
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Processed by Luminess, 75001 PARIS (FR)

(19)
EP

3 
97

3 
16

5
B

1
*EP003973165B1*

(11) EP 3 973 165 B1
(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
23.10.2024 Bulletin 2024/43

(21) Application number: 20731708.2

(22) Date of filing: 20.05.2020

(51) International Patent Classification (IPC):
F02G 1/055 (2006.01) F02G 1/043 (2006.01)

F02G 1/044 (2006.01)

(52) Cooperative Patent Classification (CPC): 
F02G 1/0435; F02G 1/044; F02G 2244/50; 
F02G 2244/52; F02G 2244/54 

(86) International application number: 
PCT/US2020/033714

(87) International publication number: 
WO 2020/236881 (26.11.2020 Gazette 2020/48)

(54) ENGINE APPARATUS AND METHOD FOR OPERATION

MOTORVORRICHTUNG UND VERFAHREN ZUM BETRIEB

APPAREIL MOTEUR ET PROCÉDÉ DE FONCTIONNEMENT

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR

(30) Priority: 21.05.2019 US 201916417764
21.05.2019 US 201962850599 P
21.05.2019 US 201962850623 P
21.05.2019 US 201962850678 P
21.05.2019 US 201962850692 P
21.05.2019 US 201962850701 P

(43) Date of publication of application: 
30.03.2022 Bulletin 2022/13

(73) Proprietor: Hyliion Holdings Corp.
Cedar Park, TX 78613 (US)

(72) Inventors:  
• VANDEVOORDE, Kevin Michael

Cincinnati, Ohio 45215 (US)
• MOOK, Joshua Tyler

Cincinnati, Ohio 45215 (US)

• AKWARA, Aigbedion
Cincinnati, Ohio 45215 (US)

• NOTARNICOLA, Michael Robert
Cincinnati, Ohio 45215 (US)

• BELLARDI, Jason Joseph
Cincinnati, Ohio 45215 (US)

• THOMPSON, Mary Kathryn
Cincinnati, Ohio 45215 (US)

• GANSLER, Michael Thomas
Cincinnati, Ohio 45215 (US)

• SENNOUN, Mohammed El Hacin
Cincinnati, Ohio 45215 (US)

• WAUN, Scott Douglas
Cincinnati, Ohio 45215 (US)

(74) Representative: Hafner & Kohl PartmbB
Schleiermacherstraße 25
90491 Nürnberg (DE)

(56) References cited:  
US-A- 4 030 297 US-A- 4 199 945
US-A- 5 456 076 US-A1- 2010 139 262



EP 3 973 165 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to and
the benefit of the earliest available effective filing date of
U.S. Provisional Patent Application No. 62/850,701, U.S.
Provisional Patent Application No. 62/850,678, U.S. Pro-
visional Patent Application No. 62/850,599, U.S. Provi-
sional Patent Application No. 62/850,623, U.S. Provi-
sional Patent Application No. 62/850,692, and U.S. Pat-
ent Application No. 16/417,764 titled "Engine Apparatus
and Method for Operation", each having a filing date of
May 21, 2019.

FIELD

[0002] The present subject matter relates to engine ap-
paratuses or piston engine assemblies, such as closed-
cycle engine systems, and methods for operation thereof.

BACKGROUND

[0003] Power generation and distribution systems are
challenged to provide improved power generation effi-
ciency and/or lowered emissions. Furthermore, power
generation and distribution systems are challenged to
provide improved power output with lower transmission
losses. Certain power generation and distribution sys-
tems are further challenged to improve sizing, portability,
or power density generally while improving power gen-
eration efficiency, power output, and emissions.
[0004] Certain engine system arrangements, such as
closed cycle engines, may offer some improved efficien-
cy over other engine system arrangements. However,
closed cycle engine arrangements, such as Stirling en-
gines, are challenged to provide relatively larger power
output or power density, or improved efficiency, relative
to other engine arrangements. As such, there is a need
for improved closed cycle engines and system arrange-
ments that may provide improved power output, im-
proved power density, or further improved efficiency. Ad-
ditionally, there is a need for an improved closed cycle
engine that may be provided to improve power genera-
tion and
power distribution systems.
US4199945A and US5456076A each disclose an engine
apparatus with piston assemblies and a method for op-
erating a piston apparatus of an engine apparatus.

BRIEF DESCRIPTION

[0005] Aspects and advantages of the invention will be
set forth in part in the following description, or may be
obvious from the description, or may be learned through
practice of the invention.
[0006] An aspect of the present disclosure is directed
to an engine apparatus including at least four piston as-

semblies. Each piston assembly includes a piston at-
tached to a connection member at a first end and a sec-
ond end. Each piston of the piston assembly defines a
first chamber and a second chamber separated by the
piston. The first chamber and the second chamber are
each defined at the first end and at the second end. Each
first chamber of one piston assembly is fluidly connected
to the second chamber at a different piston assembly. At
least one first chamber at the first end is fluidly connected
to a respective second chamber at the second end. At
least one first chamber at the second end is fluidly con-
nected to a respective second chamber at the first end.
At least one first chamber at one end is fluidly connected
to a respective second chamber at the same end.
[0007] In one embodiment, each first chamber at one
piston assembly is fluidly connected to only one second
chamber at another piston assembly.
[0008] In another embodiment, the apparatus further
includes a plurality of walled conduits fluidly connecting
the first chamber at one piston assembly to the second
chamber of another piston assembly.
[0009] In still another embodiment, each piston assem-
bly is mechanically separate from one another.
[0010] In yet another embodiment, the apparatus fur-
ther includes a piston body surrounding the piston of the
piston assembly.
[0011] In still yet another embodiment, the first cham-
ber defines an expansion chamber and the second cham-
ber defines a compression chamber.
[0012] In one embodiment, the connection member of
the piston assembly is extended along a lateral direction,
and the first end and the second end are separated along
the lateral direction.
[0013] In various embodiments, a first plurality of first
chambers and a first plurality of second chambers to-
gether include an interconnected volume fluidly separate
from a second plurality of first chambers and a second
plurality of second chambers. In one embodiment, the
piston assemblies includes a first piston assembly,
wherein the first piston assembly includes two first cham-
bers and two second chambers entirely within the inter-
connected volume. In another embodiment, the piston
assemblies include a second piston assembly. The sec-
ond piston assembly includes one first chamber and one
second chamber entirely within the interconnected vol-
ume. In yet another embodiment, the second piston as-
sembly includes one first chamber and one second
chamber each outside of the interconnected volume.
[0014] Another aspect of the present disclosure is di-
rected to a closed cycle engine apparatus including a
plurality of piston assemblies. Each piston assembly in-
cludes a piston attached to a laterally extended connec-
tion member in which a first end is defined laterally sep-
arated from a second end. The piston is attached to the
connection member at the first end and the second end
and each piston of the piston assembly defines a first
chamber and a second chamber separated by the piston.
The first chamber and the second chamber are each de-
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fined at the first end and at the second end. Each first
chamber of one piston assembly is fluidly connected to
the second chamber at a different piston assembly. A
first plurality of first chambers and a first plurality of sec-
ond chambers together include an interconnected vol-
ume fluidly separate from a second plurality of first cham-
bers and a second plurality of second chambers.
[0015] In one embodiment, at least one first chamber
at the first end is fluidly connected to a respective second
chamber at the second end.
[0016] In another embodiment, at least one first cham-
ber at the second end is fluidly connected to a respective
second chamber at the first end.
[0017] In yet another embodiment, the plurality of pis-
ton assemblies include a first piston assembly that in-
cludes two first chambers and two second chambers en-
tirely within the interconnected volume. In one embodi-
ment, the plurality of piston assemblies further includes
a second piston assembly that includes one first chamber
and one second chamber entirely within the interconnect-
ed volume and one first chamber and one second cham-
ber each outside of the interconnected volume.
[0018] Yet another aspect of the present disclosure is
directed to a method for operating a balanced pressure
piston apparatus containing an engine working fluid. The
apparatus includes a plurality of piston assemblies each
defining its respective lateral direction from a first end to
a second end. The piston assembly defines a plurality of
a first chamber and a plurality of a second chamber fluidly
connected to one another across different piston assem-
blies. The method includes flowing a first portion of the
engine working fluid through a first plurality of intercon-
nected chambers including a first chamber on the first
end of a first piston assembly and a second chamber on
the second end of a second piston assembly, and flowing
a second portion of the engine working fluid through a
second plurality of chambers, wherein the first portion of
the engine working fluid is fluidly separate from the sec-
ond portion of the engine working fluid.
[0019] In various embodiments, the method further in-
cludes articulating the piston assembly in a first direction
while the working fluid is at a substantially uniform tem-
perature at the first chamber and the second chamber,
in which the second piston assembly is stationary when
the first piston assembly is articulated in the first direction.
In one embodiment, the method further includes gener-
ating a first pressure at the first chamber of the first piston
assembly by articulating the first piston assembly along
the first direction, transmitting, via the first plurality of in-
terconnected chambers, the first pressure to the second
chamber of the second piston assembly, and generating
a second pressure at the second piston assembly at the
second plurality of chambers, in which the second pres-
sure and the first pressure together generate a substan-
tially zero net force at the second piston assembly.
[0020] In another embodiment, the method includes
articulating the piston assemblies in balanced phase ar-
rangement relative to one another while the working fluid

is at a temperature differential at the working fluid relative
to the first chamber and the second chamber.
[0021] In yet another embodiment of the method, ar-
ticulating the piston assembly includes actuating only one
piston assembly.
[0022] These and other features, aspects and advan-
tages of the present invention will become better under-
stood with reference to the following description and ap-
pended claims. The accompanying drawings, which are
incorporated in and constitute a part of this specification,
illustrate embodiments of the invention and, together with
the description, serve to explain the principles of the in-
vention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] A full and enabling disclosure including the best
mode, directed to one of ordinary skill in the art, is set
forth in the specification, which makes reference to the
appended figures, in which:

FIG. 1 is an exemplary schematic layout view of an
embodiment of a piston engine apparatus according
to aspects of the present disclosure; and
FIG. 2 is a flowchart outlining exemplary steps of a
method for operating an engine apparatus.

