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ABSTRACT

An improved rocking drive mechanism for a Stirling cycle machine is disclosed. The
rocking drive mechanism includes a piston capable of substantially linearly reciprocating within
a cylinder, a rocking beam having a rocker pivot and a coupling connected to the piston and to
the rocking beam by an end pivot, whereby linear motion of the piston is converted into rotary
motion of the rocking beam. Also provided is a crankcase housing the rocking beam and a first
portion of the coupling, a workspace housing the cylinder, piston and second portion of the

coupling, a lubricating fluid pump in the crankcase and a seal sealing the workspace from the
crankcase.
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STIRLING CYCLE MACHINE

CROSS REFERENCE TO RELATED APPLICATIONS
The present application claims priority from Provisional Patent Application No.
60/925,818, filed April 23, 2007 and entitled Four Cylinder Stitling Fnyine; and Provisional
Patent Application No. 60/925,814, filed April 23, 2007 and entitled Rocking Beam Drive.

TECHNICAL FIELD
The present invention relates to machines and more particularly, to a Stirling cvcle

machine and components thereof,

BACKGROUND INFORMATION

Many machines, such as internal combustion engines, external combustion engines,
compressors, and other reciprocating machines, employ an arrangement of pistons and drive
mechanisms to convert the linear motion of a reciprocating piston to rotary motion. In most
applications, the pistons are housed in a cylinder. A comimon problem encountered with
such machines is that of friction generated by a sliding piston resulting from misalignment
of the piston in the cylinder and laterat forces exerted on the piston by linkage of the piston
to a rotating crankshaft. These increased side loads increase engine noise, increase piston
wear, and decrease the efficiency and life of the engine. Additionally, because of the side
toads, the drive requires more power 10 overcome these frictional forces, thus reducing the
efficiency of the machine.

Improvements have been made on drive mechanisms in an attenpt to reduce these
side loads, however, many of the improvements bave resulted in heavier and bulkier
machines.

Accordingly, there is & need for practical machines with minimal side loads on
pistons.

SUMMARY

In accordance with one aspect of the present invention, a rocking beam drive
mechanism for a machine is disclosed. The drive mechanism inciudes a rocking beam
having a rocker pivot, at least one cylinder and at least one piston. The piston is housed
within a respective cylinder. The piston is capable of substantially linearly reciprocating

withtn the respective cvlinder. Also, the drive mechanism includes at least one coupling
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assembly having a proximal end and a distal end. The proximal end is connected te the
piston and the distal end is connected to the rocking beam by an end pivor. The linear
motion of the piston is converted 1o rotary motion of the rocking beam.

Some embodiments of this aspect of the present invention include one or more of the

Jr

following: where the rocking beam is coupled to a crankshafl by way of a connecting rod.
In this embodiment, the rotary motion of the rocking beam is transferred to the crankshafl.
Also, where the cyhnder way farther include a closed end and an open end. The open end
further includes a Huear bearing connecied to the cylinder. The linear bearing includes an
opening to accommodate the coupling assembly. Also, whese the coupling assembly further
10 includes a piston rod and a link rod. The piston rod and Yink rod are coupled together by a
coupling means. The coupling means is located beneath the linear bearing. Also, where the
drive mechanism also includes a seal, where the seal is sealably connected to the piston rod,
Also, where the seal is a roiling diaphragm. Also, in some embodiments, the coupling
means is a flexible joint. Tn some embodiments, the coupling means is a rotler bearing. In
15 some embodimeunts, the coupling means is a hinge. In some embodiments, the coupling
means is a flexure. In some embodiments, the coupling means is a journal bearing joint.

In accordance with another aspect of the present invention, a Stirling cycle machune
is disclosed. The machine includes at least one rocking drive mechanism where the rocking
drive mechanism includes: a rocking beam having a vocker pivot, at least one cylinder and

20 at least one piston. The piston is housed within a respective eylinder. The piston is capable
of substantially linearly reciprocating within the respective cylinder. Also, the drive
mechanism includes at least one conpling assembly baving a proximal end and a distal end.
The proximal end is connected to the piston and the distal end is connected to the rocking
beam by an end pivot. The linear motion of the piston i converted to rotary motion of the

25  rocking beam. Also, a crankcase housing the tocking beam aund housing a first portion of
the coupling assembly is included. A crankshaft coupled to the rocking beam by way of a
comnecting rod is also included. The rotary motion of the rocking beam is transferred to the
crankshaft. The machive also includes a working space housing the at least one cylinder,
the at least one piston and a second portion of the coupling assembly. A seal is included for

30 sealing the workspace from the crankease,

Some embodiments of this aspect of the present invention inchede one or more of the

following: where the seal is a rolling diaphragm. Also, the cvlinder may further include a

closed end and an open end, The open end further includes a linear bearing connected to

the cylinder. The linear bearing includes an opening to accommaodate the coupling
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assembly. Also, where the coupling assembly further includes a piston rod and a link rod.
The piston rod and link rod are coupled together by a coupling means. The coupling means
nay be located beneath the linear bearing.  Also, the machine may also include a lubricating
flutd pump in the crankcase. In some embodiments, the lubricating fluid pump is a
mechanical fubricating fluid pump driven by a pamp drive assembly, the pump drive
assembly being connected to and driven by the crankshafl.  In some embodiments, the
lubricating fluid purap is an electtic !ubﬁcating fluid purap. The machine may also inclade
a motor connected to the crankshaft. The machine may also include a generator connected
to the crankshaft.

In accordance with another aspect of the present invention, a Stirling cycle machine
is disclosed. The machine includes at feast two rocking drive mechanisms. The rocking
drive mechanisms sach include a rocking beam having a rocker pivot, two cylinders, and
two pistons. The pistons each housed within a respective cylinder. The pistons ave capable
of substantially Hoearly reciprocating within the respective cylinder. Also, the drive
mechanisms include  tivo coupling assemblies having a proximal end and a distal end, the
proximal end being connected to the piston and the distal end being connected to the
rocking beam by an ead pivot, The linear motion of the piston is converted to rotary motion
of the rocking beam. The machine also includes a crankcase housing the rocking beam and
housing a first partion of the coupling assemblies. Also, a crankshaft coupled to the rocking
heam by way of a connecting rod. The rotary motion of the rocking beam is transferred to
the crankshaft. The machine also includes a lubricating fluid pump in the crankease for
pumping lubricating fluid to lubricate the crankshaft and the rocking beam and the first
portion of the coupling assemblies. Also. a working space housing the cylinders, the
pistons and the second portion of the coupling assemblies. A rolling diaphragm for sealing
e workspace from the crankcase is also included.

Some embodiments of this aspect of the present invention include one or more of the
following: where the cvlinder may further include a closed end and an open end. The open
end further includes a linear bearing connected to the cylinder. The linear bearing includes
an opening to accommodate the coupling assembly. Also, where the coupling assembly
farther includes a piston rod and a link rod. The piston rod and link rod ave coupled
together by a coupling means. The coupling means may be located beneath the linear
bearing. Also, where the coupling means is a flexible joint. In seme embodiments, also

disclosed is where the coupling means is a roller bearing,
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These aspects of the invention are not meant to be exclusive gnd other featwtes,
aspects, and advantages of the present invention will be readily apparent to those of
ordinary skil! in the art when read in conjunction with the appended claims and

accompanying drawings.

S BRIEF DESCRIPTION OF THE DRAWINGS
These and other feamres and advantages of the present invention will be better
understood by reading the following detailed description, taken together with the drawings
wherein
FIGS. FA-1E depist the principle of operation of a prior art Stirling cyole machine;
10 FIG. 2 shows a view of a rocking beam drive in accordance with one embodiment;
FIG. 3 shows a view of a rocking beam drive in accordance with one embodiment;
FIG. 4 shows a view of an engine in accordance with one embodiment;
FIGS. 5A-5D depicts various views of a rocking beam drive in accordance with one
embodiment,
15 FIG. 6 shows a bearing style rod conpector in accordance with one embodiment;
FIGS. 7A-TB show a flexure in accordance with one embodiment;
FIG. 8 shows a four cylinder double rocking beam drive arrangement in accordance
with one embodiment;
FIG. 9 shows a cross section of a crankshaft in accordance with one embodiment;
20 FIG. 10A shows a view of an engine in accordance with one embodiment;
FIG3. 10B shows a crankshaft coupling in accordance with one embodiment;
FIG. 10C shows a view of a sleeve roror in accordance with one embodiment;
FIG. 10D shows a view of a crankshaft in accordance with one embodiment:
FIG. 10 is a cross section of the sleeve rotor and spline shaft in accordance with
25 one embodiment;
FIG. 10F is a cross section of the crankshaft and the spline shaft in accordance with
one embodiment;
FIG. 10G are various views a skeeve rotor, crankshaft and spline shaft i accordance
with one embodiment;
30 FIG. 11 shows (he operation of pistons ol an engine in accordance with one
embodiment,
FIG. 12A shows an unwrapped schematic view of a working space and cylinders in

accordance with one embodiment;
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FIG. 12B shows a schematic view of a cylinder, heater head, and regenerator in
accordance with one embodiment;

FIG. 12C shows a view of a cyhinder head in accordance wish one embodiment,

FIG. 13A shows a view ol a rolling diaphragm, along with supporting top seal piston
and bottom seal piston, in accordance with one erbodiment;

FIG. 13B shows an exploded view of a rocking beam driven engine in accordance
with one embodiment;

FIG. 13C shows g view of a cylinder, heater head, vegenerator, und rolling
diaphragm, in accordance with one embodiment;

FIGS. 13D-13F show various views of a rolling diaphragm during operation, in
accordance with one ambodiment;

FIG. 13F shows an unwrapped schematic view of a working space and cylinders in
accordance with one embodiment,

FIG. 13G shows a view of an external combustion engine in accordance with one;

FIGS. 14A-14E show views of various embodiments of a rolting diaphragm;

FIG. 13A shows a view of a metal bellows and accompanying pision rod and pistons
in accordance with one embodiment;

FIGS. 138-15D show views of metal bellows diaphragms, in accordance with one
embodiment;

FIGS. §SE-15G show a view of metal bellows in accordance with various
embodiments;

FIG. 154 shows a schematic of a rolling diaphragm identifying various load
Tegions;

FIG. 151 shows a schematic of the rolling diaphragm identifying the convolution
region;

FI(;. 16 shows @ view of a piston and piston seal in accordance with one
erubodiment;

FIG. 17 shows a view of a piston rod and piston rod seal in accordance with oue
embodiment;

FIG. 18A shows a view of a piston seal backing ring in accordance with one
embodinent;

FIG. 188 shows a pressure diagram for a backing ring in accordance with one

embodmment;

FIGS. 18C and 18D show a piston seal in accordance with one embodiment;
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FIGS. 18F and 18F sfiow & piston rod seal in accordance with one embodiment;
FIG. 19A shows a view of a piston seal backing ring in accordance with one
embodiment;

FIG. 198 shows a pressure diagram for a piston seal backing ring in accordance with

o

one embodiment;

FIG. 20A shows a view of a piston rod seal backing ring in accordance with one
embodiment;

FIG. 20B shows a pressure diagram for a piston rod seal backing ring in accordance
with one embodiment;
10 FIG. 21 shows views of # piston gnde ring in accordance with one embodiment;

FIG. 22 shows an unwrapped schematic illusiration of a working space and cylinders
in accordance with one embodiment;

FIG. 23A shows a view of an engine in accordance with one embodiment,

FIG. 238 shows a view of an engine in accordance with one embodiment;

-
"

FIG. 24 shows a view of a crankshalt in accordance with one embodiment;
FIGS. 25A-25C show various configurations of pump drives in accordance with
various embodiments;
FIGS. 20A show various views of an oil pump in accordance with one embodiment,
FIG. 26B shows a view of an engine in accordance with one embodiment,
20 FIG. 26C shows another view of the engine depicted in FIG. 208,
FIGS. 27A and 27B show views of an engine in accordance with one embodiment;
FIG. 27C shows a view of a coupling joint in accordance with one embodiment;
FIG. 27D shows a view of a crankshaft and spline shaft of an engine in sccordance
with one embodiment;
25 FIG. 28 shows a view of a heater exchanger and burner for an engine in accordance
with one embodiment;
FIG. 29 shows a view of a tube heat exchanger in accordance with one embodiment:
FIG. 30 shows a view of a tube heat exchanger it accordance with one embodiment;
FIG. 31 shows a view of a tube heat exchanger in accordance with one embodiment;
30 FIG. 32 shows a view of heater tubes of a heat exchanger in accordance with one
erubodinwent,
FIG. 33 shows a view of heater tubes of a heat exchanger in accordance with one
embodiment;

FIG. 34 shows a view of a tube heat exchanger in accordance with one embodiment;
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FIG. 35 shows a view of a tube heat exchanger in accordance with one embodiment;
FIG. 26 shows a view of a heater head of an engine in accordance with one
embodiment;

FG. 37 shows a view of a tube heat exchanger in accordance with one embodiment;

L

FIG. 38 shows a view of a tube heat exchanger in accordance with ane embodiment;

FIG. 39 shows a portton of a cross section of a tube heat exchanger m accordance
with one embodiment;

FIG. 40 shows a view of a tube heat exchanger in accordance with one embodiment;

FIG. 41 shows a portion of a ¢ross section of a tube heat exchanger in accordance
10 with one embodiment;

FIG. 42 shows a view of a heater head of an engine in accordance with one
embodiment;

FIG. 43A shows a view of a tube heat exchanger in accordance with one

embodiment;

e

FIG. 43B shows a view of a tube heat exchanger i accordance with one
embodiment;
FIG. 44A stiows a view of a tube heat exchanger in accordance with one
embodiment;
FIG. 44B shows a view of a tsbe heat exchanger in accordance with one
20 embodiment;
FIG. 43A shows view of a tube heat exchanger in accordance with one embodiment;
FIG. 458 shows a view of a tube heat exchanger in accordance with one
embodiment;
FIGS. 46A-46D show various confipurations of a tube heat exchanger in accordance
25 with vatious embodiments;
FIG. 47 shows a view of a wibe beat exchanger in accordance with one embodiment:
FIG. 48 shows a view of a tube beat exchanger in accordance with one embodiment;
FIG. 49 shows a view of a heater head of an engine in accordance with one
embodiment;
30 FIG. 50 shows a view of a tube heat exchanger in accordance with one embodiment;
FIGS. 51A and 51B show views of heat exchangers of an engine in accordance with
varions embodiments;
FIGS. 52A-52C show various views of a heat exchanger fn accordance with one

smbodiment;
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FIG. 52D shows a view of a heat exchanger in accordance with one embodiment;

FIGS. 33A and 53B show views of a heat exchanger in accordance with one
embodiment;

FIG. 53C shows a view of a heat exchanger of an engine in accordance with one
embodiment;

FIGS. §3D-53F show views of a heat exchanger of an engine in accordance with one
embodiment; .

FIGS. 34A and 54B show views of a heat exchanger of an engine in accordance with
ane embodiment;

FIGS. 55A-55D show various views of a heat exchanger in accordance with one
embodiment;

FIGS. 56A-36C show various configurations of a heat exchanger in accordance with
varions embodiments;

FIGS. 57A and 578 show various diagrams depicting physical properties of a heat
exchanger in accordance with vue embodiment;

FIG. 58 shows a view of a heater head in accordance with one embodiment;

FIG. 59 shows a view of a heater head in accordance with one embodiment;

FIGS. 60A and 60B show views of a heater head in accordance with one
embodiment,;

FIGS. 61A and 61B show views of a heater head in accordance with one
embodiment;

FIGS. 624 and 62B show views of a beater head in accordance with one
embodiment,

FIG. 62C shows a views of a heater head in accordance with one embodiment;

FIG. 62D shows a view of a heater head in accordance with one embodiment;

FIG. 62F shows a view of a heater head in accordance with one embodinent,

FIGS. 62A and 638 show a regenerator of a Stirling cyele engine in accordance with
one ernbodiment;

FIGS. 64A-64F show various configurations of a regenerator of a Stirling cycle
engine in accordance with various embodiments;

FIGS. 63A-05G show various views of an engine in accordance with several
embodiments;

FIGS. 66A and 66B show views of a cooler for an engine in accordance with some

embodiments;
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FiG. 67A shows a view of a cooler for an engine i accordance with one
embodiment;
FIG. 678 shows a view of a cooler for an engine in accordance with one

embodiment;

o

FIG. 67C shows a view of the embodiment of a cooler for an engine depicted in
FIG. 674,
FIG. 68 shows 4 view of an intake manifold for an engine in accordance with one
embodiment;
FIGS. 69A and 698 show various views of an intake manifold for an engine in
10 accordance with one embodiment;
FIG. 70 shows a view of a heater head of an engine in accordance with yet another
embodiment of the invention;
FIG. 71A and 71B show views of a burner of an engine in accordance with one
embodiment;
135 F1G. 72 is a gaseous Tuel burner coupled to a Stirling cycle engine, where the gjector
is & venturi, according to one embodiment;
FIG. 73A is the bumer of FIG. 72 showing the air and fuel flow paths;
FIG. 738 is a graphical representation of the pressure across the burner;
FIG. 74 shows a view of a venturi as shown in the burner of FIG. 72;
20 FIGS. 75 and 75A are embodiments of the venturi in FIG. 72;
FIG. 75B shows a schematic of a multiple fuel system with multiple fuel restrictions
and valves;
FIG. 76 shows a schematic of an embodiment of the burner with automated fuel

control for variadle fuel properties;

-
i

FIG. 77 shows a schematic of another embodiment of the burner with temperature
sensor and engine speed control loop;

FIG. 78 shows a schematic of ver another erabodiment of the burner with
temperature sensor and oxygen sensor controtf loop;

FIG. 79 shows an alternative embodiment of the gjector wherein the fuel is fed
30 direcdy into the gjector;

FIG. 80 is a block diagram showing a system for controlling a pressunzed
combustion chamber of an engine according to an embodiment;

FIG. 81 shows a piston pump according to ene embodiment;
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FIG. 82 shows an alternating current waveform suitable for driving the piston pump
of FIG. 81;
FIG. 83 shows a pulse-width-modulated divect current waveform suitable for driving

the piston pump of FIG. 81, according to one embodiment;

on

FIG. 84 is schematic diagram of 2 diaphragm pump according 10 one embodiment;

FIG. 85 is a schematic diagram of a center-tapped coil for a diaphragm pamp
according 10 one embodiment;

FIGS. 86A and 86B shows pulse-width-modulated direct current waveforms suitable
for driving the center-tapped coil of FIG. 85, according to some embodiments;
10 FIGS. 87A.87D show embodiments of inctuding a filter between the fuel pamp and
combustion chamber;

FIG. 88 shows a view of an engine in accordance with one embodiment;

FIGS. 89A - 89C show views of a burner for an engine in accordance with various
embodiments;

ki)

FIG. 90 shows a view of an engine with multiple barpess i accordance with yvet
another embodiment of the invention;,

FIGS. 91A and 91B show views of multiple burners for an engine in accordance
with varicus embodiments;

FIG. 91C shows a view of a tube heater head in accordance with one embodiment;
20 and

FIG. 91D shows a cross section of the tube heater head depicted in FIG. 91C.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Stirling evcle machines, including engines and refrigerators, have a long

3
A

technological heritage, described in detail in Walker, Stirling Engines, Oxford University
Press (1980). The principle underlying the Stirling cycle
enping is the mechanical realization of the Stirling thenmodynamic cyele: isovolumetric
heating of & gas within a cylinder, isothermal expansion of the gas (during which work is
performed by driving a piston), isovolumetric cooling, and isothermal compression.
30 Additional background regarding aspects of Stirling cycle machines and improvements
thereto is discussed in Hargreaves, The Philtips Stitling Engioe (Elsevier, Amsterdam,
1991).

The principle of operation of a Stirling eycle machine is readily described with

reference to FIGS. 1A-1E, wherein identical numerals are used to identify the same or
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stemilar parts. Many mechanical layouts of Stirfing cycle machines are known in the art, and
the particular Stirling cyele machine designated generally by numeral 10 is shown merely
for illustrative purposes. In FIGS. 1A w 1D, piston 12 and a displacer 14 move in phased

reciprocating motion within the cylinders 16 which, in some embodiments of the Stirling

o

cycle machine, may be a single cylinder, but in other ensbodinments, may include greater
than a single cylinder. A working fluid contained within cylinders 16 is constrained by
seals from escaping around piston 12 and displacer 14. The working fluid is chosen for its
thermodynamic properties, as discussed in the description below, and is typically helium at
a pressure of several anmospheres, however, any gas, including any inext gas, may be used,
10 including, but not timited to, hydrogen, argon, neon, nitrogen, air and any mixtures thereof,
The position of the displacer 14 governs whether the working fluid is in contact with the hot
interface 18 or the cold interface 20, corresponding, respectively, to the interfaces at which
heat is supplied o and extracted from the working fluid. The supply and extraction of heat

is discussed in further detail below. The volume of working fluid governed by the position

W

of the piston 12 is referred (o as the compression space 22.

During the first phase of the Stitling cycle, the starting condition of which is
depicted in FIG. 1A, the piston 12 compresses the fluid in the compression space 22. The
compression occurs at a substantially constant temperature because heat is extracted from
the fluid to the ambient environment. The condition of the Stirting cycle machine 10 after
20 compression is depicted in FIG. 1B, During the second phase of the cycle, the displacer 14

moves i the direction of the cold interface 20, with the working fluid displaced from the

region of the cold interface 20 to the region of the hot interface 18. This phase may be

referred 10 as the transfer phase. At the end of the wansfer phase, the fluid is st a higher

pressure since the working fluid has been heated at constant volume. The increased pressure
25 is depcted symbolically in FIG. 1C by the reading of the pressure gange 24,

During the third phase (the expansion stroke) of the Stirling cycle machine, the
volume of the compression space 22 increases as heat is drawn in from outside the Stirling
eycle machine 10, thereby converting heat to work. In practice, heat is provided to the fluid
by means of a heaier head (not shown) which is discussed in greater detail in the description

30 below. At the end of the expansion phase, the compression space 22 is full of cold fluid, as
depicted i FIG. 10. During the fouwrth phase of the Stigling cycle machine 10, flaid is
wansterved from the region of the hot interface 18 10 the region of the cold interface 20 by
motion of the displacer 14 1n the opposing sense. At the end of this second transfer phase,

the fluid fills the compression space 22 and cold interface 20, as depicted in FIG. 1A, and is
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ready for a repetition of the compression phase. The Stisling cycle is depicted in a P-V
{pressure-volume) diagram as shown in FIG. 1E.
Additionally, ou passing from the region of the hot interface 18 to the repion of the
cold mterface 20. in some embodiments, the fluid may pass through a regenerator (shown
5 as 408 in F1G. 4). A regenerator is a matrix of material having a large ratio of surface area
to volume which serves Lo absorb heat from the fluid when it enters from the region of the
hot interface 18 and fo heat the fluid when it passes from the region of the cold interface 26.
Stirling evele machines have not generally been used in practical applications due 10
several daunting chatlenges to their development. These involve practical considerations
10 such as efficiency and lifetime. Accordingly, there is @ need for more Stirling cycle
machines with minimal side loads on pistons, increased efficiency and lifetime.
The principle of operation of a Stisling cvcle maching or Stirling engine is further
discussed in detail in LS. Patent No. 6,381,958, issued May 7, 2002, to Kamen ¢i al,

L

Rocking Beam Drive
Referring now to FIGS. 2-4, embodiments of a Stirling cvcle machine, according to
ene embodiment, are shown in cross-section. The engine embodiment is designated
generally by numeral 380. While the Stirling cycle machine will be described generally with
reference 1o the Strling engine 300 embodiments shown in FIGS. 2-4, it is to be understood
20 that many types of machines and engines, including but not limited to refrigerators and
compressors may similarly benefit from various embodiments and improvements which are
described herein, including but rot timited to, external combustion engines and internal
combustion engines.
FIG. 2 depicts a cross-section of an embodiment of a rocking beam drive mechanism
25 200 (the term “rocking beam drive” is used syponymously with the term “rocking beamt
drive mechanism™) for an engine, such as a Stirling engine, having linearly reciprocating
pistons 202 and 204 housed within cylinders 206 and 208, respectively. The cylinders
include linear bearings 220, Rocking beam drive 200 converts linear motions of pistons 202
and 204 into the rotary motion of a crankshaft 214, Rocking beam drive 200 has a rocking
30 beam 216, rocker pivot 218, a first coupling assembly 216, and a second coupling assembly
212, Pistons 202 and 204 are coupled 1o rocking beam drive 200, respectively, via first
coupling assembly 210 and second coupling assembiy 212. The rocking beam drive is

coupled to crankshaft 214 via a connecting rod 222.
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In some embodiments, the rocking beam and a first portion of the coupling assembly
ruay be located in a crankcase, while the cylinders, pistons and a second portion of the
coupling assembly 18 located in & workspace.

In FIG. 4 a crankcase 400 most of the rocking beam drive 200 is postiioped below

n

the cylinder housing 402, Crankcase 400 is a space to permit operation of rocking beam

drive 200 having a cravkshaft 214, rocking beam 216, linear bearings 220, a connecting rod

222 and coupling assemblies 210 and 212, Crankcase 400 intersects cylinders 206 and 208

transverse 1o the plane of the axes of pistons 202 and 204, Pistons 202 and 204 reciprocate

in respective cylinders 206 and 208, as also shown in FIG 2. Cylinders 206 and 208 extend

10 above crankshafi housing 400, Crankshaft 214 is mounted in crankcuse 400 betow
evlinders 206 and 208.

FIG. 2 shows one embodiment of rocking beam drive 200. Coupling assemblies 210
and 212 extend from pistons 202 and 204, respectively, to connect pistons 202 and 204 to
rocking beam 216, Coupling assembly 212 for piston 204, in some embodiments, may

15 comprise a piston rod 224 and a link rod 226. Coupling assembly 214 for piston 202, in
some embodiments, may comprise a piston rod 228 and a link rod 230. Piston 204 operates
in the cylinder 208 vertically and is connected by the coupling assembly 212 to the end
pivot 232 of the rocking beam 216, The cylinder 208 provides guidance for the longitudinal
motion of piston 204. The piston vod 224 of the coupling assembly 212 attached 10 the

20 lower portion of piston 204 is driven axially by its link rod 226 in a substantiaily linear

reciprocating path along the axis of the cylinder 208. The distal end of piston rod 224 and

the proximate end of link rod 226, in some embodiments, may be jointly hinged via a

coupling means 234. The coupling means 234, may be any coupling means known in the
art, meluding but not Limited to, a flexible joint, roller bearing element, hinge, jovmal

bearing joint (shown as 660 in FIG. 6), and flexure (shown as 700 in FIGS. 7A and 7B).

o
R

The distal end of the link rod 226 may be coupled to oue end pivot 232 of rocking beam
216, which is positioned vertically and perpendicularly under the proximate end of the link
rod 226. A stationary linear bearing 220 may be positioned slong coupling assembly 212 to
further ensure substantially linear longitudinal motion of the piston rod 224 and thus

30 ensuring substantially linear longitudinal motion of the piston 204, In an exemplary
embodinent, link rod 226 does ot pass through linear bearing 220, This ensores, among
other things, that piston rod 224 retains a substantially linear and longitudinal motion.
{0001}  In the exemplary embodiment, the link rods may be made from aluminum, and the

piston rods and connecting rod are made from D2 Tool Steel. Alternatively, the link rods,
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piston rods, connecting rods, and rocking beam may be made from 4340 steel. Other
materials may be used for the components of the rocking beam drive, including, but not
limited to, titaniony, glutinu, steel or cast iron. In some embodiments, the fatigue

strength of the material being used is above the actual load experienced by the components

s

during operation.
Stilt referrving to FIGS. 2-4, piston 202 operates vertically in the cylinder 206 and is
connected by the coupling assembly 210 10 the end pivot 236 of the rocking beam 216. The
cylinder 206 serves, amongst other functions, to provide guidance for longitudina) niotion
of piston 202. The piston rod 228 of the coupling assembly 210 is attached 10 the lower
10 portion of piston 202 and is driven axially by its link rod 230 in a substantially linear
reciprocating path along the axis of the cylinder 206. The distal end of the piston rod 228
and the proximate end of the link rod 230, in some embodiments, is jointly hinged viaa
coupling means 238. 'The coupling means 238, in varions embodiments may include, but
are not limited to, a flexure {shown as 700 in FIGS. 7A and 7B. roller bearing element,

15 hinge, journal bearing (shown as 606 i FIG. 6), or coupling means as known in the arl.
The distal end of the link rod 236, in some embodiments, may be coupled Lo one end pivot
236 of rocking beam 216, which is positioned vertically and perpendicularly under the
proximate end of tink rod 230, A stationary linear bearing 220 may be positioned along
coupling assembly 210 to forther ensure linear longitudinal motion of the piston rod 228

20 and thus ensuring lnear longitedinal motion of the piston 202. in an exemplary

embodiment, link vod 236 does not pass through linear bearing 220 10 ensute that piston rod

228 retains a substantiaily linear and longitudinal motion.

