of the oval is 90 degrees
rotated from the tangent of a teardrop base curve. The result is
the cutters are attached “sideways”—the rotor tips cantilever
sideways if the rotor is viewed end-on. Alternatively, rotors
and stators with the mound and valley shapes disclosed in
U.S. Pat. No. 3,101,700 may be utilized.

[0045] Devices described above may incorporate, for
example, indexers illustrated in U.S. patent application Ser.
No. 12/560,674 such as the rollers within oval tracks, ball
bearings in oval tracks, lenticular gears, other forms of con-
stant velocity fixed angle joint, or an indexer such as the
Spherical Involute Gear Coupling (U.S. patent application
Ser. No. 13/467,628 filed May 9, 2012) or other timing gear
system such as bevel gears, spiral bevel gears, Zerol bevel
gears, such that the stator and rotor are prevented from con-
tacting each other by means of this indexing or timing device,
timing device to impart a constraint such that the axial rota-
tional motion of the rotor with respect to the stator is negli-
gible and to remove backlash if required.

[0046] The devices disclosed above may be arranged with
movable sealing members either pressure activated and/or
spring loaded or pressure balanced, that are positioned so as
to seal between the inside spherical surface of the shroud and
the outside spherical surface of the rotor or stator.

[0047] The devices above may be arranged whereby the
rotor is pressure balanced on the reverse side so as to balance
against the fluid pressure within the mounds and valleys of the
device.

[0048] Thedevices disclosed above may be arranged where
vibration due to the nutation motion is dynamically or stati-
cally balanced by means of adding or removing counter-
weights, or the addition of one or more additional rotors that
are positioned along the same main drive shaft strategically to
reduce or eliminate such imbalance.

[0049] The devices disclosed above may be arranged,
whereby the shroud (housing) is fixedly attached to the stator,
and the shroud is ofa short enough length such that the valleys
of the rotor are exposed at the maximum volume position so
as to act as an intake port, and subsequently discharge porting
may occur by porting through the central ball/rotating shaft

Sep. 17, 2015

such that the discharge porting is arranged such that as the
rotor nutates at the maximum volume position the discharge
porting is closed but at the minimum volume positions the
discharge porting is open to the discharge header (through the
shaft). The apparatus may alternatively be arranged where the
intake is through the shaft and discharge is out the edge of the
shroud. In yet another iteration, intake or discharge porting
can be done through the back face of the stator with a series of
check valves to prevent backflow.

[0050] The shroud (housing) can be arranged such that it
fully encloses both rotors. In such an application, it may be
desired that the shroud has an opening or openings in the
vicinity “above” the fixed rotor sawtooth lobe tip or tips
respectively; this port(s) can serve as an intake for a compres-
sor, or as a discharge for an expander.

[0051] The shaft ball may be ported for fluid to pass in
combination with a sawtooth lobe rotor, where the port will
communicate high pressure gas between the rotors and a high
pressure fluid (such as compressed gas) reservoir that is com-
municated through the axis of the shaft, where the rotation of
the shaft with respect to the fixed rotor allows the port to be
sealed off as a sawtooth rotor lobe blocks the port. Alterna-
tively, the rotor and or stator may utilize dual teardrop shaped
lobes (more rectangular shaped lobes).

[0052] The apparatus may include a shaft produced of a
bent shaft manufacture method. Such a method increased
accuracy of manufacture by having tilted rotor positioned by
a 5 axis machining operation, all in one fixture, drilling a hole
and having a tight fit to extension shaft to tilted rotor.

[0053] Also disclosed is an improvement of adding features
like on lobe tips of screw compressors. In one example this
improvement comprises a very thin and very small embossed
protruding lip that extends from lobe tips and from exterior
lobe spherical surfaces, such that the protruding material can
quickly wear-in, much like an abradable material but made of
the same or similar material as the lobes themselves, the
feature could be machined on or inserted into the lobes.
[0054] In prior art axial piston pumps such as disclosed in
U.S. Pat. No. 6,564,693; the “driver” (driving gear item 8) and
the working fluid chambers are separate entities. In the nutat-
ing assembly examples disclosed herein, the equivalent driver
and working fluid chambers may be one and the same.
[0055] One benefit of the nutating design being a reduced
total number of contact surfaces (and in some examples
reduced manufacturing costs), utilizing the contact faces as
sealing surfaces.

[0056] The nutating designs disclosed herein also have
fewer moving parts than many of'the prior art designs, result-
ing in a device which is simpler to maintain than prior axial
piston pumps. The individual parts of the nutating designs are
generally thicker/stronger and may operate in more severe
conditions, and/or at higher speeds than prior designs.
[0057] Axial piston pumps do not have significant prob-
lems with axial and lateral tolerance requirements on the
housing, due to the double-ball-joint design of the pistons,
and the relatively large clearances under the pistons.

[0058] For the spinning/nutating rotor assembly clearance
holes may be utilized to allow self-centralization of the upper
rotor during assembly. While this method may be used in
several of the examples shown, one example will be described
relative to FIG. 101. Looking to FIG. 101; during assembly
the holes 786 may be made large enough to allow for some
play in of the upper housing 754 relative to the outer housing
750 while fasteners 784 are loosely installed. The shaft may
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then be rotated and when the assembly has found its natural
position where the shaft 34 rotates freely without binding on
the upper housing 754, the fasteners 784 are tensioned and the
upper housing 754 fixed relative to the outer housing 750.
Providing such clearance holes and a flat face at 752 to
assemble two housings (750/754) together is a unique feature
relevant to the nutating architecture disclosed herein.

[0059] As disclosed, shims 758/748 provide alignment of
the inner rotor assembly relative to the upper housing verti-
cally and radially if such adjustment is needed to take up any
gaps or misalignment. Similarly, the shim 840 reduces or
eliminates any slack movement or gap between a shoulder of
the shaft 734 and the top cap 844. As with the shim 848 this
shim 840 may be placed above or below the adjacent thrust
bearing. Shims may even be placed at both locations.

[0060] Accurate axial adjustment of the apparatus (shim,
material removal, or other mechanical means of adjustment)
is important to allow for proper operation without slack
movement or binding. Axial piston pumps overcome similar
problems in a different manner as each piston has two ball
joints to take up lateral play. In addition, the pistons of axial
piston pumps have relatively large clearances; therefore, axial
tolerances are commonly not of concern.

[0061] In one example of the disclosed nutating architec-
ture as shown in FIG. 65 for example, the stator rotor is
manifolded at an inner ball location and ported there past. In
this example, the shroud may be attached to the stator. An
upper nutating rotor may be utilized, wherein the shroud is a
sealed chamber, wherein the nutation area may then be
flooded with inlet fluid, the bent through shaft has “seal
blocks” carved into the ball, and the inlet and discharge port-
ing on bent shaft go in opposite directions.

[0062] Referring to FIGS. 61 to 71, a “bent shaft” nutating
device with a set of 6 lobe rotors is shown. The lobes of this
example are formed from spherical involutes on the outer
edges of one rotor that roll on the spherical involute surfaces
of'the opposite rotor. The rolling contact is therefore localized
to the outer edge and most of the involute surface on one rotor
is offset from the surface of the opposing stator to minimize
the rolling contact surface area and minimize grinding effect
if there is debris in the working fluid. This offset also mini-
mizes cavitation created by a large rolling contact surface
lifting off from another quickly. The rotor tips of the rotor in
FIG. 63 are cut in such a way as to create “balanced rotors”
such as those disclosed in U.S. Pat. No. 6,497,564. The outer
housing has an inlet 360 at the top, and in one application the
working fluid fills the entire upper chamber 362 above the
rotor 406. The fluid passes through ports 416 in the top of the
rotor 406 into a toroidal groove that lies centered on the upper
rotor axis between the upper rotor and the central ported ball.
The central ported ball 418 in this example has a groove 426
functioning as an inlet groove where fluid enters the rotor lobe
chambers. When fluid is discharged, the fluid exits a groove
438 which is 180 degrees opposite groove 426. Grooves 426
and 438 are on opposite sides of an imaginary plane formed
by two axes, the rotor axis and the stator axis. The spherical
surface of the inner ball 418 may include a seal or a sealing
gap with respect to the inner spherical sockets of the upper
and lower rotors. As the rotor 406 nutates, fluid enters cut-
away portion 426, and with nutation is then discharged out
cutaway portion 438 downwards out past the bottom surface
444, into a toroidal groove 428 in the stator below the ball.
This toroidal groove 428 in one example has one or more
discharge ports 430 connected to it through the housing.
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[0063] In one example, the housing portions are arranged
differently from those disclosed herein. It is also conceived to
produce the housing in fewer (or more) components, or as a
unitary (monolith) structure.

[0064] Inoneexample, the device functions as a centrifugal
nutating or combination of centrifugal and nutating pump.
[0065] It may be beneficial to provide the apparatus with a
two lobe or even number of lobe involute sawtooth with even
number of check valves, the even number resulting in reduced
pulsation.

[0066] In one example as shown in FIGS. 8-50, the appa-
ratus is provided with a large angle, full dome housing where
the upper rotor and its bearing are contained completely
within the upper half dome of the housing. This full dome
housing allows for a very large tilt angle of the bent shaft
arrangement and therefore a higher volumetric capacity.

BRIEF DESCRIPTION OF THE DRAWINGS

[0067] FIG.1isaside view of one example of the disclosed
apparatus including a housing and shaft.

[0068] FIG.21isacutaway view taken along line 2-2 of FIG.
1

[0069] FIG. 3 is a top isometric view of the example shown
in FIG. 1.

[0070] FIG. 4 is a side view of the example of FIG. 1 with
the housing removed to show the internal components.
[0071] FIG. 5isacutaway view taken along like 5-5 of FIG.
4

[0072] FIG. 6 is a top isometric view of the example shown
in FIG. 4.

[0073] FIG. 7 is a top isometric view of another example of
the disclosed apparatus, including a housing.

[0074] FIG. 8 is a hidden line side view of the example
shown in FIG. 7.

[0075] FIG. 9 is a side view of the example shown in FIG.
7

[0076] FIG. 10 is a cutaway view taken along line 10-10 of
FIG. 9.

[0077] FIG. 11 is a top isometric view of the lower housing
component shown in FIG. 7.

[0078] FIG. 12 is a hidden line view of FIG. 11.

[0079] FIG. 13 is a side isometric view of a rotor assembly
such as may be used in the example of FIG. 7.

[0080] FIG. 14 is a side isometric view of the example of
FIG. 13 from a different angle.

[0081] FIG. 151sabottom isometric view of the example of
FIG. 13.
[0082] FIGS.16-20 show a rotor component shown in FIG.

13. It is to be appreciated that the stator in one example will
have lobes and valleys forming substantially an identical
surface (face) as the rotor depicted here.

[0083] FIGS. 21-23 show a bent axis rotor such as may be
used in the example of FIG. 8.

[0084] FIG. 24 shows a bottom view of the upper housing
component shown in FIG. 7.

[0085] FIG. 25 shows a top isometric view of the upper
housing component of FIG. 24.

[0086] FIG. 26 is a front view of the upper housing com-
ponent of FIG. 24.

[0087] FIG. 27 is a cutaway view taken along line 27-27 of
FIG. 26.
[0088] FIG. 28 is a top view of the upper housing compo-

nent of FIG. 24.
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[0089] FIG. 29 is a bottom isometric view of the upper
housing component of FIG. 24.

[0090] FIG. 30 is a front view of one example of the dis-
closed the stator, and rotor in a first position.

[0091] FIG.311isaside view ofthe example of FIG. 30 with
the rotor in the first rotational position.

[0092] FIG.32is atop view of the example of FIG. 30 with
the rotor in the first rotational position.

[0093] FIG. 33 is a front view of one example of the dis-
closed stator, and rotor in a second rotational position.
[0094] FIG.34isaside view ofthe example of FIG. 30 with
the rotor in the second rotational position.

[0095] FIG.35is atop view of the example of FIG. 30 with
the rotor in the first rotational position.

[0096] FIG. 36 is a front view of one example of the dis-
closed the stator, and rotor in a third rotational position.
[0097] FIG.37isaside view ofthe example of FIG. 30 with
the rotor in the third rotational position.

[0098] FIG.38is atop view of the example of FIG. 30 with
the rotor in the third rotational position.

[0099] FIG. 39 is a front view of one example of the dis-
closed the stator, and rotor in a fourth rotational position.
[0100] FIG.401is aside view ofthe example of FIG. 30 with
the rotor in the fourth rotational position.

[0101] FIG. 41 is atop view of the example of FIG. 30 with
the rotor in the fourth rotational position.

[0102] FIG. 42 is a front view of one example of the dis-
closed the stator, and rotor in a fifth rotational position.
[0103] FIG.43isasideview ofthe example of FIG. 30 with
the rotor in the fifth rotational position.

[0104] FIG. 44 is a top view of the example of FIG. 30 with
the rotor in the fifth rotational position.

[0105] FIG. 45 is a front view of one example of the dis-
closed the stator, and rotor in a sixth rotational position.
[0106] FIG.461saside view ofthe example of FIG. 30 with
the rotor in the sixth rotational position.

[0107] FIG. 47 is a top view of the example of FIG. 30 with
the rotor in the sixth rotational position.

[0108] FIG. 48 is a front view of one example of the dis-
closed the stator, and rotor in a seventh rotational position.
[0109] FIG.49is aside view ofthe example of FIG. 30 with
the rotor in the seventh rotational position.