[0024] Repeat use of reference characters in the
present specification and drawings is intended to repre-
sent the same or analogous features or elements of the
present disclosure.

DETAILED DESCRIPTION

[0025] Reference now will be made in detail to embod-
iments of the disclosure, one or more examples of which
are illustrated in the drawings. Each example is provided
by way of explanation of the disclosure and not limitation.
In fact, it will be apparent to those skilled in the art that
various modifications and variations can be made in the
present disclosure without departing from the scope of
the disclosure. For instance, features illustrated or de-
scribed as part of one embodiment can be used with an-
other embodiment to yield a still further embodiment. In
another instance, ranges, ratios, or limits associated
herein may be altered to provide further embodiments,
and all such embodiments are within the scope of the
present disclosure. Unless otherwise specified, in vari-
ous embodiments in which a unit is provided relative to
a ratio, range, or limit, units may be altered, and/or sub-
sequently, ranges, ratios, or limits associated thereto are
within the scope of the present disclosure. Thus, it is in-
tended that the present disclosure covers such modifi-
cations and variations as come within the scope of the
appended claims.
[0026] As used herein, the terms "first", "second", and
"third" may be used interchangeably to distinguish one
component from another and are not intended to signify
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location or importance of the individual components.
[0027] The terms "upstream" and "downstream" refer
to the relative direction with respect to fluid flow in a fluid
pathway. For example, "upstream" refers to the direction
from which the fluid flows, and "downstream" refers to
the direction to which the fluid flows. The term "loop" can
be any suitable fluid pathway along which fluid can flow
and can be either open or closed, unless stated other-
wise.
[0028] Embodiments of a multi-piston engine appara-
tus 100 provided herein show and describe a balanced
pressure piston engine containing an engine working flu-
id. Certain embodiments of the engine shown and de-
scribed herein provide dynamic stability in amplitude, fre-
quency, or both. Various embodiments of the apparatus
further provide for power to be modulated by piston stroke
via a free piston assembly arrangement as a passively
balanced system during operation. As such, the engine
provided herein may operate in balanced pressure or bal-
anced phase arrangement without control systems or
mechanical linkages between piston assemblies, such
as camshafts, crankshafts, etc. Other embodiments pro-
vide for balanced pressure arrangement with force trans-
mission linkages coupling piston assemblies with mini-
mal power losses. Certain embodiments of the engine
provided herein mitigate or disrupt propagation of pres-
sure waves that may disrupt an intended motion (dynam-
ic stability in amplitude, frequency, phase, center point
of oscillation or all of these) of a plurality of pistons in a
closed cycle engine arrangement such as a Stirling en-
gine generally. The embodiments of the engine provided
herein include a closed cycle piston engine arrangement
including a plurality of chambers in particular fluid con-
nection such as to provide pneumatic isolation or force
cancellation at adjacent chambers when the engine
working fluid is at a uniform temperature at the plurality
of chambers.
[0029] Closed cycle engine arrangements generally in-
clude a plurality of pistons defining an expansion cham-
ber and a compression chamber, or a hot chamber and
a relatively cold chamber, defined by a piston within a
cylinder. Such closed cycle engine arrangements may
include, but are not limited to, a Stirling engine assembly,
or variations thereof, such as, alpha, beta, or gamma
Stirling configurations, or other variations, such as, but
not limited to, a Vuilleumier, Franchot, or Rinian engine
arrangement. Certain configurations, such as beta and
gamma configurations, further include a displacer piston
in contact with the hot chamber and the cold chamber
and a power piston in contact with the cold chamber.
Further configurations, such as a Vuilleumier arrange-
ment, include a warm chamber in which one piston is in
contact with the hot chamber and the warm chamber and
another piston is in contact with the cold chamber and
the warm chamber. However, configurations including
the warm chamber are generally counter-productive to
providing improved power density, as the warm chamber
is used to improve operation of the engine but decreases

power generation per unit volume of working fluid.
[0030] In other configurations including a hot chamber
and a cold chamber, or in various configurations, addi-
tionally a warm chamber, undesired creation and prop-
agation of pressure waves may occur across fluidly con-
nected chambers. Such pressure propagation may in-
hibit operation of the engine at transient conditions, such
as via undesired harmonics or vibrations that cause un-
desired operation or unacceptable power losses. Pres-
sure propagation may further, or alternatively, cause un-
desired phase-shift, undesired changes in amplitude, or
run-away behavior of the pistons relative to one another,
such as to result in undesired operation of the engine.
[0031] For example, in certain free piston Stirling en-
gine arrangements, serial or consecutive coupling of a
compression chamber at one reciprocating piston to an
adjacent or serially consecutive expansion chamber of
another reciprocating piston, and further connected in a
loop to the first reciprocating piston, provide a change in
pressure in one chamber to induce movement of the pis-
ton in contact with the chamber. Such change in pressure
in one chamber inducing movement of the piston in con-
tact with the chamber may further occur even in the ab-
sence of a thermal load, such as a thermally-driven ex-
pansion and contraction of a volume of fluid. As such, a
change in pressure results in the other chamber defined
by the same piston (i.e., the chamber defined on an op-
posite side of the same piston). The change in pressure
produces a pressure wave and corresponding force that
is allowed to propagate to each adjacent or serially con-
secutive fluidly coupled chamber and the associated pis-
ton at the fluidly coupled chamber. The pressure wave
propagation is allowed to repeat, or may repeat indefi-
nitely, through the plurality of fluidly coupled chambers
and associated pistons of the engine. The pressure wave
and corresponding force may subsequently propagate
through the serially coupled chambers back to the first
reciprocating piston. The pressure wave propagation
may therefore create harmonic waves and disrupt an in-
tended motion (e.g., frequency, amplitude, and/or phase,
or combinations thereof), or an intended center-point of
motion in a multi-piston arrangement, or both.
[0032] Additionally, or alternatively, the pressure wave
propagation means that movement of one reciprocating
piston induces movement of each adjacent piston of the
fluidly connected chambers. As such, pressure wave
propagation may cause movement of adjacent pistons
within the fluidly connected arrangement of chambers.
The pressure wave propagation across fluidly connected
chambers results in the pistons being articulated, at least
in part, by mechanical forces (i.e., pressure waves and
their corresponding forces) rather than via thermal differ-
ences between the hot chamber and the cold chamber.
[0033] Pressure wave propagations may further ad-
versely affect double acting piston assemblies, or partic-
ularly double acting free piston assemblies. For example,
the fluidly connected arrangement of chambers may be
arranged such that pistons at one end of a piston assem-
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bly include one fluidly coupled arrangement of chambers
and pistons at another end of the piston assembly include
another fluidly coupled arrangement of chambers. How-
ever, the fluidly coupled arrangements may allow pres-
sure wave propagations to cause movement of one pis-
ton assembly due to movement of another piston assem-
bly even with uniform temperatures at the chambers.
Stated differently, fluidly connected arrangements of pis-
ton assemblies allow mechanical forces (i.e., pressure
propagation) to induce movement of adjacent piston as-
semblies rather than thermal differences between the
chambers.
[0034] In certain instances, such pressure wave prop-
agation may cause the affected piston to displace to an
extreme position, such as top dead center (TDC) or bot-
tom dead center (BDC). Displacement to the extreme
position may cause the piston to contact or crash into the
extreme end of the surrounding cylinder, such as to dam-
age the piston or cylinder or otherwise adversely affect
power output, stability, or operation of the engine. As
another example, pressure wave propagation inducing
movement of adjacent pistons via mechanical forces may
result in unbalanced phase movement of the pistons rel-
ative to one another, which may result in undesired op-
eration. Pressure wave propagation may generally result
in undesired operation of the engine such as to cause
undesired power losses, damage, vibrations, or other
losses to power output or operability.
[0035] In still other examples, Stirling engines, or var-
iations thereof, may include fluid coupling of expansion
and compression chambers such as to result in a force
acting on a piston along its direction of motion. Such ex-
amples promote self-starting, such as to reduce input
power necessary for starting the engine. However, such
self-starting behavior may result from or provide pressure
wave propagation during operation of the engine, such
as to result in undesired operation of the engine as de-
scribed above.
[0036] Referring to FIG. 1, embodiments of a balanced
pressure engine are provided (hereinafter, "apparatus
100"). Embodiments of the apparatus 100 provided here-
in may provide pressure-balanced operation of a multi-
piston closed cycle engine in which pressure wave prop-
agation across the pistons is mitigated, eliminated, or
otherwise disrupted from propagating beyond one or
more piston assemblies. The embodiments of the appa-
ratus 100 provided herein may further provide a phase-
balanced arrangement in which the plurality of pistons
may operate at an equal phase relationship relative to
one another. The embodiments of the apparatus 100 pro-
vided herein may further reduce undesired instabilities,
vibrations, harmonics, or other dynamics that may result
in power losses, damage, or other losses to power output
or operability. Still further, embodiments of the apparatus
100 provided herein provide improved performance,
such as via stable operation of the multi-piston arrange-
ment without a warm chamber or other intermediate
chamber.