{0002} The coupling assemblies 210 and 212 change the alternating longitudinal motion

of respective pistons 202 and 204 to oscillatory motion of the rocking beam 216. The

t3
R

delivered oscitlatory motion is chianged to the rotational motion of the crankshaft 214 by the
connecting rod 222, wherein one end of the connecting rod 222 is rotatably coupled to &
connecting pivot 240 positioned between an end pivot 232 and a rocker pivot 218 in the
rocking beam 216, and another end of the connecting rod 222 is rotatably coupled to
crankpin 246. The rocker pivot 218 may be positioned substantially at the midpoint

3¢ between the end pivors 232 and 236 and oscillatorily support the rocking beam 216 as a
felerum, thus guiding the respective piston rods 224 and 228 (o make safficient linear
motion. {n the exemplary embodiment, the craukshaft 214 is located above the rocking
beam 216, but in other cmbodiments, the crankshaft 214 may be positioned below the

rocking beam 216 (as shown in FIGS. SB and 3D) or in some embodiments, the crankshaft
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214 is positioned to the side of the rocking beam 216, such that it still has g parallel axis to
the rocking heam 216.

Stilt referring {0 FIGS. 2-4, the rocking beam oscillates about the rocker pivot 218,
the end pivots 232 and 236 follow an arc path. Since the distal ends of the link rods 226 and

3 230 are connected to the rocking beam 216 at pivots 232 and 236, the distal ends of the link

rods 226 and 230 also follow this arc path. resulting fn an angular deviation 242 and 244
from the longitudinal axis of motion of their respective pistons 202 and 204. The coupling
means 234 and 238 are configured such that any angular deviation 244 and 242 from the
{ink rods 226 and 230 experienced by the piston rods 224 and 228 is minimized.

10 Essentially, the angular deviation 244 and 242 is absarbed by the coupling means 234 and
238 so that the piston rods 224 and 228 mainain substantially linear longirudinal motion 10
reduce side toads on the pistons 204 and 202, A stationary linear bearing 220 may also be
placed inside the cylinder 208 or 206, ox along coupling asserablies 212 ox 210, to further

absarb any angular deviation 244 or 242 thus keeping the piston push rod 224 or 228 and

W

the piston 204 or 202 in linear motion afong the lengitudinal axis of the piston 204 or 202.
Therefore, in view of reciprocating motion of pistons 202 and 204, it is necessary (0
keep the moticn of pistons 202 and 204 as close to linear as possible because the deviation
242 and 244 from longitedinal axis of reciprocating motion of pistoas 202 and 204 causes
noise, reduction of efficiency, incresse of friction to the wall of cylinder, increase of side-
20 load, and low durability of the parts. The alignment of the cylinders 206 and 208 and the
arrangement of crankshaft 214, piston rods 224 and 228, link rods 226 and 238, and
connecting rod 222, hence, may influence on, amongst othes things, the efficiency andfor
the volume of the device. For the purpose of increasing the Huearity of the piston motion as

mentioned, the pistons (shown as 202 and 204 in FIGS. 2-4) are preferably as close to the

+J
A

sidde of the respective cylinders 206 and 208 as possible.

In another embodiment reducing angular deviation of link rods, link rods 226 and
230 substantially linearly reciprocate along longitudinal axis of motion of respective pistons
204 and 202 to decrease the angular deviation and thus o decrease the side load applied to
each piston 204 and 202. The angular deviation defines the deviation of the link red 226 ot
30 230 from the longitudinal axis of the piston 204 or 202, Numerals 244 and 242 designate
the angular deviation of the link rods 226 and 230, as shown in FIG. 2. Therefore, the
position of coupling assembly 212 influences the angular displacement of the link rod 226,
based on the length of the distance between the end pivot 232 and the rocker pivot 218 of

the rocking beam 216. Thus, the position of the coupling assemblies may be such. that the
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angular displacement of the link rod 226 is reduced. For the link rod 2390, the length of the
coupling assembly 210 also may be determined and placed to reduce the angular
displacement of the link rod 230, based on the length of the distance between the end pivot
236 and the rocker pivot 218 of the rocking beam 216. Therefore, the length of the tink
rods 226 and 230, the length of coupling assemblies 212 and 219, and the length of the
rocking beam 216 are significant parameters that greatly influence and/or determine the
angular deviation of the Hok rods 226 and 230 as shown in FIG. 2.

The exemplary embodiment has a straight rocking beam 216 having the end points
232 and 236, the rocker pivot 218, and the connecting pivot 240 along the same axis.
However, in other embodiments, the rocking beam 216 mav be bent, such that pistons may
be placed at angles to each other, as shown in FIGS. $C and SD.

Referring now to FIGS. 2-4 and FIGS. 7A-7B, in some embodiments of the coupling
assembly, the coupling assemblies 212 and 210, may include a flexible fink rod that is
axially stiff but flexible in the rocking beam 216 plane of motion between link rods 226 and
230, and pistons 204 and 202, respectively. In this embodiment, al least one portion, the
flexure (shown as 700 in FIGS. 7A and 78), of link rods 226 and 230 is elastic. The
flexture 700 acts as a coupling menans between the piston rod and the link rod. The flexure
700 may absorb the crank-induced side loads of the pistons more effectively, thus allowing
its respective piston to maintain linear longitudingl movement inside the piston’s cvlinder.
This flexnre 700 allows small rotations in the plane of the rocking beam 216 between the
tmk rods 226 and 239 and pistons 204 or 202, respectively. Although depicted in this
embadiment as flat, which increases the elasticity of the link rods 226 and 230, the flexare
700, in some embodiments, is not flat. The flexure 700 also may be constructed near to the
lower portion of the pistons or near to the distal end of the link rods 226 and 230. The
flexure 700, in one embodiment, may be made of 132 Tool Steel Hardened to 38-62 RC. In
some embodiments, there may be more than one flexure (not shown) on the link rod 226 or
136 to wcrease the elasticity of the link rods.

In alternate embodiment, the axes of the pistons w each cyhnder housing may
extend in different directions, as depicted in FIGS. 5C and 51 {n the exemplary
embodiment, the axes of the pistons in each cylinder housing are substantially parallel aud
preferably subsiantially vertical, as depicted in FIGS. 2 - 4, and FIGS. 5A and 53B. FIGS.
SA-5D include various embodiments of the rocking beam drive mechanism including like

numbers as those shown and described with respect 10 FIGS. 2-4. It will be understood by
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those skilled in that art that changing the velative position of the comecting pivot 240 along
the rocking beam 216 will change the sucke of the pistons.

Accordingly, 4 change in the parameters of the relative position of the connecting
pivot 240 in the rocking beam 216 and the length of the piston rods 224 and 228, link rods
230 and 226, rocking beam 216, and the position of rocker pivot 218 will change the

2

angudar deviation of the ink rods 226 and 230, the phasing of the pistous 204 and 202, and
the size of the device 300 in a varicty of manner. Therefore, n varions embodiments, 8
wide range of piston phase angles and variable sizes of the engine may be chosen based on
the medification of one or more of these parameters. In practice, the link rods 224 and 228

10 of the exemplary embodiment have substantially fateral movement within from -Q.5 degree
10 +).5 degree from the longitudinal axis of the pistans 204 and 202, n various other
emboediments, depending on the length of the link rod, the angle may vary anywhere from
approaching 0 degrees 10 .73 degrees. However, in other embodiments, the angle may be
higher including anywhere from approaching 0 to the approximately 20 degrees. As the

13 link rod length increases, however, the crankcass/overall engine height increases as well as
the weight of the engine.

One feature of the exemplary embodiment is that each piston has its Huk rod
extending substantially to the attached piston rod so that it is formed as a coupling
assembly. In one embodiment, the coupling assembly 212 for the piston 204 includes a

20 piston rod 224, a tink rod 226, and a coupling means 234 as shown in F1G. 2. More
specifically, one proximal end of piston rod 224 is attached to the lower portion of piston
204 and the distal end piston rod 224 is connected to the proximate end of the link 10d 226
by the coupling means 234. The distal end of the fink rod 226 extends vertically to the end
pivot 232 of the rocking beamn 216, As described above, the coupling means 234 may be,

25 butis not limited to, a joint, hinge, coupling, or flexure or other means known in the art. In
this embodiment, the ratio of the piston rod 224 and the livk rod 226 may determine the
angular deviation of the link rod 226 as mentioned above.

In one embodiment of the machine, an engine, such as a Stirling engine, eruploys

maore than one rocking beam drive on a crankshaft. Referring now to FIG. 8, an unwrapped
30 “four cylinder” rocking beam drive mechanism 800 is shown. In this embodiment, the
rocking beam drive mechanism bas four pistons 802, 804, 806, and 808 coupled o 1wo
rocking beam drives 810 and 812, In the exemplary embodiment, rocking beam: drive
mechanism 806 is used in a Stisling engine comprising at least fowr pistons 802, 804, 806,

and 808, positioned in a quadrilateral arrangement coupled to a pair of rocking beam drives
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816 and 812, wherein each rocking beam drive is connected to crankshatft 814, However, wn
other embodiments, the Stirling cycle engine includes anywhere from 1-4 pistons, and in
still other embodiments, the Stisling cycle engine mcluedes more than 4 pistons, ln some

embodiments, rocking beam drives 810 and 812 are substantially similar to the rocking

n

beam drives described above with respect to FIGS. 2-4 (shown as 210 and 212 in FIGS. 2 -
4). Although in this embodiment, the pistons are shown outside the cylinders, in practice,
the pistons wounld be inside cylinders.

St referring to FIG. 8, in some embodiments, the rocking beam drive mechanism
800 has a single crankshaft 814 having a pair of longitudinally spaced, radially and
10 oppesiely directed crank pins 816 and 818 adapted for being journalled 11 a housing, and a
pair of rocking beam drives 810 and 812. Each rocking beam 820 and 822 is pivotaily
connected 1o rocker pivots 824 and 826, respectively, and to crankpins 816 and 818,
respectively. In the exemplary embodiment, rocking beams 820 and 822 are coupled to a

rocking beam shafi 828

W

In some embodiments, a motor/generatoy may be connected to the crankshaftin a
working relationship. The motor may be Jocated, i one embodiment, between the rocking
beam drives. In another embodiment, the motor may be positioned outboard. The term
“motorigenerator” is used to mean either a motor oF a generator,

FIG. 9 shows one embodinent of crankshaft 814, Positioned on the crankshaft is a
20 motorgenerator 900, such as a Permanent Magnetic (“PM”) generator. Motor/generator 500
way be positioned between, or inboard of the rocking beam drives (not shown, shown in
FIG. 8 a5 810 and 812), or may be positioned outside, or outboard of, rocking beam drives
810 and 812 at gn end of crankshafi 814, as depicted by numeral 1000 in FIG 10A.

When motot/generator 900 is positioned between the rocking beam drives (not

| 2]
N

shown, shown in FIG. 8 as 810 and 812), the length of motor/generator 900 1s limited to the
distance between the rocking bean: drives. The diameter squared of motor/generator 900 is
limited by the distance between the crankshaft 814 and the rocking beam shaft 828, Because
the capacity of motorgenerator 900 is proportional 1o fis diameter squared and length, these
dimension limitations result in a limited-capacity “pancake”™ motor/generator 904 having

30 relatively short length, and a relatively large diameter squared. The use of a “pancake”
motor/generator 900 may reduce the overall dimension of the engine, however, the
dimension limitations imposed by the inboard configuration result in a motor/geuerator

having limited capacity.
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Placing motor/generator 900 between the rocking beam drives exposes
motor/generator 900 to heat generated by the mechanical friction of the rocking beam
drives. The inboard location of motor{generator 900 makes it wore difficult to cool

motor/generator 900, thereby increasing the effects of heat produced by motor/generator

o

900 as well as heat absorbed by motor/generator 900 from the rocking beam drives. This

may lead 10 overheating, and ultimately failure of motor/generator 900,

Referring to both FIGS. & and 9, the inboard positioning of motor/generator 960
may also lead to an unequilateral configuration of pistons 802, 804, 806, and 808, since
pistons 802, 804, 806, and 808 are coupled to rocking beam drives 810 and 812,

10 respectively, and any increase in distance would also result in an increase in distance
between pistons 802, 804, and pistons 806 and 808. An unequilateral arrangement of pistons
may lead to mefficiencies in burner and heater head thermodynamic operation, which, in
tum, may lead to a decrease in overall engine efficiency, Additionally, an unequilateral
arrangement of pistons may lead o larger heater bead and combustion chamber dimensions.

[ The exemplary embodiment of the motor/generator arrangement is shown i FIG.
10A. As shown in FIG. 104, the motor/generator 1000 is positioned outboard from rocking
beam drives 1010 and 1012 (shown as 810 and 812 in FIGS. 8) and at an end of crankshaft
1006. The outboard position allows for a motor/generator 1000 with a targer length and
diameter squared than the “pancake”™ motor/generator described above (shown as 900 in

20 FHG. 9). As previously stated, the capacity of mator/generator 1000 is proportioual to ifs

length and diameter squared, and since outboard motor/generator 1000 may have a larger

length and diameter squared, the oathoard motor/generator 1000 configuration shown in

FIG. 10A may allow for the use of a higher capacity motor/generator in conjunction with

engine.

2
A

By placing motor/genarator 1000 outboard of drives 1010 and 1012 as shown in the
emsbodiment in FIG. 10A, motor/generator 1000 is not exposed to heat generated by the
mechanical friction of drives 1010 and 1012, Also, the outboard position of motor/generator
1000 makes it easier 10 cool the motor/generator, thereby allowing for more mechanical
engine cycles per a given amount of time, which in turn allows for higher overall engine
30 performance.

Also, as motor/genesator 1000 is positioned outside and not positioned between
drives 1010 and 1012, rocking beam drives 1010 and 1612 may be placed closer together
thereby allowing the pistons which are coupled 10 drives 1018 and 1012 1o be placed inan

equilateral arrangement. In some embodiments, depending on the burner type used,
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particularly in the case of a single burmer embodiment, equilateral arrangement of pistons
attows for higher efficiencies in burer and heater head thermodynamic operation, which in
turn allows higher overall engine performance. Equilmeral arrangement of pistons also

advantageously allows for smaller heater head and combustion chamber dimensions.

[

Referring again to FIGS. 8 and 9, crankshaft 814 may have concentric ends 902 and
904, which i one embodiment are crank journals, and in varions other embodiments, may
be, but are not Hmited to, bearings. Each concentric end 962, 904 has a crankpin 816, 818
respectively, that may be offset from a crankshaft center axis. At least one counterweight
906 may be placed at either end of crankshaft 814 {shown as 1086 in FIG. 10A), 10
10 counterbalance any instability the crunkshaft 814 may experience. This crankshaft
configuration in combination with the rocking beam drive described above allows the
pistons {shown as 802, 804, 806, and 808 in FIG. 8) 1o do work with one rotation of the
crankshaft 814, This characteristic will be further explained below. In other embodiments,
a flywheel (not shown) may be placed on crankshaft 814 (shown as 1006 in FIG. 10A) to
15 decrease Nuctuations of angulas velotity for a move constant speed.

Suill referving to FIGS. 8 and 9, in some embodiments, a cooler (not shown) may be
also be positioned along the crankshaft 814 (shown as 1806 in FIG. 10A) and rocking beam
drives 810 and 812 {shown as 1010 and 1012 in FIG. 10A) to cool the crankshaft 814 and
rocking beam drives 810 and 812, In some embodiments, the cooler may be used to cool

20 the working gas in a cold chamber of a cylinder and may also be configured o cool the

rocking beam drive. Various embodiments of the coolex are discussed in detail below.
FIGS. 10A-10G depiet some embodiments of vartous parts of the machine. As

shown in this embodiment, crankshaft 1006 is coupled to motor/generator 1000 via a

motor/generator coupling assembly. Since motor/generator 1000 is mounted to crankcase

3
N

1008, pressurization of crankease with a charge fluid may result in crankcase deformation,
which m turn may lead (o misalignments between motor/geuerator 1008 and crankshaft
1006 and cause crankshaft 1006 10 deflect. Because rocking beam drives 1010 and 1012 are
coupled to crankshaft 1006, deffection of crankshafi 1006 may lead 1o faiture of rocking
beam drives 1010 and 1012, Thus, in one embodiment of the machine, a motor/generator
30 coupling assembly is used to couple the motor/generator 1000 to crankshaft 1606, The
otor/generator coupling assembly accommodates differences in alignment between

motor generator 1000 and crankshaft 1006 which may contribute to failure of rocking beam

drives 1010 and 1012 during operation.
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Still referring to FIGS. 10A-10G, in one embodiment, the motor/generator coupling
assembly is a spline assembly that includes spline shaft 1004, sleeve rotor 1002 of
motor/generator 1000, and crankshaft 1006, Spline shaft 1004 couples one end of

crankshafl 1006 to sleeve rotor 1082. Sleeve rotor 1082 is attached to motor/generator 1000

(973

by mechanical means, such as press fitiing, welding, threading, or the like. In one

embodument, spline shaft 1004 includes a plurality of splines on both ends of the shaft. In

other embodiments, spline shaft 1004 includes a middle splineless portion 1014, which has

4 diameter smaller than the outer diameter or inner diameter of splined portions 1016 and

1018, In still other embodiments, one end portion of the spline shaft 1016 has spiines that

10 extend for a Jonger distance along the shaft than a second end portion 1018 that also
inclades splines thereon.

In some embodiments, steeve rotor 1002 includes an opening 1020 that extends
along a longitudinal axis of sleeve rotor 1002. The opening 1020 is capable of receiving
spline shaft 1064, In some embodiments, opening 1020 includes a plurality of inner splines

15 1022 capable of engaging the splines on one end of spline shafl 1004, The outer diameter
1028 of inner splines 1022 may be larger than the outer diameter 1030 of the splines on
spline shaft 1004, such that the fit between inner splines 1022 and the splines on spline shaft
1004 is loose (as shown in FIG. 10E). A loose fit between inner splines 1022 and the splines
ou spline shafl 1004 contributes to maintain spline engagement between spline shaft 1004

20 and rotor slesve 1092 during deflection of spline shaft 1004, which may be caused by

crankcase pressurization. In other embodiments, longer splined portion 1016 of spline shaft

1064 may engage inner splines 1022 of rotor 1082

Still referring to FIGS. 10A-10G, in somne embodiments, crankshaft 1006 has an

opening 1624 on an end thereof, which is capable of receiving one end of spline shaft 1064.

13
N

Opening 1024 preferably includes a plurality of inner splines 1026 that engage the splines
on spline shaft 1004, The cufer diametes 1032 of inner splines 1026 raay be larger than the
outer diameter 1034 of the splines on spline shaft 1004, such that the fit between inner
splines 1026 and the splines on spline shaft 1004 is loose (as shown in FIG. 10F). As
previously discussed, a loose fit between inner splines 1026 and the splines on spline shaft
30 1004 contributes to maintain spline engagement between spline shaft 1004 and crankshaft
1066 during deflection of spline shafl 1004, which may be caused by crankcase
pressurization. The loose fit between the inner splines 1026 and 1022 on the crankshaft
1686 and the sleeve rotor 1002 and the Splines on the spline shaft 1004 mav contribute to

waintain deflection of spline shaft 1004. This may allow misalignments between crankshaft
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1006 and sleeve rotor 1002, In some embodiments, shorter splined portion 1018 of spline
shaft 1004 may cngage opening 1024 of crankshaft 1006 thus preventing these potential
nusalignments,

kn some embodiments, opening 1020 of sleeve rotor 1002 includes a plurality of
inner splines that extend the length of opening 1020. This arrangement contributes to spline
shaft 1004 being properly inserted into opening 1020 during assembly. This contribates to
proper alignment between the splines on spline shaft 1004 and the inner splines on sleeve
rotor 1902 being maintained.

Referring now 10 FIG. 4, one erabodiment of the enpine is shown, Here the pistons
202 and 204 of engine 300 operate between a hot chamber 404 and a cold chamber 406 of
cylinders 206 and 208 respectively. Between the two chambers there may be a regenerator
408. The regenerator 408 may have varisble density, variable area, and, in some
embodiments, is made of wire. The varying density and avea of the regenerator may he
adjusted such that the working gas has substantially uniform flow across the regenerator
408. Various embodiments of the regenerator 408 are discussed in detail below, and in U.S.
Patents No. 6,391,609, issued July 17, 2003, to Kamen et al., and No. 6,862,883, issued
March 8, 2005, to Kamen et al. . )

When the working gas passes through the hot chamber 404, a heater head 410
may heat the gas causing the gas to expand and push pistons 202 and 204 towards the cold
chamber 406, where the gas compresses. As the gas compresses in the cold chamber 406,
pistons 202 and 264 may be guided back to the hot chamber to undergo the Stirling cycle
again. The heater head 410 may be a pin head (as shown in FIGS. S2A through 5§38), a fin
head (as shown in FIGS. 56A through 56C), a folded fin head (as shown in FIGS. S6A
through 56C), heater tubes as shown in FIG. 4 (also shown as 2984 in FIG. 29), or any other
heater head embodiment known, including, but not limited to, those described below.
Vatious embodiments of beater head 410 ate discussed in detail below, and in U.S. Patents
No. 6,381.958, issued May 7, 2002, to Kamen ef al, No. 6,543 215, issued Apnl 8, 2003, to
Langenfeld er al., No. 6,966,182, issued November 22, 2005, to Kumen ef ¢f, and No.
7.308.787, issued December 18, 2007, to LaKocque ef al.,

Int some embodiments, a cooler 412 may be positioned atongside cylindes 206 and
208 1o fusther cool the gas passing throngh to the cold chamber 406. Various embodiments

of cooler 412 are discussed in detail in the proceeding sections, and in U.S. Patent No.
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7.325.309 gsued Feb, 5, 2008, 1o Sirbnling et al.

In some embodirents, at least one piston seal 414 may be positioned on pistons 202

and 204 to seal the hot section 404 ot from the cold section 406. Additionally, at least one

‘0

piston gwide ring 416 may be positioned ou pistons 202 and 204 to help guide the pistons’
motion in their respective cylinders. Various embodiments of piston seal 414 and guide ring
416 are described in detail below, and in U.S. Patent Publication No. 2003-0024387
published February 6, 2003 (now abandoned).

10 In some embodiments, at least one piston rod seal 418 may be placed against piston
rods 224 and 228 to prevent working gas from escaping into the crankcase 400, or
alternatively into airlock space. The piston rod seal 418 may be an elastomer seal, or a
spring-loaded seal. Vartious embediments of the piston rod seal 418 are discussed in detail

below.

TSt

In some embodiments, the aifock space may be eliminated, for exanple, in the
rolling diaphragm and/or bellows embodiments described in more detail below. In those
cases, the piston rod seals 224 and 228 seal the working space from the crankcase.

In some embodiments, at least ong rolling diaphragmybellows 422 may be located
along piston rods 224 and 228 to prevent airfock gas from escaping inte the crankcase 400,
20 Various embodiments of rolling diaphragm 422 are discussed in more detail below.

Although FIG. 4 shows a cross section of engine 300 depicting only two pistons and
one rocking beam drive, it 1s to be undesstood that the principles of operation described
herein may apply 0 a four cyhinder, double rocking beamn drive engine, as designated

generally by numeral 860 in FIG. 8.

+3
i

Piston Operation

Referving now to FIGS. Sand 11, FIG, 11 shows the operation of pisions 802, 304,
806, and 808 during one revolution of crankshaft 814, With a % revohation of crankshaft
814, piston 802 is al the top of its cylinder, otherwise known as top dead center, piston 306
is m upward midstroke, piston 804 is at the bottom of iis eylinder, otherwise known as
30 bottom dead center, and piston 808 is in downward midstroke. With a 4 revolution of
crankshaft 814, piston 802 is in downward midstroke, piston 806 is at top deacd center,
piston 804 is in upward midstroke, and piston 808 is at bottom dead center. With %
revolution of crankshaft 814, piston 802 is at bottom dead center, piston 806 is in downward

midstroke, piston 804 is at top dead center, and piston 868 is in upward midstroke. Finaily,
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with g tfult revolution of crankshafi 814, pision 802 is in upward midstroke, piston 886 is at
bottom dead center, piston 804 is in downward midstroke, and piston 808 is at top dead
center. During cach Y4 revolution, there is a 90 degree phase difference between pisions 802

and 806, a 180 degree phase difference between pistons 802 and 804, and a 270 degree

o

phase difference between pistons 802 and 808. FIG. 12A illustrates the relationship of the
pistous being approximately 90 degrees out of phase with the preceding and succeeding
piston. Additionally. FIG. 11 shows the exemplary embodiment machine means of
transferring work. Thus, work is transferred front piston 802 to piston 806 o piston 804 to
piston 808 so that with a full revolution of crankshafl 814, all pisions have exerted work by
10 moving from the top to the bottom of their respective cylinders,

Referring now to FIG. 11, together with FIGS. 12A-12C, illustrate the 90 degree
phase difference between the pistons in the exemplary embodiment. Referring now to
FIGS. 12A, although the cylinders are shown in a linear path, this is for illustration purposes
only. In the exemplary embodiment of a four cvlinder Stirling cycle machine, the flow path

15 ofthe working gas contained within the cylinder working space follows a figure eight
pattern. Thus, the working spaces of cylinders 1200, 1202, 1204, and 1206 are connected in
a figure eight pattern, for example, from cvlinder 1200 o cylinder 1202 to cylinder 1204 ©
cylinder 1208, the flid flow pattera follows a figure eight. Still referring to FIG. 12A, an
unwrapped view of cylinders 1200, 1202, 1204, and 1206, taken glong the line B-B (shown
20 inFIG. 120) isillustrated. The 90 degree phase difference between pistons as described
above allows for the working gas in the warm section 1212 of cylinder 1204 to be delivered
1o the cold section 1222 of cylinder 1206. As pision 802 and 808 are 90 degrees out of
phase, the working gas in the warm section 1214 of ¢ylinder 1206 is delivered to the cold

section 1216 of cylinder §200. As piston 802 and piston 806 are also 90 degrees out of

j 2%
A

phase, the working gas in the warm section 1208 of cylinder 1200 is delivered 1o the cold
section 1218 of cylinder £202. And as piston 804 and piston 886 are also 90 degrees owt of
phase, so the working gas in the warm section 1210 of cylinder 1202 is delivered to the cold
section 1220 of cylinder 1204, Ouce the working gas of a warm section of a first cylinder
enters the cold section of a second cylinder, the working gas begins to compress, and the

30 piston within the second cylinder, in its down stroke, thereafter forces the compressed
working gas back through a regenerator 1224 and heater head 1226 (shown in FIG. 12B),
and back into the warm section of the first eylinder. Once inside the warm section of the
first cylinder, the gas expands and drives the piston within that cylinder downward, thus

causing the working gas within the cold section of that first eylinder to be driven through
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the preceding regenerator and heaier head, and into the cylinder. This cyclic transmigration
characteristic of working gas between cylinders 1200, 1202, 1284, and 1206 is possible
because pistons 802, 804, 806, and 808 are councected, via drives 810 and 812, to a common

crankshaft 814 (shown in FIG. 11}, in such a way that the cyclical movement of each piston

e

is approximately 90 degrees in advance of the movement of the proceeding piston, as
depicted n FIG. 124,
Rolling Diaphragm, Metal Bellows, Airlock, and Pressure Regulatar
In some entbodiments of the Stirling cyele machine, hubricating fluid is used. To
prevent the {ubricating fluid from escaping the crankcase, a seal is used.