[0110] FIG.50is atop view of the example of FIG. 30 with
the rotor in the seventh rotational position.

[0111] FIG. 51 is a side view of one example of the dis-
closed apparatus including a housing and shaft.

[0112] FIG. 52 is a cutaway view taken along line 52-52 of
FIG. 51.

[0113] FIG. 53 is an enlarged view of area 53 of FIG. 52.
[0114] FIG. 54 is aside view of one example of a rotor such

as shown in FIG. 52. A cooperating stator in one example will
have lobes and valleys forming substantially an identical
surface (face) as the rotor depicted here.

[0115] FIG. 551s atop isometric view of the rotor shown in
FIG. 54.

[0116] FIG. 56 is atop view of the rotor shown in FIG. 54.
[0117] FIG. 57 is a top isometric view of a rotor-stator

assembly such as may be used in the example of FIG. 52.
[0118] FIG. 58 is a front view of the rotor-stator assembly
shown in FIG. 57.

[0119] FIG. 59 is a side view of the rotor-stator assembly
shown in FIG. 57.

[0120] FIG. 60 is a rear view of the rotor-stator assembly
shown in FIG. 57.
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[0121] FIG. 61 is a front view of an example of the dis-
closed apparatus including a housing and shaft.

[0122] FIG. 62 is a cutaway view taken along like 62-62 of
FIG. 61.
[0123] FIG. 63 is a top isometric view of the stator compo-

nent shown in FIG. 62.

[0124] FIG. 64 is a top isometric view of the rotor compo-
nent shown in FIG. 62.

[0125] FIG. 65 is an isometric view of the shaft and ball
component shown in FIG. 62.

[0126] FIG. 66 is a bottom view of the shaft and ball com-
ponent shown in FIG. 62.

[0127] FIG. 67 is a side view of the shaft and ball compo-
nent shown in FIG. 62.

[0128] FIG. 68 is a front view of the shaft and ball compo-
nent shown in FIG. 62.

[0129] FIG. 69 is a side hidden line view of an upper hous-
ing component as shown in FIG. 62.

[0130] FIG. 70 is an isometric hidden line view of the
housing component shown in FIG. 69.

[0131] FIG. 71 is a top isometric view of the lower housing
component shown in FIG. 62.

[0132] FIG. 72 is a front view of an example of the dis-
closed apparatus including a housing and shaft.

[0133] FIG. 73 is a cutaway view taken along line 73-73 of
FIG. 72.
[0134] FIG. 74 is a front view of a rotor component such as

shown in FIG. 73.

[0135] FIG. 75 is a side view of the rotor component shown
in FIG. 74.
[0136] FIG. 76 is a top isometric view of the rotor compo-

nent shown in FIG. 74.

[0137] FIG. 77 is a top view of the rotor component shown
in FIG. 74.

[0138] FIG. 78 is a side view of the rotor assembly shown in
FIG. 73.

[0139] FIG. 79 is a top view of the rotor assembly shown in
FIG. 78.

[0140] FIG. 80 is a side isometric view of the rotor assem-

bly shown in FIG. 78.

[0141] FIG. 81 is a side isometric view of a rotor assembly
and partial housing.

[0142] FIG. 82 is a cutaway view of FIG. 81.

[0143] FIG. 83 shows the shafts and spherical surfaces of
the inner components shown in FIG. 82.

[0144] FIG. 84 is a side cutaway view of an example of the
disclosed apparatus including a housing and shaft.

[0145] FIG. 85 is a top isometric view of several compo-
nents shown in FIG. 84.

[0146] FIG. 86 is a top view of several components shown
in FIG. 84.
[0147] FIG. 87 is a side isometric view of several compo-

nents shown in FIG. 84.

[0148] FIG. 88 is a side isometric view of several compo-
nents shown in FIG. 84.

[0149] FIG. 89 is another side isometric view of several
components shown in FIG. 84, from a different angle from
that shown in FIG. 88.

[0150] FIG. 90 is a cutaway view of another example of the
disclosed apparatus.

[0151] FIG. 91 is a highly schematic view of a booster
pump arrangement.

[0152] FIG. 92 is a highly schematic view of another
booster pump arrangement.
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[0153] FIG. 93 is a highly schematic view of yet another
booster pump arrangement.

[0154] FIG. 94 is an isometric view of the disclosed appa-
ratus with another example of a booster pump.

[0155] FIG. 95 is a top view of the example shown in FIG.
94.

[0156] FIG. 96 is a side view of the example shown in FIG.
95.

[0157] FIG. 97 is a cutaway view taken along line 97-97 of
FIG. 96.

[0158] FIG. 98 is an isometric cutaway view of an example

incorporating a planetary or epicentric gear.

[0159] FIG. 98 B is a view of a region of FIG. 98 with
another example of the alignment system.

[0160] FIG. 99 is an isometric view of several internal
components of the example shown in FIG. 98.

[0161] FIG.100is anisometric view of several components
of the example shown in FIG. 99.

[0162] FIG. 101 is a partial cutaway view of an example of
a spinning architecture used with housing shims.

[0163] FIG. 102 is a top isometric view of a housing con-
taining a geared example of the nutating apparatus.

[0164] FIG. 103 is a top isometric view of the nutating
apparatus removed from the housing shown in FIG. 102.
[0165] FIG. 104 is side isometric view of the upper (gear-
ing) components of the example shown in FIG. 103.

[0166] FIG. 105 is side isometric view of the upper (gear-
ing) components of the example shown in FIG. 104.

[0167] FIG. 106 is a side partial cutaway view of the appa-
ratus shown in FIG. 102.

[0168] FIG. 107 is a detail enlarged view of the region 107
of FIG. 106.
DESCRIPTION OF THE PREFERRED
EMBODIMENTS
[0169] This disclosure concerns an advanced nutating posi-

tive displacement device having a high power to mass ratio
and low production cost. This device in one example forms an
exemplary pump as will be discussed in detail.

[0170] Inthecaseof pumps, there are many general types of
pump design known, such as positive displacement, centrifu-
gal and impeller. Pumps of the positive displacement type are
typically reciprocating or rotary.

[0171] The examples disclosed herein are of the rotary
positive displacement type, but in a class by themselves. The
devices are formed by a nutating rotor having a face compris-
ing lobes and valleys, and a fixed stator also having a face with
lobes and valleys. The face of the rotor opposes and cooper-
ates with the face of the stator. The opposing faces define
chambers that change volume with rotation of the rotor.
[0172] An engine of this type defines a new class of
engines, and includes a minimum number of moving parts,
namely as few as two in total.

[0173] In one aspect of the invention, a pump includes a
nutating rotor and a cooperating stator, both within the same
housing. The housing has an interior cavity in one example
having a frusta-spherical inner facing surface adjacent the
radially outer surface of the rotor. In one example, the rotor is
mounted on a shaft that passes through the center of the
cavity, the axis of the rotor and the line normal to the face of
the stator being at an angle to each other, with the center of the
rotor being at the center of the cavity. The rotor and stator
interlock with each other at the opposing faces (lobes and
valleys) to define chambers. Lobes defined by a contact face
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on one side of the vane and a side face on the other circum-
ferential side of the lobe longitudinally protrude from the
rotors. In one example, each contact face of the rotor is
defined by the rotation of a conical section of material at the
tip of a cooperating lobe on the stator, so that there is constant
linear contact between opposing lobes on the rotor and stator
as the rotor nutates about the face of the stator. One example
of'such lobe and valley construction is shown in U.S. Pat. No.
5,755,196, and another example is disclosed in U.S. Pat. No.
6,705,161. The side faces in one example are substantially
concave and extend from an inner end of one contact face to
the outer end of an adjacent contact face, equivalent to the tip
of a lobe. The side faces and contact faces define walls of
chambers that change volume as the rotor nutates. Ports for
intake and exhaust in one example are generally configured to
the position of the chambers relative to the stator.

[0174] To enhance performance, turbulence generating sur-
faces may be provided on non-inter contacting portions of the
lobes of the first and/or second rotors.

[0175] These and other aspects of the disclosed apparatus
and method for manufacture and use of the apparatus will be
described in more detail in what follows and claimed in the
claims appearing at the end of this patent document.

[0176] Disclosed herein are several examples of rotary
positive displacement devices based upon a nutating or pre-
cession motion. Such motion in prior art applications is com-
monly based on swashplate mechanisms that drive a series of
linkages and pistons. Several examples of rotors are disclosed
herein, including examples which cooperate with fixed sta-
tors. Spherical trochoid shaped rotor and stator shapes are
disclosed, that in some examples exhibit an additional rota-
tional advancing precessional motion (rotational walking
motion) due to an N, N+1 number of rotor lobes in compari-
son to the stator. Several novel examples are disclosed herein,
such as the example of a nutating rotor assembly 20 shown in
FIGS. 1-6 which utilizes a stator 22 fixed to a housing 34 and
aprecessing rotor 24 to create a nutating motion. Unlike N+1
trochoidal devices disclosed in other applications, the
example rotor 24 does not substantially rotate in relation to
the stator 22. The rotor’s central axis 26 position rotates with
respect to the stator axis 28, creating a precessing motion of
the rotor in relation to the stator. The shape of the extremities
of the stator 22 and rotor 24 are generally spherical and the
stator 22 and rotor 24 may have an equal number of mounds
30 and valleys 32 (FIG. 6). These mounds 30 and valleys 32
in one form are shaped in such a way as to form continuous or
semi-continuous contacting or gap seals through the entire
rotation of the device.

[0177] Theterm “nutation” (from Latin: nutare, to nod) is a
rocking, swaying, or nodding motion in the axis of rotation of
a largely axially symmetric object, such as a gyroscope,
planet, or bullet in flight, or as an intended behavior of a
mechanism. A pure nutation is a movement of a rotational
axis such that the first Euler angle (precession) is constant. In
spacecraft dynamics, precession is sometimes referred to as
nutation.

[0178] The term fluid used herein to denote a substance, as
a liquid or gas, that is capable of flowing and that changes its
shape at a steady rate when acted upon by a force tending to
change its shape.

[0179] The nutating rotor assembly shown in several
examples (such as the nutating rotor assembly 20 shown in
FIGS. 1-6) differs from known prior art in several ways.
Rather than both cooperating faces spinning on a fixed shaft
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or shafts, the shaft 36 rotates, resulting in nutating motion of
a rotor while an opposing stator 22 is fixed to a housing 34. In
one example, the rotor 24 is moved in a nutating manner by an
offset (upper portion 88) of the shaft 36 and the rotor thus
nutates in relation to the stator 22 at an alpha (o) angle to the
shaft 36. In those prior art examples utilizing a “shroud”
about the rotors, the “shroud” is now the housing 34, or part of
the housing 34. One such apparatus is shown in published and
publicly available U.S. patent application Ser. No. 13/162,
436, which is incorporated herein by reference as a descrip-
tion of underlying technology. Returning to the example of
FIG. 1, such a nutating rotor assembly 20 results in fewer
parts, reduced size and reduced weight over many prior art
examples for apparatus with equivalent fluid flow (volume)
characteristics. As the housing 34 of this example is station-
ary, flanges and/or threaded connections (ports 36) may be
provided on the housing 34 rather than through the rotors as
was often previously required. In the examples disclosed
herein, the relative rotational velocities and relative surface
velocities of the rotor 24 relative to the housing 34 are gen-
erally slower than in prior applications of rotor-rotor fluid
transfer devices. Such slower relative rotational velocities/
surface velocities improve the assembly’s use of more readily
available fluid seals than previously possible. In testing it has
been found that there is often an imbalance associated with
nutation that must be counterbalanced, for example by using
self-adjusting dynamic balancing weights.

[0180] Several benefits of prior through-shaft designs may
still be accomplished when such through-shaft designs are
combined with the nutating rotor concepts and examples
disclosed herein. Such benefits include transmission of ten-
sion force through the shaft. In several of the examples shown
herein, such as the nutating rotor assembly 20, the shaft 36
can be a bent shape and no longer needs to be straight. Uti-
lizing such a bent shaft allows for utilization of smaller bear-
ing 38 and seal 40 arrangements on the back end 42 of the
nutating rotor 24. Therefore the bearings 38 and seals 40 may
be cheaper and more reliable than those required in prior
applications. There may also be provided more space on the
back end 42 of the nutating rotor 24 to provide for pressure
balancing to reduce loads, or more ability for using other
forms of bearings such as tilt pad bearings or hydrostatic
bearings, using larger available surface area that is not avail-
able with prior rotor-rotor designs.

[0181] With the more compact back end 42 of the nutating
rotor 24, it is conceived to more effectively pressure balance
the rotors 24. Looking to FIG. 5, by reducing the diameter of
seal 40 such that it were to sit very close to bearing 38, high
pressure seepage is permitted on surface 24. This pressure
area 24 would oppose pressure on surface 94 for example,
reducing the overall thrust load.

[0182] A nutating flow through pump utilizing a “booster
pump” 44 as shown in the nutating rotor assembly 46 shown
in FIGS. 84-89 may be integrated by mounting fan-like
blades 48 to the fastener or shaft 374 which retains the collar
or shaft 400 in position relative to the lower shaft 370. The
blades rotate about the axis of the shaft 370, and in this
example do not nutate with the rotor 406. The motion expe-
rienced is similar to a lasso, where the blades are attached well
offset from the center of rotation.