[0037] Additionally, or alternatively, embodiments of
the apparatus 100 provided herein may beneficially pro-
vide balanced pressure arrangement of a plurality of pis-
ton assemblies 1010 during operation of the apparatus.
The balanced pressure arrangement operation of the ap-
paratus 100 may be identified by the stationary behavior
of one piston assembly following articulation or actuation
of another piston assembly when the engine working fluid
is at a substantially uniform temperature in the apparatus
100. The apparatus 100 may provide the stationary be-
havior of the piston assembly via substantially equal and
opposite forces produced at an adjacent piston assembly
following articulation of another piston assembly.
[0038] Embodiments of the apparatus 100 may bene-
ficially improve overall stability, balance, power output,
and operability of the apparatus via the balanced pres-
sure arrangements provided herein. Additionally, various
embodiments of the apparatus 100 may beneficially im-
prove overall operation of piston engine assemblies,
such as closed cycle engine assemblies, despite detri-
ments that may be associated with production of sub-
stantially equal and opposite forces at an adjacent piston
assembly. For example, embodiments of the apparatus
100 provided herein may include beneficial improve-
ments to overall operation greater than losses associated
with starting the apparatus 100. As another example, the
substantially equal and opposite forces at an adjacent
piston assembly may increase a threshold input power
required to initialize operation of the piston assemblies
(i.e., articulation of the piston assemblies), such as to
require a greater input torque or power at the piston as-
sembly to overcome greater counteracting forces, inertia,
etc. However, in contrast, operation of the piston assem-
blies thereafter may include improved stability, power
output, reduced vibrations, mitigated risk of damage or
other losses to power or operability.
[0039] Referring to FIG. 1, the apparatus 100 includes
a plurality of piston assemblies 1010 each fluidly coupled
to one another in balanced pressure and/or balanced
phase arrangement. The piston assembly 1010 includes
a piston 1011. In various embodiments, the piston as-
sembly 1010 includes a pair of pistons 1011 attached to
one another via a connection member 1030. In still var-
ious embodiments, the piston assemblies 1010 can op-
erate in balanced pressure and/or balanced phase rela-
tionship while being mechanically independent of one
another. For example, the apparatus 100 may exclude
camshafts, crankshafts, rocker arms, or other mechani-
cal linkages coupling two or more of the piston assem-
blies. In other embodiments, the piston assembly 1010
may include a linkage coupling two or more piston as-
semblies in balanced pressure and/or balanced phase
arrangement.
[0040] The piston 1011 of the piston assembly 1010 is
surrounded by a piston body 1020. The piston body 1020
defines at least one of a first chamber 221 or a second
chamber 222. In various embodiments, the piston body
1020 defines at one side of the piston 1011 a first cham-
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ber 221, such as an expansion chamber, a hot chamber,
or first localized fluid volume within the piston body 1020.
The first chamber 221 may be positioned in thermal com-
munication with a heat source, such as to provide heat
or thermal energy into the first chamber 221. The piston
body 1020 further defines at another side of the piston
1011 a second chamber 222, such as a compression
chamber, a cold chamber, or second localized fluid vol-
ume within the piston body 1020. The second chamber
222 may be positioned in thermal communication with a
heat sink, such as to remove thermal energy or heat from
the second chamber 222. A plurality of walled conduits
1050 fluidly connects the first chamber 221 of one piston
assembly and the second chamber 222. A portion of the
first chambers 221 and the second chambers 222 are
contained within an interconnected volume 300.
[0041] A first plurality of chambers, such as depicted
within interconnected volume 300, includes a first plural-
ity of the first chambers 221 and a first plurality of the
second chambers 222 within the interconnected volume
300 fluidly separate and/or pneumatically separate from
a second plurality of chambers including the first chamber
221 and the second chamber 222 outside of the inter-
connected volume 300. In one embodiment, the first plu-
rality of chambers is depicted within a first interconnected
volume 301. The first interconnected volume 301 of
chambers 221, 222 includes the first plurality of first
chambers 221 and the first plurality of second chambers
222 fluidly separate and/or pneumatically separate from
the second plurality of first chambers and second cham-
bers outside of the first interconnected volume 301, such
as depicted within the second interconnected volume
302.
[0042] Stated differently, pressure waves or motive
forces formed within the plurality of chambers forming
the interconnected volume 300 by the movement of one
piston assembly 1010 are mitigated from propagating to
another piston assembly 1010. Stated still differently,
pressure waves or motive forces formed outside of the
plurality of chambers forming the interconnected volume
300 by the movement of one piston assembly 1010 are
mitigated from propagating to another piston assembly
1010. In one embodiment, the interconnected volume
300 of the plurality of chambers may separate pressure
wave propagation and motive forces developed outside
of the interconnected volume 300 from acting upon the
one or more pistons 1011 within the interconnected vol-
ume 300 of chambers. Additionally, or alternatively, the
interconnected volume 300 may separate pressure wave
propagation and motive forces developed within the in-
terconnected volume 300 of first chambers 221 and sec-
ond chambers 222 from acting upon the one or more
pistons 1011 outside of the interconnected volume 300.
[0043] In various embodiments, the portion of the plu-
rality of walled conduits 1050 fluidly connects the first
chamber 221 of one piston assembly and the second
chamber 222 of another piston assembly into an inter-
connected volume 300. The interconnected volume 300

defines a fluid interconnection of the first chamber 221
and the second chamber 222 at different piston assem-
blies 1010 such that a fluid communication or fluid leak-
age path between the first chamber 221 and the second
chamber 222 of the same piston 1011 provides a single
fluid loop separated from the fluidly connected chambers
221, 222 outside of the interconnected volume 300. In
one embodiment, the balanced pressure arrangement
and/or the balance phase arrangement of the piston as-
semblies 1010 is the fluid interconnection of the walled
conduits 1050 and chambers 221, 222 such that the
chambers 221, 222 within the interconnected volume 300
are substantially fluidly separate and/or pneumatically
separate from those chambers 221, 222 outside of the
interconnected volume 300 to provide a substantially
equal and opposite force relative to one another to at
least one piston assembly 1010 when the engine working
fluid within the chambers 221, 222 is at a uniform
temperature . In various embodiments, the apparatus
100 includes a plurality of interconnected volumes 300,
such as a first interconnected volume 301 fluidly separate
and pneumatically separate from a second interconnect-
ed volume 302.
[0044] In one embodiment, the plurality of piston as-
semblies 1010 includes a first piston assembly 1110 flu-
idly coupled to a second piston assembly 1210 via the
walled conduit 1050. The first chamber 221 and the sec-
ond chamber 222 may each define a spring, such as a
gas spring (i.e., a spring-mass system in which the gas
spring is at least in part the engine working fluid, such as
helium, hydrogen, or air, or another suitable working flu-
id). The first chamber 221 at the first piston assembly
1110 is fluidly coupled to the second chamber 222 at the
second piston assembly 1210 in balanced pressure ar-
rangement, i.e., at substantially uniform temperatures
relative to the first chamber 221 and the second chamber
222, movement of the first piston assembly 1110 pro-
vides substantially equal and opposite force at the piston
1011 or connection member 1030 of another piston as-
sembly (e.g., the second piston assembly 1210) such as
to result in a substantially zero net force, such as depicted
via signs + or - in FIG. 1. The substantially zero net force
at the other piston assembly, such as the second piston
assembly 1210, results in non-movement or stationary
behavior of the second piston assembly 1210 despite
movement of the first piston assembly 1110.
[0045] In various embodiments, the first chamber 221
and the second chamber 222 each define the spring as
a gas spring based at least on the fluid coupling of the
first chamber 221 of the first piston assembly 1110 to the
second chamber 222 of the second piston assembly
1210 to include at least two interconnected volumes 301,
302 fluidly and/or pneumatically separate from one an-
other (i.e., balanced pressure arrangement). In one em-
bodiment, the at least two interconnected volumes in-
cludes the first interconnected volume 301 substantially
fluidly isolated and pneumatically isolated from the sec-
ond interconnected volume 302.
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[0046] The arrangement of the interconnected volume
300, or plurality thereof, mitigates pressure propagation
across the plurality of piston assemblies 1010 such that
movement of adjacent piston assemblies is not driven by
mechanical forces. Stated differently, the arrangement
of the chambers 221, 222 within the interconnected vol-
ume 300 relative to chambers outside of the intercon-
nected volume 300 provides for movement of one piston
assembly of the interconnected volume 300 to induce an
equal and opposite force at an adjacent piston assembly
in fluid contact with the piston assembly 1010 outside of
the interconnected volume 300. Alternatively, the ar-
rangement of chambers 221, 222 within the first inter-
connected volume 301 relative to chambers within the
second interconnected volume 302 provides for move-
ment of one piston assembly at one interconnected vol-
ume to induce an equal and opposite force at an adjacent
piston assembly at another interconnected volume.
[0047] In various embodiments, the adjacent or sec-
ond piston assembly 1210 is in fluid contact with the in-
terconnected volume 300 and outside thereof. In another
embodiment, the second piston assembly 1210 is in fluid
contact with the first interconnected volume 301 and the
second interconnected volume, and the first piston as-
sembly 1110 is in fluid contact with only the interconnect-
ed volume 300, such as either the first interconnected
volume or the second interconnected volume 302. As
such, when the first chamber 221 and the second cham-
ber 222 are each at uniform temperature conditions, me-
chanical movement of one piston assembly will not in-
duce movement of another piston assembly. Still further,
when the first chamber 221 and the second chamber 222
are at a temperature differential or delta temperature rel-
ative to one another, such as to define a hot chamber
and a cold chamber respectively, movement of the piston
assemblies is substantially only via the temperature dif-
ferential rather than mechanical forces such as pressure
wave propagation.
[0048] In various embodiments, such as outlined in the
flowchart provided in FIG. 2, a method for operating a
piston apparatus is provided (hereinafter, "method
1000"). The method 1000 may include balanced pres-
sure operation of the piston apparatus. The method 1000
may be implemented in engine apparatuses, such as
closed cycle engine systems or the apparatus 100 pro-
vided in regard to FIG. 1. The method 1000 includes at
1010 flowing a first portion of the engine working fluid
through a first plurality of interconnected chambers in-
cluding a first chamber on the first end of a first piston
assembly and a second chamber on the second end of
a second piston assembly. Flowing the first portion of
engine working fluid may include flowing the first portion
of engine working fluid within a fluidly interconnected vol-
ume (e.g., interconnected volume 301 in FIG. 1) of a first
plurality of first chambers and a first plurality of second
chambers in a single fluid loop. The method 1000 may
include at 1010 generating an interconnected volume by
fluidly interconnecting a portion of the plurality of first