10 Referring now 0 FIGS, 13A-13, some embodiments of the Stirling cycle machine
include a fluid lubricated rocking beam drive that utilizes a rolling diaphragm 1360
positioned along the piston rod 1362 to prevent lubricating fluid from escaping the
crankcase, nat shown, but the components that are housed in the crankcase are represented
as 1304, and entering areas of the engine that may be damaged by the lubricating fluid. Iris

15 beneficial to contain the lubricating fuid for if lubricating [uid emters the working space,
not shown, but the components that are housed in the working space are represented as
1306. 1t would comtaminate the working fluid, come into contact with the regenerator 1308,
and may clog the regenerator 1368, The rolling diaphragm 1306 may be made of an
elastomer material, such as rubber or rubber reinforced with woven fabric or non-woven

20 fabric to provide rigidity, The rolling diaphragm 1306 may aliernatively be made of other

materials, such as fluorosilicone or nitrile with woven fabric or non-woven fabric. The

rolling diaphragm 1360 way also be made of carbon nanotubes or chopped fabric, which is
non-woven fabric with fibers of polyester or KEVLARE, for example, dispersed inan

elastomer. In the some embodiments, the rolling diaphragm 1300 is supported by the top

|23
LA

seal piston 1328 and the bottom seal piston 1318, In other embodiments, the rolling
diaphragm 1300 as shown in FIG. 13A is sapported via notches in the top sesl piston 1328,
In some embodiments, a pressure differential is placed across the rotling diaphragm
1380 such that the presswre above the seal 1300 is different from the pressure in the
crankecase 1304. This pressure differential inflates seal 1300 and allows seal 1300 to actas a
30 dynamic seal as the pressare differential ensures that rolling diaphragm maintains its form
throughout operation. FIGS. 13A, and FIGS. 13C-13H illastrate how the pressure
differential eftects the rolling diaphragm. The pressute differential causes the rolling
diaphragm 1300 to conform to the shape of the bottom seal pisten 1310 as it moves with the

piston rod 1302, and prevents separation of the seal 1300 from a surface of the piston 1310
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during operation. Such separation may cause seat failare. The pressure differential causes
the rolling diaphragm 1300 to maintain constant contact with the bottom seal piston 1318 as
it moves with the piston rod 1302, This ocears because oue side of the seal 1300 will

always have pressure exerted on it thereby inflating the seal 1300 to conform to the surface

1

of the bottor seal piston 1310, In some embodiments, the top seal piston 1328 ‘rolis over’
the corners of the rolling diaphragm 1300 that are in comtact with the bottom seal piston
13190, 50 as to further maintain the seal 1308 in contact with the bottom seal piston 1310, In
the exemplary embodiment, the pressure differemtial is in the range of 10 10 15 PSL The
smaller pressure in the pressure differential is preferably in crankcase 1304, 50 that the
10 rolling diaphragm 13068 may be inflated into the crankcase 1304. However, in ather
embodiments, the pressure differential may have a greater or smaller range of value.

The pressure differential may be created by various methods including, but not
limited to, the use of the following: a pressurized lubrication system, a pneumatic pump,

sensors, an electric pump, by oscillating the rocking beam to create a pressure rise in the

W

crankease 1304, by creating an electrostalic charge on the rotling diaphragm 1300, or other
similar methods. In some embodiments, the pressure differential is created by pressurizing
the crankcase 1304 to a pressare that is below the mean pressure of the working space 1306.
In some embodiments the crankcase 1304 is pressurized to a pressure in the range of 10 1o
15 PSI below the mean pressure of the working space 1306, however, in vaious other
20 embodiments, the pressure differential may be smatler or greater. Further detail regarding
the rolling diaphragm is included befow.

Referring now to FIGS. 13C, 13G and 13H, however, another embodiment of the
Stirling machine is shown, wherein airlock space 1312 is located between working space

1306 and crankease 1304. Airlock space 1312 maintains a constapt volume and pressure

| 2]
A

necessary to create the pressure differential necessary for the function of rolling diaphragm
1300 as described above. In one embodiment, aivlock 1312 is not absolutely sealed off from
working space 1306, so the pressure of airfock 1312 is equal to the mean pressure of
working space 1306, Thus, in some ebodiments, the lack of an effective seal between the
working space and the crankcase contributes to the need for an airlock space. Thus, the
30 airlock space, in some embodiments, may be eliminated by a more efficient and effective
seal.

During operation, the working space 1306 mean pressure may vary so as 1o cause
airlock 1312 mean pressure to vary as well. One reason the pressure may tend to vary is that

during aperation the working space may get hotter, which in tum may increase the pressure
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in the working space, and consequently in the airlock as well since the airlock and working
space are in fluid communication. In such a case, the pressure differential between airlock
1312 and crankcase 1304 will also vary, thereby causing unnecessary stresses in rolling

diaphragms 1360 that may lead to seal failure. Therefore, some embodiments of the

n

machine, the mean pressure within airlock 1312 is regulated so as to maintain a constant
desired pressure differential between airfock 1312 and crankcase 1304, and enswring that
rolling diaphragms 1300 stay inflated and maintains their form. In some embodiments, a
pressure transducer is used to monitor and manage the pressure differential between the
airlock and the crankcase, and regulate the pressure accordingly so as to maintain a constant
10 pressure differential between the airlock and the crankease. Various embodiments of the
pressure regulator that may be used are described in further detail below, and in U.S. Patent
No. 7,310845, issued Dec. 25, 2007 10 Gurski et al.

A constant pressure differential between the ailock 1312 and crankcase 1304 may
15 beachieved by adding or removing working fhid from airlock 1312 via a pump ot a release
valve, Alternatively, a constant pressure differential between airlock 1312 and crankcase
1304 may be achieved by adding or removing working fluid from crankcase 1304 via a
pump or a release valve. The pump and release valve may be controlled by the pressure
regulator. Working fluid may be added to airlock 1312 (or crankcase 1304) from a separale
20 source, such as a working fluid container, of may be transferred over from crankcase 1304,
Should working fluid be transferred from crankcase 1304 10 airlock 1312, it may be
desirable to filter the working fuid before passing it into airlock 1312 so as lo prevent any
tubricant from passing from crankcase 1304 into airlock 1312, and ultimately into working

space 1306, as this may result in engine failare.

[
W

fn some embodiments of the machine, crankease 1304 may be charged with a fluid
having different thermal propertics than the working fhud. For example, where the working
gas is helinm ot hydrogen, the crankcase may be charged with argon. Thus, the crankease is
pressurized. In some embodiments, helium is used, but in other embodiments, soy inert
gas, as described heretn, may be used. Thus, the crankease is a wet pressurized crankcase in
30 the exemplary embodiment. In other embodiments where a lubricating fluid is not used, the
crankcase is not wet.

In the exemplary embeodiments, rolling diaphragms 1308 do ot allow gas or liguid
to pass through them, which atlows working space 1386 to remain dry and crankcase 1304

to be wet sumped with a lubricating fluid. Allowing a wet sump crankcase 1304 increases
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the efficiency and life of the engine as there is fess friction in rocking beam drives 1316, In
some embodiments, the use of roller bearings or ball bearings in drives 1316 may also be
eliminated with the use of tebricating fluid and rolling diaphragms 1300, This may further

reduce engine noise and increase engine life and efficiency.

n

FIGS. 14A-14E show cross sections of various embodiments of the rolling
diaphragm (shown as 1400, 1410, 1412, 1422 and 1424) configured 10 be mounted between
1op seal piston and botioro seal pision (shown as 1328 and 1310 in FIGS. 13A and 13H),
and between a top mounting surface and a bottorn meunting surface (shown as 1320 and
1318 in FIG. 13A). In some embodiments, the top mounting surface may be the surface of
10 anairlock or working space, and the bottony mounting surface may be the surface of a

crankcase.

FIG. 14A shows one embodiment of the rolling diaphragm 1400, where the rolling
diaphragm 1400 includes a flat inner end 1402 that may be positioned between a top seal
piston and a bottom seal piston, so as to form a seal between the top seal piston and the

15 botiom seal piston. The rofling diaphragm 1400 also includes a Hat outer end 1404 (hat may
be positioned between a top mounting surface and a bottom mounting surface, so as to form
a seal between the top mounting surface and the bottom mounting surface. FIG. 148 shows
another embodunent of the rotling diaplwagm, wherein rolling diaphragm 1410 may include
a plurality of bends 1408 leading up to flat inner end 1406 to provide for additionsl suppon
20 and sealing contact between the top seal piston and the bottom seal piston. FIG. 14C shows
another embodiment of the rolling diaphragm, wherein rolling diapbragm 1412 includes a
plurahity of bends 1416 leading up to flat outer end 1414 to provide for additional support
and sealing contact between the top mounting surface and the bottom mounting surface.

FIG. 14D shows another embodiment of the rolting diaphragm where rolling

2]
o

diaphragm 1422 includes a bead along an inner end 1420 thereof, so as to form an “o-ring’
type seal between a top seal piston and a bottom seal piston, and a bead along an outer end
1418 thereof, so as to form an "o-ring’ type seal between a bottom mounting surface and a
top mounting surface. FIG. 14E shows another embodiment of the rolling diaphragm.
wherein rolling diaphragm 1424 includes a plurality of bends 1428 leading up to beaded
30 inner end 1426 to provide for additional support and sealing contact between the top seal
piston and the bottom seal piston. Roiling diaphragm 1424 iy also inclade a plurality of
bends 1430 leading up to beaded outer end 1432 to provide for additional support and

sealing contact between the top seal piston and the bottom seal piston.
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Although FIGS. 14A through 14E depict various embodiments of the rolling
diaphragm, it is to be understood that rolling diaphragms may be held in place by any other
mechanical means known in the art,

Referring now to FIG. 15A, a cross section shows one embodiment of the rolling

[

diaphragm embodiment. A metal bellows 1500 is positioned along a piston rod 1302 to seal
off a crankcase (shown as 1304 in FIG. 13G) from a working space or airlock (shown as
1306 and 1312 in FIG. 13G). Metal bellows 1500 may be attached to a top seal piston 1504
and a stationary mounting surface 1506, Alternatively, metal bellows 1506 may be attached
10 a bottom seal piston (not shown), and a top stationary mounting surface. Inone
10 embodiment the bottom stationary mounting surface may be a crankcase surface o1 an inner
airlock or working space surface, and the top stationary mounting surface may be ap inner
crankcase surface, or an outer airlock or working space surface. Metal bellows 1500 may be
attached by welding, brazing, or any mechanical means known in the art.
FIGS. 13B-15G depict a perspective cross sectional view of various embodiments of
15 the metal bellows, wherein the metal bellows is a welded metal bellows 1508, 1n some
embodiments of the metal bellows, the metal belfows is preferably a micro-welded metal
bellows. In some embodiments, the welded metal bellows 1568 includes a plarality of
diaphragms 1510, which are welded to each other at either an inner end 1512 or an outer
end 1514, as shown in FIGS. 15C and 15D. In some embadiments, diaphragms 1510 may
20 be crescent shaped 1816, flat 1518, rippled 1520, or any other shape known in the art.
Additionally, the metal bellows may alternatively be formed mechanically by means
such as die forming, hydroforming, explosive hydroforming, hydramolding, or any other
means known in the ar.

‘The metal bellows may be made of any type of metal, mcluding but not himited to,

to
(3

steel, stainless steel, stainless steel 374, AM-350 stainless steel, Inconel, Hasielloy, Haynes,
titanium, or any other high-strength, corrosion-resistant material,

in one embodiment, the metal bellows used are those available from Senior
Acrospace Metal Bellows Division, Sharon, MA, or American BOA, bic., Cumming, GA,

Rolling Diaphragm and/or Bellows Embodiments

30 Various embodiments of the rolling diaphragm and/or beliows, which fuaction to
seal, are described above, Further embodiments will be apparent to those of skill in the art
based on the description above and the additional description below relating 1o the

parameters of the rolling diaphragm and/or bellows.
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In some embodiments, the pressure atop the rolling diaphragm or bellows, in the
airlock space or airlock area (both terms are used inferchangeably), is the mean-working-gas
pressure for the machine, which, in some embodiments is an engine, while the pressure
below the rolling diaphragin and/or betlows, in the crankcase area, is ambient/aimospheric
pressure. In these embodiments, the rolling diaphragm and/or bellows is required fo operate
with as much as 3000pst acyoss it {and in some embodiments, up to [500psi or higher). In
this case, the rolling daphragm andfor bellows seal forms the working gas (heliam,
hydrogen, or otherwise) containment barrier for the machine (engine in the exemplary
embodiment). Also, in these embodiments, the need for a heavy, pressure-rated, stuctural
vessel 1o contain the bottom end of the engine is clinunated, since it is now required to
simply contain fubricating fluid (ot is used as a lubsicating fluid in the exemplary
embodiment) and air at ambient pressure, like a conventional internal combustion (“1C™)
engine.

The capability to use & rolling diaphragim andfor bellows seal with such an extreme
pressure across it depends on the interaction of several parameters. Referving sow to FIG,
15H, an iltustration of the actual load on the rolling diaphragm or bellows materialis
shown. As shown, the load is g function of the pressure differential and the annular gap
area for the installed rolling diaphragm or bellows seal.

Region 1 represents the portions of the rolling diaphragm and/or bellows thet are in
contact with the walls formed by the piston and cylinder. The load is essentially a wensile
load in the axial direction, due to the pressure differential across the rolling diaphragm
and/or betlows. This tensile load due to the pressare across the rolling diaphragm and/or
bellows can be expressed as:

L= Py * A,

Where

L = Tensile Load and

Py = Pressure DitTerential

A, = Annular Area
and

Ampida*(D-d)

Where
D = Cylinder Bore and
d == Piston Diameter

The tensile component of stress in the bellows material can be approximated as:
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Se=L/(p* (D) * )
Which reduces to:
Si=Paid M {(D-d)/ 1
Later, we will show the relationship of radius of convolution, R, to Cylinder bore (D) and
Piston Diameter (d) to be defined as:
Ry (D-d)4
So, this formula for St reduces to its finat form:
Si=Pa¥ R/t
Where

ts = thickness of bellows matenial

Stilf refering te FIG. 15H, Region 2 represents the convolution. As the rolling
dizphragm and/or bellows material turns the corner, in the convolution, the hoop stress
unposed on the rolling disphragm andfor bellows material may be caleulated. For the
section of the bellows forming the convolution, the hoop component of stress can be closely
approximated as:

Se=PerRe/ ty

The annular gap that the rolting diaphragm and/or bellows rolls within 18 generally
referred 1o as the convolution area. The rolling diaphragim and/or bellows fatigue life is
generally limited by the combined stress from both the ensile (and hoop) load, due to
pressure differential, as well as the fatigue due 1o the bending as the fabsic rolls through the
convolution. The radius that the fabric takes on during this *rolling’ is defined here as the
radius of convolution, Re.

Re={D-d)4

The bending stress, Sb, in the rolling diaphragm and/or bellows material as it rolls
through the radius of convolution, Re, is a function of that radius, as well as the thickness of
the materials in bending. For a [iber-reinforced material, the stress in the fibers themselves
(during the prescribed deflection in the exemplary embodiments) is reduced as the fiber
diameter decreases. The lower resultant siress for the same level of bending allows for an
increased fatigue life imit. As the fiber diameter is forther reduced, flexibility to decrease
the radius of convolution Re is achieved, while keeping the bending stress in the fiber under
its endurance Hmit, At the same time, as Re decreases, the tenstle load on the fabric is

reduced since there is less unsupported area in the annulus between the piston and cylinder.
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The smaller the fiber diameter, the smatler the minimum Re | the smaller the annular avea,
which results in a higher allowable pressure differential.
For bending around a prescribed radios, the bending moment is approximated by:
M=E*[/R

Where:

N

M = Bending Moment
E = Elastic Modulus
I = Moment of fuertia
R = Radius of Bend
10 Classical bending stress, Sy | is valoulated as:
Sp=M*Y /1
Where:
Y = Distance above neutral axis of bending
Substituting vields:
15 Sp=(E*1/Ry*Y /1
Sh=E¥Y/R
Assuming bending is about a central neutral axis:
Yo = B 72
Se=E*6/(2*R}

20 In some embodiments, rolling diaphragm and/or betlows designs for high cycle life
are based on geometry where the bending stress imposed s kept about one order of
magnitude less than the pressure-based loading (hoop and axial stresses). Based on the
equation: Sh=E * tb /(2 * R), it is clear that minimizing 1b in direct proportion to Re

should not mcrease the bending stress. The minimum thickness for the exemplary

(2]
Wy

embodiments of the rolling diaphragm and/or bellows material or membrane is divectly
related to the minimum fiber dismeter that is used in the reinforcement of the elastomer.
The smaller the fibers used, the smaller resultant Re for a given stress level.

Another imiting component of load on the rolling disphragm and/or beltows is the
hoop stress in the convolution (which is theoretically the same in wagnitude as the axial
30 load while supported by the piston or cylinder). The goveming equation fov that load is as
follows:

Shk=Pd ¥ Re/th

Thus, if Re is decreased in direct proportion to ib, then there is no increase of stress

on the membrane in this region. However, if this ratio is reduced in a manner that decreases
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Re 10 a greater vatio than th then parameters must be balanced. Thus, decreasing th with
respect to Re requires the rolling diaphragm and/or bellows to carry a heavier stress due to
pressure, but makes for a reduced stress level due to beading. The pressure-based load is
essentially constant, so this may be favorable-~~since the bending load is cvclic. therefore it
is the bending load component that ultimately limits fatigue life.

For bending stress reduction, th ideally should be at 2 minimam. and Re ideally
should be at a maximum. E ideally is also at a minimam. For hoop stress reduction, Re
ideally 1s small, and th ideally i large.

Thus, the critical parameters for the rolling diaphragn and/or bellows membrane
material are;

E, Elastic Modulus of the membrane material;

tb, membrane thickness (andfor fiber diameter);

Sut, Ultimate tensile strength of the rolling diaphragm and/or bellows; and

Slef, The limiting fatigue strength of the rolling diaphragm and/or bellows.

Thus, from E, tb and Sut, the minimum acceptable Re may be calculated. Next,
using Re, Slef, and th, the maximum Pd may be calculates. Re may be adjusted to shift the
bias of Joad (stress) components between the steady state prossure stress and the cyclic
bending stress. Thus, the ideal rolling diaphragm and/or bellows material is extremely thin,
extremely strong in tension, and very Hmber in tlexion,

Thus, in some embodiments, the rolling diaplragm and/or bellows matexial
{sometimes referred to as a “membrane™), is made from carbon fiber nanowbes. However,
additional small fiber materials may also be used, including, but not limited to nanotube
fibers that have been braided, nanotube untwisted yarn fibers, or any other conventional
materials, including but not imited to KEVLAR, glass. polvester, synthetic fibers and any
other material or fiber having a desirable diameter and’or other desited parameters as
described in detail above.

Piston Seals and Piston Rod Seals

Referring now o FIG. 13, an embodiment of the machine is shown wherein an
engine 1326, such as a Stirling cycle engine, includes at least one piston rod seal 1314, a
piston seal 1324, and a piston guide ring 1322, (shown as 1616 in F1G. 16). Varous
emboditents of the piston seal 1324 and the piston guide ring 1322 are further discussed

below, and in LS, Patent Publication No. 2003-0024387, published February 6, 2003.
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FIG. 16 shows a partial cross section of the piston 1600, driven glong the central
axis 1602 of cylinder, or the cvlinder 1604. The piston seal (shown as 1324 in FIG. 13G)
may include a seal ring 1606, which provides a seal against the contact surface 1608 of the

cylinder 1604, The contact surface 1608 is typically a hardened metal (preferably 58-62

(¥4

RC} with a surface finish of 12 RMS or smoother. The contact surface 1608 may be metal
which has been case hardened, such as 8260 hardened steel, which may be easily case
hardesed and may be ground andfor honed to achieve a desired finish. The piston seal may
also include a backing ring 1618, which is sprung to provide a thrust force against the seal
ring 1606 thereby providing sufficient contact pressure to ensure sealing around the entire
10 outward surface of the seal ring 1606. The sea) ring 1606 and the backing ring 1610 may
together be referrad to as a piston seal composite ring. In some embodiments, the at least
one piston seal may seal off 3 warm portion of cylinder 1604 from 2 cold portion of eylinder
1604,
Referring now to FIG. 17, some embodiments include a piston rod seal (shown as
15 131410 FIG. 13G) mounted in the piston rod cylinder wall 1780, which, i some
embodiments, may include a seal ring 1706, which provides a seal against the contact
surface 1708 of the piston rod 1604 (shown as 1302 in FIG. 13G). The contact surface 1708
in some embodiments is a hardened metal (preferably 38-62 RC) with a surface finish of 12
RMS or smoother. The comtact surface 1708 may be metal which has been case hardened,
20 such as 8260 hardened stegl, which may be easily case hardened and miay be ground and/or
honed to achieve a desired finish. The piston seal may also include a backing ring 1710,
which is sprung to provide a radial or hoop force against the seal ring 1706 thereby
providing sufficient contact hoop stress to ensure sealing around the emtire inward surface of
seal ring 1706. The seal ring 1706 and the backing ring 1710 may together be referred to as
25 apiston rod seal composite fing.
In some embodiments, the seal ring and the backing ring may be positioned ona
piston rod, with the backing exerting an outward pressure on the seal ring, and the seal ring
may come into contact with a pision rod cylinder wall 1702, These embodiments require a
larger piston rod cylinder length than the previous embodiment. This is because the contact
30 surface on the piston rod cylinder wall 1702 will be fonger than in the previous
embodimen, where the contact surface 1708 lies on the piston rod itself. In yet another
embodiment, piston rod seals may be any functional seal known in the art including, but not
tinuted to, an o~ring, a graphite clearance seal, graphite piston i a glass cylinder, or any air

pot, or a spring energized lip seal. In some embodiments, anything having a close clearance
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may be used, in other embodiments, anything having interference, for example. a seal, is
used. In the exemplary embodiment, a spring energized lip seal is used. Any spring
energized lip seal may be used, including those made by BAL SEAL Engineering, Inc.,
Foothill Ranch, CA. In some embodiments, the seal used is 3 BAL SEAL Part Number
X558604.

The material of the seal rings 1606 and 1706 is chosen by considering a balance
between the coctficient of friction of the seal rings 1606 and 1706 against the contact
surfaces 1608 and 1708, respectively, and the wear on the seal rings 1606 and 1706 it
engenders. I applications in which piston lubrication is not possible, such as at the high
operating temperatures of a Stitling cycle engine, the use of engineermg plastic rings is
used. The embodiments of the composition include a nylon matrix loaded with a lubricating
and wear-resistant material. Examples of such tubricating materials include PTFE/siticone,
PTFE, graphite, etc. Examples of wear-resistant materials include glass fibers and carbon
fibers. Examples of such engineering plastics are manufactured by LNP Engineering
Plastics, Inc. of Exton, PA. Backing rings 1610 and 1710 is preferably metal.

The fit between the seal rings 1606 and 1706 and the seal ring grooves 1612 and
1712, respectively, is preferably a clearance fit (about 0.0027), while the fit of the backing
rings 1610 and 1710 is preferably a looser fit, of the order of about £.005” in some
embodiments, The seal rings 1606 and 1706 provide a pressure seat agatnst the contact
surfaces 1608 and 1708, respectively, and also ane of the the surfaces 1614 and 1714 of the
seal ring grooves 1612 and 1712, respectively, depending on the direction of the pressure
difference across the tings 1606 and 1706 and the direction of the piston 1606 or the piston
rod 1704 travel.

FIGS. 18A and 188 show that if the backing ring 1820 is essentially circularly
symmettical, but for the gap 1800, it will assume, upon compression, an oval shape, as
shown by the dashed backing ring 1802, The result may be an uneven radiat or hoap force
(depicted by arrows 1804) exerted on the seal ring (not shown, shown as 1606 and 1706 in
FIGS. 16 and 173, and thus an aneven pressure of the seal rings against the contact surfaces
{not shown, shown as 1608 and 1708 in FIGS. 16 and 17) respectively, causing uneven
wear of the seal rings and in some cases, failure of the seals.

A solution to the problem of uneven radial or hoop force exerted by the piston seal
backing ring 1820, in accordance with an embodiment, is a backing ring 1822 having a
cross-section varying with circumfereniial displacement from the gap 18080, as shown in

FIGS. 18C and 18D, A wapering of the width of the backing ring 1822 is shown from the
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position denoted by numeral 1806 to the position denoted by numeral 1808, Also shown in
FIGS. 18C and 18D is a lap joint 1810 providing for circumferential closure of the seal ring
1606. As some seals will wear significantdy over their lifetime, the backing ring 1822

should provide an even pressure (depicted by numeral 1904 in FIGG. 19B) of a range of

o

movement. The tapered backing ring 1822 shown in FIGS. 18C and 18D may provide this
advantage.

FIGS. 19A and 198 iHustrate another solution to the problem of uneven radial or
hoop force of the piston seal ving agaiust the piston cylinder, in accordance with some
embodiments. As shown in FIG. 19A, backing ring 1910 is fashioned in an oval shape, so
10 that upon compression within the cylinder, the ring assumes the circular shape shown by

dashed backing ring 1902 A constant contact pressuse between the seal ring and the
cylinder contact surface may thus be provided by an even radial force 1904 of backing ring
1902, as shown in FIG. 19B.
A solution to the problem of uneven radial or hoop force exerted by the piston rod
15 seal backing ting, in accordance with some embodiments, is a backing ring 1824 having a
cross-section varying with circumferential displacement from gap 1812, as shown in FIGS.
18E and 18F. A apering of the width of backing ring 1824 is shown from the position
denoted by numeral 1814 to the position denoted by numeral 1816. Also shown in FIGS.
I8E and 18F is a lap joint 1818 providing for circumferential closure of seal ring 1706, As
20 some seals will wear significansly over their lifetime, backing ring 1824 should provide an
even pressure {depicied by numeral 2004 in FIG. 20B) of a range of movement. The tapered
backing ring 1824 shown in FIGS. 18F and 18F may provide this advantage.
FIGS. 20A and 20B illustrate anether solution 1o the problem of uneven radial or

hoop force of the piston rod seal ring against the piston rod contact surface, in accordance

]
N

with some embodiments, As shown in FIG. 20A, backing ring (shown by dashed backing
ring 2000) is fashioned as an oval shape, so that upon expansion within the cylinder, the
ring assuwmes the circular shape shown by backing ring 2002. A constant contact pressure
berween the seal ring 1766 and the cviinder contact surface may thus be provided by an
even radial thrust force 2004 of backing ting 2002, as shown in FIG. 20B.