[0183] Other arrangements of the booster pump are shown
highly schematically in FIGS. 91-93 in their relation to a
motor 652, shaft bearings and seals 656, main (driving) shaft
658, offset shaft 660, fluid conduit 662 and fluid outlet 664.
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This highly schematic view of a booster pump 654 shows an
inlet 668 fluidly upstream of the booster pump 654. These
arrangements may be utilized with a nutating arrangement, or
in a pump utilizing a cooperating pair of rotors. In one
example, a non-positive displacement pump is provided on
the same shaft and/or in the same housing as a positive dis-
placement pump which may be a nutating or spinning archi-
tecture. In another example, a first positive displacement
pump is provided on the same shaft and/or in the same hous-
ing as a second positive displacement pump which may be of
nutating or spinning architecture.

[0184] In other examples, the booster pump may be a cen-
trifugal booster/charge pump mounted on the same shaft as
the rotor of the main (post booster) pump. In one example, the
main pump operates with a nutating rotor, in other examples
the booster pump may be applied to non-nutating main
pumps, such as those disclosed in applicants prior patent
applications.

[0185] Inoneexample, the booster pump is mounted on the
same shaft as the main pump and shares the same housing.
This example significantly reduces space and sealing require-
ments.

[0186] Returning to the example shown in FIGS. 1-6, pre-
vious difficulties encountered in producing rotor-rotor
assemblies, housing and other components concentric to the
center of a sphere, have been made less of a concern as the
central bent shaft 36 with a center ball 50 can be machined
very accurately. This machining advantage is also seen in
respect to the bearing supports 52/54. In one example, the
bent shaft 36 has an upper bearing shaft location on the outer
surface of upper shaft portion 88 (FIG. 5) which engages
bearing 38. The shaft 36 in one example also has a lower
bearing location adjacent to and in contact with a surface of
bearings 52 and 58. This design provides for enhanced ease
and accuracy in production in that the upper bearing location,
the ball, and the lower bearing locations may be one unitary
part. This design reduces machining operations, eliminates
much of the tolerance stack-up difficulties of prior rotating
machinery designs and split shaft designs where the align-
ment often depended on a split housing with much more
potential for tolerance stack-up issues. To this same shaft 36,
one or two machining fixtures may govern both the angle of
the shaft 36, and bearing 56/58 positions. Tolerance stack up
(accumulation) may also be reduced as a result of these
designs. Looking for FIG. 2, tolerance stack up may also be
reduced by referenced from one or more of the ball 50 outer
surface, outer surface of the rotor 22, surfaces 72 of the
housing 34, seals, seal grooves, shaft surfaces, offset shaft
angle, and/or other surfaces from one reference point 846
during manufacture or assembly. This reference point is
shown at the radial center of the center ball, but may be
located elsewhere.

[0187] Looking to FIG. 1 is shown one example of a hous-
ing 34 which in this example is comprised of an upper hous-
ing component 60 and a lower housing component 62. These
sub-components may be fastened together by way of bolts 64
or other fasteners or fastening methods. In the example of
FIG. 2, the tolerances between the frusta-spherical inner sur-
face 72 of the housing 34 and the frusta-spherical outer sur-
faces of the rotor 24 are very close, in some applications
providing a fluid seal between these surfaces. Similarly the
tolerances between the frusta-spherical inner surface 72 of
the housing 34 and the frusta-spherical outer surfaces of the
rotor 22 are very close. As shown, the surface 72 defines a
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frusta-spherical rotor cavity. As the surface 72 is referenced
off of the ball 50; as are several other surfaces, if each surface
is produced with an error of as little as 0.025 mm (0.001 inch)
and there are 10 surfaces in series all off by 0.025 mm, then
the final surface could be off by 0.25 mm which may be
unacceptable. This tolerance stack-up may in one example be
overcome by providing sub-assemblies such as the housing
made of sub-assemblies (components 60/62) which are ref-
erenced of the same surface in parallel to avoid tolerance
stack-up. Alternatively, or in combination the shims dis-
cussed below may be utilized. In addition, the flat plane
surfaces of the housing components in contact with the shims
may be machined to remove material and then shimmed if
necessary. Flat plane shims are relatively easy to manufacture
to very high tolerances (higher than 0.025 mm) allowing for
much simpler final assembly to very high tolerances. While
this shim architecture is specifically shown in FIGS. 90, 98,
and 101, it may be utilized in other examples as well.

[0188] FIG. 1 also shows a plurality of upper and lower
ports 66/68 through the housing 34 which may comprise
check valves 70. In one example the inlet ports are angled to
direct a fluid flow to non-contacting portions of the lobes
and/or valleys to remove precipitating debris therefrom.
Looking to FIG. 6 it can be seen how with the housing 34
removed the check valves 70 are positioned adjacent an open
region between the stator 22 and rotor 24. As the rotor 24
nutates about the stator 22, this open region between a valley
32 and opposing mound 30 will tend to increase and decrease
in volume. Therefore, unlike prior designs which ported
through the rotors, in this example using through-housing
ports, check valves may be very beneficial to allow for one-
way flow through each of the ports 66/68. Also shown in FI1G.
1 is a shaft bearing holder assembly 112. In one example, the
bearing holder assembly 112 generally holds the bearing
assembly 58 in place during operation.

[0189] Moving to the example of FIG. 2, the internal com-
ponents previously discussed are clearly shown. In addition
to the dynamic seal 40 interposed between the rotor 24 and the
inner spherical surface 72 of the housing 34 is a static seal 74
which cooperates with rotary seals 76 to prohibit or at least
reduce fluid flow past the stator 22 toward the lower bearings
56/58. These seals help to account for any manufacture or
other surface seal defects. These seals help to overcome tol-
erance stack up problems when multiple surfaces are indexed
off of a single point or structure such as indexing off of the
center of ball 50 for example.

[0190] Looking onto FIG. 3, the housing 34 can be seen
including the upper housing component 60 and lower housing
component 62. The check valves 66/70 can also be seen as
well a portion of the fasteners 64. The shaft 36 is secen as well
as a keyway 80 which can be utilized for attachment of the
shaft 36 to a motor, engine, or similar device for rotation of
the shaft 36. In addition, a surface defining an upper opening
82 is shown which allows access to the bearings 38 as well is
a bearing retainer or keeper 84. Other uses for the opening 82
include providing a conduit for lubrication of the upper bear-
ings, or application of a hydrostatic oil pressure to reduce the
axial load on the upper bearing 38.

[0191] Looking to FIG. 4, the internal components such as
the rotor 24 and stator 22 can be more easily seen.

[0192] Looking to FIG. 5, as can be appreciated that in this
example, the shaft 36 comprises a lower portion 86 generally
aligned with the stator axis 28 and an upper portion 88 gen-
erally aligned with the rotor axis 26. The spherical surface
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(ball) 50 of the shaft is positioned there between. This
arrangement is generally termed herein as a “bent shaft” as
can be understood by looking to FIG. 5 where the angle
between the upper portion 88 and lower portion 86 appears to
be a bend in the shaft 36.

[0193] As can be appreciated by looking to FIG. 1 through
FIG. 5, the rotor position of FIG. 5 shows maximum displace-
ment 90 in the right portion between the surface 94 of the
rotor 24 and the surface 96 of the stator 22. Likewise, on the
opposing circumferential side of the apparatus, a point of
minimum displacement 92 is shown between the surface 98
ofthe rotor 24 and the surface 100 of the stator 22. As the shaft
36 rotates relative to the housing 34, and as the stator 22 is
fixed to the housing 34, it can be appreciated that in this
cutaway view there will be a slight rotation of the rotor 24
relative to the stator 22 however, most of the apparent motion
in this cutaway view will be a pivoting motion about the ball
surface 50. This will result in the volume between the surfaces
94/96 reducing as the volume between the surfaces 98/100
increases and vice versa. As the shaft 36 passes a position
180° rotationally opposed to the review of FIG. 5, the volume
between the surfaces 94 and 96 will approach a minimum
volume, and the volume between the surfaces 98 and 100 will
approach a maximum volume.

[0194] As the shaft 36 continues to rotate relative to the
stator 22, this process will reverse until the position shown in
FIG. 5is again achieved. Thus, in a two-lobe, two-valley rotor
device, an oscillating volume chamber is created on either
side of the apparatus. Looking to FIG. 4, seal points 102 and
104 can be seen on both sides of the lobe 106. In this position
the surface 100 ofthe lobe 106 is adjacent the surface 98 of the
valley 108. These lobes, valleys and the relative positions
there between as well as the seal points will be discussed in
more detail. In one form, the lobes 106 and valleys 108 of the
stator 22 and rotor 24 are very similar to the apparatus shown
in FIGS. 74-77 which will be described in more detail.
[0195] Looking to a variant of the previous example as
shown in FIGS. 7-50, several similar components with simi-
lar functions are disclosed, as well as novel components,
arrangements, functions, and designs. FIG. 7 clearly shows a
housing 120 comprising an upper housing component 122
attached to a lower housing component 124 by way of a
plurality of fasteners 126. As can be seen in FIG. 10, a static
seal 128 similar to seal 110 of the previous example may be
provided between the upper housing component 122 and the
lower housing component 124 to eliminate any fluid flow
there between. Although the upper housing component 122 is
shown as a cylinder, and the lower housing component 124 is
shown rectilinear, other shapes could be equally as effective
in function.

[0196] Returning to the example of FIG. 7, an upper port
130 and a lower port 132 are utilized as can be more easily
understood by looking to FIG. 10 or the hidden line view of
FIG. 8. A check valve 134 may be provided in the lower port
132 to allow fluid flow in only one direction and to provide a
cracking pressure which may be beneficial to operation. In
some applications a check valve 134 may also be incorpo-
rated into the upper port 130. As can be understood looking to
the front view of FIG. 9, the lower port 132 may be offset 136
from a centerline 10-10 as will be understood upon forthcom-
ing disclosure of the inter working components. As with the
previous example, a shaft 138 may be provided and the shaft
138 may include a keyway 140 as discussed in the first
example.
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[0197] Looking to the example shown in FIG. 10, it can be
seen how the stator 142 may be fixedly attached to the lower
housing 124 by way of a plurality of fasteners 146. The rotor
144 is generally allowed to move in a nutating motion about
the lower portion of the shaft 138 as will be discussed in
detail. A stability ring 148 may be utilized to provide a better
connection between the housing 120 and the stator 142; and to
retain lower bearing 196.

[0198] Continuing with a review of the components shown
in FIG. 10, it can be seen that the shaft 138 comprises a lower
portion 150 and an upper portion 152 in this example, with a
bend there between generally centered upon a spherical sur-
face 154. Again, this example shows a bent shaft variation
similar to that shown in reference to FIGS. 1-6.

[0199] As can be further seen in FIG. 10, in the rotational
position shown, the stator 142 comprises an overhang portion
156 which can more easily be understood by looking to FIG.
16 or 19 were a distal end of the lobe 158 sits circumferen-
tially offset from the associated valley 160. This overhang
arrangement is pointed out as it may create some confusion in
the cutaway view of FIG. 10. In addition, it can be seen how
a radially outward spherical surface 162 of the rotor 144
blocks and seals the port 130 at least at one point in nutation.
In this configuration, when used as a fluid pump or compres-
sor, the port 130 may be utilized as an inlet port and as the
rotor 144 nutates to a position wherein the port 130 is blocked,
continued nutation will reduce the capacity of the associated
displacement chamber 164 between a lower surface 166 of
the rotor 144 and an upper surface 168 of the stator 142. As the
capacity of the associated displacement chamber 164 contin-
ues to reduce, fluid within the displacement chamber 164 will
be forced through the check valve 134 through the port 132.
Further discussion of the relative motion of the stator 142 in
regards to the rotor 144 will follow, and the effects of the
nutating rotor in combination with the stator and housing on
fluid displacement will be better understood.

[0200] As with the previous example, the example shown in
FIG. 10 utilizes an upper bearing 170 which is held in place
partially by way of a bearing keeper 172. Fluid seals 174 may
be provided between the rotor 144 and the shaft 138 as well as
between the rotor 144 and a spherical surface 176 of the
housing 120 to reduce fluid flow past the bearing 170.
[0201] Looking to FIG. 11 and hidden line FIG. 12, the
lower housing component 124 is shown with the upper hous-
ing component 122 and rotor assembly 180 removed along
with the check valve 134. In these views, threaded voids 178
can be seen quite clearly as configured for receiving a
threaded portion of fasteners 126. Likewise, clearance voids
182 are shown allowing for passage of fasteners 146. Also
shown are fluid ports 184. These fluid ports allowed fluid
communication to ports 132 at a position adjacent check
valves 134 which allow one way passage of fluids with the
chamber 164 previously discussed.

[0202] FIG. 10 also shows a lower bearing 196 which is
held in place by a bearing keeper 198. The bearing keeper 198
engages a channel 194 as seen in FIGS. 21-23.