chambers of one piston assembly and the plurality of
second chambers of another piston assembly into a sin-
gle fluid loop when the first chamber and the second
chamber of the same piston is in fluid communication.
The first chamber and the second chamber within the
interconnected volume are each fluidly separate from the
first chamber and the second chamber outside of the
interconnected volume. At least one first chamber of one
end of one piston assembly is fluidly coupled to the sec-
ond chamber of another end of another piston assembly.
[0049] In particular embodiments, the method 1000
further includes at 1015 flowing a second portion of the
engine working fluid through a second plurality of cham-
bers, in which the first portion of the engine working fluid
is fluidly separate from the second portion of the engine
working fluid. In various embodiments, the second por-
tion of the engine working fluid may be defined in a sec-
ond interconnected volume of chambers (e.g., intercon-
nected volume 302 in FIG. 1) separated from the first
interconnected volume of chambers.
[0050] In various embodiments, the method 1000 fur-
ther includes at 1002 receiving, at the engine working
fluid at the first chamber 221 and the second chamber
222, a substantially uniform temperature. The method
1000 may further include at 1003 generating a first pres-
sure at the first chamber (e.g., first chamber 221) of one
piston assembly (e.g., the first piston assembly 1110) by
articulating the piston assembly along the first direction.
The method 1000 may further include at 1004 transmit-
ting the first pressure to the second chamber (e.g., sec-
ond chamber 222) of another piston assembly at which
the first chamber is fluidly interconnected (e.g., the sec-
ond piston assembly 1210), such as via the first plurality
of interconnected chambers (e.g., the chambers of the
first interconnected volume 301). The method 1000 may
further include at 1008 generating a second pressure at
the second piston assembly (e.g., second piston assem-
bly 1210) at the second plurality of chambers (e.g., the
chambers not of the first interconnected volume 301, or
the chambers of the second interconnected volume 302),
in which the second pressure and the first pressure to-
gether generate a substantially zero net force at the sec-
ond piston assembly. The second pressure and the first
pressure together generate a substantially zero net force
at the other piston assembly (e.g., the second piston as-
sembly 1210) such that the other piston assembly (e.g.,
the second piston assembly 1210) is stationary when the
first piston assembly is articulated in the first direction.
[0051] Stated differently, forces induced at the second
piston assembly via the second pressure are equal and
opposite of the forces induced by the first piston assembly
via the first pressure. As such, the second piston assem-
bly remains stationary when the first piston assembly is
articulated in the first direction when the engine working
fluid at the first chamber and the second chamber is at
a uniform temperature relative to one another. Generally,
the second piston assembly remains stationary when the
first piston assembly is articulated in the first direction
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when the engine working fluid within the apparatus 100
is at a uniform temperature.
[0052] In still various embodiments, the method 1000
includes at 1013 generating a temperature differential at
the working fluid between the engine working fluid at the
first chamber 221 and the second chamber 222. In an-
other embodiment, the method 1000 includes at 1009
moving or otherwise articulating the plurality of piston
assemblies 1010 in a balanced phase relationship rela-
tive to one another while the working fluid is at the tem-
perature differential at the working fluid relative to the
first chamber 221 and the second chamber 222. Articu-
lating the piston assemblies 1010 may include starting
one or more of the first piston assembly 1110 via a starter
motor, mechanical power input, or other starter device.
Articulating the piston assemblies in balanced phase re-
lationship may further include articulating the plurality of
piston assemblies in balanced phase relationship when
the temperature differential is applied at the engine work-
ing fluid at the first chamber versus the second chamber.
[0053] In yet another embodiment, the method 1000
further includes at 1012 applying a motive force at the
piston assembly greater than a threshold necessary to
overcome counteracting forces at the piston assembly.
In various embodiments, the threshold corresponds to
friction, inertia, or other forces preventing movement of
the piston assembly via the temperature differential. For
example, the other forces preventing movement may in-
clude, at least in part, equal and opposite forces resulting
from the balanced pressure arrangement of the piston
assemblies. As such, the arrangement of piston assem-
blies 1010 may provide the balanced pressure and/or
balanced phase relationship of the apparatus 100 and
may further require a greater motive force to articulate
the piston assembly 1010 during start-up from rest or
non-operation.
[0054] It should be appreciated that the phase angle
of the balanced phase arrangement may depend at least
in part on the quantity of the plurality of piston assemblies
1010 of the apparatus 100. In various embodiments, the
phase angle between four piston assemblies, or factors
thereof, 1010 is approximately 90 degrees, 180 degrees,
or 270 degrees. In another embodiment, the phase angle
between three piston assemblies 1010, or factors there-
of, is approximately 30 degrees, 60 degrees or 120 de-
grees. In yet another embodiment, the phase angle be-
tween five piston assemblies 1010, or factors thereof, is
approximately 72 degrees.
[0055] In still various embodiments, the apparatus 100
includes a plurality of piston assemblies 1010 in which
each piston assembly 1010 defines a first end 101 sep-
arated from a second end 102 (e.g., separated along a
lateral direction L co-directional to extension or displace-
ment of a piston 1011 of the piston assembly 1010). A
pair of pistons 1011 is each connected at the first end
101 and the second end 102. In various embodiments,
the pair of pistons 1011 is each connected via the con-
nection member 1030 extended to separate each piston

1011 such as to dispose one piston 1011 at the first end
101 and another piston 1011 at the second end 102. The
piston body 1020 surrounds the piston 1011 and defines
the first chamber 221 and the second chamber 222 each
separated by the piston 1011 at each piston assembly
1010. The plurality of walled conduits 1050 fluidly con-
nects the first chamber 221 at one piston assembly 1010
to the second chamber 222 at another piston assembly
1010. The plurality of walled conduits 1050 fluidly con-
nects the chambers to define at least two interconnected
volumes 300 of chambers 221, 222 and walled conduits
1050. Each interconnected volume 300, such as depicted
at first interconnected volume 301 and second intercon-
nected volume 302, is fluidly separate from one another.
Each interconnected volume 301, 302 is further fluidly
separate and/or pneumatically separate from one anoth-
er. The plurality of piston assemblies 1010 are in bal-
anced pressure arrangement via the plurality of intercon-
nected volumes 300.
[0056] The fluidly separated and/or pneumatically sep-
arated or isolated interconnected volume 300 includes a
pair of the first chamber 221 at the one end fluidly con-
nected to a respective second chamber 222 at the other
end. In one embodiment, each interconnected volume
300 includes the first chamber 221 at the first end 101
fluidly connected to a respective second chamber 222 at
the second end 102. In another embodiment, the inter-
connected volume 300 includes the first chamber 221 at
the second end 102 fluidly connected to a respective sec-
ond chamber 222 at the first end 101. As such, the inter-
connected volume 300 further provides a substantially
net zero force at the piston assembly 1010 such as de-
scribed above.
[0057] The fluidly separated and/or pneumatically sep-
arated interconnected volume 300 further includes at
least two pair of the first chamber 221 at the first end 101
or the second end 102 is each fluidly connected to a
respective second chamber 222 at the same end. In one
embodiment, at least two pair of the first chamber 221 at
the first end 101 is each fluidly connected to a respective
second chamber 222 at the first end 101. In another em-
bodiment, at least two pair of the first chamber 221 at the
second end 102 is each fluidly connected to a respective
second chamber 222 at the second end 102. In still an-
other embodiment, at least four pair of the first chamber
221 at one end is each fluidly connected to a respective
second chamber 222 at the same end.
[0058] The interconnected volume 300 further includes
the first piston assembly 1110 entirely within the inter-
connected volume. The interconnected volume 300 fur-
ther includes the second piston assembly 1210 in which
one end or pair of hot chamber and cold chamber (e.g.,
at the first end 101) is within one interconnected volume
(e.g., the first interconnected volume 301) and the other
end or pair of hot chamber and cold chamber (e.g., at
the second end 102) is outside of the interconnected vol-
ume or within another interconnected volume (e.g., the
second interconnected volume 302). As such, the bal-
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anced pressure arrangement mitigates pressure wave
propagation at the second piston assembly, such as de-
picted at arrows 150, when an equal and opposite force
is applied to the second piston assembly.
[0059] In one embodiment, the interconnected volume
300 fluidly and/or pneumatically separate from other
chambers and walled conduits in balanced pressure ar-
rangement each include a hot chamber (i.e., a first cham-
ber) of one piston assembly fluidly connected to a re-
spective cold chamber (i.e., a second chamber) of an-
other piston assembly (i.e., each hot chamber is fluidly
connected to the respective cold chamber at the piston
assembly different from the hot chamber). The intercon-
nected volume includes a first hot chamber (i.e., a first-
first chamber) at the first end fluidly connected to a re-
spective cold chamber (i.e., a second chamber) at the
second end. The engine further includes a second hot
chamber (i.e., a second-first chamber) at the second end
fluidly connected to a respective cold chamber at the first
end. Two or more other hot chambers (i.e., first chambers
other than the first-first chamber and the second-first
chamber) at one end are each fluidly connected to re-
spective cold chambers at the same end.
[0060] In one embodiment, a third hot chamber (i.e., a
third-first chamber) at the one end, such as the first end,
is fluidly connected to a respective cold chamber at the
same end, such as the first end. In another embodiment,
the third hot chamber at one end, such as the second
end, is fluidly connected to a respective cold chamber at
the same end, such as the second end. In still another
embodiment, a fourth hot chamber (i.e., a fourth-first
chamber) at the same end as the third hot chamber, such
as either the first end or the second end, is fluidly con-
nected to a respective cold chamber at the same end. In
another embodiment, the fourth hot chamber at the other
end relative to the third chamber is fluidly connected to
a respective cold chamber at the same end (i.e., the other
end relative to the third chamber).
[0061] Referring still to FIG. 1, the plurality of piston
assemblies includes four piston assemblies 110, 210,
310, 410. In various embodiments, the four piston as-
semblies 110, 210, 310, 410 are each mechanically sep-
arate from one another. Each piston 111, 112, 113, 114,
115, 116, 117, 118 of each respective piston assembly
(such as described in regard to piston 1011 of FIG. 1) is
surrounded by the piston body 120, 220, 320, 420, 520,
620, 720, 820 (such as described in regard to piston body
1020). The plurality of piston assemblies 110, 210, 310,
410 together define eight hot or expansion chambers
121, 123, 125, 127, 129, 131, 133, 135 (i.e., eight-first
chambers 221 of FIG. 1). The apparatus 100 further in-
cludes eight cold or compression chambers 122, 124,
126, 128, 130, 132, 134, 136 (i.e., eight-second cham-
bers 222 of FIG. 1). The expansion or hot chamber of
one piston assembly is fluidly connected to the compres-
sion or cold chamber of another piston assembly different
from the expansion or hot chamber. Additionally, the en-
gine includes two interconnected volumes 301, 302 each