30 Referring avain to FIG. 16, at least one guide ring 1616 may also be provided, in
accordance with some embodinents, for bearing any side load on piston 1600 as it moves
up and down the cylinder 1604. Guide ring 1616 is also preferably fabricated from an
engineering plastic material loaded with a fubricating material. A perspective view of guide

4
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ring 1616 is shown in FIG. 21. An overlapping joint 2100 is shown and may be diagonal to
the central axis of guide ring 1616,
Lubricating Fluid Pump and Lubricating Fluid Passageways

Referring now to FIG. 22, a representative illustration of one embodiment of the

i

engine 2200 for the machine is shown having a rocking beam drive 2202 and lubricating

fluid 2204, In some embodiments, the lubricating fluid is oil. The lubricating fluid is used

10 lubricate engine parts in the crankcase 2206, such as hydrodynamic pressure fed

lubricated bearings. Lubricating the moving parts of the engine 2200 serves to further

veduce friction between engine pars and further increase enyine efficiency and engine life.

10 Insome embodiments, lubricating fluid may be placed at the bottom of the engine, also

known as an oil sump, and distributed throughout the crankcase. The tubricating fluid may
be distributed to the different parts of the engine 2200 by way of a lubricating fluid pumnp,
wherein the lubricating fluid pump may collect lubricating fluid from the sump via a fiitered
inlet. In the exenplary embodiment, the lubricating fiuid is oil and thus, the lubricating

15 fluid pump is berein referred to as an oit pump. However, the term “oif pump” is used only
to describe the exemplary embodiment and other embodiments where oil is used as a
lubricating fluid, and the term shall not be construed to limit the lubricating fluid or the
lubricating fluid pump.

Referring now to FIGS. 23A and 23B, one emabadiment of the engine is shown,

20 wherein lubricating fluid is distributed to different parts of the engine 2200 that sre focated
in the crankcase 2206 by a mechanical oil pump 2208, The oil pump 2208 may include a
drive gear 2210 and an idle gear 2212, In some embodiments, the mechanical oil pump
2208 may be driven by a pump drive assemnbly. The pump drive assembly may include a
drive shaft 2214 coupled to a drive gear 2218, wherein the drive shafi 2214 includes an

25 intermediate gear 2216 thereon. The intermediate pear 2216 is preferably driven by a
crankshafl gear 2229, wherein the crankshafl gear 2220 is coupled to the primary crankshaft
2218 of the engine 2200, as shown in FIG. 24. In this configuration, the crankshaft 2218
indirectly drives the mechantcal oil pump 2268 via the crankshafl gear 2226, which drives
the intermediate gear 2216 on the drive shaft 2214, which, in turn, drives the drive gear

30 2210 of the oil pump 2208,

The crankshalt gear 2220 may be positioned belween the crankpins 2222 and 2224
of crankshaft 2218 in some embodiments, as shown in FIG. 24. In other embodiments, the
crankshaft gear 2220 may be placed at an end of the crankshaft 2218, as shown in FIGS.
234 - 25C,
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For case of manufacturing, the crankshaft 2218 may be composed of a plurality of
pieces, ln these embodiments, the crankshaft gear 2228 may be to be insexted between the
crankshaft pieces during assembly of the crankshaft.

The drive shaft 2214, in some embodiments, may be positioned perpendicularly to

¥

the crankshaft 2218, as shown in FIGS. 23A and 25A. However, in some embodiments, the
drive shaft 2214 may be positioned parallel to the crankshaft 2218, as shown in FIGS. 25B
and 25C.

In some erabodiments, the crankshaft gear 2234 and the intermediate gear 2232 mayv
be sprockess, wherein the crankshaft gear 2234 and the intermediate gear 2232 are coupled
10 by a chain 2226, as shown in FIGS. 23C and 26C. In such an embodiments, the chain 2226

is used to drive a chain drive pump (shown as 2600 in FIGS. 26A through 26C).

Tn some embodiments, the gear ratio between the crankshaft 2218 and the drive shafi
2214 remains constant throughout operation. In such an embodiment, it is important to have
an appropriate gear ratio between the crankshaft and the drive shafi, such that the gear ratio

15 balances the pump speed and the speed of the engine. This achieves a specified flow of
lubricant required by a particular engine RPM (revolutions per minute) operating range.

T some embodinents, ubricating flud is distributed o different parts of an engine
by an electric pump. The electric pump eliminates the need for a pump drive assembly,
which is otherwise required by 8 mechanical oil pump.

20 Referring back to FIGS. 23A and 238, the oil pump 2208 may include an infet 2228
10 coliect lubricating flnid from the sump and an outlet 2230 to deliver lubricating fluid o
the various patts of the engine. In some embodiments, the rotation of the drive gear 2212
and the idle gear 2210 cause the lubricating fluid fom the sump to be drawn into the oil

pump through the inlet 2228 and forced out of the pump through the outlet 2236. The inlet

t3
A

2228 preferably includes a filter to remove particulates that may be found in the lubricating
fluid prior te its being drawn into the oil pump. In some embodiments, the infet 2228 may
be connected to the sump via a wbe, pipe, or hose. In some embodiments, the inlet 2228
may be in direct fluid communication with the sump.

{n some embodiments, the oil pump outlet 2230 is connected to a sexies of
30 passageways in the various engine parts, through which the lubricating fluid s debivered to
the various engine parts. The outlet 2230 may be integrated with the passugeways 50 as to
be in direct communication with the passageways, or may be connected to the passageways
via a hose or tube, or a plurality of hoses or tobes. The series of passageways are preferably

an interconnected network of passageways, so that the outlet 2230 may be connected to a
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single passageway inlet and still be able to deliver lubricating fluid to the engine’s
lubricated parts.
FIGS 27A-27D show one embodiments, wherein the ofl pump oaotlet {(shown as 2230

in F1G. 23B} is connected 10 a passageway 2700 in the rocker shaft 2702 of the rocking

W

bean: duive 2704. The rocker shaft passageway 2700 delivers lubricating fiuid 1o the rocker
pivot bearings 2706, and is comected to and delivers jubricating tluid to the rocking beam
passageways (not shown). The rocking beam passageways deliver lybricating floid to the
connectng wrist pin bearings 2708, the link rod bearings 2710, and the link rod
passageways 2712, The link rod passageways 2712 deliver lubricating fluid to the piston
10 rod coupling bearing 2714. The connecting rod passageway {not shown) of the connecting
rod 2720 delivers lubricating fluid to a first crank pin 2722 and the crankshaft passageway
2724 of the crankshaft 2726. The crankshaft passageway 2724 delivers lubricating fluid to
the crankshaft journal bearings 2728, the second crank pin bearing 2736, and the spline
shaft passageway 2732, The spline shaft passageway 2732 delivers lubricating fluid to the
15 spline shafl spline joims 2734 and 2736, The oil pump vutlet (not shown, shown i FIG.
238 as 2230} in some embodiments is connected 1o the main feed 2740, In some
embodiments, an oil pump outlet may also be connected © and provide lubricating fhud to
the coupling joint linear bearings 2738, 1n sone embodiments, an oif pump outlet may be
connected ro the linear bearings 2738 via a tube or hose, or plurality of tubes or hoses,
20 Abternatively, the link rod passageways 2712 may deliver lubricating fluid fo the linear
bearings 2738.
Thus, the main feed 2740 delivers labricating [luid to the journal bearings surfaces
2728. From the journal bearing surfaces 2728, the lubricating fluid is delivered to the

crankshaft main passage. The crankshaft main passage delivers lubricating fiuid 10 both the

| )
a

spline shafl passageway 2732 and the connecting rod bearing on the crank pin 2724

Lubricating fluid is delivered back to the sump, preferably by flowing out of the
aforementioned bearings and into the sump. In the sump, the lubricating fluid will be
collected by the oil pump and redistributed throughout the engine.

Tube Heat Exchanger

30 External combustion engines, such as, for example, Stithing cycle engines, may use
fube heater heads to achieve high power. FIG. 28 is a cross-sectional view of a cylinder and
tube heater hiead of an illusteative Stirling cycle engine. A typical configuration of a rbe
heater head 2800, as shown in FIG_ 28, uses a cage of U-shaped heater tubes 2802

surrounding a combustion chamber 2804. A cylinder 2806 contains a working fluid, such
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as, for example, heliom. The working fluid is displaced by the piston 2888 and driven
through the heater tubes 2802, A burner 2814 combusts a combination of fuel and air to
produce hot combustion gases that are used 1o hear the working fluid through the heater

tubes 2802 by conduction. The heater tubes 2802 connect a regenerator 2812 with the

L

cylinder 2806, The regenerator 2812 may be a matrix of material having a large ratio of
surface to area vohane which serves o absorb heat from the working fluid or to beat the
working fluid during the cvcles of the engine. Heater tubes 2862 provide a high surface arca
and a high heat ransfer coefflicient for the flow of the combustion gases past the heater
tubes 2802. Various embodiments of tube heater heads are discussed below, and in U.S.

10 Patenis No. 6,543,215 and No. 7,308,787.

FIG. 29 is a side view in cross section of & tube heater head and a cylinder. The
heater head 2906 i3 substantially a cylinder having one closed end 2920 {otherwise referred
to as the cylinder head) and an open end 2922 Closed end 2928 includes a plurality of U-
15 shaped heater tubes 2964 that are disposed in a burner 3036 (show i FIG. 30). Each U-
shaped tube 2904 has an outer portion 2916 (otherwise referred to herein as an "outer beater
tube™} and an inner portion 2918 {otherwise referred to herein as an "inner heater tube™).
The heater tubes 2904 connect the cylinder 2992 to regenerator 2919, Cylinder 2902 is
disposed inside beater head 2906 and is also typically supported by the heater head 2906. A
20 piston 2924 tavels along the interior of cylinder 2902, As the piston 2924 travels toward
the closed end 2920 of the heater head 2906, working fluid within the cylinder 2902 is
displaced and cansed to flow through the heater tubes 2924 and regenerator 2910 as
Hustrated by arrows 2930 and 2932 in FIG. 29. A burner flange 2908 provides an

attachwent surface for a burner 3836 (shown in FIG. 30) and a cooler flange 2912 provides

2
W

an attachment surface for a cooler (not shown),

Referring to FIG. 30, as mentioned above, the closed end of heater head 3006,
including the heater tubes 3004, is disposed in a burner 3036 that includes a combustion
chamber 3038, Hot combustion gases (othenwise referred to herein as "exhaust gases”) in
combustion chamber 3038 are in direct thermal contact with heater tubes 3004 of heater
30 head 3006, Thermal energy is wansferred by conduction from the exhaust gases to the heater
tubes 3004 and from the heater tubes 3004 to the working fluid of the engine, typically
helium. Other gases, such as nitrogen, for example, or mixtures of gases, may be used, with
a preferable working fluid having high thermal conductivity and low viscosity. Non-

combustible gases are used in various embodiments. Heat is transferred from the exhaust
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gases 1o the heater tubes 3004 as the exhaust gases flow around the surfaces of the heater
tubes 3004. Arrows 3042 show the general radial direction of flow of the exhaust gases.
Arrows 3040 show the direction of flow of the exhaust gas as it exits from the burmner 3036,

‘The exhaust gases exiting from the burner 3036 tend to overheat the upper part of the heater

LY

tubes 3004 (near the U-bend) because the flow of the exhaust gases is greater near the upper
part of the heater tubes than at the bottorn of the heater tubes (i.e., near the botiom of the
burner 3036).

The overall efficiency of an external combustion engine is dependent in part on the
efficiency of heat transfer between the combustion gases and the working fluid of the
10 engine,

Returning 10 FIG. 29, in general, the inner heater tubes 2918 are warmer than the
outer heater tubes 2916 by several hundred degrees Celsius. The burner power and thus the
amount of heating provided to the working fluid is therefore limited by the inner heater tube

2918 temperatures. The maximum amount of heat will be transferred to the working gas if

-
W

the mner and outer heater tubes are nearly the same temperature. Generally, embodiments,
as described herein, either Increase the heat transfer to the outer heater tubes or decrease the
rate of heat transfer to the inner hoater bes.

FIG. 31 15 a perspective view of an exhaust flow concentrator and 2 tube heater head
it accordance with one embodiment. Heat transfer 10 a cylinder, such as a beater-tube, ia
20 cross-flow, is generally limited to only the upstream haif of the tube. Heat transfer on the

back side (or downstream halfy of the tube, however, is nearly zero due 1o flow separation
and recirculation. An exhaust flow concentrator 3162 may be used to improve heat transfer
from the exhaust gases 1o the downstream side of the outer heater tubes by directing the
flow of hot exhaust gases around the downstream side (i.e. the back side) of the outer heater
25 wbes. Asshown in FIG. 31, exhaust flow concentrator 3102 is a cylinder placed outside the
bank of heater tubes 3104, The exhaust flow concentrator 3102 may be fabricated from heat
reststant alloys, preterably high nickel allovs such as Inconel 600, Inconel 623, Stainless
Steels 310 and 316 and more preferably Hastelloy X. Openings 3106 in the exbaust flow
concentrator 3102 are lined up with the outer heater tubes. The openmngs 3106 may be any
30 oumber of shapes such as a slot, round hole, oval hole, square hole ete. In FIG. 31, the
openings 3106 are shown as slots. In some embodiments, the slots 3106 have a width
approximately equal to the diameter of a heater tube 3104, The exhaust flow concentrator
3102 is preferably a distance from the outer heater tbes equivalent to one to two heater

tube diameters,
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FIG. 32 illustrates the flow of exhgust gases using the exhaust flow concentralor as
shown in FIG. 31. As mentioned above, heat transfer is generally limited to the upstream
side 3210 of a heater tube 3204. Using the exhaast flow concentraior 3202, the exhaust gas

flow 1s forced through openings 3206 as shown by arrows 3212. Accordingly, as shown i

7

FIG. 32, the exhaust flow concentrator 3202 increases the exhaust gas flow 3212 past the
downstream side 3214 of the beater tubes 3204. The increased exhaust gas flow past the
downstream side 3214 of the heater twbes 3204 improves the heat ransfer from the exhaust
gases to the downstream side 3214 of the heater tubes 3204, This in tuen increases the
efficiency of heat transfer 1o the working fluid which can increase the overall efficiency and
10 power of the engine,

Returning to FIG. 31, the exhaust flow concentrator 3102 may also improve the heat
wansfer to the dowunstream side of the heater tbes 3104 by radiation. Referving to FIG. 33,
given enough heat transfer between the exhaust gases and the exhaust flow concentrator, the

terperature of the exhaust flow concentrator 3362 will approach the temperature of the

—-
LA

exhaust gases. In a some embodiments, the exhaust flow concentrator 3302 does not canry
any load and may therefore, operate at 1000.degree. C. or higher. In contrast, the heater
tubes 3304 generally operate at 700.degree. C. Due to the temperatare difference, the
exhaust flow concentxator 3302 may then radiate thermally to the much cooler heater tubes
3304 thereby increasing the heat transfer to the heater tubes 3304 and the workiag fluid of
20 the engine. Heat transfer surfaces (or fins) 3319 may be added to the exhaust flow
concentrator 3302 to increase the amount of thermal energy captured by the exhaust flow
concentrator 3302 that may then be transferred to the heater tubes by radiation. Fins 3310
are coupled to the exhaust flow concentrator 3302 at positions outboard of and between the

openings 3306 so that the exhaust gas flow is directed along the exhaust flow concentrator,

+3
N

thereby reducing the radiant thermal energy lost through each opening in the exhaust flow
concentrator. The fius 3310 are preferably attached to the exhaust flow concentrator 3302
through spot welding. Alternatively, the fins 3310 may be welded or brazed to the exhaust
flow concenirator 3302, The fins 3318 should be fabricated from the same material as the
exhaust flow concentrator 3302 to minimize differential thermal expansion and subsequent
30 cracking. The fivs 3318 may be fabricated from heat resistant alloys, preferably high nickel
alfoys such as Inconel 600, Inconel 625, Stainless Steels 310 and 316 and more preferably
Hastelloy X.
As mentioned above with respect to FIG. 30, the radial flow of the exhaust gases

from the burner is greatest closest to the exit of the burver (i.e., the upper U-bend of the
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heater tabes). This is due in pan to the swirl induced in the Aow of the exhaust gases and
the sudden expansion as the exhaust gases exit the burner, The high exhaust gas flow rates
at the top of the heater tbes creates hot spots at the top of the heater tubes and reduces the

exhaust gas flow and beat transfer to the lower sections of the heater wbes. Local

o

overheating (hot spots) may result in failure of the heater tbes and thereby the failure of the
engine. FIG. 34 ks a perspective view of an exhaust Bow axial equalizer in accordance with
an erbodiment. The exhaust flow axial equalizer 3420 is used to improve the distribution of
the exhanst gases aloug the longitudinal axis of the heater tubes 3404 as the exhaust gases
flow radiaily out of the tube heater head. (The typical radial flow of the exhaust gases is
10 shownin FIG, 30.) As shown in FIG. 34, the exhaust flow axial equalizer 3420 is a cylinder
with openings 3422. As mentioned above, the openings 3422 may be any number of shapes
such as a slot, round hole, oval hole, square hole etc. The exhaust flow axial equalizer 3420
may be fabricated from heat resistant alloys. preferably high nickel alloys including Inconel
600, Inconel 625, Stainless Steels 310 and 316 and more preferably Hastelloy X.
15 In some embodiments, the exhaust flow axial equalizer 3428 is placed outside of the
heater tubes 3404 and an exhaust flow concentrator 3402, Alternatively, the exhaust flow
axial equalizer 3420 may be used by itself (i.¢., without an exhaust flow concentrator 3402)
and placed outside of the heater tubes 3404 1o improve the heat ransfer from the exhaust
gases 1o the heater tubes 3404, The openings 3422 of the exhaust flow axial equalizer 3420,
20 as shown in F¥G. 34, are shaped so that they provide a larger opening at the bottom of the
heater tubes 3404, In other words, as shown in FIG. 34, the width of the openings 3422
increases from (op to bottom along the longitudinal axis of the heater twbes 3404. The
increased exhaust gas flow area through the openings 3422 of the exhaust flow axial

equalizer 3420 near the fower portions of the heater tubes 3404 counteracts the tendency of

3
n

ihe exhaust gas flow to concentate near the top of the heater tubes 3404 and thereby
equatizes the axial distribution of the radial exhaust gas flow along the longitudinal axis of
the heater tubes 3404.

In another embodiment, as shown in FIG. 35, spacing elements 3504 may be added
to an exhaust flow concemrator 3502 10 reduce the spacing between the heater tubes 3506,
30 Alternatively, the spacing elements 3504 could be added to an exhaust flow axial equalizer
3520 (shown in FIG. 34) when it is used without the exhaast Qow concentralor 3564, As
shown in FIG. 35, the spacing elements 3504 are placed inboard of and between the
openings. The spacers 3504 create a narrow exhaust Alow channel that forces the exhaust

4as to increase its speed past the sides of heater tubes 3506. The increased speed of the
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combustion gas thereby increases the heat transfer {rom the combustion gases to the heater
tubes 3506. in addition, the spacing elerents may also improve the heat tansfer to the
heater tubes 3506 by radiation.
FIG. 36 15 a cross-sectional side view, of a tube heater head 3666 and bumer 3608 in
5 accordance with an alternative embodiment. 1o this embediment, a combustion chamber of
a butner 3608 is placed inside a set of heater tubes 3604 as opposed to above the set of
heater tubes 3604 as shown in FIG. 30. A perforated combustion chamber liner 3615 is
placed between the combustion chamber and the heater tubes 3604, Perforated combustion
chamber liner 3615 protects the inner heater tubes from direct impingement by the flames in
10 the combustion chamber. Like the exhaust fow axial equalizer 3428, as described above
with gespect to F1G. 34, the perforated combustion chamber liner 3618 equalizes the radial
exhaust gas flow along the longitudinal axis of the heater tubes 3604 so that the radial
exhaust gas flow across the top of the heater tubes 3604 (near the U-bend) is roughly

equivalent to the radial exhaust gas flow across the bottom of the heater tobes 3604. The

——t
k=1

vpenings in the perforated combustion chamber lner 3615 ate aranged so that the
combustion gases exiting the perforated combustion chamber Liner 3615 pass between the
inmer heater tubes 3604, Diverting the combustion gases away from the upstream side of the
iaer heater tubes 3604 will reduce the inner heater tube temperature, which in turn allows
for a higher burner power and a higher engine power. An exhaust flow concentrator 3602
20 way be placed outside of the heater tubes 3604, The exhaust flow concentrator 3602 is
described above with respect to FIGS. 31 and 32,

Another inethod fot increasing the heat transfer from the combustion gas to the
heater tubes of a tube heater head 50 as to transfer heat, in turn, to the working fluid of the

engine is shown in FIG. 37. FIG. 37 is a perspective view of a tube heater head inchuding

2%
Ln

flow diverter fins in accordance with an embodiment. Flow diverter fins 3702 are used to
direct the exhaust gas flow around the heater tubes 3704, including the downstream side of
the heater tubes 3704, i order to increase the heat transfer from the exhaust gas to the
heater tabes 3704, Flow diverter fin 3702 is thermally connected to a heater tube 3704 along
the entire length of the flow diverter fin. Therefore, in addition to directing the flow of the
30 exhaust gas, How diverter fins 3702 increase the surface area for the transfer of heat by
conduction to the heater tubes 3784, and thence to the working fhuid.

FIG. 38 s a top view in ¢ross-section of a fube heater head including flow diverter
fins in accordance with an embodiment. Typically, the outer heater tubes 3806 have a large

inter-tube spacing. Therefore, some embodiments as shown in FIG. 38, the flow diverter
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fins 3802 are used on the outer heater tubes 3806, In an alternative embodiment, the flow
diverter fins could be placed on the inner heater wbes 3808 (also shown in FIG. 39 as
3908). As shown in FIG. 38, a pair of flow diverter fins is connected to each outer heater

tube 3806. One flow diverter fin is atiached to the upstream side of the heater tube and one

.

flow diverter fin is attached to the downsiream side of the heater tube. [n some
embodiments, the tlow diverter fins 3802 are “L" shaped in cross section as shown in FIG.
38. Each flow divenier fin 3802 is brazed 1o an ouser heater tube so that the inmer (or
upstrearn) flow diverter fin of one heater tebe overlaps with the outer {or downstreant) flow
diverter fin of an adjacent heater tube to form a serpentine flow channel. The path of the
10 exhaust gas flow caused by the flow diverter fins is shown by arrows 3814, The thickness of
the flow diverter fing 3802 decreases the size of the exhaust gas flow channel thereby
increasing the speed of the exhaust gas flow. This, in tum, resulis in improved heat wansfer
to the outer heater tubes 3806. As mentioned above, with respect 1o FIG. 37, the flow
diverter fins 3802 also increase the surface area of the outer heater tubes 3806 for the
15 uansfer of heat by conduction 1o the outer heater tubes 3806
FIG. 39 1s a cross-sectional lop view of a section of the tube heater head of FIG. 37
in accordance with an embodiment. As mentioned above, with respect to FIG, 38, 4 pair of
flow diverter fins 3902 is brazed to each of the outer heater tubes 3906. In some
embodiments, the flow diverter fins 3902 are attached to an cuoter heater tube 3906 using a
20 wuickel braze along the full length of the heater tube. Alternatively, the flow diverter fins
could be brazed with other high temperature materials, welded or joined using other
techniques known in the art that provide a mechanical and thermat bond between the tlow
diverter fin and the heater wbe.
An alternative embodiment of flow diverter fins is shown in FIG. 40. ¥1G. 40 is a
25 1op view of a section of a ube heater head inctuding single flow diverter fins in accordance
with an embodiment. In (his embodiment, a single flow diverter fin 4002 is connecied to
each outer heater tube 4004, In some embodiments, the flow diverer fins 4002 are atached
to an outer heater tube 4004 vsing a nickel braze along the full leugth of the heater tube,
Alternatively, the flow diverter fins may be brazed with other high temperature materials,
30 welded or joined using other techniques known in the art that provide a mechanical and
thermal bond betweep the flow diverter in and the heater wbe. Flow diverter {ins 4002 are
used to direct the exhaust gas flow around the heater tubes 4004, including the downstream
side of the heater tubes 4004 In order to increase the heat transfer from the exhaust gas to

the heater tubes 4004, flow diverter fins 4002 are thenmally connzcted to the heater tube
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4004. Therefore, i addition to divecting the flow of exhaust gas, flow diverter fins 4002
increase the surface area for the tansfer of heat by conduction fo the heater tubes 4004, and
thence to the working fluid.

F1G. 41 is a top view in cross-section of a section of a tube heater head including the

L

single flow diverter fins as shown in FIG. 40 tn accordance with an embodiment. As shown
w FI1G. 41, a fow diverter fin 4110 is placed on the upstream side of a heater tube 4£06.
The divener fin 4110 15 shaped 50 as to maintain a constant distance from the downstream
side of the heater tube 4106 and therefore improve the sranster of heat to the heater tube
4106. In an alternative embodiment, the flow diverter fins could be placed on the inner

10 heater tubes 4108,

Engine performance, in terms of both power and efficiency, is highest at the highest
possible temperature of the working gas in the expansion volume of the engine. The
maximum working gas temperature, however, is typically limited by the properties of the
heater head. For an external combustion engine with a tube heater head, the maximum

15 temperature is limited by the metallurgical propenies of the heater wbes. If the heater tubes
become 1o hot, they may soften and fail resulting in engine shut down. Alternatively, at too
high of a tetperature the tobes will be severely oxidized and fuil. It is, therefore, important
to engine performance to control the temperature of the heater tubes. A temperature sensing
device, such as a thermocouple, may be used to measure the temperatare of the heater tubes.

20 The temperature sensor mounting scheme may thermally bond the sensor to the heater tube
and jsolate the sensor from the much hotter combustion gases. The mounting scheme should
be sufficiently robust to withstand the hot oxidizing envirenment of the combustion-gas and
impinging flame that occur near the heater tubes for the life of the heater head. One set of
mounting solutions include brazing or welding thermocouples directly to the heater tubes.

25 The thermocouples would be mounted on the part of the heater tubes exposed fo the hotiest
combustion gas. Other possible mounting schemes permit the replacement of the
temperature sensor. In one embodiment, the temperature sensor is in a thermowell thermally
bouded to the heater tube. In another embodiment, the mounting scheme is a mount, such as
a sleeve, that mechanically holds the temperature sensor against the heater tube.