[0203] FIGS. 13-15 show the rotor assembly 180 and check
valves 134 removed from the housing 122. Also shown in
these views are the rotor 144, stator 142, shaft 138, stability
ring 148, and fasteners 146. One seal point 186 is shown
between the rotor 144 and stator 142. In the rotor position of
FIG. 13 this seal point 186 is accomplished where the lobe
158 of the rotor 144 seals with the lobe 158' of the stator 142.
In this disclosure, components of the stator having similar
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components on the rotor will be denoted with an apostrophe
(*). For example, the lobe 158 of the rotor is similar to (and in
some applications is substantially identical to) the lobe 158'
of'the stator. In FIG. 14, the opposing circumferential side of
the rotor assembly 180 is shown in the same nutational posi-
tion. At this side a seal point 188 is seen between the lobe 158
of'the rotor 144 and the valley 160' of the stator 142. While the
term “seal point™, is used herein, actual face-to-face contact
may not be achieved between the surfaces. A very slight
interference gap (fluid seal) may be provided between the
surfaces in some applications. In other applications, the rotor
144 and or stator 142 may be formed slightly oversized, upon
which nutation of the rotor 144 relative to the stator 142 and
potentially inner surface 176 of the housing 120 results in an
initial wear-in of the surfaces similar to common piston
engines. This will result in substantially no gap between the
surfaces once the “wear-in” period is completed. The relative
movement of the rotor 144 relative to the stator 142 will be
disclosed in more detail.

[0204] Looking to FIGS. 16-20 the rotor is shown removed
from the other components to show the surfaces thereof
including the lobes 158, and valleys 160. It is to be understood
that the opposing and cooperating stator may have similar or
substantially identical lobes and valleys forming the face of
the stator. In addition, an inner substantially cylindrical sur-
face 192 is provided for contact with the bearing 170 and
bearing keeper 172.

[0205] FIGS. 21-23 show one example of a bent shaft 138.
This bent shaft 138 may be used with the other components
shown herein in several combinations. These figures clearly
show the spherical surface 154 positioned between the upper
portion 152 and the lower portion 150. In addition, the thread
194 for the bearing keeper or lock nut to be tightened 196 can
clearly be seen.

[0206] FIGS. 24-29 show one example of the upper hous-
ing component 122. In FIG. 27, the ports 130 and the sub-
stantially spherical inner surface 199 which may be contigu-
ous with surface 176 can be clearly seen.

[0207] FIGS. 30-50 show the rotor assembly in several
nutational positions. Each position is shown in three views so
that for example FIGS. 30-32 show the rotor 144 in a first
position 200 relative to the stator 146 and attached compo-
nents. FIGS. 33-35 show the stator 146 from the same relative
position, but where the rotor 144 and attached components
are in a second nutational position 202. Likewise, FIGS.
36-38 show a third nutational position 204, FIGS. 39-41 show
a fourth nutational position 206, FIGS. 42-44 shown a fifth
nutational position 208, FIGS. 45-47 show a sixth nutational
position 210, and FIGS. 48-50 show a seventh nutational
position 212. Following the seventh nutational position 212,
the rotor 144 will generally nutate to the first position 200,
and the nutational cycle will repeat. In FIGS. 31, 34, 37, 40,
43, 46, and 49, the check valves 134 are not shown so that the
stator 142 and rotor 144 can be more clearly seen.

[0208] FIGS. 30-50 show a rotor 144 and stator 142 each
with two lobes 158(A-B)/158. (A-B) and two valleys 160( A-
B)/160'(A-B) although other configurations can also be uti-
lized such as the single lobe example shown in F1G. 54, the six
lobe example of FIG. 63, or the four lobe example shown in
FIG. 76. In this disclosure, where there are similar sub-com-
ponents on a parent component, specific sub-components
may be denoted with a letter suffix. For example, lobes 158,
and 158E are both on the rotor 144, but on generally opposing
circumferential sides.
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[0209] The relative seal locations/positions between the
stator 142 and rotor 144 will now be disclosed in reference to
the rotational cycle shown in FIGS. 30-50. While each draw-
ing only shows one side of the rotor assembly 180, it can be
appreciated that in this example, seal points are formed on
opposing sides of the rotor assembly 180. These two seal
points form chambers 164A/164B on either circumferential
side of the rotor assembly 180.

[0210] Looking to FIGS. 30-32, a seal point 214 is shown
between the axial face 216' of the stator 142 and an opposing
axial face 216 of the rotor 144. For reference, the axial faces
216 and 216’ generally correspond to the contact faces (24) of
U.S. Pat. No. 5,755,196 (196) while the upper surfaces 168 of
the stator and lower surfaces 166 of the rotor 144 generally
compare to the side of faces 26 of the 196 patent. As will be
understood there are significant differences between the
rotors and stators of this disclosure and those rotors disclosed
in the *196 patent. One difference is seen in that sealing may
be accomplished between the facing surfaces 166/168 of the
rotor and stator as well as between the axial faces 216/216' of
facing lobes of the rotor and stator.

[0211] Looking to FIG. 31, it can be seen how a seal point
214 is formed between the rotor 144 and the stator 142. As the
shaft 138 rotates in the direction indicated at direction 220,
the rotor 144 will roll slightly resulting in only a slight repo-
sitioning of the seal location 214 A along the axial face 216 of
the rotor 144. Due to the relative movement of the nutating
rotor 144, the seal point 214 will move/slide significantly
down the axial face 216' of the stator in direction of travel 222.
Sealing will be maintained between the surfaces as under-
stood by looking to FIG. 34 where the volume of the chamber
164A is substantially reduced as the seal location 214 has
repositioned substantially down the axial face 216.

[0212] In addition, a seal point 224 may form between
surfaces 166 and 168 as can be seen in FIGS. 33-35. As the
rotor 144 nutates, the seal point repositions in direction of
travel 226 as surface 166F engages in substantially rolling
contact with surface 168B, further reducing the volume of
chamber 164B. The chamber 164 sealed on one side by the
seal point 214 and on the other side by the seal point 224 is
adjacent to and in fluid contact with the port 132. The cham-
ber 164B is defined then by the lower surface 166B, the upper
surface 168B, the spherical surface 154, and the inner surface
176 (see FIG. 12) of the housing 120. As the rotor 144 con-
tinues to nutate, the seal point slides down the axial face 216
in direction of travel 222 and the chamber 164 continues to
reduce in volume forcing fluid out of the port 132. At the same
time, the chamber 164A on the opposing side of the rotor
assembly 180 increases in volume, drawing more fluid there
into, in one example through port 130. In this example, the
port 130 is positioned adjacent the upper surface 168A for
inflow of fluids into the adjoining chamber.

[0213] Looking to FIGS. 36-38, it can be seen that the
chamber 164E has reduced to a zero volume as seal points 214
and 224 coalesce at seal point 188. In this position, it can also
be seen that surface 166A has formed a new seal point 224/
230 therebetween. Seal point 224/230 bifurcates and moves
in two opposing directions once formed. Seal point 224
moves direction 226 as previously discussed, while seal point
230 moves in the opposing direction. A chamber 1640 is
formed therebetween in fluid communication with one of the
upper ports 130 to allow fluid thereinto. The lobe 158B of the
rotor repositions away from valley 160E in direction of travel
228. This allows fluid flow past the lobe 158.
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[0214] Looking to FIGS. 39-41, it can be seen that the seal
point 224 has repositioned in direction 226 towards the lobe
158'B, and the seal point 230 has repositioned in a rolling/
sliding manner towards the point of lobe 158'B. Lobe 158B
continues to move away from valley 160B, as chamber 164 A
continues toward a minimum volume position, and chamber
164B continues toward a maximum volume position. Cham-
ber 1640 continues to increase in volume, drawing fluid into
the apparatus through port 130.

[0215] Lookingto FIGS. 42-44, it can be understood that as
the rotor 144 continues to nutate, seal point 224 continues in
direction 226 through rolling contact between the face 166 A
of'the rotor 144 and face 168A of the stator 142 as previously
described. The volume of the chamber 164B continues to
increase, and the volume of the chamber 164 A continues to
decrease. In this example, fluid continues to flow into the
chamber 1640 through the adjacent port 130, and fluid con-
tinues to flow out of chamber 1645 through the adjacent port
132. Lobe 1585 continues in relative motion direction 232
while the seal point 230 slides down axial face 216.

[0216] Looking now to FIGS. 45-47, the seal point 230
approaches the tips of both lobes 1585 and 158'B as the
chamber 164B approaches the maximum volume position
and opposing chamber 164 A approaches a minimum volume
position. Chamber 164C continues to increase and draw fluid
thereinto.

[0217] FIGS. 48-50 the last stage of the cycle is shown,
where chamber 1645 has reached a maximum volume posi-
tion, and chamber 164A has reached a minimum volume
position, dispelling substantially all of the fluid therein. Seal
point 230 has reached the points of lobes 1585 and 158'B.
Immediately past this position, surfaces 166A and 168A
separate, opening seal point 224 as can be seen looking to
FIG. 30. Chamber 1640 is then open to lobe 158'B and
becomes the new chamber 1645 shown in FIG. 31. The cycle
then repeats for each revolution of the shaft 138.

[0218] FIGS. 30-50 show that the distal tip of lobe tip 1585
of the rotor 144 scribes a substantially teardrop shaped path
234 in each cycle of nutation. Therefore, in this example the
axial face 216' of the lobe of the stator 142 as well as the axial
face 216 of the rotor 144 may also form a substantially tear-
drop shape in cooperation with the adjacent valley to allow a
seal therebetween as the volume of the adjacent chamber
decreases in a compressor (pump) application, or increases in
an expander application. As previously discussed, the seal
may be a fluid seal, or a sliding contact seal between these
surfaces. In other examples, other shapes may be utilized such
as the shape shown in FIGS. 63-64. It should be noted that the
path 234 presented in FIG. 49 shows straight lines intercon-
necting the specific positions of the lobe tip shown in FIGS.
31, 34, 37, 40, 43, 46 and 49. It can be understood that the
actual path of the lobe tip will be arcuate following the nuta-
tion progression of the rotor 144, and generally not linear
segments.

[0219] Looking to FIG. 51, another example of a housing
240 is shown. In this example the housing 240 comprises an
upper housing 242 and a lower housing 244. The upper hous-
ing 242 of this example comprises a port 246 which may have
a threaded surface 248 for connection of a check valve or
other fluid connection as previously discussed. Similarly, the
lower housing 244 comprises a port 250 which may also have
a threaded surface 252 for connection of a check valve or
other fluid connection. Also be appreciated that the example
shown in FIG. 51 comprises a shaft 254 having a keyway 256
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each protruding from the housing 240 for attachment of an
engine, motor, or driven shaft. It can also be appreciated that
the port 250 is offset 258 from a plane passing through the
axis 260 of the shaft 254 in the center of the port 246. A
similar example is shown and described relative to FIG. 9.
[0220] Looking to FIG. 52, the housing 240 is shown cut
along line 52-52 of FIG. 51 such that the port 246 is shown
however, only a small portion of the port 250 is shown. As
with prior examples, in this example a rotor 262 is shown
having a generally spherical outer surface 264. The apparatus
also comprises a stator 266 fixed to the lower housing 244
through a plurality of fasteners equivalent in function to the
fasteners 196 previously discussed in reference to FIG. 8.
These fasteners pass through clearance holes 268 and are
received by threaded surfaces 270 in the stator 266. A static
seal 272 may be provided to prohibit fluid flow outward
between the upper housing 242 and lower housing 244. Like-
wise, static seal 274 is disposed between the stator 266 and
the lower housing 244 to seal there between. Seals 276 may
also be provided between the stator 274 and the shaft 254. To
reduce friction and maintain alignment, a shaft bearing 278
may be provided between the housing 254 or stator 274 and
the shaft 254. A bearing keeper 280 may also be provided and
engage a thread 282 in the shaft 254. A similar keeper 284
may be provided at the opposing end of the shaft 254 as shown
in FIG. 53. The keeper 294 in one form engages a channel 286
in a shaft 254. In this example, the shaft 254 is a straight, or
through shaft, and not a bent shaft such as the bent shaft
shown in FIG. 10.

[0221] FIG. 53 shows a detail view of the upper interior
portion (region 53) of the housing 240. As shown, a preces-
sion cam 288 is shown as engaging a keyway 290 such as by
application of a key 292 between a keyway formed in the
precession cam 288 and the keyway 290 of the shaft 254 in a
manner well-known in the art. A seal 294 may be provided
between the surface of the rotor 262 and the inner surface 296
of'the upper housing 240 to prohibit or reduce fluid flow there
between. As the precession cam 288 rotates with the shaft
254, and as the rotor 262 is prohibited from substantial rota-
tion by engagement of the lobes of the rotor 262 engaging the
lobes on the stator 274, the rotor 262 will nutate about the
surface of the stator. A bearing 298 may be provided between
the precession cam 288 and the rotor 262 to reduce friction
there between. Additionally, an eccentric cap 300 may be
positioned between the precession cam 288 and the keeper
284. To prohibit or reduce fluid flow between components,
seals 302,304, and 306 may be provided between the surfaces
adjacent thereto.

[0222] As the shaft 254 is not centered upon the axis 308 of
the precession cam 288, and whereas there is an alpha (o)
angle 310 between the axis 260 of the shaft 254 and the axis
288 of the precession cam 288, the rotor 262 will nutate about
the stator 274 in a manner substantially equivalent to that
shown in the previous examples.