fluidly separate and/or pneumatically separate or isolat-
ed from one another such as described above.
[0062] Referring still to FIG. 1, the first interconnected
volume 301 includes a pair of the hot chambers at one
end each fluidly connected to a respective cold chamber
at the other end. For example, hot chamber 125 at the
first end 101 is fluidly coupled to the cold chamber 132
at the second end 102. Additionally, the hot chamber 131
at the second end 102 is fluidly coupled to the cold cham-
ber 134 at the first end 101. The first interconnected vol-
ume 301 further includes a piston assembly (i.e., first
piston assembly 1110 of FIG. 1) entirely within the first
interconnected volume 301, such as depicted at piston
assembly 310.
[0063] The second interconnected volume 302 in-
cludes a pair of the hot chambers at one end each fluidly
connected to a respective cold chamber at the other end.
For example, hot chamber 121 at the first end 101 is
fluidly coupled to the cold chamber 128 at the second
end 102. Additionally, the hot chamber 135 at the second
end 102 is fluidly coupled to the cold chamber 122 at the
first end 101. The second interconnected volume 302
further includes a piston assembly entirely (i.e., first pis-
ton assembly 1110 of FIG. 1) within the second intercon-
nected volume 302, such as depicted at piston assembly
110.
[0064] The apparatus 100 further includes a piston as-
sembly in which the piston body at one end is pneumat-
ically coupled to one interconnected volume and the pis-
ton body at the other end is pneumatically coupled to
another interconnected volume (i.e., second piston as-
sembly 1210 of FIG. 1). For example, referring to FIG.
1, the piston assembly 210 includes the piston body 320
within the first interconnected volume 301 and the piston
body 420 within the second interconnected volume 302.
The piston assembly 410 further includes the piston body
720 within the first interconnected volume 301 and the
piston body 820 within the second interconnected volume
302.
[0065] Referring still to FIG. 1, when the first piston
assembly 1110 at the first interconnected volume 301 or
the second interconnected volume 302 is moved or oth-
erwise articulated along the lateral direction L toward the
first end 101 separated from the second end 102 along
the lateral direction L, flows within the conduits and cham-
bers are such as depicted via signs "+" and "-". More
particularly, the first piston assembly 1110 includes both
pairs of hot chamber and cold chamber (i.e., both hot
chambers and cold chambers at both of ends 101, 102)
within either the first interconnected volume 301 or the
second interconnected volume 302, such as depicted at
piston assembly 110, 310.
[0066] At the second piston assembly 1210 at which
one pair of hot chamber and cold chamber is included in
the first interconnected volume 301 and another pair of
hot chamber and cold chamber is included at the second
interconnected volume 302 (such as depicted at piston
assembly 210, 410 of FIG. 1), the forces exerted by the
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flows of engine working fluid are equal and opposite when
the chambers are at uniform temperature conditions,
such as depicted at piston body 420 of the second piston
assembly 210. As such, movement or articulation of one
piston assembly of one interconnected volume, such as
the first piston assembly 1110, does not induce move-
ment of another piston assembly of one or more inter-
connected volumes, such as the second piston assembly
1210. Stated differently, without thermal differences at
the chambers, the piston assemblies are in balanced
pressure arrangement such as to provide equal and op-
posite forces at adjacent piston assemblies when a first
piston assembly is articulated.
[0067] Other exemplary embodiments of apparatus
100 may be configured substantially similarly as shown
and described in regard to FIG. 1 for four or more piston
assemblies 1010. The plurality of piston assemblies 1010
includes the first piston assembly 1110 of the intercon-
nected volume 300. The plurality of piston assemblies
1010 further include the second piston assembly 1210
at which the expansion or first chamber 221 and the com-
pression or second chamber 222 is positioned within the
interconnected volume. The plurality of piston assem-
blies 1010 further include the second piston assembly
1210 at which the expansion or first chamber 221 and
the compression or second chamber 222 is positioned
outside of the interconnected volume 300.
[0068] In still various embodiments, the second piston
assembly 1210 includes a first piston body at which the
first chamber 221 and the second chamber 222 is inside
the interconnected volume 300, such as depicted at pis-
ton bodies 320, 520, 620, 720 relative to the first inter-
connected volume 301, or such as depicted at piston
bodies 120, 220, 420, 820 relative to the second inter-
connected volume 302. The second piston assembly
1210 further includes a second piston body at which the
first chamber 221 and the second chamber 222 is outside
of the interconnected volume 300. Stated differently, the
first piston assembly 1110 includes the first piston body
at both ends 101, 102 each within the interconnected
volume 300, such as depicted at piston bodies 520, 620
relative to the first interconnected volume 301 and piston
bodies 120, 220 relative to the second interconnected
volume 302. The second piston assembly 1210 includes
the first piston body within one interconnected volume
300 (e.g., at the first interconnected volume 301) and the
second piston body within another interconnected vol-
ume 300 (e.g., at the second interconnected volume
302). For example, second piston assembly 1210 at 210
includes the first piston body 320 within the first intercon-
nected volume 301 and the second piston body 420 out-
side of the first interconnected volume 301 (e.g., within
the second interconnected volume 302). As another ex-
ample, the second piston assembly 1210 at 410 includes
the first piston body 720 within the first interconnected
volume 301 and the second piston body 820 outside of
the first interconnected volume 301 (e.g., within the sec-
ond interconnected volume 302).