30 FIG. 42 15 a side view in cross section of a cylinder 4204 and a burner 4210. A

temperature sensor 4202 i3 used to monitor the temperature of the heater tubes and provide
feedback to a fuel controller {not shown) of the engine in order to maintain the heater tubes
al the desired temperarore. In some embodiments, the heater wbes are fabricated vsing

inconel 625 and the desired temperature is 93Q.degree. C. The desired temperature will be
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ditferent for other heater tube nuaterials. The temperature sensor 4282 should be placed at
the hottest, and therefore the limiting, part of the heater tubes. Generally, the hottest pary of
the heater tbes will be the upstream side of an inner heater tube 4206 near the top of the

heater tube. FIG. 42 shows the placement of the temperature sensor 4202 on the upstream

(v

side of an inner heater tube 4206. In some embodiments, as shown in FIG. 42, the
temperature seasor 4202 is clamped to the heater tube with a strip of metal 4212 that is
welded to the heater fube in order to provide good thermal contact between the temperature
sensor 4202 and the heater tube 4206, In one embodiment, both the heater tubes 4206 and
the metal strip 4212 may be Inconel 6235 or other heat resistant allovs such as Inconel 600,
10 Swinless Steels 310 and 316 and Hastelloy X. The temperatore sensor 4202 should be in
good thermal contact with the heater tube, otherwise it may read too high a temperature and
the engine will not produce as much power as possible. In an alternative esnbodiment, the
temperature sensor sheath may be welded directly to the heater tube.
[n another embodiment, as shown in FIG. 43A-B, a temperature sensor mount 4320
15 is created with a formed strip or sheath of a refractory or high temperatare resistant metal
such as Inconel that is bonded to the exterior of the heater tube 4310, The sensor mount
sheath 4320 is formed or shaped into a channel that when attached to the heater wbe creates
a void tha accommodates a device. In a specific embodiment, the channel is V-shaped to
accormmodate the fusertion of a thermal sensor sach as a thermocouple device. The shaped
20 chanuel is then bonded 10 the exterior of a heater tube 4316 as shown in FIG. 43A.
FIG. 43A shows a side view of the sensor mount sheath 4320 on the heater tube
4310, while FIG. 438 is a view along the axis of the sensor mount sheath 4320. The metal
should be thin enough to form, yet thick enough to survive for the rated Iife of the heater

bead. in some embodiments, the metal is approximately between 0.005" and 0.020" thick.

3
N

The metal may be bent such that the bend is along the length of the strip. This "V-channel”
sheath 4320 is then affixed to the exterior of the heater tube by high temperature brazing.
Prior to brazing, the sheath may be tack welded in several places to insure that the sheath
does not move during the brazing process, as shown in FIG. 43A. Preferably. the braze
compound used during brazing is typicaily a high nickel alloy, however, any compound
30 which will withstand the brazing temperature will work. Alternatively the sheath may be
bonded to the healer tube by electrou beam or laser welding.

Now referring to FIG. 43B, a cavity 4330 is formed by affixing the sheath to the
hearer tube. This cavity 4330 is formed such that it may accept a device such ag 4

thermocouple. When formed and brazed, the cavity may advantageously be sized to fit the
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thermocouple. Preferably, the fit is such that the thermocouple is pressed against the
exterior of the heater tube. Preferably, the sheath is thermally connected to the heater wbe.
If the sheatht is not thermally connected to the heater tobe, the sheath may not be "ceoled”

by the working gas. The lack of cooling may cause the sheath to operate at or near the

N

combustion gas temperarures, which are typically high enough to eventually burn through
any metal. Brazing the sensor moant to the heater tube leads 1o a good thermal contact.
Alernatively, the sensor mount sheath 4320 could be continuously welded along both sides
to provide sufficient thermal connection,
In another embodiment, as shown in FIGS. 44A-B, a second strip of metal can be
10 formed to create a shield 4450 over the sensor mount 4420, The shield 4420 may be used 10
improve the thermal connection between the temperature sensor, in cavity 4430, and the
heater tube 4410, The shield insulates the sensor mount sheath 4420 from the convective
heating of the hot combustion gases and thus improves the thermal connection to the heater
tube. Furthexmore, there is preferably an insulating space 4440 to help further insulate the
15 temperature sensor from the hot combustion gases as shown in FIG. 448,
In another specific embodiment, as shown in FIGS. 45A and 458, the temperature
sensor mount 4520 can be a small diameter tube or sleeve 4540 joined to the leading edge of
the heater tube 4518, FIG. 45A shows a side view of the mount on the heater tube 4516,
while FIG. 45B is a view along the axis of the tube 4540 or sleeve. The sensor tube 4540 is
20 preferably brazed to the heater tube with a substantial braze fillet 4530. The large braze
filler 4530 will maximize the thennal bond between the heater tube and the sensor mount. In
another embodiment, the tube of sleeve 45840 may have a shield. As described supra, an
outer shield cover may help insulate the temperature sensor mount 4520 from convective

heat transfer and improve the thermal connection to the heater tube.

3
WA

In an alternative embodiment of the tube heater head, the U-shaped heater tubes may
be replaced with severa) helical wound heater tubes. Typically, fewer helical shaped heater
tubes are requirad to achieve similar heat transfer between the exhaust gases and the
working fluid. Reducing the number of heater tubes reduces the material and fabrication
costs of the heater head. [n general, a helical heater tube does not require the additional
30 fabrication steps of forming and attaclung tins. In addition, a helical heater tube provides
fewer joints that could Tail, thus increasing the reliability of the beater head.

FIGS. 46A-46D are perspective views of a helical heater tube in accordance some
embodiments. The helical heater tube, 4602, as shown in FIG. 464, may be formed from a

single fong piece of mbing by wrapping the tubing around a randrel to form a tight helical
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coil 4604, The tube 1s then bent around at a right angle to create a straight return passage out
of the helix 4686, The right angle may be formed before the final helical loop is formed so
that the return can be clocked to the correct angle, FIGS, 46B and 46C show further views
of the helical heater tube. FIG. 46D shows an altemnative embodiment of the helical heater
tube in which the straight return passage 4606 goes through the cener of the helical coil
4604 FIG_ 47 shows a helical heater tube in accordance with one embodiment. In FIG. 47,
the helical heater whe 4702 1§ shaped as a double helix. The heater tube 4702 may be
formed using a U-shaped tube wound to form a double helix.

F1G. 48 is a perspective view of a tube heater head with helical heater tubes (as
shown in FIG. 46A) in accordance with one embodiment. Helical heater tubes 4802 are
mounted in a circular pattern o the top of a heater head 4803 to form a combustion chamber
48086 in the center of the helical heater tubes 4802. The helical heater tubes 4802 provide a
significant amount of heat exchange surface around the outside of the combustion chamber
4806,

FIG. 49 is a cross sectional view of a burer and 2 tube heater head with helical
heater tubes in accordance with some embodiments. Helical heater tubes 4902 connect the
hot end of a regenerator 4904 (0 a cvlinder 4905, The helical heater tubes 4902 are arranged
to form a combustion chamber 4906 (also shown in FIG. 50 as 5006) for a burner 4907 that
is mounted coaxially and above the helical heater tubes 4902. Fuel and aiv are mixed in a
throat 4908 of the burner 4997 and combusted in the combustion chamber 4986, The hot
combustion {or exhaust) gases {low, as shown by arrows 4914, across the helical heater
tubes 4902, providing beat to the working fluid as it passes through the helical beater tubes
4902,

11 one embodiment, the heater head 4903 (also shown in FIG. 50 as 5403) further
includes a heater tube cap 4910 at the top of each helical coiled heater tubes 4902 1o prevent
the exhaust gas from entering the helical coil portion 4901 (also shown in FIG. 50 as 5001)
of each heater tybe and exiting out the top of the coil. In another embodiment, an annular
shaped piece of metal covers the top of all of the helical coiled heater tubes. The heater tube
cap 4910 prevents the flow of the exhaust gas along the heatex head axis to the top of the
helical heater tubes between the helical heater tubes, In one embodiment, the heater tube
cap 4910 may be Inconel 623 or other heat resistant altoys such as Inconel 600, Stainless
Steels 310 and 316 and Hastelloy X.

In another embodiment, the top of the heater head 4903 under the helical heater

tubes 4902 is covered with a moldable ceramic paste. The ceramic paste insufates the heater
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head 4903 from impingement heating by the flames in the combustion chamber 4906 as
well as from the exhaust gases. In addition, the ceramic blocks the flow of the eshaust gases
along the heater head axis to the botton of the helical heater tubes 4902 either between the

helical heater tubes 4902 or inside the helical coil portion 4901 of each heater wbe.

k¥4

FI1G. 50 is a top view of a tube heater head with helical heater tubes in accordance
with one embodiment. As shown in FIG. 50, the return or straight section 5002 of each
helical heater wbe 3000 is advantageously placed outboard of gap 5609 between adjacem
heheat heater tubes 5000, It is important to balance the flow of exhaust gases through the
helical heater tubes 5000 with the flow of exhaust gases through the gaps 5009 between the
10 helical heater tubes 5000, By placing the straight portion 5002 of the helical heater tube
oathoard of the gap 5009, the pressure drop for exhaust gas passing through the helical
heater tubes is increased, thereby forcing more of the exhaust gas through the helical coils
where the heat transfer and heat exchange area are high. Exhaust gas that does pot pass
between the helical heater tubes will impinge on the straight section 5002 of the helical

15 heater tube, providing high heat tansfer between the exhaust gases and the straight section.
Both FIGS. 49 and 50 show the helical heater tubes placed as close together as possible o
niinimize the flow of exhaust gas between the helical heater tubes and thus maximize beat
transfer. In one embodiment, the helical coiled heater tmbes 4901 may be arranged so that
the coils nest together,

20 Pin or Fin Heat Exchanger

Now referring to FIGS. 51A and 518, fins or pins may alternatively be used to
increase the inferfacial area between the hot fluid combustion products and the solid heater
head 50 as to transfer heat, in turn, to the working fluid of the engine. Heater head 5100 may

have heat wransfer pins §124, here shown on the interior surface of heater head 5108, in the

o]
L]

space between the heater head and expansion cylinder liner $115. Additionally, as shown in
FIG. $1B in a cross section of Stirling cycle engine 5196 taken along a difterent diameter of
expansion volume 5198 from that of FIG. 51 A, heat transfer pins §130 may also be
disposed on the exterior surface of hester head $180 so as wo provide a large surface area for
the transfer of heat by conduction to heater head 5100, and thence to the working flaid,

30 from combustion gases flowing from combustor 5122 past the heat transfer pins. Dashed
line 5131 represents the longitudinal axis of the expansion evlinder. FIG. 518 also shows
heat transfer pins 5133 lining the interior and exterior surfaces of the top of heater head
5180, in accordance with one embodiment. Interior-facing heat transfer pins 5124 serve to

provide a targe surface area for the transfer of heat by conduction from heater head 5100 10
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working {luid displaced from expansion volume 3198 by the expansion piston and driven
throngh regenerator chamber 5132, Additional embodiments of heater head 5100 are

disclosed in ULS. Patents No, 6381 958, and No. 6,966,182.

o

Depending on the size of heater head 5100, hundreds or thousands of inner transfer
pins 5424 and outer heat transfex pins 8130 may be desirable.
One method for manufacturing heater head 5100 with heat transfer pins 5124 and
5130 includes casting the heater head and pins (or other protuberances) as an integral unit,
Casting methods for fabricating the heater head and pins as an integral unit include, for
10 example, imvestment casting, sand casting, or die casting,
While the use of pin fins is known for improving heat transfer between a surface and
a fluid, the integral casting of radial pin fins on the cylindrical heater head of a Stirling
engine bas not been practiced nor suggested in the art, despite the fact that casting the heater
head and it's heat exchange surfaces in a single step is ane of the most cost effective
13 methods to produce a heater head. The difficulty encountered in imegral casting of radial
pin fins is discussed further below. A pin fin that could be cast as part of cvlindrical wall
would alfow the inexpensive fabrication of a highly effective heater head andfor cooler for a
Stiding engine.
Castings are made by creating negative forms of the desired part. All forms of
20 production casting (sand, investment and injection) involves forming extended surfaces and
details by injecting material into a mold and then removing the mold from the material
leaving the desired negative or positive form behind. Removing the mold from the material
requires that all the extended surfaces are at least paraliel. In fact, good design practice
requires slight draft on these extended surfaces so that they release cleanly. Forming radial
25 pins on the owside or inside of a cylinder would requirg the molds to contain tens of
hundreds of parts that pull apart in different divections. Such a mold would be cost
prohibitive.
In accordance various embodiments, pins or fins may be cast onto the inside and
outside surface of Stirling heat exchangers using production sand, investment or metal
30 injection casting methods, Referving to FIGS. 52A-32D and 53D, and, first, to FIG. 524,
pins 5202 are arranged into several groups 5208 of paratlef pins 5202 around cylindrical
wall 5218 of heater head 5100, shown in cross section paradiel to the central axis in FIG.
52B and in cross section transverse to the central axis, in FIG. 52C. It should be noted that

the technology herein described mav advantageously be applied more generally in anyother
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heat exchanger application. All the pins 5202 in each group 5208 are parallel 1o each other.
Only the pins 5202 in the center of the group are truly radial. The pins on the outside of the
groap, such as those designated by muneral 5204 in FIGS. 32C and 53D, are angled inward

from a local radius such as to be substantially paralle! 1o a radial line 5212 toward the center

wn

of the group. In addition, the pins on the outside of the group are preferably longer, typically
by a small amouut, than pins closer to the center of the group. However, the heat transfer
only changes only slightly from the center of the group to the outside in the embodiment
depicted i FIGS. 52A-52C, and 53D in which 5 groups 5208 of parallel pins provide
approximately radial pin fins around cylinder 5210
10 In the casting process in accordance with some erabodiments, positive or negative
molds of each group of parallel fins are formed in a single piece. Several mold pieces are
then assembled to form the negative form for a sand casting. In investment mold casting, the
wax positive ean be formed in an iujection mold with only a handful of separate parts that
pull apart 1n differens directions. The resulting mold is formed at an acceptable cost, thereby
15 waking production of' a pin fin heater head economically practical.

Casting of a heates head having protuberances, such as pins, extending 1o the interior
and exterior of a part with cylindrical walls may be achieved, in accordance with various
embodiments, by investment, or lost-wax, casting, as well as by sand casting, die casting, or
other casting processes, The interior or extetior protuberances, or both, may be imegrally

20 cast as part of the head.

While typicatly more cheaply accomplished than machining or assembly of the pin
arrays, casting pin arrays may still bave attendant difficulties and substantial costs.
Additionally, the casting process may result in a heater head that 1s Iess than fully densely

populated with pins, thus increasing the fraction of gases failing to collide with the heater

[ )
LA

head surface and reducing the efficiency of heat transfer.

One embodiment of the methed for populating the surfaces of heater head S108 with
heat transfer pins entatls fabrication of heater 5100 and arrays of heat transfer pins in
separate fabrication processes. An array 5258 (also shown in FIG. 538 gs 5356) of heat
transfer pins $252 may be cast or injection molded with papel 5254 resulting in an integral
30 backing panel structure shown in FIG. 32D, Pin arrays 5250, after casting or molding, are
mounted to the inner and outer surfaces of the heater head by a high temperatare braze.
Thus, a more densely populated head with a resultant low rate of gas leakage past the pins
may advantageously be achieved. In other embodiments, panels 5254 may be secured by

various mechanical means to the heater head.
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Transient liquid-phase (TLP) bonding, as described, for example. in the Aerospace
Structural Metals Handbook, Code 4218, p. 6 (1999) is particularly advantageous for
brazing the panels to the head, since nickel based superalloys, typically employed for

fabrication of the head, is difficult to weld by conventional processes, and operates in a high

K20

stress and high temperature environment, Advantages of TLP bonding in this application are
that the parts braced by TLP are effectively welded using the parent material and bave
nearly the same tensile strength properties as integrally cast parts, TLP bonds do not remelt
at elevated teraperatures, whereas typical brazes will remelt at the brazing temperature. This
is of particular significance i the case of continuous operation at elevated temperatares
10 where temperature excursions may occer, s in the present application,

The panels 5254 of pins may be attached to the interior or exterior of either the
heater head or the cooler by other means, In ope alternative embodiment, the panel may be
mechanically attached into slots at its lateral edges. The slots are pravided in dividers 8366

{described in the following discussion). In another embodiment, the panels are attached to

N

the heater head or cooler by brazing. In yet another embodiment, the panels are attached to
the heater head or cooler by sintering the panels 1 the cvlindrical walls of the heater head or
cooler.

Dividers 5306, as shown in FIGS. 52C, 33A, and 53B, may advantageously improve
the hieat transfer rate of the pin fin panels, Additionally, they may provide a convenient
20 {ocation for locating temperature sensors. Lastly, the dividers may advantageously provide a
convenient structure to which to sttach panels of pins to the heater head, in one
embaodiment, and a parting line for casting operations, in accordance with a fusther
enibodiment.

Dividers 8306 may serve to improve the thermal effectiveness of the pin fin arrays

]
WA

in the following manner. Referring, once again, to FIG. 52A, the rate of beat transfer for a
fuid flowing through staggered pin fins is significantly higher than for fluid flowing
through aligned pin fins. Fluid approaching a stagpered pin array 5208 would travel ar a 45-
degree angle to an axial path along the length of the cylinder, with the skew direction
designated by numeral 5214. In order to provide for improved thermal transfer, dividers

30 5206, 5306 are provided, in accordance some embodiments, to force the fluid flow through
the staggered array of pin fins along a path designated by numeral 5212. I addition to
forcing the flow to travel axially, the dividers provide convenient jnterfaces and joining

planes for the casting molds described above.
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In certatn embodiments, individoal arrays 5250, cach with its associated panel
segment 5284, comprise arcuate fractions of the circumferential distance around the heater
head. This is apparent in the top view of the heater head assembly shown in perspective in

FIG. 33A. Cylinder head 5320 1s shown, as 1s exterior sucface 5302 of the heater head.

(4

Backer segments supporting artays of heat transfer pins are not shown but are inserted,
during assembly, in spaces 8364 surrounding exterior surface 5302 of the heater head.
Between successive heat transfor pin array segments are trapezoidal dividers 5366 which
are baffled to block the flow of exhaust gases in a downwurd direction through any path
other than past the heat transter pins.
10 In one embodiment, fow dividers §306 include structures for mechanically retaining
the panel segments 5254 during asserbly, before brazing, or simply to mechanically retain
the panels 5254 against heater head 3302
In order to maximize engine power, the hottest part of the heater head is preferably
at the highest temperature allowed, cousidering the metallurgical creep and tensile sirength,
15 stress, and appropriate [actors of safety. Mainsaining the hottest part of the heater head at
the highest temperature requires measuring the temperature of the hotsest part of the heater
head. The dividers provide a convenient location and routing for temperature sensors on the
heater had to any axial location along the pin fin arrays. Hot gas flow path §313 (shown also
in FIG. 51A), is defined. on the outside, by gas flow channel cover 5340 Since exhaust
20 gases do not flow through dividers 5306, a temperature sensor, such as thermocouple 5138
{shown in FIGS. 51A and 33C) is advantageousty disposed in divider 5306 in order to
monitor the temperature of heater head 5100 with which the temperature sensor is
thermal contact, The position of pin arrays 5250 and temperature sensor 5138 mounted

within divider §306 is shown more clearly in the view of FIG. $38 in which the pin backer

o
R

has been removed,

Temperature sensing device 5138 is preferably disposed within divider 5306 as
depicted in F1G. 33B. More particularly, temperature sensing tip 5339 of remperature sensor
5138 is preferably locsted in the slot corresponding to divider 5306 as nearly as possible to
cylinder head 5320 in that this area is typically the hottest part of the heater head.

30 Alternatively, temperature sensor 5138 may be mounted directly to cylinder head §320,
however location of the sensor in the slot, as described, is used in some embodiments.
Engine performance, in terms of both pewer and efficiency, is highest at the highest
possible temperature, yet the maximum temperature is typically limited by metallargical

properties. Therefore, sensor 5138 should be placed 1o measure the temperature of the
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hottest, and therefore the lmiiing, part of the heater head. Additionally, temperature sensor
5138 should be insulated from combustion ases and walls of divider $306 by ceramic
iusulation 8342, as shown in FIG. 33C. The ceramic can also form au adhesive bond with

the walls of the divider to retain the temperature sensor in place. Electrical leads 5344 of

o

temperature sensor 5138 should also be electrically insulated.

Although the bumer is designed to have circumferential syinmetry. hot spots may
develop on heater bead 5320. Adding to the problem, the alloys typically employed for
fabrication of the heater head, on account of their high melting point, have relatively poor
thermal conductivity. Once hot spots form, they are apt to endure because the gas flow
10 outside the head is axial rather than circomferential, since dividers 8306 (shown in FIG.
53A) impede any circumferential flow. Additionally, heating may increase local gas
viscosity thereby redirecting more flow 10 other channels. In order to even out the
temperature distribution on the heater head, a layer of highly thermally conduective metal,

such as copper, of thickness greater than 0.001 in. and preferably about 0.005 in, is applied

a—
LN

to intenior surface 5348 of heater head 5320, by deposition or plating, or other application
method. Alternatively, a similar coating may be applied to the exterior surface, in
accordance with another embodiment.

In order to keep the size of the Stirting cycle engine small, it is important to
maximize the heat flux from the combustion gas through the heater head. Whereas prior art
20 employed loops of pipe in which beat transfer 1o the working fluid is achieved, loops

engender both low reliability (since the loops are mechanically vulnerable) and higher cost,
due to the more complicated loop geometry and extra matesials. The limiting constraint on
the heat flux are the thermo-mechanical propertics of the heater head material that must be
able to withstand the high temperatures of the combustion chamber while maintaining the
25 swructural integrity of the pressurized bead. The maximum design lemperature is detenmined
by the hottest point on the heater head which is typically at the top of the wall. Ideally, the
entire heater wall hot section would be at this maximum temperature, as may be controlled,
for example, by controlling the fuel flow.
As combustion gases travel past the heater head in gas flow chaunels 5113, 8313
30 {shown in FIG, 51A). the gas temoperature decreases as heat 1s transferred from the gas to
the heater head. As a resolt, the maximum allowed heater head temperature at the fop of the
gas flow channel must be set by the material vsed for the heater head. The material is
preferably chosen from the family of high nickel alloys, commonly known as super alloys,

such as Inconel 600 (having a maximum temperature T.sub.max =800 degree. C. before
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softening), Inconel 625 (T.sub max =900 degree. C.). Inconef 754 (T sub.max
=1080.degree. €.}, or Hastelloy GMR 235 (T.sub.max =935 degree. C.}. The gas in gas
chaanel S113, 5313 may cool by as much as 350, degree. C. on transit throogh the channel,
resufting in undetheating of the bottom of the hot zone.

In accordance with some embodiments, the temperature profile of the heater wall is
controfled by means of heat wansfer geometry, as now described One method for
conteolling the geometry is by means of providing a variable cross-section gas flow channel
5113, 5313 (shown in FIGS. 51 A and 54A). The radial dimension {perpendicular to the wall
of the heater head), and thus the cross-section of the channel, is farge at the top of the heater
wall, thereby allowing much of the gas to bypass the pin array at the top of the wall. The
bypass allows hotter gas to reach the pin array at the bottom of the wall thexeby allowing the
botton pin array 1o operate closer to its maximum temperature. The temperature gradient
from the top of the beater to the bottor of the hot section (before regenerator volume 5132,
shown in FIG. 51A) has been reduced from as much as 350 degree. €. to 100.degree. C.
using a variable cross-section gas flow chaunel.

A second method for controlling the geometry is by varying the population density
and the geometry of the pin array as a [unction of position along the gas flow channel. The
geomerry of the pins may be adjusted by varying the height/diamerer (H/D) ratio of the pins.
If & casting process is used to form the pin array, the range of H/D rations may be himited by
the process. If pin rings are used, the range of H/D ratios may be extended.

Referring now 1o FIGS. 53E, 53F, 54A and 54B, arrow 5402 designates the path of
heated exhaust gases past heater head 5108, Outer heat transfer pins $130 intercept the
heated exhanst gases and transfor heat via hoater head 5100 and inner heat transfer ping
$124 1o the working fluid that is driven from expansion cylinder 5118 along path 5404. (For
clarity. heat wansfer pins §130 and 5124 are shown schematically in FIG. 54A. Additional
heat transler pins 5130 and 5124 had been depicted, ot to scale, in the view of FIGS. 53E,
S3F, and 548.) Successive heat transfer pins 5406, S408, and 5410, for example, present a
progressively larger cross section to the flow of exhaust gas along path 54082 Thus, while
the exhaust gas has transferred some fraction of its heat prior to arrival at the lower pins,
heat is extracted there with a greater conduction rate, thereby reducing the temperature
gradieut between the top §412 and bottona 8414 of the path of working fluid between
expansion valume 5198 and regenerator volume 5132, Typical temperatures of the surface

of expansion cytinder 3115 are indicated in FIG. 54A: 856.degree. C. at the top of the
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cylinder, 750.degree. C. at the center of the cylinder, and 600 degree. C. ai the end of the
cylinder closest to the regenerator volume.
Another method for achieving more even distribution of heat from the exhaust gases

to the heater head is to create a tapered divider on the outside diameter of the heater head by

&

means of concentric tapered pin backer 5146, as shown in FIG. 34A. The cross-sectional

view of FIG. 54A shows bow tapered pin backer 5146 allows some of the botlest exhaust

gas to bypass the pins near the top of the heater head. Pin backer $146 creates a navowing
annular gap on the cutside of the pins that progressively forces more and more of the
exhaust gases into the pin heat exchanger.

10 Another method for increasing the surface area of the interface between a solid such
as heater head S100 and a fluid such as combustion gases as discussed above is now
described with reference to FIGS. 35A-35D. An effect analogous to that of fabricating heat
transfer pins by casting or otherwise may be obtained by punching holes §160 into a thin
annular ring 3162 shown in top view in FIG. 554 and in side view in FIG. 5358, The

15 thickness of ring 5162, which may be referred Lo as a "heat wransfer pin ting’ is comparable
to the thickness of the heat transfer pins discussed above, and is governed by the sirength of
the heat-conductive material ar the high tetnperature of the comtbustion gases traversing
holes 5160. The shape and disposition of holes 5160 within each ring is a matter of design
for a particular application, indeed, holes 5160 may not be surrounded by solid matesial.

20 “The material of rings 5102 is preferably an oxidation-resistant metal such as lncone! 625 or

Hastellov GMR 235, though other heat-conducting materials may be used. Rings 5162 may

be produced inexpensively by a metal stamping process. Rings 5162 are then mounted and

brazed. or otherwise bonded, w the outer surface heater head 5100, as shown with respect o

outer pin rings 8164 in FIG. S3C, and with respect to inner pin rings 5166 in FIG. 35D.

o)
W

Additional rings may be interspersed between the pin rings to control the vertical spacing
between the pins, Expansion cylinder liner 8115 is shown in the interior of inner pin rings
5166.