[0223] FIGS. 54-56 show a rotor/stator 262/274 with sur-
faces very similar to those shown in FIGS. 16-20 such as a
lobe 312 adjacent a valley 314. The lobe 312 comprises an
axial face 316 similar to the axial face 216 of FIG. 16 and side
face 318 similar to the face 168/166 of FIG. 16. In addition, a
surface 320 is formed to engage the shaft 254 when the
component is used as a stator or to engage the precession cam
288 when used as a rotor. While this example uses a single
lobe rotor/stator, the relative motion of a rotor of this designto
a stator of this design is substantially equivalent to that dis-
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cussed in reference to FIGS. 30-50 wherein a teardrop motion
is encountered by the rotor 262 relative to a stator 274. As with
the previous example, the axial face 316 of lobe 312 of the
rotor/stator engages in sliding contact with the axial face 316
of the opposing stator/rotor and the side face 318 of the
rotor/stator engages in substantially rolling contact with the
side face 318 of the opposing stator/rotor. This contact has
been well discussed in reference to FIGS. 30/50 and need not
be substantially repeated. A channel 322 may be provided for
contact with the seal 294 previously disclosed. When the lobe
and valley configuration shown in FIGS. 54-56 is utilized as
a stator 274, the channel 322 and associated components may
be replaced by structures more easily understood by looking
to FIG. 52.

[0224] As with the examples shown elsewhere in this dis-
closure, including those depicted in FIGS. 16-20, the axial
face of the rotor 262 and/or stator 274 may be a teardrop shape
as previously discussed, while the surface 318 may be a
spherical involute surface. Such surfaces are disclosed in
applicant’s prior patents and patent applications which are
publicly available.

[0225] FIGS. 57-60 generally show a rotor-stator assembly
utilizing the through shaft 254 and other components of FI1G.
52. FIG. 57 generally shows an isometric view wherein the
rotor 262 seals with the stator 274 at seal point 326 to prohibit
fluid flow therebetween. In the face view of FIG. 58, the seal
point 326 can be seen between side faces 318 and 318'. The
lobe 312 of the rotor 262 has repositioned slightly away from
the valley 314' in a position similar to the fourth position
shown in FIG. 40 of a two-lobe assembly. FIG. 59 generally
shows the same surfaces in the same relative positions how-
ever the angle of view of the assembly is slightly rotated.
Likewise, FIG. 60 shows a view at 180° opposition circum-
ferentially from that shown in FIG. 58 and shows a relatively
large portion of a chamber 320 formed by the rotor 262, stator
274, central ball surface 332 of the shaft 256, and the inner
surface 296 of the housing 240. The surface 296 of the hous-
ing 240 is not shown in this drawing but is shown quite clearly
in FIGS. 52 and 53. It can be appreciated that as the rotor 262
nutates, the volume of the chamber 330 increases and
decreases in size as previously described in some detail.
[0226] Another example of the disclosed apparatus is
shown in FIGS. 61-71. This example utilizes a different shaft
assembly, novel porting, and a unique housing assembly as
well as other novel features. Looking to FIG. 61 the device is
shown comprising a housing 350 which in turn generally
comprises an upper housing component 352 and lower hous-
ing 354 held in place by way of a plurality of fasteners 356. In
one form, an upper plate 358 having a port 360 is used to
complete the inner chamber 362 and seal the components
therein. A port 364 may be provided through the housing 350
wherein the port 364 cooperates with the port 360 to allow for
fluid flow through the apparatus as a pump (compressor) in a
first direction or as an expander in a second direction. As with
the ports previously disclosed, the ports 360 and 364 may
utilize threaded surfaces 366/368 respectively for attachment
of check valves or other fluid couplings. As with the previous
examples, a main shaft 370 may extend outward of the hous-
ing 350.

[0227] Lookingto FIG. 62, a cutaway view of the apparatus
taken along line 62-62 FIG. 61 is shown so that the inner
components can be more easily viewed. Where some of these
components are difficult to view in this drawing, the reader is
directed to FIG. 84 which discloses a very similar apparatus
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with some additional alternate components. In particular, the
apparatus shown in FIG. 62 is generally a variant of the
previous bent shaft examples. There are significant differ-
ences between this example and the preceding examples, for
instance, while the previous bent shaft examples utilize a
shaft with a unitary structure, it can be understood that the
shaft assembly of this disclosure may comprise a main shaft
370 and a removably attached offset shaft 374. In one
example, the collar 400 functions as the nutating shaft, and
the shaft 374 is affixed to the shaft 370 as disclosed in more
detail. The unitary structure shaft of the previous example,
and the composite shaft of this example, are generally inter-
changeable. The shaft 370 in one example comprises a key-
way 372 so as to facilitate the shaft 370 to be driven by an
exterior engine, motor, etc. The offset shaft 374 has an axis
380 that is at an alpha (o) angle 376 with the axis 378 of the
main shaft 370. This alpha (o) angle and the function served
by engagement of the rotor 406 to the stator 392 at such an
alpha () angle is discussed above, and in applicant’s prior
patent disclosures. In one form, the offset shaft 374 has a male
threaded portion 382 which threads into a female threaded
portion 384 of the shaft 370 as can be understood by looking
to FIGS. 65-68 to allow removable attachment thereto. In one
example, shaft 374 is comprised of a threaded fastener (bolt),
which passes through collar (shaft) 400 as shown also in FIG.
84. In the bolt/collar example shown, the shaft (bolt) 374
retains the upper shaft (collar) 400 in position. In one
example, the collar 400 is press fit into the ball 418, and the
bolt is threaded into the ball 418. It is also conceived that the
bolt 374 and collar 400 are formed as a unitary shaft. The
offset shaft 374 may also have a non-cylindrical portion 388
for engagement with a tightening tool such as a wrench. In the
example shown, the non-cylindrical portion 388 comprises a
hexagonal female fitting for acceptance of an Allen-style
wrench. In other examples, the noncircular portion 388 may
comprise a hexagonal or other (preferably non-cylindrical)
shaped male fitting for use with standard (such as socket or
open end) wrenches. Many such noncircular fittings and sur-
faces are known in the art.

[0228] Inanother example the offset shaft 374 and/or collar
400 may be precision fit or interference (press) fit into the
void 384 and an indexing pin may be fit through the spherical
surface 418 and shaft 372, thus retaining the offset shatt 374
there within.

[0229] Returning to FIG. 62, can be seen in this example
how the upper plate 350, upper housing 352 and lower hous-
ing 384 form an inner chamber 362 wherein many of the
components are positioned.

[0230] In the example of FIG. 62, the shaft 370 is attached
through the lower housing 354 and through a collar portion
390 of the stator 392. The stator 392 may be fastened to the
lower housing 384 by way of a plurality of fasteners 394
which pass through voids in the lower housing 354 and may
engage threaded portions of the stator 392. A static seal 396
may be provided between the stator 392 and the lower hous-
ing 354 to reduce or eliminate fluid flow there between. A seal
556 may be provided between the stator 392 and the shaft 370.
Likewise, a static seal 398 may be provided between the plate
350 and the upper housing 352. Another static seal 399 may
be provided between the upper housing 352 and the lower
housing 354.

[0231] As the main shaft 370 rotates, the offset shaft 374
precesses about the axis 370 of the main shaft 370. A collar
400 provided about the offset shaft 374 and a plurality of
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bearings 402/404 may be provided between the collar 400 and
the rotor 406 to reduce friction there between. A keeper 412
may be utilized to maintain the bearings 402 in the correct
position on the offset shaft 374. A channel 414 may be utilized
to hold the keeper 412 in position on the shaft. In one
example, lock nut and lock washer (bearing keeper 412) are
tightened on a thread (shown as channel 414) located on the
outside diameter of collar 400. In this example, the lock nut is
tightened down against a sleeve spacer ring. The spacer ring
presses against an inner race of the upper taper roller bearing
402. This spacer ring in one example also serves as a sealing
surface for an upper rotary seal 556 that may be contained in
the annular cavity formed by a small end cap 558. In one
example, the end cap 558 is adjacent the lock washer/lock nut
(keeper 412). In FIG. 88 are shown voids 348 in the end cap
558 where fasteners (bolts) pass and therefore fasten the end
cap 558 to rotor 406. In FIG. 88, some of the voids 348 are
obscured by the wings (blade surfaces) 594. These voids 348
may receive fasteners which fasten the end cap 558 to the
upper sleeve of the rotor 406. Another keeper 454 may be
utilized to maintain bearings 456 and 458 in position relative
to the housing 350 and shaft 370. A channel 460 (FIG. 68)
may be formed in the shaft 370 to retain the keeper 458 in
place. In one example, the channel 460 is an undercut pro-
vided adjacent male threads on the outside of the shaft 370.
These male threads are provided to thread and tighten the
keeper 454 (lock nut, lock washer) on shaft 370. As the lobes
408 between valleys 410 of the rotor 406 engage the lobes
408' between valleys 410" of the stator 392, and as the stator
392 is affixed to the housing, the rotor 406 is therefore sub-
stantially prohibited from rotation relative to the housing 350.
The rotor 406 therefore experiences nutational movement in
relation to the stator 392 as with the previous examples.

[0232] Another substantial difference between this
example and previous examples is in the porting arrangement.
In particular, when used as a pump or compressor, the port
360 in the plate 358, or other portion of the upper housing 352
functions as an inlet port and the fluid flows past the upper
portion of the rotor 406 and passes through ports 416 which
can also be seen in FIG. 64. A dynamic seal 422 may be
provided to reduce or eliminate fluid flow between the ports
416 and the bearings 402/404. The fluid enters chambers
provided between the face of the rotor and the opposing face
of the stator 392 as the chamber in question increases in
volume.

[0233] Looking to FIGS. 65-68 it can be seen how the main
rotor 370 comprises a spherical surface or ball 418 with
features unique to those shown in previous examples. The ball
surface 418 comprises a substantially planar surface 420 gen-
erally normal to the offset axis 380 and having the surface 384
provided there through. To facilitate porting through the ball
surface of 418, cutaway portion 426 is provided in the surface
420 and extended downward to form port surface 424 which
allows fluid flow from the ports 416 to an enlarging chamber
between the rotor 406 and the stator 392. A manifold is
therefore provided in some examples wherein the annular
chamber 596 is in communication with the ports 416. This
annular chamber 596 in one example is also is in fluid com-
munication with the port surface 424. Annular chamber 596 is
perhaps best seen in FIG. 84. A rotary seal 422 may be fit into
an annular gap at this position. In one example, as the shaft
370 rotates, groove 426 rotates relative to the (6) lobe cham-
bers. When the groove 438 passes any particular “valley”
opposing lobes, the apparatus is allowed to intake fluid ther-
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ebetween. As the shaft 370 rotates, the volume of the cham-
bers between opposing lobes/valleys decreases, and the appa-
ratus corresponds to a discharge stroke. In some examples,
the design reduces or eliminates the necessity for a check
valve at the port 360.

[0234] As the shaft 370 rotates along with the ball 418, the
ports 416 are sequentially allowed fluid communication with
chambers between the stator 392 and rotor 406. Likewise, on
the opposing circumferential side of the ball 418 is provided
an asymmetric port surface 438. Although at the upper edge
440 the port surface 438 is sealed to the inner spherical
surface 442 and fluid flow is therefore prohibited to the ports
416 of the rotor 406, the lower surface 444 is aligned with a
port channel 428 through rotation of the shaft and the port
channel is in fluid communication with ports 430 through the
outer spherical surface 446 of the stator 392. As the stator 392
is affixed to the lower housing 354, it can be appreciated that
the ports 430 are aligned with or in fluid communication with
ports 364 to allow fluid flow through the housing 350.

[0235] Looking to FIGS. 63 and 64 it can be appreciated
that the axial faces 432 and 432' of the rotor 406 and stator 292
respectively have a significant cutout portion which will not
engage the axial face of the opposing surface through nuta-
tion. However, at the apex of the teardrop shape scribed by the
tip of the opposing lobe 408 of the rotor 406 relative to the
stator 292 axial seal surfaces 436/436' are provided for seal-
ing of the adjacent chamber at one short segment of nutation.
Due in part to the nature of the port surfaces 424 and 438
rotating with the shaft 370, a novel sealing system can be
utilized. In particular, as each upper surface 448 of each lobe
408 provided on the rotor 406 engages a cooperating upper
surface 448' on the stator 392 as a rolling seal equivalent to the
seal between the surfaces 168 disclosed above it can be appre-
ciated that in a pumping or compressing application, the
chambers will reduce in volume and at least at the apex point
of'nutation, fluid will be generally forced past the port surface
438 in the shaft 370 out through ports 364. Likewise, on the
other circumferential side as the volume of the chambers
there increase in volume and as the port surface 424 is allowed
fluid communication with the ports 416 and 360, it can be
appreciated that a pumping or compressing action will be
achieved. Additionally, this configuration allows fiuid to pass
beyond the lobes 408/408' during a significant part of the
nutation and will therefore provide a more continuous pump-
ing action and may be achieved in other examples shown here
in. Additionally, allowing some fluid to flow past the adjacent
lobes 408/408' may significantly reduce backlash.

[0236] Another novel feature is shown in reference to the
rotor 406. It can be seen how the radially outward surface 450
of the rotor 406 comprises a recessed region 434 to signifi-
cantly reduce machining tolerances etc. To maintain a seal
between the radially outward surface 450 of the rotor 406 and
the inner surface 438 of the upper housing component 352 a
radially protruding seal surface 452 may be provided which
forms a seal either contact or fluid between the rotor 406 and
the surface 438 of the upper housing component 352 as well
is an extension of the surface 438 in the lower housing com-
ponent if so provided. In one form, the raised housing seal 452
may also be utilized wherein an abradable coating is provided
on the inside spherical surface of the housing 352. In such an
application, the housing seal 452 may be formed of a hard
metal material so as to more easily abrade the coating in order
to produce a tight fitting gap seal with the housing. Such an
abradable coating may alternatively, or in combination be
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applied to the rotor and/or stator (as well as the housing).
While such abradable coatings were previously impractical in
nutating or rotating positive displacement devices, by utiliz-
ing the indexing/power transfer systems disclosed herein,
such abradable coatings are practical.