[0069] It should be appreciated that exemplary embod-
iments may be referred to alternatively as the second
piston assembly 1210 at 210 including the first piston
body 420 within the second interconnected volume 302
and the second piston body 320 outside of the second
interconnected volume 302 (e.g., within the first intercon-
nected volume 301). As another example, the second
piston assembly 1210 at 410 includes the first piston body
820 within the second interconnected volume 302 and
the second piston body 820 outside of the second inter-
connected volume 302 (e.g., within the second intercon-
nected volume 301).
[0070] Various other embodiments may include more
than four piston assemblies with one or more intercon-
nected volumes such as described herein.
[0071] In various embodiments, the apparatus 100
may be configured to operate a portion of the plurality of
piston assemblies 1010 while another portion, such as
the remainder of the piston assemblies, remain substan-
tially stationary. In one embodiment, the apparatus 100
may be configured to receive and/or transfer thermal en-
ergy at a portion of the piston assemblies 1010 sufficient
to articulate the piston assemblies 1010 while another
portion of the piston assemblies receives and/or transfers
an insufficient amount of thermal energy to sustain op-
eration of another portion of the piston assemblies. For
example, the other portion of piston assemblies may de-
fine zero or substantially thermal difference between the
first chamber 221 and the second chamber 222. As an-
other example, a thermal difference between the first
chamber 221 and the second chamber 222 may be below
a threshold temperature difference such as to be too low
to sustain movement of the piston assembly. Operation
of a portion of the plurality of piston assemblies 1010 may
be provided by disruption of the pressure wave propa-
gation via the interconnected volume 300. As such, a
portion of the plurality of piston assemblies 1010 may be
disabled from operation based on a desired output power
to a load device, a capacitor 184, or both, or another
control output.
[0072] Referring to FIG. 1, various embodiments of the
apparatus 100 define a distal or outer end 103 and a
proximal or inner end 104 each relative to the arrange-
ment of piston bodies 1020. For example, the outer end
103 is the area at which the piston bodies 1020 are far-
thest from one another. As another example, the inner
end 104 is the area at which the piston bodies 1020 are
nearest to one another. In other embodiments, the outer
end 103 is distal to a geometric center of the connection
member 1030 and the inner end 104 is proximal to the
geometric center of the connection member 1030.
[0073] Although the expansion chamber or first cham-
ber 221 is generally depicted at the outer end 103 and
the compression chamber or second chamber 222 is
generally depicted at the inner end 104, it should be ap-
preciated that in other embodiments the first chamber
221 may be positioned at the inner end 104 and the sec-
ond chamber 222 may be positioned at the outer end
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103. It should further be appreciated that a heater as-
sembly, thermal energy input source, or hot side heat
exchanger may be positioned at the outer end 103 or the
inner end 104 based at least on the positioning of the
first chamber 221. It should also be appreciated that a
chiller assembly, thermal energy removal source, or cold
side heat exchanger may be positioned at the inner end
104 or the outer end 103 based at least on the positioning
of the second chamber 222.
[0074] In still further embodiments, although certain
quantities of the piston assembly 1010 are depicted in
FIG. 1, various embodiments of the apparatus 100 may
include three or more piston assemblies with the inter-
connected volume configured such as shown and de-
scribed herein. Additionally, or alternatively, the plurality
of piston assemblies may be arranged in V-, W-, X-, inline,
radial, circular, or horizontally opposed arrangements, or
other suitable arrangements including the plurality of pis-
ton assemblies and interconnected volume such as
shown and described herein.
[0075] Various embodiments of the apparatus 100
shown and described herein may alternatively include
connection members 1030 that are at least partially non-
linear. In various embodiments, the connection member
1030 may define substantially U-, V-, S-, or other ge-
ometries. As such, various embodiments of the appara-
tus 100 may include two or more of the pistons 1011 in
non-coaxial or non-aligned arrangement relative to one
another. In still various embodiments, the piston 1011 or
piston assembly 1010 may define a stepped piston or
other appropriate piston or piston assembly type.
[0076] Various embodiments of the apparatus 100
shown and described herein may be fabricated via one
or more manufacturing methods known in the art, such
as, but not limited to, additive manufacturing, binder jet-
ting, or 3D printing processes generally, machining proc-
esses, material addition or removal processes, or joining
or bonding processes. Manufacturing processes may in-
clude, but are not limited to, casting, welding, brazing,
soldering, or bonding processes. Materials may include
those suitable for piston assemblies and pressure ves-
sels configured to receive thermal differentials and op-
erate for desired cycles and power outputs, including rigid
and flexible wall members, enclosures, and conduits. Al-
though certain exemplary embodiments may preferably
be produced via one or more additive manufacturing
processes, it should be appreciated that other manufac-
turing processes, or combinations thereof, may be uti-
lized. Still further, although certain elements or structures
may be produced as substantially monolithic structures,
certain elements may be attached or otherwise coupled
via welding, brazing, or mechanical fasteners, such as,
but not limited to, clamps, nuts, bolts, screws, tie rods,
washers, etc.
[0077] As used herein, the terms "additively manufac-
tured" or "additive manufacturing techniques or process-
es" refer generally to manufacturing processes wherein
successive layers of material(s) are provided on each

other to "build-up," layer-by-layer, a three-dimensional
component. The successive layers generally fuse togeth-
er to form a monolithic component which may have a
variety of integral sub-components.
[0078] Although additive manufacturing technology is
described herein as providing fabrication of complex ob-
jects by building objects point-by-point, layer-by-layer,
typically in a vertical direction, other methods of fabrica-
tion are possible and are within the scope of the present
subject matter. For example, although the discussion
herein refers to the addition of material to form successive
layers, one skilled in the art will appreciate that the meth-
ods and structures disclosed herein may be practiced
with any additive manufacturing technique or manufac-
turing technology. For example, embodiments of the
present disclosure may use layer-additive processes,
layer-subtractive processes, or hybrid processes. As an-
other example, embodiments of the present disclosure
may include selectively depositing a binder material to
chemically bind portions of the layers of powder together
to form a green body article. After curing, the green body
article may be pre-sintered to form a brown body article
having substantially all of the binder removed, and fully
sintered to form a consolidated article.
[0079] Suitable additive manufacturing techniques in
accordance with the present disclosure include, for ex-
ample, Fused Deposition Modeling (FDM), Selective La-
ser Sintering (SLS), 3D printing such as by inkjets and
laserjets, Sterolithography (SLA), Direct Laser Sintering
(DLS), Direct Selective Laser Sintering (DSLS), Electron
Beam Sintering (EBS), Electron Beam Melting (EBM),
Laser Engineered Net Shaping (LENS), Laser Net Shape
Manufacturing (LNSM), Direct Metal Deposition (DMD),
Digital Light Processing (DLP), Direct Laser Melting
(DLM), Direct Selective Laser Melting (DSLM), Selective
Laser Melting (SLM), Direct Metal Laser Melting (DMLM),
Binder Jetting (BJ), and other known processes.
[0080] The additive manufacturing processes de-
scribed herein may be used for forming components us-
ing any suitable material. For example, the material may
be plastic, metal, concrete, ceramic, polymer, epoxy,
photopolymer resin, or any other suitable material that
may be in solid, liquid, powder, sheet material, wire, or
any other suitable form or combinations thereof. More
specifically, according to exemplary embodiments of the
present subject matter, the additively manufactured com-
ponents described herein may be formed in part, in
whole, or in some combination of materials including but
not limited to pure metals, nickel alloys, chrome alloys,
titanium, titanium alloys, magnesium, magnesium alloys,
aluminum, aluminum alloys, and nickel or cobalt based
superalloys (e.g., those available under the name In-
conel® available from Special Metals Corporation).
These materials are examples of materials suitable for
use in the additive manufacturing processes described
herein, and may be generally referred to as "additive ma-
terials."
[0081] In addition, one skilled in the art will appreciate
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that a variety of materials and methods for bonding those
materials may be used and are contemplated as within
the scope of the present disclosure. As used herein, ref-
erences to "fusing" or "binding" may refer to any suitable
process for creating a bonded layer of any of the above
materials. For example, if an object is made from poly-
mer, fusing may refer to creating a thermoset bond be-
tween polymer materials. If the object is epoxy, the bond
may be formed by a crosslinking process. If the material
is ceramic, the bond may be formed by a sintering proc-
ess. If the material is powdered metal, the bond may be
formed by a melting or sintering process, or additionally
with a binder process. One skilled in the art will appreciate
that other methods of fusing materials to make a com-
ponent by additive manufacturing are possible, and the
presently disclosed subject matter may be practiced with
those methods.
[0082] In addition, the additive manufacturing process
disclosed herein allows a single component to be formed
from multiple materials. Thus, the components described
herein may be formed from any suitable mixtures of the
above materials. For example, a component may include
multiple layers, segments, or parts that are formed using
different materials, processes, and/or on different addi-
tive manufacturing machines. In this manner, compo-
nents may be constructed which have different materials
and material properties for meeting the demands of any
particular application. In addition, although the compo-
nents described herein are constructed entirely by addi-
tive manufacturing processes, it should be appreciated
that in alternate embodiments, all or a portion of these
components may be formed via casting, machining,
and/or any other suitable manufacturing process. In-
deed, any suitable combination of materials and manu-
facturing methods may be used to form these compo-
nents.
[0083] An exemplary additive manufacturing process
will now be described. Additive manufacturing processes
fabricate components using three-dimensional (3D) in-
formation, for example a three-dimensional computer
model, of the component. Accordingly, a three-dimen-
sional design model of the component may be defined
prior to manufacturing. In this regard, a model or proto-
type of the component may be scanned to determine the
three-dimensional information of the component. As an-
other example, a model of the component may be con-
structed using a suitable computer aided design (CAD)
program to define the three-dimensional design model
of the component.
[0084] The design model may include 3D numeric co-
ordinates of the entire configuration of the component
including both external and internal surfaces of the com-
ponent. For example, the design model may define the
body, the surface, and/or internal passageways such as
openings, support structures, etc. In one exemplary em-
bodiment, the three-dimensional design model is con-
verted into a plurality of slices or segments, e.g., along
a central (e.g., vertical) axis of the component or any