Heat transfer rings 5162 may be advantageousty applied to the interior of the heater
head as well as to both the exterior and interior of the cooler of a thermal cycle engme. In
30 these applications, the rings need not be oxidation resistant. Materials including copper and
nicke! are preferably used on the interior of the heater head, while the rings for the cooler
are preferably made of ene of various high thennal conductivity materials including

aluminun, copper, zine, etc.
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The total cross sectional area of the heat travster pins taken in a slice perpendicular
to cylinder axis 5168 need not be constant, indeed, it is advantageously varied, as discussed
in detail above, in reference io FIG. 54,

Referring to FIGS. 56A through 36C, the interior or exterior heat exchange surfaces

o

may also be formed from various folded fin structures 3600, $602, or 5604, The folded fin
structures may be made of material similar to that of the heater head pressare dome or of
high thermal conductivity materials such as copper which may provide improved fin
efficiency. Fins fabricated from high melting-point materials such as that of the heater head
5100 (shown in FIG. S1A) may be continuous from the top to the bottom of the hearer head.
10 Folded fins may be fabricated from sheet metal and brazed to the interior sarface of the
heater head. Three folded fin configurations are shown by way of example: wavy fins 5600,
fanced fins 5602, and offset fins 5604. In each case, the pas flow direction is indicated by an
arrow designated by numeral 5606,

Fins formed from a dissimilar metal to that of heater head 5100 are attached in axial

—
LA

segments (o avoid differential thetmal expansion from breaking the brazed joint between the
fios and the head. The offset fin configuration of FIG. 56C advantageously provides a
superior heat transfer coefficient to that of plain fins.

The use of high thermal conductivity metal for the folded fins may advantageously
allow the fins 1o be made longer, thereby improving heat transfer and reducing resistance 1o
20 flow of the gas and improving engine efficiency.

Heater Head Support Ribs

The walls of the heater head must be sufficiently strong, at operating temperatures,

to withstand the clevated pressure of the working gas. It is typically desirable to operate

Stirling cycle engines at as high a working gas pressure as possible, thus, enabling the head

£
W

to withstand higher pressures is highly advantageous. In designing the heater head, it must
be borne in mind that increasing the pressure at a given operating temperature typically
requires increasing the heater head wall thickness in direct proportion. On the other had,
thickening the heater head wall results in a louger thermal conduction path between the
exterior heat source and the working gas.

30 Moreover, thermal conduction increases with heat exchanger surface area, thus
thernal efficiency is increased by increasing the diameter of the heater head. Stress in the
wall, however, is substantially proportional to the diameter of the head, thus increasing the
head diameter, at a given temperature and interior gas pressure, requires increasing the wall

thickness in direct propottion.
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The strength considerations arc tantamount at typical Stisling engine head
temperatures, in fact, they drive the maximum operating temperature, since, as discussed,
efficiency increases with temperatwre. Both creep and ultimate tensile strengths of materials

tend to falt off precipitously when specitied elevated temperatures are reached. Refetring to

h

FIG. 574, the vield sirength at 0.2% offset and ulsimate tensile strength are shows for the
GMR 235 nickel alloy in typical representation of the qualitative behavior of nickel alloys.
Similarly in FIG. S5TB, it can be seen that the 0.01% per hour creep rate strength of GMR
235 falls from 40 ksi to half as the temperatore rises from 1500 degree. F. 10 1700 .degree. F.
Some embodiments provide interior ribs {of boops) 3800, such as those disclosed in
10 1S Patents No. 6,381 958 and No. 6,966,182 thar enhance structural support of heater
head 5801, as shown in crogs-section in FIG. 58. Ribg $800 are characterized by an interior
bore 8802 "The creep strength and rupture sirength of heater head 5801 is thus determined
predominantly by an effective thickness 5804 of the heater head and the interior bore
diameter S802. Heat conduction through the heater head is not limited by thickness $804
15 swce intervenmg segments 5806 of the head are narrower and provide enhanced heat
conduction. Ribs §800 not only relieve hoop stresses on outer wall 3808 of head 5801 but
additionally provide supplemental surface area interior to the heater head and thus
advantageously enhance heat wansfer to the working flnid,
Further advartages of providing ribs 5800 interior to the heater head fuclude
20 reducing the temperature gradient across the head wall 5808 for a given rate of heat transfer,
as well as allowing operation at higher hot end working temperatures, Additionally, by
reducing the siress requirements on the outer wall, aliernative materials to pickel based
superatloys tmay be used, advantageously providing superior conductivity at reduced cost.

A cross section of heater head 5801 with ribs 5800 is further shown in FIG. 39,

+3
n

Dashed line 5910 designates the central longitudinal axis of the expansion cylinder. In
accordance with various embodiments expapsion cylinder hot steeve 5912 may have
transverse flow diverters 5914 for directing the flow of working gas, represented by around
5916, ground circumferential ribs 5800 for enhancing heat wansfer to the working gas. The
additional width h of ribs 5800 contributes to the hoop strength of heater head 5101,

30 whereas heat transfer is governed predominantly by the narrower thickuess t of outer heater
head wall 5808. In typical Stirhing engine applications, while the heater head exterior may
be run as hot as 1800 degree, F., ribs 5800 that provide structure sirength typically un no

hotter than 1300.degree. F.
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Advantages of enhanced hoop strength concurrenm with enhanced thermal
conductivity, as discussed above with reference to FIG. 38 may additionally be obtained in
accordance with several alieraate embodiments. Refetsing 10 FIGS. 60A and 60B, cross

sections are shown of a heater head 6830, wherein tubular openings 6032 run paraliel to

e

heater head wall 6008. As shown in the cross sectional view of FIG. 60B, taken along line
AA. tubes 6032 allow working gas to pass down the wall. enhancing heatl transfer from
ontside the head 10 the working gas. Additionally, the wall 6008 may be thicker, for the
samie rate of heat transter, thus providing sdditional strength. Moreover, the thick wall
section 6010 (also shown in FIG. 618 as 6110) interior to passages 6032 remains cooler
10 than would otherwise be the case, providing further additional strength. Heater head 6030 is
preferably cast with tubular passages 6032 which may be round in cross section or of other
shapes,

FIG. 61A shows a further heater head 6140 wherein tubular openings 6132 run

parallel to heater head wall 6108 and are interrupted by openings thas run out to thinner

W

sections 6142 of the heater head wall. As shown in the cross sectional view of FIG. 6218,
taken along line AA, tubes 6132 allow working gas to pass down the wall, enhancing heat
transfer from outside the head to the working gas to a degree substantially enhanced over
that of the straight tube design shown in FIGS. 62A and 62B. Additionally, openings 6144
provide additional area for removal of ceramic cores used in the casting process 1o create
20 such long, thin holes. Increased access 1o the holes allows faster chemical leaching of the
core 1 the course of the manufacturing process.
FIG. 628 shows yet another heater head 6250, wherein ribs 6252 are disposed in a
helix within heater head wall 6208, thereby providing the wall with enhanced rigadity in
both the circurnferential and axial directions. The working gas flows through the spiral 6254
25 onapath betwween the expansion piston and the heater head, on its way to the repenerator.
FIG. 628 shows a transverse cross section of the heater head of FIG. 62A taken along line
AAL Various embodiments include emploving a linear, or other, approximation to spisal
6254, 10 obtain comparable advantages of stitfening aad heat transfer.
Heater head 6258 of FIGS. 62A and 628 is preferably fabricated by casting. A side
30 view of core assembly 6260 for use in the casting process is shown i FIG. 62C. Itis
additionally advantageous to provide ribs for internal sapport of the dome of the heater head
and to provide additional beat exchange on the dome, thereby cooling the inner surface of

the dome. The complemeniary core structure of the dome is shown in FIG. 62D, and, in
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cross section, as viewed from the top, in FIG. 62D, A perspective view of core assembly
6260 is shown in FIG. 62E.

It is 10 be understood that the various heater head embodiments and methods for
their manufacture described herein may be adapted to function in a multiple heater head
configuration.

Regenerator

A regenerator is used in a Stirling cycle machine, as discussed above and as
described in U.S. Patents No. 6,591,609, and No. 6,862,883, to add and remove heat from
the working fluid during different phases of the Stitling cycle. The regenerator used ina
Suirling cvele machine must be capable of high heat wansfer rates which typically suggests a
high heat transfer area and low flow resistance to the working fluid. Low flow resistance
also contributes to the overall efficiency of the engine by reducing the energy required to
pump the workiog fluid. Additionally, a regenerator must be fabricated in such a manner as
to resist spalling or fragmentation because fragments may be entrained in the working fluid
and transpovied 1o the compression or expassicn cvlinders and result in damage 1o the
piston seals.

One regenerator design uses several hundred stacked metal screens, While
exhibiting a high heat transfer swface, low flow resistance and low spalling, metal screens
may suffor the disadvantage that their cutting and handling may generate small metal
fragments that must be removed before assembling the regenerator. Additionally, stainless
steel woven wire mesh contributes appreciably to the cost of the Stirling cycle engine.
{0003} A three dimensional random fiber network, such as stainless steel wool or ceramic
fiber. for example, may be used as the regenerator, as now described with reference to FIG.
63A. Stainless steel wool regenerator 6380 advantageousty provides a large surface area to
volume ratio, thereby providing favorable heat transfer rates at low fluid flow friction in a
compact form. Additionally, cumbersome manufacturing steps of cutting, cleaning and
assembling large numbers of screens are advantageously eliminated. The low mechanical
strength of steel wool and the tendency of stee! wool to spall may both be overcome as now
described. In some embodiments, the individual steel wires 6302 and 6304 are “cross-
linked” into a unitary 3D wire matrix.

0804}  The starting matetial for the regenerator may be fibrilose and of random fiber form
such as either steel or nicke] wool. The composition of the fiber may be a glass or a ceramic
or a metal such as steel, copper, or other high temperature materials. The diameter of the

fiber is preferably in the range from 10 micrometers to 1 millimeter depending on the size
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of the regenerator and the properties of the metal. The starting material is placed into a form
corresponding to the final shape of the regenerator which is depicted in cross-section in
FIG. 63B. lnner canister cylindrical wall 6320, outer canister cylindrical wall 6322, and

regenerator network 6300 are shown. The density of the regenerator is controlied by the

2

amount of starting material placed in the form. The form may be porous to allow fluids to
pass through the form.

o some embodiments, unsintered steel wool &5 employed as regenerator nerwork
6300. Regenerator network 6300 is then retained within the regenerator canister by
Tegeneratoy retaining screens 6324 or other filter, thereby comprising a “basket” which may
10 advantageously capture stee! wool fragments.

In one embodiment, applicable to starting material thai is electrically conducting, the
starting material is placed in a porous form and placed in an electrolyte bath. The starting
material may be a metal, such as stainless steel, for example. An electrical connection is
made with the starting material thereby forming an electrode. Cross-linking of the

15 individual fibers in the slarting material is accomplished by electrically depositing a second
material 6386 onto the starting material. The selection of the starting materiat will depend
on such factors as the particular deposition technique chosen and the chemical cornpatibility
of the first and second materials, as known to one of ordinary skill in the electrochemical
art. During deposition, the second material will build up on the starting maierial and form

20 bridges 6308 between the individual fibers of the starting material in places where the
wndividual fibers are i close proximity to each other. The deposition is continued until the
bridges have grown to a sufficient size to hold the two individual fibers rigidly in place.

The deposition duration depends on the particular deposition process and is easily
determined by one of ordinary skill in the art. After the deposition is completed, the

25 regenerator is removed from the bath and the form and is cleaned.

In another embodiment the starting material is placed i1 a form that may be porous
or not. The form containing the starting material is placed in a furnace and is partially
sintered mto 8 unitary picce. The selection of the sintertng temperatare and sintering time is
easily determined by one of ordinary skill in the sintering art.

30 In another embodiment the starting material is placed in a porous form. The form
containing the starting material is placed in a chemical bath and a second material, such as
nickel, i chemically deposited to form bridges between the individual fibers.

In another embodiment the starting material is a silica glass fiber which is placed

into a porous form. The glass fiber and form is dipped in a solution of tetracthylorthosilicate
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(TEOS) and ethgnol so that the fiber is completely wetied by the solution. The fiber and
form are removed from the solution and allowed to drain in a humid atmosphere. The
solution will form meniscoidal shapes bridging fibers in close proximity 1o each other. The
humidity of the atmosphere will start the hydrolysis-condensation reaction that converts the
TEOS to silica forming a cross lik between the two fibers. The fiber and form may be heat
treated at a temperatare less than 1000° C, most preferably less than 600° C, to remove the
reactant products and form a silica bridge between the fibers,

In another embodiment a ceramic sharry is deposited onto a reticulated foam having
the shape of the regenerator. The slurry is dried on the reticulated foam and heat treated to
burn off the foam and sinter the ceramic. The ceramic may be composed of an oxide
ceramic such as cordierite, alumina, or zirconia. The composition of the ceramie slurry and
the heat treatment profile is easily specified by one of ordinary skill in the ceramic
processing art.

In vet other embodiments, knit or woven wire is employed in fabrication of ¢
regeneralor as now described with refevence to FIG. 64A . In accordance with these
embodiments, kuit or woven wire tube 6481 is flattened by rollers 6402 into tape 6404, in
which form it s wound about mandrel 6406 into anaular layers 6408, Stainless steel is
advantageousty used for kait wire tube 6401 because of ts ability to withstand elevated
teruperature operation, and the diameter of the wire used is typically in the range of 1-2
mils, however other materials and gauges may be used in various embodiments.
Alternatively, a plurality, typically 3-10, of the stainiess steel wires may be loosely wound
imo a multi-fHament thread prior to knitting into a wire wbe. This process advantageously
strengthens the resulung tube 6401, When mandrel 6406 is removed, annular assembly
6410 may be used as a regenerator in a thermal cycle engine.

Still another embodiment is now described with reference to FIGS. 648 through
64E. Knit or woven wire tobe 6401, shown in its right cylindrical form in FIG. 64B, is
shown scored and partially compressed in FIG. 64C. Alternatively, the scoring may be atan
angle 6414 with respect to the central axis 6412 of the tbe, as shown in FIG. 64D. Tube
6401 is then axially compressed along central axis 6412 to form the bellows form 6416
shown in F1G. 64E that is then disposed as a regenerator within the regenerator volume 408
{shown in FIG. 4 of a Strling cycle engine.

It is ro be understood that the various regenerator embodiments and methods for
their manufacture described herein may be adapted to function in a multiple eylinder

configuration,
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Coolant Penetrating Cold-End Pressure Vessel
Referting now to FIGS, 65A-C, various cross-sections of an engine, such as g
Stirding cycle engine, are shown in accordance with some embodiments. Engine 6500 is
hermetically sealed. A crankcase 6502 serves as the cold-end pressure vessel and contains a
5 charge gas in an interior volume 6504. Crankcase 6502 can be made arbitrarily strong
without sacrificing thermal performance by using sufficiently thick steel or other stractural
material, A heater head 6506 serves as the hot-end pressure vessel and is preferably
fabricated from a high temperatore super-alloy such as Inconel 625, GMR-235, ete. Heater
head 6506 is nsed 1o wansfer thermal energy by conduction from an external thermal source
10 (0ot shown) to the workmg fluid. Thermal energy may be provaded from various heat
sources such as solar radiation or combustion gases. For example, a burner, as previously
discossed, may be used 1o produce hot combustion gases (shown as 6307 in FIG. 65B) that
are used to heat the working fluid. An expansion area of cylinder {or warm section} 6822 is
disposed nside the heater head 6506 and defines part of 8 working gas volume as discussed
15 above with respect to FIG. 1. A piston 6528 is used to displace the working {luid contaned
in the expansion area of cylinder 6522.
lo accordance with an embodiment, crankcase 6502 is welded directly to heater head
6506 at joints 6508 to create & pressure vessel that can be designed to hold apy pressure
without being limited, as are other designs, by the vequirements of heat transfer in the
20 cooler. In an alternative embodiment, the crankcase 65602 and heater head 6506 are either
brazed or bolted together. The heater head 6306 has a flange or step 6519 that axially
constrains the heater head and transfers the axial pressure force from the heater head 6506
1o the crankcase 6502, thereby relieving the pressure force from the welded or brazed joints

6508 Joints 6508 setve to seal the crankcase 6502 (or cold-end pressure vessel) and hear

o
LN

the bending and planar stresses. in an alternative embodiment, the joints 6508 are
mechanical joints with an elastomer seal. In vet another embodiment, step 6510 is replaced
with an internal weld in addition to the exterior weld at joints 6508.

Crankcase 6502 is assembled in two pieces, an upper crankease 6512 and a lower
crankcase 6516. The heater head 6506 is {irst joined to the upper crankcase 6812. Second, a
30 cooler 6320 is installed with a coolant tubing (shown as 6514 in FIG. 65B) passing through
holes in the upper erankcase 6512, Third, the double acting pistons 6528 and drive
components (designated generally as numeral 6540 in FIGS. 65A and 65C, not shown in
FIG. 65B) are installed. In one embodiment, lower crankcase 6516 is assembled in three

pieces, an upper section 6513, & middle section 6518, and a lower section 6517, as shown in
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FIGS. 65A and 65C. Middle section 6515 is may be connected 1o upper and lower sections
6513 and 6517 at joints 6519 and 6521, respectively, by any mechanical means known in
the ant, or by welding.

The lower crankcase 6516 is then joined to the upper crankcase 6512 at joints 6318

(=4

Preferably, the upper crankcase 6512 and the lower crankcase 6516 are joined by welding.
Alternatively, a bolted flange may be emaploved {as shown in FIGS. 658 and 65C).

In some embodiments 2 motor/generator (shown as 6501 in F1G. 65C), suck as a PM
generator, may be installed into motor/generator housing (shown as 6503 in F1G. 65C),
which is attached to the lower crankcase 6516, as shown in FIG. 63C. Motor/generator
10 housing 6503 may be attached 1o tower crankcase 6516 by any mechanical means known in
the art, or may be welded 1o lower crankcase 6516. Motor/generator housing 6503 may
assembled in two pieces, a front section 6305, which is attached to lower crankcase 6516,
and a rear section 6569, which may be welded or bolted Lo front section 6505, In one

embodiment a seal 6511 may be positioned between the rear section 6509 and the front

-
LA

section 6508 of the motor/generator housing 6503, In some embodiments rear section 6509

is removable attached to front section 6365, which serves, among other functions, to aliow

for easy removal and installation of moter/generator 6501 during engine 6500 assembly.

In order to allow direct coupling of the heater head 6506 1o the upper crankease

6512, the cooling function of the thermal cycle is performed by a cooler 6520 that is

20 disposed within the crankcase 6502, thereby advantageously reducing the pressure
contalnment requirenients placed upap the cooler. By placing the cooler 6520 within
crankcase 6502, the pressure across the cooler is limited to the pressure difference between
the working gas in the working gas volume, and the charge gas in the interior volume 6504
of the crankecase. The difference in pressure is created by the compression and expansion of

25 the working gas, and is typically limited to a percentage of the operating pressure. In one
embodiment, the pressure difference is Hmited to less than 30% of the operating presswre.

Coolant tubing 6514 advantageously has a small diameter relative to the diameter of

the coolet 6520, The small diameter of the coolant passages, such ag provided by coolant
tubing 6514, is key to achieving high heat transfer and supporting large pressure

30 differences. The reguired wall thickness to withstand or support & given pressure is

proportional to the tube or vessel diameter. The low stress on the tube walls allows various

materials to be used for coolant tbing 6514 including, but not limited to, thin-walled

stainless steel tubing or thicker-walled copper tubing.
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An addirional adeamage of locating the cooler 6520 entirely within the crankease
6502 (or cold-ond pressure vessel) volume is that any leaks of the working pas through the
ceoler 6520 will only result in g reduction of engine performance. In contrast, if the cooter
were to interface with the external ambient enviromment, a leak of the working gas through
the cooler would render the engine useless due to Joss of the working gas unless the mean
pressure of working gas is maintained by an external source. The reduced requirement for a
leak~tight cooler allows for the use of Tess expensive fabrication techniques inclading, but
not limiited to, powder metal and die casting.

Cooler 6520 is used to transfer thermal energy by conduction from the working gas
and thereby cool the working gas. A coolant, either water or another fluid, is carried through
the crankcase 6502 and the cooler 6520 by coolant tubing 6514, The feedthrough of the
coolant tubing 6514 through upper crankcase 6512 may be sealed by a soldered or brazed
joint for copper tubes, welding, in the case of stainless steel and steel tubing, or as otherwise
known in the art,

The charge gas in the iterior volume 6504 may also requize cooling due to heating
resulting from heat dissipated in the motor/generator windings, mechanical friction in the
drive, the non-reversible compression‘expansion of the charge gas, and the blow-by of hot
gases from the working gas volume. Cooling the charge gas in the crankcase 6502 increases
the power and officiency of the engiue as well as the longevity of bearings used in the
engine.

In one embodiment, an additional length of coolant tubing (shown as 6530 in FIG.
65B) is disposed inside the crankcase 6302 to absorb heat from the charge gas in the interior
volume 6504, The additional length of coolant subing 6530 may include a set of extended
heat wanster surfaces (shown as 6548 in FIG. 63B), such as fins, to provide additional heat
wansfer. As shown in FIG. 65B, the additional length of coolant tubing 6530 may be
attached to the coolant tubing 6514 between the crankcase 6502 and the cooler 6520. In an
alternative embodiment, the length of coolant mbing 6530 may be a separate tube with its
own feedthrough of the crankcase 6502 that is connected Lo the cooling loop by hoses
outside of the crankcase 6502,

1o another embodiment the extended coolant tubing 6530 may be replaced with
extended surfaces on the exterior surface of the cooler 6520 or the drive housing {shown as
6572 in FIGS. 654 and 65C). Alternatively, a fan (shown as 6534 in FIG. 65B) may be
attached to the engine crankshaft (shown as 6542 in FIG. 65C) 1o circulate the charge gas in

interior volume 6304. The fan 6534 may be used separately or in conjunction with the
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additional coolant tubing 6530 or the extended sutfaces on the cooler 6820 or drive housing
6572 10 direcily cool the charge gas in the interior volume 6504,
Preferably, coolant tubing 6514 is a continuous tube throwghout the iterior volume

6504 of the crankcase and the cooler 6520. Alternatively, two pieces of tubing could be

[¥ 3

used between the crankease and the feedthrough ports of the cooler. One tube carries

coolant from outside the crankcase 6302 (o the cooler 6528. A second tube returns the

coolant from the cooler 6520 to the exterior of the crankcase 6502. In another embodiment,

multiple pieces of tubing may be used between the crankease 6502 and the cooler in arder

10 add tubing with extended heat wansfer surfaces instde the crankease volume 6504 or 10

10 facilitate fabrication. The tubing joints and joints between the wbing and the cooler may be
brazed, soldered, welded or mechanical joints.

Various methods may be used to join coolant tubing 6514 to cooler 6520, Any
known method for joining the coolant tubing 6514 1o the cooler 6520 may be used in
varions embodiments. in one embodiment, the coolant tubing 6314 may be attached to the

15 wall of the cooler 6520 by brazing, soldesing or gluing. Cooler 6520 is in the formof a
cylinder placed around the cylinder 6522 and the annular flow path of the working gas
outside of the cylinder 6522, Accordingly, the coolant tubing 6514 may be wrapped around
the interior of the cocler cylinder wall and attached as mentioned above.

Alternative cooler configorations are presented in FIGS. 65D-65G that reduce the

20 complexity of the cooler bady fabrication. FIG. 65D shows one embodiment of a side view
of a Stirling cycle engine including coolant tubing. 1n FIG. 65D, coofer 6882 includes a
cooler working space 6850, Coolant tubing 6548 is placed within the cooler working space
6550, so that the working gas can flow over an omside surface of coolant tubing 6548. The
working gas is confined to flow past the coolant tubing 6548 by the cooler body 6852 and a

25 cooler liner 6526. The coolant tube passes into and out-of the working space 6550 through
ports in either the cooler 6552 or the drive housing 6572 (shown in FIGS. 65A and 65C ).
The cooler casting process is simplified by having a seal around coolant lines 6548. In
addition, placing the coolan line 6348 in the working space improves the heat trangfer
between the working fluid and the coolant fluid. The coolant tbing 6548 may be smooth or

30 wmay have extended heat transfer surfaces or fins on the outside of the tubing to increase heat

transfer between the working gas and the coolant wbing 6548. In another embodiment, as

shown in FIG. 65E, spacing elements 6554 may be added to the cooler working space 6550

to force the working gas to flow closer to the coolant tubes 6548. The spacing elements are
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separate from the cooler liner 6526 and the cooler body 6552 to allow insertion of the
coclant tube and spacing clements fnto the working space.

In another embodiment, as shown i FIG. 63F, coolant tubing 6348 is overcast to
form an annular heat sink 6556 where the working gas can flow on both sides of the cooler
body 6582, The annular heat sink 6556 may also inchade extended heat transfer surfaces on
its inner and ouler surfaces 6560. The body of the cooler 6552 constrains the working gas te
flow past the extended heat exchange surfaces on heat sink 6556, The heat sink 6556 is
typically a simpler part o fabricate than the cooler 6528 in FIGS. 65A and 63B. The
annular beat sink 6556 provides roughly double the heat transfer area of cooler 6520 shown
in FIGS. 654 and 65B. In ancther embodiment, as shown in FIG, 65G, the cooler Liner 6526
can be cast over the coolant lines 6548. The cooler body 6552 constrains the working gas to
flow past the cooler liner 6562, Cooler liner 6526 may also include extended heat exchange
surfaces on a surface 6360 to increase heat transfer.

Returning to FIG. 658, one method for joining coolant wbing 6514 to cooler 6520 is
to overcast the cooder around the coolant tubing. This method is described, with reference to
FIGS. 66A and 668, and may be applied to a pressurized close-cycle machine as well as in
ather applications where it is advantageous to locate a cooler inside the crankcase.

Referring to F1G. 66A, a heat exchanger, for example, a cooler 6528 (shown in
FIGS. 63A and 63B) may be fabricated by forming a high-temperature nietal tubing 6602
into a desired shape. In one embodiment, the metal wbing 6602 is formed iato a coil using
copper. A lower temperature (relative to the melting temperature of the rbing} casting
process is then used to overcast the tabing 6602 wilh a high thermal conductivity material to
form a gas interface 6604 (and 6532 in FIG. 65B), seals 6606 {(and 6524 in FIG. 65B) 1o the
rest of the engine and a structure 1o mechanically connect the dnve housing 6872 (shown in
F1G. 2) to the heater head 6506 (shown in FIG. 65B. In one embodiment, the high thermat
conductivity material used 1o overcast the tubing is aluminwm. Overcasting the tubing 6602
with a high thermal conductivity metal assures a good thermal connection between the
tubing and the heat transfer surfaces in contact with the working gas. A seal 1s created
around the tubing 6602 where the tubing exits the open mold at 6610. This method of
fabricating a heat exchanger advantageously provides cooling passages in cast metal parts
inexpensively,

FIG. 66B s a perspective view of a cooling asserably cast over the cooling coil of
FIG. 66A. The casting process can include any of the following: die casting, vestment

casting, or sand casting. The tubing material is chosen from materials that will not melt or
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collapse during the casting process. Tubing materials include, but are not limited to, copper,
stainless steel, nickel, and super-alioys such as Inconel. The casting material is chosen
among those that melt at a relatively low temperature compared to the tubing. Typical
casting materfals include aluminum and its various atloys, and zinc and its various alloys.

5 The heat exchanger may also include extended heat transfer surfaces to increase the
wterfacial area 6604 (and 6532 shown in FIG. 65B) between the hot working gas and the
heat exchanger so as 1o improve heat transfer between the working gas and the coolant.
Extended heat transfer sarfaces may be created on the working gas side of the heat
exchanger 6520 by machining extended surfaces on the inside surface {or gas interface)

10 6604 Referring to FIG. 658, a cooler liner 6526 (shown in FIG. 658} may be pressed into
the heat exchanger to form a gas barrier on the inner diameter of the heat exchanger. The
cooder liner 6326 directs the flow of the working gas past the inner surface of the cooler.