[0237] Looking to FIGS. 72-80, another example is dis-
closed with additional novel components in combination with
several components disclosed above. Looking to FIG. 72, it
can be seen how a housing 462 is provided which in this
example comprises an upper housing 464, an upper median
housing 466, a lower median housing 467 and a lower hous-
ing 469. Although the fastening mechanism between these
components is not shown, it can be appreciated by looking to
the previous examples. Alternatively, as with the previous
examples, other fastening methods can be utilized such as
adhesives, welding, brazing, etc.

[0238] As with the previous examples, lower ports 520 and
upper ports 518 may be provided in fluid communication with
chambers 468 and 470 respectively between the stator 472
and the rotor 474. As the rotor 474 and stator 472 are similar
in form and function to the rotor and stator shown in FIGS.
4-6, the chambers 468 and 470 provided between the lobes
can be understood by reviewing the disclosure above. In one
form, check valves 476 may be provided for one-way tflow
through specific ports, and to provide a breaking pressure. In
some instances where specific check valves are referenced in
this disclosure, an alphabetic suffix will be utilized to indicate
a specific check valve. For example, the check valves are
generally labeled 476 but one specific check valve is labeled
as check valve 476A shown in FIG. 78. Check valve 476 is
specifically referenced again below, and thus a specific label
is used. As can be clearly seen in FIGS. 78-80 the check
valves utilized herein comprise a fluid flow surface 478 which
is in fluid contact with a valve member 480 to allow fluid
passed the valve 480 in one direction only. As such, the outer
end portion 482 of the check valve 476 may not allow fluid to
pass through the port opening into which the valve 476 is
fitted. Therefore, as can be seen in FIG. 73, a channel 484 may
be ported (in fluid communication) through the housing at
486 and generally provide a common inlet (or outlet) for
alternate check valves 476A connected to the fluid channel
484 by way of fluid sub-channel 488. Likewise, a lower fluid
channel 490 may connect via fluid sub-channels 492 to alter-
nate check valves 476B. A housing port 494 may be provided
with a threaded or other fluid coupling surface for attachment
to piping or other apparatus. In this way, a common inlet and
common outlets are provided in the housing allowing for easy
fluid connectivity.

[0239] As can be clearly understood by looking to FIG. 73,
there are several similarities between this example and the
example shown in FIG. 62. The apparatus comprises a shaft
496 which may include a keyway 498. While the example
shown in FIG. 62 is shown as being driven from the bottom
(bottom shaft), the example of FIGS. 72-80 is shown driven
from the top (top shaft). In some applications, the apparatus of
either example could easily be used in a side oriented or
inverted position, depending on the application and fluid flow
required. The shaft 496 comprises or is fixed to an precession
cam 500 with an offset shaft 502 engaged therein with bearing
504 positioned between the offset shaft 502 and the preces-
sioncam 500 so as to allow free rotation of the offset shaft 502
relative to the precession cam 500. As can be more easily seen
in FIG. 79, the offset shaft 502 comprises a non-cylindrical
surface 508 which functions in the same way as the non-



US 2015/0260184 Al

cylindrical surface 388 previously discussed. The offset shaft
502 passes through a rotor 474 with a bearing 506 positioned
there between to allow free rotation of the offset shaft 502
relative to the rotor 474. In this way, the rotor 474 is allowed
to nutate relative to the stator 472. As with the example of
FIG. 62, lobes 508 and valleys 510 of opposing rotor 474 and
stator 472 prohibit substantial rotation of the rotor 474 rela-
tive to the stator 472. In one application, the check valves
476A provide for fluid to enter the chambers 470 between the
valley 510A of the rotor 474 and the lobe 508'A of the stator
472. As can be seen in FIG. 78 seal points 512, 514, and 516
are formed at this position of nutation on either circumferen-
tial side of the chamber 468. As discussed relative to FIGS.
30-50 in combination with a review of U.S. Pat. No. 6,705,
161 these seal points and the effect they have on fluid flow can
be understood, which describes quite well this particular
example of a lobe/valley combination and the seal points
there between with slight modifications.

[0240] FIG. 77 also shows one example of a turbulence
generating surface 650 which may be applied to the non-
sealing surfaces of the rotor and or stator to generate localized
vortexes on the surface thereof. Such surfaces reduce fluid
flow hindrance, and reduce contaminate build in some appli-
cations. One disclosure of such turbulence surfaces is pre-
sented in U.S. Pat. No. 4,907,765.

[0241] Looking to FIG. 73, it can be appreciated that a
system of static and dynamic seals similar to those used in the
previous examples may be used. In particular, static seals of
522 and 524 are utilized on either radially outward edge of the
fluid channel 484 to reduce or eliminate fluid flow between
the upper housing 464 and the upper median housing 466.
Likewise, a static seal 526 may be utilized between the upper
median housing 466 and the lower median housing 467. A
similar static seal 528 may be utilized between the lower
median housing 467 and the lower housing 469. A static seal
530 may also be utilized between the stator 472 and the lower
median housing 467. Additionally, dynamic seals may be
provided between the shaft 496 and the upper housing 464 as
well as between the lower shaft 532 and the lower housing
470. Dynamic (shaft) seals may also be utilized between the
stator 472 and the shaft 544. A keeper (lock nut and lock
washer) may be utilized, and may engage channel 544 of F1G.
73. The channel 544 in one example represents threads on the
outside diameter of the lower shaft 532 for attachment of the
bearing keeper. Looking to the top portion of FIG. 73, it can
be seen that the shaft 496 comprises a bearing surface 534
adjacent and offset from a bearing surface 536 on the upper
housing 464. A bearing similar to the bearing 404 shown in
FIG. 62 may be utilized to reduce friction between these
surfaces.

[0242] Looking to the lower portion of FIG. 73 it can be
seen how the ball surface 538 at the center of the rotor 474 and
stator 472 has a lower shaft 532 extending there from through
the bottom portion of the lower housing 469. A bearing 540
may be provided at this location to reduce frictional losses
there between. Also, fasteners 542 can be seen of equivalent
function to the fasteners 146 of FIG. 10 to maintain position
of'the stator 472 relative to the housing 462. A channel/thread
544 may be provided in the lower portion of the lower shaft of
532 for attachment of a keeper to maintain the bearing and
position similar to the channel/thread 546 in the upper portion
of the shaft 496. In one form, the lower shaft 532 may be
driven in conjunction with the shaft 496 to increase available
port to the rotor 474 or may alternatively drive a secondary
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component such as a second apparatus such as a second
pump, compressor, or expander, fitted there below and
attached to be driven simultaneously with the apparatus
shown in FIG. 73.

[0243] One additional novel feature of FIG. 73 is shown in
the dynamic seal component 548 which is fitted to the upper
portion of the rotor 474. The dynamic seal component 548 of
one example forms a seal between the rotor 474 and the inner
spherical surface of the upper housing 464. Static seals 550
and 552 may be utilized between the rotor 474 and the
dynamic seal component 548 to reduce or prohibit fluid flow
there between.

[0244] As with the examples described above, this example
may utilize a recessed portion 554 on the radially outward
surface of the rotor and a radially protruding sealing edge
556. These are similar in function to the surface 434 and seal
436 described above.

[0245] Looking to FIGS. 81-83 are shown novel compo-
nents which can be combined with the examples shown above
or those disclosed in applicants other inventions. In this
example 560, a housing 562 is shown in a highly schematic
manner. A shaft 564 may be provided with a keyway 566 for
attachment to other apparatuses as previously disclosed. The
shaft 564 is shown attached to a rotor 568 having lobes and
valleys which engage opposing lobes and valleys on a rotor/
stator 570. A second shaft 572 is attached to the rotor/stator
570. Each of the rotors 568 and 570 comprise a spherical outer
surface 574 to engage a spherical inner surface 576 of the
housing 562. The novel feature shown herein is that the shafts
564 and 572 are hollow as comprising an inner surface 578
and 580 respectively through the length of the shaft 564/572.
As shown, a fluid channel 582 may extend between the fluid
channel surface 578 of the shaft 564 towards a chamber 584
between the lobes and valleys of the rotors 568/570 which at
the position shown in FIG. 82 is at a minimum volume posi-
tion. Likewise, the fluid channel surface 580 extends towards
a fluid channel 586 extending into a chamber 588 between the
lobes and the valleys of the rotors 568/570 as shown in FIG.
82 at a maximum volume position. It can therefore be under-
stood that the fluid channels may comprise analysts and out-
lets provided through the shafts 564/572.

[0246] Looking to FIG. 83 the shafts and spherical surface
574 can be seen with the housing 562 removed. Here, it can be
appreciated that in this example as the channels 582 and 586
are provided between the rotor 568 and rotor 570 at the
maximum volume position the channels are larger in cross
section than they are at the minimum volume position. Look-
ing to FIG. 83, it can be seen that the channel 586 is substan-
tially larger than the channel 582. This gap differential can
also be seen in FIG. 82.

[0247] As previously discussed, the example 590 shown in
FIGS. 84-89 utilizes many of the same components as previ-
ously discussed relative to FIGS. 61-71. In addition, this
example 590 uses a nutating booster pump 44 previously
mentioned but shown in detail herein. As can be appreciated,
the apparatus utilizes a plurality of arcuate blades 48 which in
this example are attached to an upper end of the offset shaft
400 and retained by bolt 374.

[0248] This example of these blades 48 are shown as arcu-
ate members having a very small portion at the shatt 374, they
have a relatively large circumferential edge 592. In addition,
while three cooperating blade surfaces 594 are shown, one,
two, or more than three blade surfaces 594 could alternatively
beused. Likewise, the blades may not be arcuate but may have
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some other shape which generally directs fluid from the port
360 downward toward the ports 416 to function as a booster
pump. It can also be appreciated that while the rotor 406
nutates about the stator 392 as the blades 48 are substantially
rigidly attached to the offset shaft 374 and as the offset shaft
374 is substantially rigidly fixed to the shaft 370 the effective
or relative motion of the blades 48 relative to the housing 350
are a rotating motion rather than a wobbling or nutating
motion.

[0249] FIG. 90 shows another example wherein the stator
face 602 having lobes 604 and valleys 606 is formed as a
unitary structure with the lower housing 608. The lobes and
valleys on the stator interact with lobes and valleys on the
rotor in a manner as described above in several examples.
This interaction is substantially the same as described above,
and therefore need not be repeated here.

[0250] Thelower housing in this example has no opening in
the bottom thereof as the housing is side-ported as can be seen
in the figure. In one example a female spherical surface 614 is
provided for engagement with a male spherical ball 616 of the
rotor 618. The lower housing 608 in this example is posi-
tioned adjacent and fastened to a median housing 610 with a
static seal 612 there between. In one example, a shim 730 may
positioned between the lower housing 608 and the median
housing 610. A similar shim 848 may be positioned between
the thrust bearing 850 and the upper housing 624 to take up
any slack or gap between the shoulder of the precession cam
636 and the upper (shaft) housing 624. In other words, the
shim(s) 848 references the precession cam 636 to the inner
surface of the upper housing 624. For example, if there is
determined to be 0.025 mm (0.001 inch) of play in the shaft
630/precession cam between the rotor 618 and the upper
housing 624, then a 0.025 mm shim may be used to eliminate
the (vertical) play. Shims 726 may also be used on one or both
sides of the bearing 640 to position the precession cam 636
relative to the rotor 618. As the rotor 618 is coupled to the
shaft 630 via an offset shaft 872, the shim(s) 726 will align the
precession cam along the offset shaft 872, thus adjusting the
apparatus radially as well as vertically.

[0251] In one example the contact surface (where the two
housing components are in contact) is planar (in a geometric
plane, flat). The shims disclosed may be flat plane layers.
They may be produced of soft metals such as aluminum or
brass. While thinner or thicker shims may be used, thin shims
are most commonly from 0.001 inch to %4 inch in thickness. In
one example, the median housing 610 comprises a female
spherical surface 620 in contact with a radially outward face
of'the rotor. By adding a shim 730, the spacing therebetween
is adjusted. In one example, a dynamic seal 622 may be
provided to substantially prohibit fluid flow between the radi-
ally outward surface of the rotor 618 and the surface 620 of
the median housing 610

[0252] In the example shown in FIG. 90; an upper housing
624 is attached to the median housing 610. In this example, a
static seal 627 is provided there between to prohibit fluid flow
between the upper housing 624 and the median housing 610.
In one example, a shim 728 may be positioned between the
lower housing 608 and the median housing 610 at a flat plane
surface of each housing component. As shown, dowel pins
770 may fit into surfaces defining (blind) holes 772 in the
upper housing 624, surfaces defining holes in the shim 728,
and surfaces defining (blind) holes 774 in the median housing
610. These holes may be drilled after initial assembly of the
apparatus. It may be beneficial to rotate the shaft 632, thus
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nutating the rotor, such that the upper (shaft) housing 624 will
find it’s natural position relative to the median (rotor) housing
610. Once the natural position is found, the holes may be
drilled and correct alignment assured. Similarly, dowel pins
776 may fit into surfaces defining (blind) holes 778 in the
median housing 610, surfaces defining holes 782 through the
shim 730, and surfaces defining (blind) holes 780 in the lower
housing 608. Such dowel pins may be replaced by threaded
fasteners, rivets, etc. which each aid in centralizing/aligning
the components. In this example, the upper housing 624 has a
surface 626 defining an opening in the upper portion thereof.
A bearing 628 may be press fit into the surface 626 and a shaft
630 engages the inner surface of the bearing 628 to reduce
friction between the shaft 630 and the upper housing 624 as
the shaft 630 rotates. As with previous examples, a keyway
632 may be provided for rotation of the shaft 630 by a motor,
engine, or similar driving device. A channel 634 may also be
provided for attachment of a bearing keeper as shown in
previous examples. As with previous examples, the channel
634 may be representative of a threaded surface such that the
keeper comprises a lock nut etc.