other suitable axis. Each slice may define a thin cross
section of the component for a predetermined height of
the slice. The plurality of successive cross-sectional slic-
es together form the 3D component. The component is
then "built-up" slice-by-slice, or layer-by-layer, until fin-
ished.
[0085] In this manner, the components described here-
in may be fabricated using the additive process, or more
specifically each layer is successively formed, e.g., by
fusing or polymerizing a plastic using laser energy or heat
or by sintering or melting metal powder. For example, a
particular type of additive manufacturing process may
use an energy beam, for example, an electron beam or
electromagnetic radiation such as a laser beam, to sinter
or melt a powder material. Any suitable laser and laser
parameters may be used, including considerations with
respect to power, laser beam spot size, and scanning
velocity. The build material may be formed by any suit-
able powder or material selected for enhanced strength,
durability, and useful life, particularly at high tempera-
tures.
[0086] Each successive layer may be, for example, be-
tween about 10 mm and 200 mm, although the thickness
may be selected based on any number of parameters
and may be any suitable size according to alternative
embodiments. Therefore, utilizing the additive formation
methods described above, the components described
herein may have cross sections as thin as one thickness
of an associated powder layer, e.g., 10 mm, utilized during
the additive formation process.
[0087] In addition, utilizing an additive process, the sur-
face finish and features of the components may vary as
need depending on the application. For example, the sur-
face finish may be adjusted (e.g., made smoother or
rougher) by selecting appropriate laser scan parameters
(e.g., laser power, scan speed, laser focal spot size, etc.)
during the additive process, especially in the periphery
of a cross-sectional layer which corresponds to the part
surface. For example, a rougher finish may be achieved
by increasing laser scan speed or decreasing the size of
the melt pool formed, and a smoother finish may be
achieved by decreasing laser scan speed or increasing
the size of the melt pool formed. The scanning pattern
and/or laser power can also be changed to change the
surface finish in a selected area.
[0088] After fabrication of the component is complete,
various post-processing procedures may be applied to
the component. For example, post processing proce-
dures may include removal of excess powder by, for ex-
ample, blowing or vacuuming. Other post processing pro-
cedures may include a stress relief process. Additionally,
thermal, mechanical, and/or chemical post processing
procedures can be used to finish the part to achieve a
desired strength, surface finish, a decreased porosity de-
creasing and/or an increased density (e.g., via hot iso-
static pressing), and other component properties or fea-
tures.
[0089] It should be appreciated that one skilled in the
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art may add or modify features shown and described
herein to facilitate manufacture of the engine 100 provid-
ed herein without undue experimentation. For example,
build features, such as trusses, grids, build surfaces, or
other supporting features, or material or fluid ingress or
egress ports, may be added or modified from the present
geometries to facilitate manufacture of embodiments of
the engine 100 based at least on a desired manufacturing
process or a desired particular additive manufacturing
process.
[0090] Notably, in exemplary embodiments, several
features of the components described herein were pre-
viously not possible due to manufacturing restraints.
However, the present inventors have advantageously uti-
lized current advances in additive manufacturing tech-
niques to develop exemplary embodiments of such com-
ponents generally in accordance with the present disclo-
sure. While certain embodiments of the present disclo-
sure may not be limited to the use of additive manufac-
turing to form these components generally, additive man-
ufacturing does provide a variety of manufacturing ad-
vantages, including ease of manufacturing, reduced
cost, greater accuracy, etc.
[0091] In this regard, utilizing additive manufacturing
methods, even multi-part components may be formed as
a single piece of continuous metal, and may thus include
fewer sub-components and/or joints compared to prior
designs. The integral formation of these multi-part com-
ponents through additive manufacturing may advanta-
geously improve the overall assembly process, reduce
potential leakage, reduce thermodynamic losses, im-
prove thermal energy transfer, or provide higher power
densities. For example, the integral formation reduces
the number of separate parts that must be assembled,
thus reducing associated time, overall assembly costs,
reduces potential leakage pathways, or reduces potential
thermodynamic losses. Additionally, existing issues with,
for example, leakage, may advantageously be reduced.
Still further, joint quality between separate parts may be
addressed or obviated by the processes described here-
in, such as to desirably reduce leakage, assembly, and
improve overall performance.
[0092] Also, the additive manufacturing methods de-
scribed above provide much more complex and intricate
shapes and contours of the components described here-
in to be formed with a very high level of precision. For
example, such components may include thin additively
manufactured layers, cross sectional features, and com-
ponent contours. As another example, additive manufac-
turing may provide heat exchanger surface areas, vol-
umes, passages, conduits, or other features that may
desirably improve heat exchanger efficiency or perform-
ance, or overall engine or system performance. In addi-
tion, the additive manufacturing process provides the
manufacture of a single component having different ma-
terials such that different portions of the component may
exhibit different performance characteristics. The suc-
cessive, additive steps of the manufacturing process pro-

vide the construction of these novel features. As a result,
the components described herein may exhibit improved
functionality and reliability.
[0093] It should be appreciated that performances,
power outputs, efficiencies, or temperature differentials
at the engine 100 provided herein may be based on a
"Sea Level Static" or "Standard Day" input air condition
such as defined by the United States National Aeronau-
tics and Space Administration, unless otherwise speci-
fied. For example, unless otherwise specified, conditions
provided to the heater body, the chiller assembly, or both,
or any subsystems, components, etc. therein, or any oth-
er portions of the engine 100 receiving an input fluid, such
as air, are based on Standard Day conditions.
[0094] The heat transfer relationships described here-
in may include thermal communication by conduction
and/or convection. A heat transfer relationship may in-
clude a thermally conductive relationship that provides
heat transfer through conduction (e.g., heat diffusion) be-
tween solid bodies and/or between a solid body and a
fluid. Additionally, or in the alternative, a heat transfer
relationship may include a thermally convective relation-
ship that provides heat transfer through convection (e.g.,
heat transfer by bulk fluid flow) between a fluid and a
solid body. It will be appreciated that convection generally
includes a combination of a conduction (e.g., heat diffu-
sion) and advection (e.g., heat transfer by bulk fluid flow).
As used herein, reference to a thermally conductive re-
lationship may include conduction and/or convection;
whereas reference to a thermally convective relationship
includes at least some convection.
[0095] A thermally conductive relationship may include
thermal communication by conduction between a first
solid body and a second solid body, between a first fluid
and a first solid body, between the first solid body and a
second fluid, and/or between the second solid body and
a second fluid. For example, such conduction may pro-
vide heat transfer from a first fluid to a first solid body
and/or from the first solid body to a second fluid. Addi-
tionally, or in the alternative, such conduction may pro-
vide heat transfer from a first fluid to a first solid body
and/or through a first solid body (e.g., from one surface
to another) and/or from the first solid body to a second
solid body and/or through a second solid body (e.g., from
one surface to another) and/or from the second solid body
to a second fluid.
[0096] A thermally convective relationship may include
thermal communication by convection (e.g., heat transfer
by bulk fluid flow) between a first fluid and a first solid
body, between the first solid body and a second fluid,
and/or between a second solid body and a second fluid.
For example, such convection may provide heat transfer
from a first fluid to a first solid body and/or from the first
solid body to a second fluid. Additionally, or in the alter-
native, such convection may provide heat transfer from
a second solid body to a second fluid.
[0097] Where temperatures, pressures, loads, phas-
es, etc. are said to be substantially similar or uniform, it
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should be appreciated that it is understood that varia-
tions, leakages, or other minor differences in inputs or
outputs may exist such that the differences may be con-
sidered negligible by one skilled in the art. Additionally,
or alternatively, where temperatures or pressures are
said to be uniform, i.e., a substantially uniform unit (e.g.,
a substantially uniform temperature at the plurality of
chambers 221), it should be appreciated that in one em-
bodiment, the substantially uniform unit is relative to an
average operating condition, such as a phase of opera-
tion of the engine, or thermal energy flow from one fluid
to another fluid, or from one surface to a fluid, or from
one surface to another surface, or from one fluid to an-
other surface, etc. For example, where a substantially
uniform temperature is provided or removed to/from the
plurality of chambers 221, 222, the temperature is relative
to an average temperature over a phase of operation of
the engine. As another example, where a substantially
uniform thermal energy unit is provided or removed
to/from the plurality of chambers 221, 222, the uniform
thermal energy unit is relative to an average thermal en-
ergy supply from one fluid to another fluid relative to the
structure, or plurality of structures, through which thermal
energy transferred.
[0098] Various interfaces, such as mating surfaces, in-
terfaces, points, flanges, etc. at which one or more mon-
olithic bodies, or portions thereof, attach, couple, con-
nect, or otherwise mate, may define or include seal in-
terfaces, such as, but not limited to, labyrinth seals,
grooves into which a seal is placed, crush seals, gaskets,
vulcanizing silicone, etc., or other appropriate seal or
sealing substance. Additionally, or alternatively, one or
more of such interfaces may be coupled together via me-
chanical fasteners, such as, but not limited to, nuts, bolts,
screws, tie rods, clamps, etc. In still additional or alter-
native embodiments, one or more of such interfaces may
be coupled together via a joining or bonding processes,
such as, but not limited to, welding, soldering, brazing,
etc., or other appropriate joining process.
[0099] Although specific features of various embodi-
ments may be shown in some drawings and not in others,
this is for convenience only. In accordance with the prin-
ciples of the present disclosure, any feature of a drawing
may be referenced and/or claimed in combination with
any feature of any other drawing.
[0100] This written description uses examples to de-
scribe the presently disclosed subject matter, including
the best mode, and also to provide any person skilled in
the art to practice the subject matter, including making
and using any devices or systems and performing any
incorporated methods. The patentable scope of the pres-
ently disclosed subject matter is defined by the claims,
and may include other examples that occur to those
skilled in the art. Such other examples are intended to
be within the scope of the claims if they include structural
elements that do not differ from the literal language of
the claims, or if they include equivalent structural ele-
ments with insubstantial differences from the literal lan-

guages of the claims.

Claims

1. An engine apparatus (100), the apparatus (100)
comprising:

at least four piston assemblies (1010), wherein
each piston assembly (1010) comprises a piston
(1011) attached to a connection member (1030)
at a first end (101) and a second end (102), and
wherein each piston (1011) of the piston assem-
bly (1010) defines a first chamber (221) and a
second chamber (222) separated by the piston
(1011), and wherein the first chamber (221) and
the second chamber (222) are each defined at
the first end (101) and at the second end (102),
and further wherein each first chamber (221) of
one piston assembly is fluidly connected to the
second chamber (222) at a different piston as-
sembly,
wherein at least one first chamber at the first end
is fluidly connected to a respective second
chamber at the second end,
wherein at least one first chamber at the second
end is fluidly connected to a respective second
chamber at the first end, and
wherein at least one first chamber at one end is
fluidly connected to a respective second cham-
ber at the same end.