The extended heat transfer surfaces can be created by any of the methods known in
the art. In accordance some embodiments, longitudinal grooves 6784 are broached into the

15 surface, as shown in detail in FIGS. 67A and 67C. Alternatively, lateral grooves 6708 (also
shown in enlarged section view FIG. 678-1) may be machined m addition to the
longitudinal grooves 6704 (also shown in enlarged section view FIG. 67A-1) thereby
creating aligned pins 6710 as shown in FIG. 67B. In some embodiments, grooves are cut at
a helieal angle to increase the heat exchange area.

20 I an alternative embodiment, the extended heat transfer surfaces on the gas
interface 6604 (as shown in 668) of the cooler are formed from metal foam, expanded metal
of other materials with high specific surface area. For example, a cylinder of metal foam
may be soldered to the inside surface of the cooler 6604, As discussed above, a cooler liner
6526 (shown in FIG. 658) may be pressed in to form a gas barrier on the inner diameter of

25 the metal foamn. Other methods of forming and attaching heat transfer surfaces to the body
of the cooler are described in U.S. patent No. 6,694,731, issued Feb. 24, 2004, entitled

Stirling Engine Thermal System Improvements.

Additional coolant penetrating cold-end pressure vesset embodiments are described
30 in U.S. Patent No. 7.325.399. Ttis to be understood that the vartous coolant penetrating
cold-end pressure vessel embodiments referred to herein may be adapted to fupction in 2

mudtiple cybnder engine configuration.
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Intake Manifold
Referring now to FIGS. 68-69B, an intake manifold 6899, is shown for application
10 2 Stirling cyvele engine or other combastion application in accordance with some
embodiments. Varlous emboduments of intake manifold 6899 are further disclosed in UL.S.

53 Patent No. 6,381,938. In accordance with some embodiments, fuel is pre-mixed with air that
may be heated above the fuel's auto-ignition temperatare and a flame is prevented from
forming until the fuel and air are well-mixed. FIG. 68 shows one embodiment including an
intake manifold 6899 and a combustion chamber 6810, The intake manifold 6899 has an
axisvinmetrical conduit 6801 with an inlet 6803 for receiving air 6800. Air 6800 is pre-

10 heated to a temperature, typically above 908 K, which may be above the auto-ignition

temperature of the fuel. Conduit 6801 conveys air 6800 flowing imward radially with respect
to combustion axis 6820 to a swirler 6802 disposed within the conduit 6801,

F1G. 69A shows a cross sectional view of the conduit 6801 inchiding swirler 6802 in
accordance with some embodiments. In the embodiment of FIG, 69A, swirler 6802 has

15 several spiral-shaped vanes 6902 for directing the flow of air 6800 radially inward and

imparting a rotational component on the air. The diameter of the swirler section of the
conduit decreases from the inlet 6904 to the outict 6906 of swirler 6802 as defined by the
length of the swisler section conduit 6801, The decrease in diameter of swirler vanes 6902
increases the flow rate of air 68690 in substantially inverse proportion to the diameter. The

20 flow vate is increased so that it is above the flame speed of the fuel, At outlet 6906 of

swirler 6802, fuel 6806, which in a one embodiment is propane, is injected into the inwardly
flowing air.

In some embodiments, fucl 6806 is injected by fuel injector 6804 through a series of
nozzles 6900 as shown i FIG. 698. More particularly, FIG. 691 shows a cross sectional

25 view of conduit 680F and includes the fuel jet nozzies 6980. Each of the nozzles 6900 is

positioned at the exit of the swirler vanes 6902 and is centralized between two adjacent
vanes. Nozzles 6906 are positioned in this way for increasing the efficiency of mixing the
air and fuel. Nozzles 6900 simultancously inject the fue) 6806 across the air flow 6800
Since the air flow is faster than the flame speed, a flame will not form at that point even
30 though the temperature of the air and fuel mixture is above the fuel's auto-ignition
temperature. In some embodiments, where propane is used, the prebeat temperatare, as
governed by the temperature of the heater head, is approximately 900 K.
Referring again to FIG. 68, the air and fuel, now mixed, referred to hereafter as "air-

fuel mixture" 6809, is transitioned in direction through a throat 6808 which has a contoured
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fairing 6822 and s attached to the outlet 6807 of the conduit 6801, Fuel 6806 1s supplied via
fuel regulator 6824.
Throat 6808 has an innet radius 6814 and ¢n outer dimension 6816, The transition of

the air-fuel mixture is from a direction which is substantially transverse and radially inward

[N

with respect to combustion axis 6820 to a direction which is substantially paraliel to the
combustion axis. The contour of the fairing 6822 of throal 6808 has the shape of an inverted
bell such that the cross sectional area of throat 6808 with respect to the combustion axis
remains constant from the inlet 6811 of the throat to outlet 6812 of the throat. The contour
15 smooth without steps and maintains the flow speed from the outlet of the swirler 1o the
10 outlet of the throat 6808 to avoid separation and the resulting recircalation along any of the
surfaces. The constant cross sectional area allows the air and fuel to continue 10 mix without
decreasing the flow speed and causing a pressure drop. A smooth and constant cross section
produces an efficient swirler, where swirler efficiency refers to the fraction of static
pressure drop across the swirler that is converted to swirling flow dynamic pressure. Swirl
15 elliciencies of better than 80% ruay typically be aclieved in practice. Thus, the parasitic
power drain of the cambustion air {an may be minimized.

Outlet 6812 of the throat flares outward allowing the atr-fuel mixture 6809 10
disperse into the chamber 6810 slowing the air-fuel mixture 6809 thereby localizing and
containiang the flame and causing a toroidal flame to form. The rotational momentum

20 generated by the swirler 6802 produces a flame stabilizing ring vortex as well known in the
art.

Referring to FIG. 70, a cross-section is shown of combustor 7022 and exhaust gas
flow path 7013, as described above in reference to carlier figures. In accordance with
another embodiment it is recognized that the combustion exhaust gases remain above the

25 emperature of combustion of the fuel well beyond the region of combustor 7622, and that,
since the fuelfair mixture is typically exceedingly lean, adequate oxidant remains for
recombustion of the exhaust gases.

FIG. 70 further illustraies the use of a temperature sensor 7002, typically a
thesmocouple, to monitor the temperature of heater head 7020 at the top of external pin

30 aray 7630 and thereby 1o control the fuel flow such as to maintain the temperature at sensor
7002 bejow a lemperature at which the heater head significantly loses sirength. The
temperature at sensor 7002 is preferably maintained approximately 50.degree. C. below the

melting remperature of the heater head material.
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In the configaration deptcted in FIG. 70, the use of a vatiable-cross-section gas flow
bypass channel 7004 is illustrated, as described above. The taper of the bypass channel is
greatly exaggerated for clarity of depiction. Even where a bypass channe! is employed, the

temperature profile as a function of distance from the 1wp of the heater head is not flat, as

“

would be preferable. Two additional temperatura sensors, 7006 and 7008, are shown at the

middle and botteny, respectively, of external pin array 7030, whereby the temperature of the

exhaust gas may be monitored,
In accordance some embodiments, additional foel is added to the exhaust gases at
nozzle 7010 via afterburner fuel line 7012, Nozzle 7010 may be a ring burner,

10 circumferentially sirvounding heater head 7020 and facing external pin array 7030 between
the positions designated in FIG. 70 by temperature sensors 7002 and 7006. The fuel flow
through afterburner fuel line 7012 may be controlled on the basis of the exhaast gas
temperature measured by temperature sensor 7008. The precise position of temperature
7008 is preferably such as to measure the maximum temperature of the external pin array

15 produced by the combustion of fuel exiting (tom aflerburner nozzle 7010,

Referring to FIG. 71A, a side view is shown in cross section of a burner and heat
recovery system, designated generally by uumeral 7100, for a thermal cycle engive in
accardance some embodiments. In the embodiment shown, beat is exchanged between hot
exhanst gases, heated in combustor 7022, and air drawn in at air inlet 7104 in a heat

20 exchanger 7106 that is external to the heater head assembly. Additionally shown is fuel inlet
7108 and ignirer 7116 used to initiate ignition in the combustor. Exhaust stream 7112
traverses heat transfer pins 7030 before being channeled to heat exchanger 7106. A seal ring
7114 of copper, or other metal of sufficiently high melting temperatore, forms a rod type
seal on heater head flange 7116 just below the bottom row of heat transfer pins 7030.

25 Copper ring 7114 fits tightly on beater head flange 7116 producing a labyrinth seal. The
right-hand portion of the cross-sectional view of FIG. 71A, showing the region of the seal,
is shown, enlarged. in F1G. 718. Copper seal ring 7114 fits tightly on heater head 7101 and
has a close fit within amnular groove 7118 on the botiom surface of burner cover 7120, The
configuration of ring 7114 in groove TEHIS produces a tabyrinth seal causing the exbaust gas,

30 inexhaust plenum 7122 to travel a convoluted path around the back side of seal ring 7114

thereby liniting exhaust gas leakage. The tight fit of ring 7114 onto head 7107 limits

exhanst gas leakage axially out of the burner.
Tt is to be understood that the various intake manifold embodiments described herein

may be adapted to function in a multiple burner configuration.
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Gaseons Fuel Burner
Definitions: As used in this section of the detailed description, the following terms
shall have the rucanings indicated, unless the context otherwise requires: Fuel-Ale

Equivalence ratio {_phi.F=Actual Fuel-Air Mass Ratio/Stoichiometric Fuel-Air Mass Ratio.

4

The stoichiometric fuel-alr mass ratio is defined as the mass ratio needed to balance the
fuet+air chemical equation. The stoichiometric fuel-gir mass ratio is well known for
conmon fuels such as propane (0.0638 g fuel/g air) and calcalable for gases such as biogas.
FIG. 72 shows one embodiment of the engine 7212 embodiment having 4 gaseous
fuel burner 7201, Various embodiments of the gaseous firel burner 7201 are also disclosed
10 in ULS. Patent Publication No. 2005-0250062 published November 10, 2005, now U.S.
Patent No. 7,934,926 issued May 3, 2011. This embodiment may be
used in the context of a Stirling cvele engine, however, other embodiments of the machine
are not Jimited to such applications. Those skilled in the art will appreciate that the present

machine may have application in other systems, such as_ with other types of external

o
h

combustion engines.

The use of an gjector in a gaseous fuel burner advantageously can solve some of the
challenges faced by the traditional gaseous fuel bumers. Firse, using an ejector can eliminate
the need for additional equipment, controls, and space, such as, a gaseous fuel pump, fuel
controt circuitry, and the associated coraponents, Furthermore, using an ejector such as a
20 venturi simplifies the fuel control system by eliminating the need for a separate fuel control
scheme. Based on the corresponding rise of the vacuum with the airflow, and subsequently,
an wcreased fuel flow, the bumer power can be regulated by regulating the airflow.
Accordingly, removing separate fuel control simplifies the development and

implementation of automatic buraer conirol in a gaseous fuel burner with an ejector.

%]
wn

Secondly, the corresponding rise of the vacuum with aitflow also results inan
approximately steady fuel-air ratic despite changes in temperature and airflow rates. The
resulting steady fuel-air ratio simplifies the fuel control and operation of the bumer, by
eliminating the need for complex exhaust sensor/feedback fuet controt mechanisms.

Referring to FIG. 72, a gaseous fuel burner 7201 comprises an ejector 7240, a heat
30 exchanger 7220, a combustion chamber 7250, and a blower 7200 (shown as 7300 in FIG.
73A). The term ejector as used heve includes eductors, siphons, or any device that can use
the kinetic energy of one fluid to cause the flow of another fluid. Ejectors are a reliable way
of producing vacuum-based fuel flow gystems with low initial cost, Tack of moving parts,

and sunplicity of operation.
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Referring again to FIG. 72, in a some embodiments, the ejector 7240 is a venturi.
The venturi 7240 is positioned downstream of the outlet of the air prebeater or heat
exchanger 7220, 10 a ventori plenum 7241 and proximal to the combustion chamber 7280,
A blower 7200 forces air through the venturi 7240. The flow of air through the venturi
3 draws in a proportional amount of fuel through the fuel infet ports 7279, The fuel inlet ports
7279 are placed at the vemuri throat 7244 where the throat has the lowest pressure. The
ports 7279 are sized to produce plumes of fiuel across the alrflow that promote good mixing
within the venturt 7240, This fucl-air mixture exits the veuturi 7240 and forms a swirl-
stabilized flame in the combustion chamber 7250. The venturi 7240 draws in an amount of
10 fuel that is substantially linearly proportional to the airflow regardiess of airflow rates and
temperature of the air entering the venturi 7240.
In a some embodimenis as shown in FIGS. 73A and 73B, placing the venturi 7340
between the air preheater 7320 and the combustion chamber 7358 promotes a substantially

steady air-fuel ratio over a wide range of airflows and venturi temperatures. FIG. 73A is a

—
L2

schematic drawing of the burmer including the components of the buter such as a blower
7308, a preheater 7320, a veturi 7349, and fue! supply 7372, The drawing also includes a
load heat exchanger or heater head 7390 (also shown in FIGS. 76-78 as 7298). The load
heat exchanger 7390 is the beat exchanger of the engine or process that absorbs the thermal
power of the hot gases leaving the combustion chamber 7350 in the burner at some elevated
20 temperature. The partially cooled burned gases then enter the exhaust side of the air
preheater, where thev are further cooled by incoming combustion air. FIG. 738 shows the
pressure map of the same components arranged linearly. The air pressure supplied by the
blower, the fuel supply pressure, and the ambicnt pressure are all indicated. The mass flow
rate (m') of fuel into the bumer is controlled by the difference between the fuel supply
25 pressure at 7372 and the pressure in the venturi throat 7344 (shown in FIG. 72 as 7244} and
the fuel temperature at the dominant restriction
' sub FUEL.vaties (P sub FUEL-P sub THROAT) sup.0. 5/ T.sub FUEL.sup 0.5
The pressure in the throar (P.sab. THROAT) is set by the pressure drop through the
exbaust side of the preheater 7320 plus the pressure drop through the heater head tubes 7390
30 minus the suction generated by the venturt throat 7344, The pressure drops 7320, 7390 and
the throat suction pressure 7344 are all proportional to the auflow rate and the venturi
temperature.

P.sub THROAT varies.m'sub. A TR sup. 2*T.sub VENTURI
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Combining these equations shows that the fuel flow will vary approximately linearly
with the airflow:
w sub FUEL varies {P sub FUEL~
{m".sub. AR sup 2% T.sub VENTUR. sup.0.5/T- sub FUEL. sup.0.3
3 Regulating the fuel pressure to near ambient pressure, the fuel flow is approximarely
linear with airflow.
' sub FUEL varies.m' sub. AIR*(T sub VENTURYT sub FUEL).sup.0.5
Thus, locating the dominant fuel restriction 7378 (shown as 7278 in FIG. 72) within the
venturi plerumn (shown as 7241 in FIG. 72) provides for an approximately steady fuel-air
10 ratio over a wide range of airflow rates and venturi temperatores.
m' sub FUEL/m' sub AIR varies constant
FIG. 74 shows one embodinent of the ejector such as the venturi. In this
ensbodiment, the size of the opening of the venturi throat 7244 determines the amount of
suction present at the throat 7244, 1n a specific embodiment, the venturi throat is
15 approximalely 0.24 inches in diameter. Referring back 1o FIGS. 72 and 74, fuel delivery
means are coupled to the ventuxi 7240. The fuel delivery means may be manifolds, fuel
lines or fuel tubes. The fuel delivery means may include other components such as a tuel
restriction 7278, fue inlet ports 7279 and fuel valves (not shown). Fuel supplied by a
pressure regulator 7272 flows through a manifold 7273 and fuel inlet ports 7279 into the
20 relatively lower pressure in the throat 7244, In one embodiment the fuel inlet ports 7279
provide the largest portion of the pressure drop in the fuel delivery means. Preferably,
making the fuel inlet ports the Jargest restriction in the fuet delivery means assuses that the
restriciion occurs af the venturi temperature and maximizes fucl-air mixing by producing

the largest possible fuel plumes. Referring back to FIG. 72, the fuel and air flow into the

| 2%
R

divergent cone or diffuser 7248 of the venturi, where static pressure is recovered. In the
diffuser 7248, the entrained fuel mixes with the air (o form an ignitable fucl air mixture
the combustion chamber 7250. The ignitable fuel-air mixture then enters the combustion
chamber 7250, where the igniter 7260 may tgnite the mixture, and the tangential flow
induced by a swirler 7230 creates a swirl-stabilized flame. Using an ejector 7240 to draw
30 the gaseous fuel into the combustion chamber eliminates the need for a high-pressure
gaseous fuel pump w deliver the fuel.

In one embodiment, the venturi 7240 is constructed from high temperature materials
to withstand high temperatares and maintain its structural integrity. For the embodiment of

FIG. 74, the dimensions of the venturi can be approximately 0.9 inches diameter inlet and
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outlets with an approximately 0.24 inches diameter throat. The half angles of the convergent
cone and divergent cones can be 21 degree. and 7.degree. respectively and the throat can be
0.25 wches long. In this embodimens, the veaturi can be constructed from Inconel 604
Alternatively, other high temperature melals could be used including, but not limited to

3 Suinless Steels 310, 316L, 409 and 439, Hastalloy €76, Hastalloy X, Inconet 625 and other
super alloys.

I one embodiment, as shown in FEG. 72, a swirler 7230 is located upstream of the
venturi 7240 and advantageously creates a tangential flow of air through the venturi. As is
well known in the art, the tangential flow from the swirler can create an annular vortex in

10 the combustion chamber, which stabilizes the flame. Additionally, the swirter 7230
mcreases the suction pressure at the venturi throat 7244 by increasing the local air velocity
over the fuel inlet ports 7279, Adding the swirler allows the venturi throat 7244 to be made
larger for a given suction pressure. Furthermore, the switling action induced by the swirler
7230 can suppress fluctuations in the combustion chamber pressure from propagating

15 upstream 1o the venturi 7240. Such pressure Suctualions can temporarily stow or stop the
flow of fuel gas into the venturi 7240, The swirler 7230 thereby facilitates a steady fuel-air
ratio 1 the combustion chamber for steady airflows. The swirler 7230 may be a radial
switler.

In other embodiments, the gaseous bumner can be connecied to multiple fuel sources.

20 Inthis configuration, the burner may be fired, lit or ignited with a type of fuel and then run
with a different type of fuel. The use of multiple fuel sources may require a fuel delivery
means taned for each fuel. FIGS. 75, 7SA, and 738 show embodiments for two fuels with
sigmificamly different energy densities such propanc and natural gas. In this embodiment,

the fuel delivery means for the denser propane must be approximately three times more

f 3
A

restrictive than the fuel delivery means for the less dense natural gas or miethane, In the
embodimsent shown in FIG. 75, the venturi bas different manifolds and fuel ports for cach
fuel. High-density fuels such as propane would require the more restrictive fuel infet ports
7279, while a low-density fuel such as natural gas would require less restrictive fuel inlet
ports 7279A. This configuration retains the highest resistance fo fuel flow at the venturi
30 temperature. However, the embodiment of the venturi in FIG. 75 may be more difficult to
manufacture and have a higher-pressute loss drop due to the long narrow passage.

Another embodiment for a gaseous bumner with multiple fuel sources is shown in
FIG. 75A. In this embodiment, a fuel selector valve 7276 directs the fuel through an

additional fuel restriction such as 72784 or 72788 for a dense gas or a less dense gas -
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respectively. The multi-port valve 7276 sllows any number of predefined gases to be burned
by the same burner. Predefined gases such as natural as, liquid petroleum gas (LPG) or
biegas can be bumed in the same burner by simply setting a selector valve (o the

corresponding fuel setting. Alternatively, other embodiments can have multiple settings for

in

different qualities of biogas as the carbon dioxide fraction in biogas can vary from 50% to
20%. The fuel restrictors may be placed outside the burmer as shown in FIG. 75A o
altematively they can be located in the entrances to the manifold 7173, If restrictions 7278
are placed outside of the bumer, then significant part of the fuel-delivery-nicans pressure
drop is not at the vennri temperature and thus the fuel-air ratio may vary with the venguri
10 temperature. The bumer will run initially Jeaner and get progressively richer as the hotter
faster air flowing through the venturi exerts a stronger vacuum on the fuel. In addition,
moving a significant part of the pressure drop from the fuel ports 7279, the fuel will not
penetrate as far into the air stream. Nevertheless. locating multiple restrictors 7278 for

different gases may make the fabrication of the part easier.

—
1]

An alternative embodiment, that provides significant flexibility in the fuel-ais ratio
coptrol and fuel gas usages, is shown i FIG. 758, 1o this embodiment, the two fuel sources,
T272A and T272B are regulated to their individual pressure and flows though separase frel
delivery meaus adjusied for each fuel. Each fuel delivery means includes two or more
restrictions in paraticl 7206A and 7208A, and 72068 and 7208B with one or more valves
20 T202A, and 7202B, respectively, 1 vary the pressure drop of the fuel delivery means. The
valves may be manually or automatically actuated. Fuel selector 7276 connects fuel delivery
means to the venturi, while closing the other fuel off.

The multiple restrictions 7206A and 7208A, and 7206B and 7208B aad the valves

7202A and 72028 allow the pressure drop of the fuel delivery means to be adjusted during

9
(=

burner warm-up. Thus the fuel-air ratio can be roughly maintained as the suction pressure
increases with increasing venturi temperatwre. The multiple restrictions can also adjust for
changing fuel gas density. A changing fuel pas density may occur when the gaseous fuel
burner is connected to biogas digester, wherein the biogas digester is the source of fuel. In a
biogas digester embodiment, the carbon dioxide (CO.sub.2) content and therefore the

30 energy density can vary weekly. In this embodiment, if the CQ.sub.2 content increases, the
pressure-drop through the fuel delivery mieans must be reduced to allow bigher flows of the
less energy dense fuel gas. In addition, the multiple restrictions can improve the ignition of
the fuel gas by providing a richer fuel-air mixture for lighting. The richer mixture is

provided by opening additional valves 7202A or 7202B, which also reduces the pressure-
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drop of the fue! delivery means. Once the burner is it the valve 7202A or 7202B may be
closed to produce a leaner flame. As described supra, ouce the burner is hit, the bumer may
be run on a different fuel. A fuel selector may be used to switch the fael types.

Alternatively, an embodiment with a multiple fuel selector facilitates varving the fuel-air

n

ratio during the operation of the burner.

Now referring to FIGS. 75A and 738, the fuel selector 7276 may enabte the buner
0 be lit on one fuel and run on a different type of fuel. This can be important if one fuel is
100 weak o ignite, but will bum in 2 warmed up burner. In one example, the burner may be
lit on a higher density fuel such as propane. Once the burner is warmed up, the fuel selector
10 7276 1s moved to draw in a low-density biogas.

FIG. 76 depicts an embodiment where an automated coniroller 7288 adjusts a
variable restriction 7292 such as a variable flow valve in the fuel delivery means to hold the
exhaust oxygen constant as measured by a wide-range lambda sensor or UEGO 7286. In

this embodiment, the antomated scheme allows any fuel from biogas to propane 1o be

2N

connected to the burner and the control system can compensate for the changing fuel
density. In this embodiment, the automated controller can restrict the fuel path for dense
fuels such as propane and open up the fuel path for low-density fuels such as methane and
blogas. fgnition would be accomplished by starting the variable restrictor 7292 in the fully
open position, which will produce the richest mixtare then closing it until the fuel-air
20 mixture is ignited. After ignition, the controller can countrol the fuel flow to achieve the
desired exbanst oxygen level, [t is also envisioned that such an embodiment would allow the
fuel air ratic to be adjusted during warme-up to optimize efficiency and burner stability.

In another embodiment as shown in F1G. 77, the gaseous fuel bumer i a high

efficiency burner for an external combustion engine such as a Surling cycle engine, The

| 3%
R

burner includes manual controls to control the burmer. The manual controls include a ball
valve 7270 to manually select a fuel type, a trim valve 7274 Lo adjust the fuel-air ratio and a
rtheosiat 7702 to control the blower speed, and subsequently the airflow. The preheated air
7222 in the venturi 7240 draws in the fuel from a fuel source 7272, The foel then mixes
with the preheated air to create a fuel-air mixture. The fuel-air mixture flows into the

30 combustion chamber 7250 where it bums. tn this embodiment a microprocessor/controller
7288 holds the heater head temperature constant as measured by the temperature sensor
7289 by varying the engine speed. Furthermore, the blower-speed determines the bumer
power output and thus the engine power output. In an altemmative embodiment, the fuel trim

valve 7274 is not included.
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Referring now 1o FIG. 78 the gaseous fuel burmer 7201 is a high efliciency burner
for an external combustion engine such as a Stirling cycle engine. In this embodiment, the
barner ncludes an oxvgen sensor 7286 located in the exhaust stream 7284 and g

wicroprocessovcontroller 7288 to automatically restrict the fuel flow with the variable

“n

restrictor 7292, Additionally, the burner includes a blower controller (shown as 7702 in
FIG. 77). The blower controller 7762 can be adjusted by the microprocessor/controller 7288
1o match the Stirling engine power ontput with the load. In this embodiment, the burner
tempetature is held constant by varying the engine speed and the engine power output is
automatically adjusted by setting the blower speed. Accordingly, in this embodiment, the
10 burner can burr most gaseous fuels, including fuels without copstant properties such as
biogas.
In another embodiment as shown in FIG. 79, fuel is delivered directly into the
venturi at a point proximal to the venturi throat 7244. This embodiment includes a swirler
7230 to accommodate the fuel delivery means such as g fuel ling or fuel tube. The swirler
15 7230 is preferably an axial swirler positioned in the venturi 7240 and upsticeam of the
venturt throat 7244, In operation, the delivered fuel is entrained with the motive aic to form
the fuel-air mixture. The exemplary manual or astomatic comtrol mechanisms are adaptable
to this alternate fuel delivery embodiment.
Referring back to FIG. 74, the gascous fuel bumer further comprises an jgniter 7260
20 and a flame-monitoring device 7210, Preferably, the igniter 7260 is an excitable hot surface
igniter that may reach temperatures greater than 1150.degree. C. Alternatively, the igniter
7260 may be a cermmic hot surface igniter or an exciable glow pin.
With continuing reference to FIGQ. 74, other embodiments include g flame-
mamitoring device 7210. The flame-monitoring device 7218 provides a signal in the
28 presence of a flame. For the safe operation of the any bumner, it is unportant that the fuel be
shut-off in the event of a Sameowt. The monitoring device for flame sensing is the flame
rectification method using a control circuit and a flame rod.
Flame rectification, well known in the ari, is ope flame sensing approach for the
small, high efTiciency gas burners. The device uses a single flame 1od to detect the flame.
30 The flame rod is relasively smaller than the grounded heater head and it is positioned within
the combustion flame. In this flame rectification embodiment, the contro} unit elecwonics
are manufactured by Kidde-Fenwal, Inc., and the flame rod is commercially available from

Tnternational Ceramics and Heating Systems
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Preferably, the flame-monitoring device uses the hot surface igniter as the flame rod.
Alternatively, the flame-monitoring device may be either remote from the hot surface
igniter, or packaged with the igniter 45 a single unit.