[0253] The holes into which the dowel pins of the several
examples are placed may be blind holes, may be through
holes, or a combination thereof. While an interference fit is
discussed, the dowel pins may alternatively be precision fit,
press-fit, heat fit, or otherwise engage the dowel pin holes. In
at least one example, the dowel pin holes may be threaded,
and the dowel pins replaced with threaded pins.

[0254] One assembly method using this arrangement may
be accomplished by the steps disclosed below.

[0255] Assembling a rotor sub assembly comprising in
turn: a first rotor having a frusta-spherical outer surface,
lobes, and valleys; a shaft attached to the first rotor; a second
rotor having a frusta-spherical outer surface co-centric with
the frusta-spherical outer surface of the first rotor, lobes, and
valleys; and a center ball attached at a radial center of the first
rotor and second rotor. The steps including a step following
assembly of the rotor sub-assembly of inserting the rotor sub
assembly into a housing comprising: a first housing portion
having a frusta-spherical inner surface substantially identical
in radius to the frusta-spherical outer surface of the first rotor;
a second housing portion having a frusta-spherical inner sur-
face substantially identical in radius to the frusta-spherical
outer surface of the second rotor. This assembly step enacted
prior to drilling or otherwise machining the reference holes
ensures alignment of the first housing portion to the second
housing portion.

[0256] Following the step of inserting the rotor sub assem-
bly into the housing, a step of machining surfaces defining
reference holes into the first housing portion and second
housing portion is followed. As disclosed above, these refer-
ence holes such as the dowel pin holes 778 may be blind
holes, through holes, threaded, or a combination thereof.
[0257] The alignment device may be a dowel pin press-fit
into the reference hole, may be a threaded bolt threaded into
a female threaded portion of the reference hole providing
clamping force between the first housing portion and the
second housing portion, or may be a threaded bolt positioned
into a the reference hole and having a nut threaded onto the
bolt providing clamping force between the first housing por-
tion and the second housing portion.

[0258] In reference for example to FIG. 101 the assembly
method disclosed above may be used to assemble the rotor/
inner shroud assembly. This rotor/inner shroud assembly may
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then be inserted into outer housing 750. And the upper hous-
ing 754 attached to the outer housing 750 in a similar manner.
[0259] In reference for example to FIG. 90; following the
steps of inserting the rotor sub assembly into the housing, the
shaft 630 may be rotated while allowing the upper (first)
housing portion 624 to find it’s natural position relative to the
median (second) housing portion 610. As these two compo-
nents are not fixed to each other, the upper housing 624 may
be moved and find a position where it does not move or bind
the shaft relative to the median housing 610 during rotation of
the shaft 630. If such a natural position is not achieved, shims
726, 728, and/or 848 may be inserted. Once the natural posi-
tion is found; in one assembly method a step is accomplished
of machining surfaces defining reference holes 772/774 into
the first housing portion and second housing portion and
inserting pins 722, bolts, rods, or similar threaded fasteners
thereinto.

[0260] In each of the examples, as the dowel pins may be
madeto very closetolerances to a precision or interference fit.
In one method of assembly, the housing components may be
assembled and aligned, at which point the holes may be
drilled and the dowel pins inserted into the holes. This assem-
bly method will ensure alignment stability of the apparatus
while in use.

[0261] The shims 728 and 730 allow for production/cast-
ing/machining tolerances in that the inner surfaces of housing
components 608, 610 and/or 624 may be made undersized
whereupon the shim(s) 728/730 are provided to account for
the under sizing of the housing components during assembly.
If during assembly it is determined that additional, thinner, or
thicker shim(s) are required, such shims may be easily manu-
factured to very high tolerances.

[0262] Looking to FIG. 101 is shown an example of a
spinning apparatus rather than nutating designs disclosed
above. In the example of FIG. 101, each of the shaft 734,
upper rotor 732, lower rotor 736, and optional shroud 738
made of upper section 740 and lower section 742 rotate or
spin along direction 744. Such shrouds are disclosed in U.S.
Published patent application Ser. No. 13/162,436 incorpo-
rated herein by reference. As the shroud 738 of this example
is fixed to the second rotor 736, there is relative rotational
motion between the outer housing 750 and the inner shroud
738. Bearings 746 and 748 reduce friction between these
components as well as to take up lateral and axial loading due
to the differential pressures in the inner assembly. In one
manufacturing assembly method, the rotors 732/736 are
placed in the inner shroud 738 which is then assembled into a
sub-assembly which is inserted into the outer housing 750 at
which point the bearings etc., and upper housing 754 may be
assembled.

[0263] As shown, dowel pins 784 may fit into surfaces
defining (blind) holes 786 in the upper housing 754, surfaces
defining holes 790 in the shim 752, and surfaces defining
(blind) holes 788 in the lower housing 750. Similarly, dowel
pins 792 may fitinto surfaces defining (blind) holes 794 in the
upper section 740 of inner shroud 738, surfaces defining holes
798 through the shim 760, and surfaces defining (blind) holes
796 in the lower section 742 of inner shroud 738. The shims
756, and 757 being at right angles to the axis of rotation of the
rotor 736 not only adjust the vertical position of the rotor(s)
736/732, but also adjust the radial position of these elements
and the shaft 734 relative to the upper housing 754.

[0264] In this example as with the example of FIG. 90,
shims may be utilized to reduce tolerance stack up problems.
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For example shim(s) 752 may be positioned between the
outer housing 750 and an upper housing 754. In addition,
shim(s) 756 may be provided between thrust bearing 748 and
the lower outer surface 758 of the inner shroud 738 or second
rotor 736. This shim 756 will impact shaft position relative to
the outer housing 750. In addition, shim(s) 757 may be pro-
vided between thrust bearing 748 and the outer housing 750.
Likewise, shim(s) 760 may be used between upper section
740 and lower section 742 of the inner shroud 738. In the
example shown, seals 762 are places adjacent ports 764 in a
rear-porting example.

[0265] As an alternative to the shim(s) 752, shim(s) 840
may be used adjacent a thrust bearing 842. In one form the
thrust bearing 842 and shim(s) 840 are held in place via a top
cap 844. The shim(s) 840 in one form may be adjacent a top
housing component 754. The shims 840 referencing the top
cap 844 and/or shaft 734 to the upper housing 754 similar to
the adjustment provided by the shim 848 disclosed in Fi. 90
and described above.

[0266] Inthe example of FIG. 98, similar shim(s) 768 may
be used between the upper housing 696 and lower housing
698. As with the examples above, it may be desired to manu-
facture the upper housing 696 and lower housing 698 under-
sized to allow for the shim(s) 768.

[0267] In addition to shim 768, a shim 864 may be placed
between the bearings there above and the rotor 700. This shim
864 adjusts the position of the rotor 700 relative to the center
ball 868 radially. As the annular ring gear 720 in one example
is fixed in position relative to the shaft 704, specifically the
offset shaft 706, a shim 864 will force the rotor 700 radially
towards the center ball 868. If shaft seals for example mal-
leable o-rings are provided between the center ball 868 and
the rotor 700, these seals may be further compressed by the
addition of a shim 864. A similar shim 866 may be placed
between the a shoulder of the shaft 704 and the bearing 870
therebelow to position the center ball relative to the housing
698 and stator 702 attached thereto. As the bearing 870 is
fixed from moving away from the center ball 868, insertion of
shims 866 will force the shaft 704 and center ball towards the
rotor 700.

[0268] Alignment devices 852 such as dowel pins, or
threaded rods may be used within surfaces defining reference
voids 854 in the manner disclosed above. In FIG. 98B for
example, the alignment device is a threaded bolt 856 passed
though the portion of the reference void 854 in the upper
housing 696 and either threaded into the portion of the refer-
ence void 854 in the lower housing 698 or passing there
through with a female threaded nut 860 attached thereto. The
bolt 856 and/or nut 860 normally have a non-cylindrical head
862 for tensioning with a tool. The head 826 may be rotated
relative to the housing and/or nut 860 to apply clamping force
between the housing portions. These components may be
used in many of the places where a dowel pin is referenced.

[0269] In the example shown in FIG. 90, the shaft 630
comprises a precession cam 636 thereupon with an offset
shaft 638 extending therefrom toward and into the rotor 618.
As with previous examples, bearings 640 and roller bearing
642 may be provided to reduce frictional forces between the
offset shaft 638 and the rotor 618. While in the example
shown, the shaft 630, precession cam 636, and offset shaft
638 are formed as a unitary structure, it is also conceived that
these components could be formed independently.

[0270] Generally speaking, the shaft 630, offset shaft 638
and rotor 618 function quite similarly to the embodiment
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shown in FIG. 73. One substantial difference between these
examples however, is in the removal of the lower shaft 532
shown in FIG. 73. By removing the lower shaft 532 the
number of gaps (especially between moving and stationary
components) which must be sealed to reduce fluid flow down-
ward out of the apparatus are substantially reduced. In addi-
tion, the overall apparatus is substantially simpler in manu-
facture by reducing the number of moving components.
[0271] As can be appreciated following a thorough discus-
sion of the function of the apparatus especially in reference to
FIG. 73, it can be appreciated that as the shaft 630 rotates, the
precession cam 636 will rotate there with, along with the
offset shaft 638. Engagement of the lobes 604 and valleys 606
of' the stator face 602 with lobes and valleys provided on the
rotor 618 substantially prohibits rotation of the rotor 618
relative to the stator face 602, and therefore substantially
prohibits rotation of the rotor 618 relative to the housing 644.
Therefore, the rotor 618 experiences a nutating motion rela-
tive to the stator face 602. Thus, the chamber 646 increases
and decreases in volume thus, “pumping” fluid through ports
648 provided through the housing 644 such as through the
median housing 610. As with previous examples fluidic con-
nections including for example check valves may be utilized
at the ports 648.

[0272] Other advantages of this design include: a highly
simplified architecture for a nutating device 600 with fewer
seals, fewer bearings, easy alignment of assembly by the
centralization of the ball 616, integrated with rotor 618, fewer
parts and less leakage due to the integrated ball 616. The
architecture could be used with different lobe shapes such as
the sawtooth shape shown here as potentially the simplest
design of those shown. The lobe/valley shapes as shown
above in FIGS. 16-20. Porting arrangements similar to this
porting arrangement are shown in FIGS. 8-10.

[0273] Looking to FIGS. 94-97, an example is shown sub-
stantially similar to the example shown in FIGS. 61-62. The
components of the stator, a rotor, upper housing, and lower
housing are substantially the same as those shown previously
and described relative to FIGS. 61 and 62 and therefore expla-
nation of these features will not be repeated. It can be seen that
the apparatus utilizes an outer housing 670 forming an inner
chamber 672 therein. The top plate 674 includes a surface
defining an inlet 676 there through providing access to the
inner chamber 672. While the booster pump example shown
in FIG. 84 generally comprises a plurality of blades 48
attached to the offset shaft 374 the booster pump 678 shown
in FIGS. 95 and 97 comprises a plurality of more linear blades
680. In this example, the blades 680 are attached to a central
feature 682 providing rigidity and in one form a hydrody-
namic surface 684 similar to a pointed egg which reduces
inlet forces of the fluid entering through the inlet 676 into the
inner chamber 672. As can be understood a downward pro-
jecting portion 686 may be provided between the blades 680
or a portion thereof and the offset shaft 688. Remembering
that the offset shaft is fixed to the main shaft 690 it can be
appreciated that the booster pump 678 will rotate about the
axis of the main shaft 690 within the inner chamber 672. In
one form, and opening or void will be provided through the
blades 682 allow access to the non-cylindrical portion of the
offset shaft 688 for removal or assembly. FIG. 95 shows the
apparatus with the top plate removed to show the components
(booster pump) within the inner chamber 672.

[0274] Lookingto FIGS. 98-100 is shown one example 692
utilizing a planetary or gear assembly 694. This gearing

Sep. 17, 2015

assembly coordinates the rotational position of the rotor to the
rotational position of the housing. In this way, the input rota-
tional speed of the shaft equals the rotational speed of the
rotor without irrespective of the stator. The planet carrier may
be fixed to the shaft, offset shaft, or shaft boot in some
examples.

[0275] As shown, an upper housing 696 and lower housing
698 are provided for housing of the rotor 700 and stator 702.
The rotor is driven (nutated) in this example by a main shaft
704. While this example shows a bent shaft embodiment
having an offset shaft 706 attached to the main shaft 704,
other examples shown above may also be incorporated with
the planetary gear assembly 694, or a variant thereof. In the
example shown, a fixed ring gear 708 having teeth 710 and
grooves 712 may be bolted or otherwise fastened to the upper
housing 696. A planet gear carrier 714 may include an idler
gear 716 with teeth and grooves thereupon to engage the teeth
and grooves of the fixed ring gear 708.

[0276] Looking to FIG. 100 it can be seen that the planet
gear carrier 714 comprises the idler 716 and a planet gear
cluster 724. The inner workings of the planetary gear cluster
724 within the carrier 714 are not shown, but are well-known
to one of ordinary skill the art. A plurality of planet gears 722
protrude from the bottom portion of the carrier 716 and gen-
erally engage an annular ring gear 720 fixed to the rotor 700.
[0277] By utilizing such a planetary or gear assembly, the
contact surfaces between the lobes 718 of the rotor 700 and
the lobes 720 of the stator 702 may be reduced or eliminated
to reduce wear, provide a sealing gap or fluid gap to avoid
cogging. In simpler terms, many of the previous examples
relied on the contact faces or a portion of the faces of the
rotors or rotor/stator pair to provide the necessary friction to
correctly position the opposing faces of the rotors or rotor/
stator. In this example, as with the example shown in FIGS.
102-107, a gearing system may be utilized to maintain the
rotor faces in very close proximity to each other with no or
minimal contact force. The rotor faces may be held in close
enough proximity to form a fluid seal therebetween. In the
examples shown, the gearing system is indexed off of the
housing via a housing ring gear.

[0278] Lookingto FIG. 102 is another example wherein the
housing 800 comprises a lower portion 802 and an upper
portion 804 with a contact seal 806 there between. As can be
seen in FIG. 106, this example utilizes a main shaft 817 with
an offset shaft 808 extending from the shaft shoe 817 rather
than a bent shaft and/or through shaft as depicted in some of
the previous examples such as the shaft 704 of FIG. 98. The
shim architecture described above may be incorporated at the
contact seal 806 if needed for adjustment. The upper portion
804 of the housing 814 of this example has an upper surface
807 with an opening 810 (see FIG. 107) through which a shaft
812 protrudes. The shaft 812 may be attached to a driving
mechanism such as an engine, motor, etc. not shown, similar
driving mechanisms may be utilized in the other examples. In
this example, a housing ring gear 815 is attached to the upper
surface 807 of the upper portion 804. Looking to FIG. 103 is
shown the internal components of the apparatus shown in
FIG. 102. For example, at the lower end of the shaft 812 is a
shaft shoe 817 which connects the shaft 812 to the gearing
system. In this example, the shaft shoe 817 provides the angle
824 (FIG. 106) between the shaft 812 and the gearing system
which in this example comprises a plurality of gears having
parallel axes. The axis of the housing ring gear 815 being
parallel to the axis of the shaft 812. In one form, such as
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shown in FIG. 106, the shaft 812 and shaft shoe 817 may be
a unitary (homogenous) structure. Returning to FIG. 103, it
can be seen that a double gear 816 is mounted via axle 818 to
the shaft shoe 817. The double gear 816 of this example has a
bevel gear 820 at the upper portion and a spur gear 822 on the
lower portion. The double gear 816 rotates about the rotor
axis 808 during operation of the device.

[0279] The bevel gear 820 of the double gear 816 engages
in an upper planet gear 826 which rotates about an axis 828.
The upper planet gear 826 is doubled (bevel/spur) not only to
engage the bevel gear 821 also to engage and thus index off of
the housing ring gear 815. In addition to pre-loading the upper
level here, there may be additional backlash in the gear
assembly. One method to overcome this backlash is to form
the double gear component wherein it is horizontally split
with a rotational adjustment which allows for the upper bevel
gear 820 and the lower spur gear 822 to be clocked relative to
each other and then fixed in place rotationally relative to each
other after adjustment. This rotational adjustment assembly
could provide a final adjustment to allow backlash removal in
the overall assembly which includes the rotor lobes them-
selves. The goal is to adjust the gearing assembly to prevent
the lobe tips from contacting and rubbing on the mating rotor
lobe profiles. Using specific terminology, the apparatus
shown in this example of FIG. 106 comprises a sawtooth lobe
tips on one of the rotors, and teardrop lobe tips on the oppos-
ing rotor and may be used with other lobe shapes. In one
example, roller bearings and/or similar apparatuses such as
thrust bearings may be utilized between the double gear and
the rotor axis 808.

[0280] A planet gear carrier 828 having an axis co-centric
with the rotor axis 808 is provided. The planet gear carrier 828
has a plurality of axes 830 upon each rotate a planet gear 832.
In one form, roller bearings are provided between the planet
gear carrier 828 and the rotor axis 808, and optionally
between the planet gears 832 and the axes 830. This planet
gear carrier 828 in one form fixed to the offset shaft 808 to
rotate therewith relative to the axis of the shaft 812.

[0281] As the shaft 812 rotates relative to the housing 800,
the double gear 816 will rotate relative to the rotor axis 808 as
it is geared to the upper planet gear 826 which indexes off of
the housing ring gear 817. This motion will then be trans-
ferred via the spur gear 822 to the planet gears 832 mounted
to the planet gear carrier 828. As the planet gears 832 are
indexed to a rotor ring gear 834 attached to the rotor 836, the
rotor 836 will not significantly rotate relative to the housing
800 but will be permitted to nutate as described above. As the
lobes and valleys of the rotor 836 cooperate with the lobes and
valleys of the stator 838 during rotation of the shaft 812 in a
nutating motion as described above, the gearing system may
be utilized to adjust the seal between contact faces of the rotor
836 and stator 838 or may be utilized to reduce wear there
between.

[0282] Inone example, an inner ball may be utilized at the
radial center of the rotor 836 and stator 838 to provide a center
seal.

[0283] While the present invention is illustrated by descrip-
tion of several embodiments and while the illustrative
embodiments are described in detail, it is not the intention of
the applicants to restrict or in any way limit the scope of the
appended claims to such detail. Additional advantages and
modifications within the scope of the appended claims will
readily appear to those sufficed in the art. The invention in its
broader aspects is therefore not limited to the specific details,
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representative apparatus and methods, and illustrative
examples shown and described. Accordingly, departures may
be made from such details without departing from the spirit or
scope of applicants’ general concept.

Therefore I claim:

1. A fluid flow apparatus comprising:

a. a housing;

b. the housing comprised of a first housing portion having
a first inner surface and a second housing portion adja-
cent the first housing portion having a second inner
surface defining a rotor cavity;

c. a first rotor within the rotor cavity having a first axis
aligned with a first shaft having an axis of rotation, a
front face comprising lobes and valleys, and a frusta-
spherical radially outward surface;

d. a second rotor within the rotor cavity having a second
axis offset from co-linear to the first axis, a front face
comprising lobes and valleys which intermesh with the
lobes and valleys of the first rotor;

e. an off-axis shaft aligned with the second rotor, fixed to
rotate with the first shaft, and having an axis which is
offset from the axis of the first rotor;

f. wherein the lobes and valleys of the first rotor are sub-
stantially in fluid tight seal to the lobes and valleys of the
second rotor at least at two points during operation of the
fluid flow apparatus; and

g. at least one shim positioned adjacent the off-axis shaft so
as to re-position the first shaft relative to the second rotor
non-collinear with the axis of the first shaft.

2. The fluid flow apparatus as recited in claim 1 further

comprising:

a. a first surface defining a reference void in the first hous-
ing portion in a surface adjacent the second housing
portion;

b. a second surface defining a second reference void in the
second housing portion in a surface adjacent the first
housing portion; and

c. an alignment device inserted into the first reference void
and second reference void with a precision fit.

3. The fluid flow apparatus as recited in claim 1 further
comprising flat plane shim positioned between an upper sur-
face of'the first rotor and an inner surface of the first housing
portion referencing the position of the first rotor to the inner
surface of the first housing portion.

4. A fluid flow apparatus comprising:

a. a housing;

b. the housing comprised of a first housing portion having
a first inner surface and a second housing portion adja-
cent the first housing portion having a second inner
surface defining a rotor cavity;

c. a first rotor within the rotor cavity having a first axis
aligned with a first shaft having an axis of rotation, a
front face comprising lobes and valleys, and a frusta-
spherical radially outward surface;

d. a second rotor within the rotor cavity having a second
axis offset from co-linear to the first axis, a front face
comprising lobes and valleys which intermesh with the
lobes and valleys of the first rotor;

e. an off-axis shaft aligned with the second rotor, fixed to
rotate with the first shaft, and having an axis which is
offset from the axis of the first rotor;
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f. wherein the lobes and valleys of the first rotor are sub-
stantially in fluid tight seal to the lobes and valleys of the
second rotor at least at two points during operation of the
fluid flow apparatus; and

g. at least one surface perpendicular to the axis of the
second rotor formed by the process of material removal
of the second rotor adjacent the off-axis shaft to re-
position the first shaft relative to the second rotor non-
collinear with the axis of the first shaft.

5. A fluid flow apparatus comprising:

a. a housing having a frusta spherical inner surface;

b. wherein the housing is fixed in space;

c. astator having a center axis, and a front face comprising
lobes and valleys;

d. the stator fixed to the housing;

e. arotor having an axis, a front face comprising lobes and
valleys, and a frusta spherical radially outward surface;

f. wherein the rotor nutates about the stator;

g. a gearing system indexed to the housing indexing the
rotor position relative to the stator;

h. wherein the axis of the stator intersects the axis of the
rotor;

1. wherein the axis of the stator is offset from the axis of the
rotor by an alpha (o) angle;

j. the rotor having a front face with lobes and valleys
configured to interoperate with the lobes and valleys of
the stator; and

k. wherein the lobes and valleys of the stator are substan-
tially in fluid tight seal to the lobes and valleys of the
rotor at least at two points during rotation/precession of
the rotor.

6. The fluid flow apparatus as recited in claim 5 wherein the
number of lobes on the rotor are equal to the number of lobes
on the stator such that there is no net rotation of the rotor
relative to the stator.

7. The fluid flow apparatus as recited in claim 6 further
comprising:

a. a housing ring gear fixed to the housing;

b. a planet gear carrier fixed to an offset shaft aligned with

and the axis of the rotor;

c. the gearing system comprises a plurality of planet gears
rotating about an axis fixed to the planet gear carrier and
indexed off of the housing ring gear;

d. a rotor ring gear attached to the rotor;

e. wherein the planet gears index the rotor ring gear; and

f. wherein the planet gears indexes the rotor relative to the
stator.

8. The fluid flow apparatus as recited in claim 7 further

comprising:

a. an upper planet gear in a plane with the rotor;

b. indexed off of the housing ring gear; and

c. indexing the planet gears.

9. The fluid flow apparatus as recited in claim 7 further
comprising:

a. a double gear in a plane with the rotor;

b. indexed off of the housing ring gear via a bevel gear

portion; and

c. indexing the planet gears via spur gear portion.

10. A fluid flow apparatus made by the steps comprising:

a. assembling a rotor sub assembly comprising:

i. a first rotor having a frusta-spherical outer surface,
lobes, valleys; and an axis perpendicular to a first rotor
plane in which the tips of the lobes lie;
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ii. a second rotor having lobes, valleys; and an axis
perpendicular to a second rotor plane in which the tips
of'thelobes lie which is not parallel to the plane of the;

iii. a center ball attached at a radial center of the first
rotor and second rotor;

b. following assembly of the rotor sub-assembly, inserting
the rotor sub assembly into a housing comprising:

i. a first housing portion having a frusta-sperical inner
surface substantially identical in radius to the frusta-
sperical outer surface of the first rotor;

ii. a second housing portion;

c. during assembly, attaching a shaft to the first rotor; and

d. mechanically adjusting the position of the shaft relative
to the housing perpendicular to the first rotor plane.

11. The process as recited in claim 10 further comprising

the steps of:

a. following the step of inserting the rotor sub assembly
into the housing, machining surfaces defining reference
holes into the first housing portion and second housing
portion;

b. removing the firsthousing portion from the second hous-
ing portion and inserting a flat plane shim there between;
and

c. following the step of inserting the flat plane shim, reat-
taching the first housing portion to the second housing
portion.

12. The process as recited in claim 10 further comprising

the steps of:

a. following the step of inserting the rotor sub assembly
into the housing, rotating the shaft, while allowing the
first housing portion to find it’s natural position relative
to the second housing portion;

b. machining surfaces defining reference holes into the first
housing portion and second housing portion; and

c. tensioning the first housing portion to the second housing
portion.

13. The process as recited in claim 10 further comprising

the steps of:

a. following the step of inserting the rotor sub assembly
into the housing, machining surfaces defining reference
holes into the first housing portion and second housing
portion; and

b. inserting alignment devices into the reference holes to
maintain radial alignment of the first housing portion to
the second housing portion.

14. The process as recited in claim 13 wherein the align-

ment device is a dowel pin press-fit into the reference hole.

15. The process as recited in claim 13 wherein the align-
ment device is a threaded bolt threaded into a female threaded
portion of the reference hole providing clamping force
between the first housing portion and the second housing
portion.

16. The process as recited in claim 13 wherein the align-
ment device is a threaded bolt positioned into a the reference
hole and having a nut threaded onto the bolt providing clamp-
ing force between the first housing portion and the second
housing portion.

17. The process as recited in claim 10 further comprising
the step of material removal the second rotor adjacent and
perpendicular to a rotation axis of an off-axis shaft to re-
position the first shaft relative to the second rotor non-col-
linear with the axis of the first shaft.
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