Alternatively, an optical sensor may be used to detect the presence of a flame. A

“n

preferred sensor is an ultraviolet sensor with 3 clear view of the flame brush through an
ultraviolet transparent glass and a sight be.
Itis to be understood that the varions fuel burner emsbodiments described herein may
be adapted to function in a multiple burner configuration.
Fuel Pump
10 In accordance with some embodiments, a fael tlow to a pressurized combustion
chamber of an engine, such as a Stirling engine, may be metered by varying the operating
parameters of a fuel pump. Various embodiments of the fuel pump are described below and
in LL.S. Patent No. 7,111,460, issued Sep. 26, 2000, to Jensen ef al., and US. Patent
Publication No. 2007-0028612, published February 8, 2007, now U.S. Patent
15 No.7,654,084. Desired performance may be achieved
without the throttle plates or valves or other restrictive devices that are nonmally used to
meter the fuel flow 10 the combustion chamber,
FIG. 80 shows a metering pump system providing gaseous fuel to a pressurized
combustion chamber 8058 of an engine 8022 according 1o one embodiment, A gas train,
20 labeled generally as 8005, includes a fuel pump 8014, interconnecting lines 8038, 8042 and
may include a pressure regulator 8818. The fuel pump 8014 raises the fuel pressure in line
8038 {0 a higher pressure m line 8042. The gas rain delivers fuel from the gas supply to the
burner 8010, where it is mixed with air and burned in a combustion charuber 8058, The fuel
putnp is controlled by a controller 8034 that medulates the fuel flow rate by varying oue ot
25 more parameters of an electrical signal sent to the fuel pump 8014, The contzolier may also
regulate a blower 806@ that provides air to the combustion chamber 8058 and may receive
stgials from sensors that report engine-operating parameters.
In some embodiments the delivered fael pressare in line 8038 is 6 1o 13 inches water
column for liquefied petrolewm gas. Natural gas may be supplied in line 3038 at even lower
30 pressures of 3 10 8 inches water column. Alternatively, pressure regulator 8618 can supply
the fuel at lower pressures, even negative pressures. Typical fuel pressures in line 8042 may
range from 0.5 1o 3 PSIG.
In some embodiments, fuel pump 8014 is a inear piston pump. A lincar piston pump

is shown In FIG. 81, The pump includes a cylinder 8100, a piston 8102, a winding 8104, a
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spring 8106 and check valves 8108, 8112, When an electrical signal is applied to winding
8104, the winding pulls the ferrous metal piston 8102 10 the left, compressing the spring
8106, Check valve 8108 in the piston allows fuel to flow inte compression velume 8110

When the electrical signal is turned off and the electromagnetic force on the piston begmns to

o

decrease, the piston 8192 is forced w the right by the spring 8106, Gas is forced out check
valve 8112 into the recetver volume 8114 at a higher pressure,
The flow rate of the pump can be modulawed by varying the stroke of the piston
8102. In one embodiment the signal from the controller to the pump s a half-wave
alternating current (“AC") signal, as shown  FIG. 82. Citcuitry to produce this signal is
10 well known in the ant. The piston stroke and, thus, the flow rate increases as the amphiude
of the AC sipnal increases. In some embodiments, low amplitude signals are biased slightly
higher to improve repeatability and linearity of flow versus the driving signal. The force
applied to the piston 8102 by the windings 8104 is inversely proportional to the distance
from the windings to the piston. At low sigual levels, the piston does not get very close to
15 e windings and small changes in the fiiction and inertia of the piston will produce
significant changes in the resalting piston steoke and flow. A bias voliage is applied to bring
the resting-position of the piston closer to the windings, so that small changes in the
controlier signal that drives the piston dominate the frictional forces and the inertia of the
piston. For example, the bias voliage added to the sigual is highest at the Jowest driving
20 sipnal (10% signal in FIG. 82) and may drop to zero before the drive signal reaches 50%.
The bias is reduced at higher flow levels to take advantage of the fall pump stroke.

In another embodiment, the controller signal that drives the punyp is a pulse~width-
modulated ("PWM") direct curremt ("DC") voliage signal. F1G. 83 shows an exemplary DC
waveform that may be used to drive the pump. Circuitry to generate the PWM DC signal m

25 FIG. 83 is well known in the art. Three different drive signals are plotted versus tine. These
stgnal modulations correspond to 10%, 50% and 90% duty cycles, which are shown for
purposes of iltustration and not for limitation. Applying the rectangular wave voltages of
FIG. 83 to the windings 8104 of FIG. 81 will cause the piston 8102 to move to the leftand
compress the spring 8106. The stroke and, therefore, the {low will be roughly proportional

30 tothe voltage times the duration of the signal. The lower signals, 10% and 50%, include

bias voltages between signal pulses. As in the case of the AC drive signal, the bias voliage
moves the piston closer to the windings to provide greater piston response to small changes
in the signal and overcome the frictional and inertia forces of the piston. This bias volage

may be varied with the duration of the drive signal. The bias voltage is highest at the
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minimum drive signal duration and may drop to zero before the drive voltage pulse daty
eycle reaches 50%.

Other embodiments may use different controller signal waveforms to drive the
piston. fi another embodiment, the piston pump of ¥1G. 81 can be driven without the bias
voltages shown in FIGS. 82 and 83.

In another embodiment both the frequency and the duration of the PWM DC
controtler signal modulating the pump can be varied 1o tinearize the flow through the pump
with changes in the driving signal.

In further embodiments, pump 8014 is a diaphragm pump as shown in FIG. 84. In
the diaphragm pump, one or more solenoidal coils 8200 drive the shaft of the pump 8202
back and forth. The shaft 8202 deflects two diaphragms 8204 that alternatively pull pas ito
the chambers 8212 and then expel it. The two wire coil is driven with an AC signal
connected 10 wires (8234, 8236) that drives the piston 8202 back and forth by reversing the
flow of current through the coil 8200. The solenaid has a permanent magnet so that a
reversing magnetic field can drive the solenoid in opposite directions. The pumping force
on the two chambers 8212 is phased 180 degrees apart so that as one chamber is filled, the
companion chamber is emptied. Check valves 8208 upsiream of the pumping chambers
8212 allow gas flow in, while the downstream valves 8210 atlow flow out of the chambers
and into the receiver volume 8216. The solencidal coil 8200 can be driven with a full wave
AC signal. In similar fashion to the piston pump, varying the amplitude of the AC signal
will vary the stroke and, therefore, the fuel flow through the diaphragm puwp.

In another embodiment, the electrical coil 8200 in the diaphragm pump 8014 of FIG.
84 can be center-tapped by adding a third wire 8232 to the center of the coil 8200, Wires
(8234 and 8236) connect to each end of the coil. This three wire connection allows the
piston 8202 to be driven back and forth with a DC source. The DC source connects to the
center wire 8232 and the other connecting wires (8234 and 8236) are alternately connected
to ground or a negative voltage, causing current to flow in one half-coil or the other.

A three-wire coil 8302 and devices (8304, 8306, 8308) to control the DC current
flow to the coil are shown schematically in FIG. 85. The coil may be used lo drive a
diaphragm pump solenoid, as in FIG. 85, Devices (8304, 8306, 8308) may be relays, field
effect transistors ("FET"), bipolas travsistors or other shimilar devices. The controller can
vary the flow of fuel through the diaphragm pump by varying the amplitude of applied DC
voltage signal 8312 uging device 8304, Devices 8306, 8308 can be driven as shown in FIG,

80A, where first one device is closed, then opened and then the other device is closed and

CA 2984063 2017-10-27



X3

then opened. The ventical axis of the figure corresponds to a normalized driving voltage,
where a signal equal to "1" means a device is closed (i.e., shorted). Control strategies nsing
PWM signals, as iltustrated in FIG. 83, albeit withous the bias described previously for the
piston pusnp and with suitable phasing, can be apptied to each of devices 8306, 8308 in FIG.
§5.

¥

1o another embodiment the amplitude and frequency of the diaphragm pump stroke
of FIG. 84 can be controlled using the three devices (8302, 8304, 8306) shown in FIG. 85.
The amphitude of the pump stroke is confrolled by the average voliage at wire 8312, This
voltage can be modulated by fast pulse-widib-modulating device 8304. The stroke

10 frequency may be controlled as before by devices 8306 and 8308, Alternatively. device

8344 can be eliminated and switches 8306 and 8368 can be pulse-width modulated at a high
frequency during their "on" state, as illustrated in FIG. 86B. In other embodiments the
center-tapped coil can be replaced by a full bridge or a half-bridge, as known to those

skitled in the art.

——
N

In other embodiuments for use in applications where a constant flow of fuel is
important, a filter 8701 may be added between pump 8700 and burner head 8706, where the
fuel is mixed with the combustion air, as shown in FIG. 87A. One embodiment of the filter
8701 is an RC filter comprising a capacitance (volume) 8702 and an orifice 8704, The
vohune aud orifice are sized to allow the required fuel flow and redace Ructuations s flow
20 toa desired level. Mathematical techuiques that are well known in the art may be used to

determine these filter parameters.

An acoustic filter using a volume and an orifice restrictor has the electrical circuit
analog shown in FIG. 87B. The analog of gas flow is elecurical current, the analog of gas
pressure is electrical voltage, the analog of velume is electrical capacitance, the analog of

25 flow resistance is etectrical resistance and the analog of gas inertia is electrical inductance.
The orifice restrictor does not translate directly inmo this model because the onifice flow
resistance is proportional to the gas flow squared (non-linear) instead of being proportional
to the gas flow as the model suggests. The model can be used through the process of
linearization of flow resistance for small signals. The pump gas flow ripple is attenuated by

30 the factor of 141+2.pLIRC). Where "f" is the frequency component of the gas flow entering

the filter from the pamp. Due {0 the orifice restrictor non-linear characteristics, the acouslic
fHter has a lower attenuation at low flow cansing a high burner flow ripple as a percentage
of average How. The higher vipple can cause flame instability and higher emissions of
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poilutants. This non-linearity also causes a high resistance to average gas flow at the higher
flow rates reducing the pump maximumm flow capability.
The addition of a long thin tube 8703 1o the acoustic filter provides ripple

attenuation through the gas mass aeceleration, as shown in FIG. 87C. The diagram for the

o

electrical analog is shown in FIG. 870. The pump pas flow ripple is attenuated by the factor
of LIEHLC2pif).sup.2]. Since L and C are not a function of fow, the filter attenuation is
not affected by the How rate and does not have the disadvaniages of the filier of FIG. 87A.
Attenuation of the ripple also increases the pump's flow rate.
Referting again to F1G. 80, in agother embodiment, controller 8634 modulates the
10 output of the Fuel pump 8014 1o control the temperature of the beater tubes 8026 of the
engine. The temperature of the heater tube 8026 may be measured with a temperature sensor
8054, such as a thermocouple, that is attached to a heater tube 8026. When the engine
increases speed, the engine draws more thermal energy from the heater tubes 8026. The
tubes cool and the thermocouple 8054 reports this temperature drop 1o the controller 8034,
15 which i turn increases the [uet flow until the measured temperature is restored 10 a
specified level. Any of the devices and methods for metering the fuel througl the fuel
pump, as described above, may be employed i this embodiment of the machine. Various
fuel purap types including rotary vane pumps, piezoclectric pumps, crank driven piston
pumps, etc., may be emploved. In other embodiments, various operating parameters of a
20 system, of which the pressurized chamber is & part, may be conirolled by controiting the
fuel pump to meter the fuel flow to the chamber. For example, the speed of an intemal
combustion engine or the power output of an engiune may be determined by the controller.
Alternatively, a fueliair mixture ratio t 4 burner may be maintained by the controller.

It is to be understood that the various fuel pump embodiments described herem may

[~
(2

be adapted to function in a multiple burner configuration.
Single Burner Multiple Piston Engine

Referring now 1o FIGS. §8, 89A-89C, various embodiments is shown wherein an
engine 8800, such as a Surling cycle engine, having a rocking beam drive 8802 (also shown
as 810 and 812 in FIG. &) and a plurality of pisions (also shown in FIG. 8 as 802, 804, 806,
30 and 808). includes a single burner (shown as 8900 in FIGS. 89A and 89B) to heat heater
heads 8804 of the pisions. Heater heads 8804 may be ong of the various embodiments
disclosed in the preceding section, including, but not himited 1o, tube heater heads, as
designated by mumeral 8902 in FIG. 89A {also shown as 9116 in FIGS. 91C and 91D), or

pin or fin heater heads, as designated by numeral 8904 in FIG. $9C (and also shown as 5100
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i FIGS. 33D through 53F). FIG. 898 included a pin heaier head 8904 having a heater head
lining 8926 fitted around the heater head 8904. Burner 8900 may be one of any of the
various embodiments disclosed i the preceding sections and in U.S, Patent No. 6,971,235,

issued Dec. 6, 2008, to Langenfeld ef al,

v

In one embodimeni a combustion chamber 8906 is positioned above the heater heads
8900, as shown in FIGS. 89A - 89C. A prechamber 8901 may connect the combustion
chamber 8806 1o a burner head 8903 via a prechamber nozzle 8998, wherein prechamber
nozzle 502 may be a simple nozzle, a switler nozzle, or a pressure switl nozzle. The burner
10 head 8903 may house a UV window 8918 for fame detection, a fael injector 8912, which

may be an air-assist fuel injector such as a Delevan siphon nozzle, and a hot surface igniter
8214, Also connected to the burner head 8903 are a first inlet 8916 and a second inlet 8918.
One of these inlets may be a liquid fuel inlet, and the other inlet may be an atomizing inlet.

The prechamber 8901 is a centrally located fuel preparation stage located upstream

-
N

from the combustion chamber 8906, The prechamber 8901 is wheye the fuel is ignited to
form a diffusion flame. In one embodiment where tiquid fuel is used. the liquid fuel passes
threngh the first inlet 8916. Atomizer passes through the second inlet 8918 to atomize the
liquid fuel and mix with the liquid fuel in the prechamber 8901. As the atomizer and liquid
fuel enter the prechamber 8901 via fuel injector 8912, it is ignited by the hot surface igniter
20 ¥914. Air may also pass through an intake 8920 and be preheated by a preheater 8922
before it travels into the prechamber 8961, where it will mix with the atomizer and the
liuid fuel. Once the mixture is preheated and formed into a diffusion flame, it travels
through the prechamber nozzle 8908 into the combustion chamber 8906 to form a PPV
{premixed prevaporized) flame. When the diffusion flame leaves the prechamber 8901,
25 evaporation may occur in the prechamber 8961 which may aliow the diffusion flame to be
relit more easily, should it get flamed out or bumed out,

Once the flame is in the combustion chamber 8981, the heat from the flame 13 used
to heat the heater heads 8864, The heated gas from the combustion chamber 8901 evenly
flows over the surface of each of the heater heads B804, wherein heater heads 8804 transfer

30 the heat contained in the heated gas to a working fluid contained in the working space
(shown as B806 in FIG. 88) of the engine (shown as 8800 in FIG. 88). The combustion
chamber 8901 may have apertures 8924 in its surface 1o further assist in disteibuting the

PPV flame evenly across each of the heater heads 8804,
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As described above in the carrent and preceding sections, the heater heads 8804 may
be a pin heater head, a folded fin heater head, or may be heater tubes. 1n an embodiment
wsing a pin or {in heater head, the heater head may include a heater head lining 8926 as

shown in FIG. 898 (and also shown as 5348 in FIG. 53A). The heater head Hning 8926 may

e

be a sleeve that is fitted around the heater head 8994 or it may be a sleeve that is heated and

expanded and then {it around the heater head such that when the sleeve cools it contracts

and creates a snug fit around the heater head. The heater head lining 8926 ensures uniform
flow of the heated gas. Uniform flow prevents aneven tempergture distribution arouud the
heater heads 8804 and ensures thermal efficiency, as discussed in detail in the preceding

10 sections. Resultant exhaust from the bumer may exit the burner through an exhaust 8928,

Because the burner may reach very high temperatures, the metal sued to form the
burner may expand. Expansion of certain burner surfaces 8330 may interfere with the
efficiency of the engine or may damage the heater heads 8804. In an alternative
embodiment 2 compliant member mav be positioned between the heater heads 8804, or,

15 should it be used, the heater head liniug 8926 and the burner surface 8930, The compliant
member acts as a buffer against the expanding metal burner surface 8930 so that the burner
surface 8936 does not expand into the heater heads 8804,

In an altemative emabodiment a gaseous fuel, such as propane may be used. In such
an embodiment the burner may include 4 burner head 8993 and & combustion chamber

20 8966, The burner head 8903 may house the UV window 8910 for tlame detection, & fuel

injector 8912, which may be an air-assist fuel injector such as a Defevan siphon nozzle, and

a hot surtace 1gniter 8914, The gaseous fuel may enter the combustion chamber 8986 via the

fuel injector 8912, Upon exiting the fuel injector 8912, the gascous fuel would be ignited by

the hot surface igniter 8914, thereby creating a flame inside the combustion chamber 8906.

3
N

Combustion of gaseous fuels is described in detail in the preceding sections.

In yet another embodiment burner 8900 may use both gaseous and liquid fuels.
Similar to the exemplary embodiment described earlier, and various other embodiments
described in preceding sections, the burner 8960 would include 9 combustion chamber
8906, a prechamber 8901, and a burmer head 8903, The combustion chamber 8906 may be
30 positioned above the heater heads 8804, A prechamber 8901 may connect the combustion
chamber 8906 1o a butner head 8903 via a prechamber nozzle 8908, wherein prechamber
nozzle 8908 may be a simple nozzle, a swirler nozzle, or a pressure swirl nozzle. The burner
head 8903 may house a UV window 8910 for flame detection, a fuel injector 8912, which

miay be an air-assist fuel injector such as a Delevan siphon nozzle, and a hot surface igniter
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8914. Also connected to the barner head 8903 are a first inlet 8916 and a second inlet 8218,
One of these inlets may be a liquid fuel inlet and the other inlet may be an atomizing inlet.
A switch may be positioned between the first inlet 8916 and the second inlet 8918 so that

when gaseous fuel is used, the gaseous fuel would fow through the second mnlet 8918,

)

instead of the atomizer as described above. When liquid fiel is used, the switch would be
configured such that liquid fuel would flow through the frst inlet 8916 and atomizer would
flow through the second inlet 8918.

I a further embodiment of the burner, a blower may be coupled 1o burner 8900.

Multiple Burner Multiple Piston Eugine

10 Referring now to FIGS. 90 through 918, another embodiment is shown whetein
each heater head 9002 of engine 9000 may be heated by an individuat bumer 9084, as
shown in FIG. 90. Heater heads 9002 may be any of the various embodiments described in
the preceding sections, including. but not limited to, wbe heater heads, as designated by
numeral 9116 1n FIGS, 91B-91D, or pin or fin heater heads, as designated by numeral 9118
in FIG. 91A {and also shown as §100 in FIGS. 53D through 53F). Burver 9004 may be any

-
Wy

one of the various embodiments disclosed in the preceding sections and in U.S. Patent No.
6,971,238,
Each burner 9804 includes a burner head 9100, Similar to previous disclosed buner
embodiments, the burner head 9100 has an igniter 9101, a fuel injector 9108, and a UV
20 window (shown as 9107 in ¥F1G. 91B) for lame detection. Fuel passes through a first inlet
9186, where it is heated by the igniter 9101 aud forrued into a flame. Preheated air, heated
by the preheater 9102, may be mixed with the fuel in the combustion chamber 9103. The
heated fuel mixture forms a flame inside the combustion chamber 9183 and heats the heater
head 9602, Any exhaust from the burner may exit the burner via an exhaust 9105 In an
25 alternauve embodiment of the burner, an atoniizer may be combined with the fuel via a
second inlet 9110, In another embodiment of the burmer, a blower may be incorporated to
maintain an average air ration amongst the individual burners 9004,
Yet another embodiment may include a prechamber 9111, as shown in FIG. 31B. In
this embodiment, the burner may inchude a combustion chamber 9103, a prechamber 9111,
30 and a burner head 9190. Combustion chambers 9103 may be positioned above the heater
heads 9002. A prechamber 9111 may connect the combustion chamber 2103 (o a burner
head 9100 via a prechamber nozzle 9112, such as a simple nozzle, a swirler nozzle, or a
pressure switl nozzle. The burner head 9108 may house the UV window 9107 for flame

detection, a fuel injection 9108, which may be an air-assist fuel injector such as a Delevan
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siphon nozzle, and a hor surface igniter 9101, Also connected to the burner head 9100 are a
first inlet 9106 and a second inlet 9118, One of these inlets may be a liquid fuel inlet and the
other infet may be an atomizing infet,

The prechamber 9111 i3 a centrally located fuel preparation stage located upsiream

R4

from the combustion chamber 9103, The prechamber 9111 is where the fuel is ignited to

form a diffusion flame. In one embodiment, where liquid fuel is used, the liquid fuel passes

through the first inlet 9196, Atomizer passes through the second inlet 9110 to atomize the
hquid fuel and mix with the liquid fuel in the prechamber 9111, As the atomizer and liguid
fuel enter the prechamber 9111 via fuel njector 9108, it is ignited by the hot surface igniter

10 9191 Air may also pass through an intake and be preheated by a prelieater 9102 before it
travels into the prechamber 9111, where it will mix with the atomizer and the liquid fuel.
Once the mixture is preheated and formed into a diffusion flame, it travels through the
prechamber nozzie 9112 into the combustion chamber 9103 to form a PPV (premixed
prevaporized) flame. When the diffusion flame leaves the prechamber 9111, evaporation

15 may occur in the prechamber 9111 which may allow the diffusion [lame 10 be relit more
easily, should it get flamed out or burned out.

Once the flame i in the combustion chamber 9103, the heat from the flame is used
to heat the heater heads 9002, The heated gas from the combustion chamber 9103 evenly
flows over the surface of each of the heater heads 9002, wherein heater heads 9002 transfer

20 the heat contained in the heated gas to a working fluid contained in the working space of the
engine (shown as 9000 in FIG. 90). The combustion chamber 9103 may have apertures
{shown as 9114 in FIG. 91A) in its surface (o further assist in distributing the PPV flame
evenly across each of the heater heads 8804,

The priociples of the present invention may be applied to all types of engines,

25 include Stirling engines, and may be applied to other piston machines utilizing cylinders
such as internal combustion engines, compressors, and refrigerators. However, the present
invention may not be limited 1o the double-acting four-cylinder Stirling engine.

While the principies of the invenrion have been described herein, it1s 1o be
understood by those skilled in the art that this description is made only by way of example

30 and not as a limitation as to the scope of the invention. Other embodiments are

contemplated within the scope of the present vention in addition to the exemplary

embaodiments shown and described herein. Modifications and substitutions by one of
ordinary skill in the ant are considered to be within the scope of the present invention.

{
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CLAIMS:

1. A reciprocating machine comprising:

a first region comprising a first fluid and two or more reciprocating pistons, the first fluid having
a first pressure that oscillates about a mean pressure;

a second region comprising a second fluid and a drive, the second fluid having a second pressure,
two or more coupling assemblies mechanically connecting the drive to the two or more reciprocating
pistons;

an airlock separating the first region from the second region, the airlock containing the first fluid
at a third pressure, the airlock being imperfectly sealed from the first region, and the two or more
coupling assemblies pass through the airlock;

two or more rolling diaphragm seals scaling the first fluid in the airlock from the second fluid,
each rolling diaphragm being connected to one of the two or more coupling assemblies and comprising
clastomeric material with fibers dispersed therein; and

an airlock pressure regulator fluidicly connected to the airlock, the airlock pressure regulator
configured to maintain a predetermined pressure differential between the second pressure and the third

pressurc.

2. The reciprocating machine of claim 1, wherein the imperfect scal filters the oscillating pressures

of the first region to make the third pressure substantially equal to the mean pressure.
3. The reciprocating machine of claim 1, wherein each coupling assembly comprises a piston rod
and a coupling mechanism, the piston rod being fixedly attached to the piston and the coupling

mechanism located in the second region.

4. The reciprocating machine of claim 1, wherein the airlock pressure regulator comprises a pump

and a release valve, the pump connected to a first fluid source.

5. The reciprocating machine of claim 1, wherein the airlock pressure regulator

comprises a bidirectional pressure regulator.

6. The reciprocating machine of claim 1, wherein the first region is bounded by two or more cylinders

and two or more heater heads.

Date Regue/Date Received 2023-09-13



20

7. The reciprocating machine of claim 1, wherein the drive is a rocking beam drive comprising:
arocking beam having a fixed rocker pivot;

a crankshaft; and

a connecting rod coupling the crankshaft to the rocking beam, whereby the oscillatory motion of

the rocking beam is converted to rotary motion of the crankshaft.

8. The reciprocating machine of claim 1, wherein the airlock pressure regulator is fluidicly
connected to one of the first region and airlock, the airlock pressure regulator comprises:

a pump;

a pressure regulating spool valve; and

4 pressure sensor.

9. The reciprocating machine of claim 5, wherein the airlock pressure regulator further comprises a
controller, the controller in communication with a pressure sensor and the pump, the controller regulating

the pump speed based on the signal of the pressure sensor.

10. The reciprocating machine of claim 5, wherein the airlock pressure regulator further comprises a

filter, the filter fluidicly connects the pump to the second region.

11 The reciprocating machine of claim 1, wherein the airlock pressure regulator is fluidicly
connected to one of the first region and the airlock, the airlock pressure regulator comprises:

a pump;

a pressure regulating spool valve; and

a linear position sensor, wherein the linear position sensor produces a signal indicative of the

regulating spool valve position.
12. The reciprocating machine of claim 11, wherein the airlock pressure regulator further comprising
a controller, the controller in communication with the linear position sensor and the pump, the controller

regulating the pump speed based on the signal of the linear position sensor.

13. The reciprocating machine of claim 11, wherein the airlock pressure regulator further comprises a

filter, the filter fluidicly connects the pump to the second region.
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14. The reciprocating machine of claim 11, wherein the pressure regulating spool valve is in fluid

communication with the at least ong of the pump, the airlock and the first region.

15. An reciprocating machine comprising:

a first region comprising a first fluid and two or more reciprocating pistons, the first fluid having
a first pressure that oscillates about a mean pressure;

a second region comprising a second fluid and a drive, the second fluid having a second pressure,
two or more coupling assemblies mechanically connecting the drive to the two or more reciprocating
pistons;

an airlock separating the first region from the second region, the airlock containing the first fluid
at a third pressure, the airlock being imperfectly sealed from the first region, and the two or more
coupling assemblies pass through the airlock;

two or more rolling diaphragm seals sealing the first fluid in the airlock from the second fluid,
each rolling diaphragm being connected to one of the two or more coupling assemblies and comprising
elastomeric material with fibers dispersed therein; and

an airlock pressure regulator fluidicly connected to the second region, the airlock pressure
regulator configured to maintain a predetermined pressure differential between the second pressure and

the third pressure.

16. The reciprocating machine of claim 15, wherein the airlock pressure regulator comprises a pump

and a release valve, the pump connected to a second fluid source.

17. The reciprocating machine of claim 15, wherein the airlock pressure regulator is fluidicly
connected to one of the first region and the airlock, the airlock pressure regulator comprises:

a filter;

a pump;

a pressure regulating spool valve; and

a linear position sensor, wherein the linear position sensor produces a signal indicative of the

regulating spool valve position.
18. The reciprocating machine of claim 15, wherein each coupling assembly comprises a piston rod

and a coupling mechanism, the piston rod being fixedly attached to the piston and the coupling

mechanism located in the second region.
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