2. The apparatus (100) of claim 1, wherein each first
chamber (221) at one piston assembly is fluidly con-
nected to only one second chamber (222) at another
piston assembly.

3. The apparatus (100) of any preceding claim, the ap-
paratus (100) further comprising:
a plurality of walled conduits (1050) fluidly connect-
ing the first chamber (221) at one piston assembly
(1010) to the second chamber (222) of another pis-
ton assembly (1010).

4. The apparatus (100) of any preceding claim, wherein
each piston assembly (1010) is mechanically sepa-
rate from one another.

5. The apparatus (100) of any preceding claim, further
comprising:
a piston body (1020) surrounding the piston (1011)
of the piston assembly (1010).

6. The apparatus (100) of any preceding claim, wherein
the first chamber (221) defines an expansion cham-
ber and the second chamber (222) defines a com-
pression chamber.
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7. The apparatus (100) of any preceding claim, wherein
the connection member (1030) of the piston assem-
bly (1010) is extended along a lateral direction, and
wherein the first end (101) and the second end (102)
are separated along the lateral direction.

8. The apparatus (100) of any preceding claim, wherein
a first plurality of first chambers (221) and a first plu-
rality of second chambers (222) together comprise
an interconnected volume (300) fluidly separate from
a second plurality of first chambers (221) and a sec-
ond plurality of second chambers (222).

9. The apparatus (100) of claim 8, wherein the piston
assemblies (1010) comprise a first piston assembly
(1110), wherein the first piston assembly (1110)
comprises two first chambers (221) and two second
chambers (222) entirely within the interconnected
volume (300).

10. The apparatus (100) of any of claims 8-9, wherein
the piston assemblies (1010) comprise a second pis-
ton assembly (1210), wherein the second piston as-
sembly (1210) comprises one first chamber (221)
and one second chamber (222) entirely within the
interconnected volume (300).

11. The apparatus (100) of claim 10, wherein the second
piston assembly (1210) comprises one first chamber
(221) and one second chamber (222) each outside
of the interconnected volume (300).

12. A method (1000) for operating a piston apparatus of
an engine apparatus (100) of any one of the preced-
ing claims, the piston apparatus containing an en-
gine working fluid, and wherein the apparatus com-
prises a plurality of piston assemblies, wherein each
piston assembly of the plurality of piston assemblies
defines its respective lateral direction from a first end
to a second end, the method comprising:

flowing a first portion of the engine working fluid
through a first plurality of interconnected cham-
bers including a first chamber on the first end of
a first piston assembly and a second chamber
on the second end of a second piston assembly;
and
flowing (1015) a second portion of the engine
working fluid through a second plurality of cham-
bers, wherein the first portion of the engine work-
ing fluid is fluidly separate from the second por-
tion of the engine working fluid.

13. The method (1000) of claim 12, the method (1000)
further comprising:
articulating (1007) a piston assembly in a first direc-
tion while the working fluid is at a substantially uni-
form temperature at the first chamber and the second

chamber, wherein the second piston assembly is sta-
tionary when the first piston assembly is articulated
in the first direction.

14. The method (1000) of claim 12 or 13, the method
(1000) further comprising:

generating (1003) a first pressure at the first
chamber of the first piston assembly by articu-
lating the first piston assembly along the first di-
rection;
transmitting (1004), via the first plurality of inter-
connected chambers, the first pressure to the
second chamber of the second piston assembly;
and
generating (1008) a second pressure at the sec-
ond piston assembly at the second plurality of
chambers, wherein the second pressure and the
first pressure together generate a substantially
zero net force at the second piston assembly.

15. The method (1000) of claim 13 or 14, wherein artic-
ulating the piston assembly comprises actuating only
one piston assembly.

16. The method (1000) of any of claims 12-15, the meth-
od comprising:
articulating (1009) the plurality of piston assemblies
in balanced phase arrangement relative to one an-
other while the working fluid is at a temperature dif-
ferential at the working fluid relative to the first cham-
ber and the second chamber.

Patentansprüche

1. Eine Motorvorrichtung (100), welche Vorrichtung
(100), umfasst:

mindestens vier Kolbenanordnungen (1010),
wobei jede Kolbenanordnung (1010) einen Kol-
ben (1011) umfasst, der mit einem Verbindungs-
element (1030) an einem ersten Ende (101) und
einem zweiten Ende (102) verbunden ist, und
wobei jeder Kolben (1011) der Kolbenanord-
nung (1010) eine erste Kammer (221) und eine
zweite Kammer (222) definiert, die durch den
Kolben (1011) getrennt sind, und wobei die erste
Kammer (221) und die zweite Kammer (222) je-
weils am ersten Ende (101) und am zweiten En-
de (102) definiert sind, und ferner, wobei jede
erste Kammer (221) einer Kolbenanordnung an
einer anderen Kolbenanordnung flüssig mit der
zweiten Kammer (222) verbunden ist,
wobei mindestens eine erste Kammer am ersten
Ende flüssig mit einer entsprechenden zweiten
Kammer am zweiten Ende verbunden ist,
wobei mindestens eine erste Kammer am zwei-
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ten Ende flüssig mit einer entsprechenden zwei-
ten Kammer am ersten Ende verbunden ist, und
wobei mindestens eine erste Kammer an einem
Ende flüssig mit einer entsprechenden zweiten
Kammer am selben Ende verbunden ist.

2. Die Vorrichtung (100) nach Anspruch 1, wobei jede
erste Kammer (221) an einer Kolbenanordnung flüs-
sig mit nur einer zweiten Kammer (222) an einer an-
deren Kolbenanordnung verbunden ist.

3. Die Vorrichtung (100) nach einem der vorhergehen-
den Ansprüche, wobei die Vorrichtung (100) ferner
umfasst:
eine Vielzahl von Wandrohren (1050), die die erste
Kammer (221) an einer Kolbenanordnung (1010) mit
der zweiten Kammer (222) einer anderen Kolbena-
nordnung (1010) fließend verbinden.

4. Die Vorrichtung (100) nach einem der vorhergehen-
den Ansprüche, wobei jede Kolbenanordnung
(1010) mechanisch voneinander getrennt ist.

5. Die Vorrichtung (100) nach einem der vorhergehen-
den Ansprüche, ferner umfassend:
einen Kolbenkörper (1020), der den Kolben (1011)
der Kolbenbaugruppe (1010) umgibt.

6. Die Vorrichtung (100) nach einem der vorhergehen-
den Ansprüche, wobei die erste Kammer (221) eine
Expansionskammer und die zweite Kammer (222)
eine Kompressionskammer definiert.

7. Die Vorrichtung (100) nach einem der vorhergehen-
den Ansprüche, wobei das Verbindungselement
(1030) der Kolbenanordnung (1010) entlang einer
seitlichen Richtung verlängert ist und wobei das ers-
te Ende (101) und das zweite Ende (102) entlang
der seitlichen Richtung getrennt sind.

8. Die Vorrichtung (100) nach einem der vorhergehen-
den Ansprüche, wobei eine erste Mehrzahl von ers-
ten Kammern (221) und eine erste Mehrzahl von
zweiten Kammern (222) zusammen ein miteinander
verbundenes Volumen (300) aufweisen, das flie-
ßend von einer zweiten Mehrzahl von ersten Kam-
mern (221) und einer zweiten Mehrzahl von zweiten
Kammern (222) getrennt ist.

9. Die Vorrichtung (100) nach Anspruch 8, wobei die
Kolbenanordnungen (1010) eine erste Kolbenan-
ordnung (1110) umfassen, wobei die erste Kolben-
anordnung (1110) zwei erste Kammern (221) und
zwei zweite Kammern (222) vollständig innerhalb
des miteinander verbundenen Volumens (300) um-
fasst.

10. Die Vorrichtung (100) nach einem der Ansprüche

8-9, wobei die Kolbenanordnungen (1010) eine
zweite Kolbenanordnung (1210) umfassen, wobei
die zweite Kolbenanordnung (1210) eine erste Kam-
mer (221) und eine zweite Kammer (222) vollständig
innerhalb des miteinander verbundenen Volumens
(300) umfasst.

11. Die Vorrichtung (100) nach Anspruch 10, wobei die
zweite Kolbenanordnung (1210) jeweils eine erste
Kammer (221) und eine zweite Kammer (222) au-
ßerhalb des miteinander verbundenen Volumens
(300) umfasst.

12. Ein Verfahren (1000) zum Betreiben einer Kolben-
vorrichtung einer Motorvorrichtung (100) nach ei-
nem der vorhergehenden Ansprüche, wobei die Kol-
benvorrichtung ein Motorarbeitsfluid enthält und wo-
bei die Vorrichtung eine Mehrzahl von Kolbenanord-
nungen umfasst, wobei jede Kolbenanordnung der
Mehrzahl von Kolbenanordnungen ihre jeweilige
seitliche Richtung von einem ersten Ende bis zu ei-
nem zweiten Ende definiert, wobei das Verfahren
umfasst:

Fließen eines ersten Teils des Motorarbeitsflu-
ids durch eine erste Vielzahl miteinander ver-
bundener Kammern, einschließlich einer ersten
Kammer am ersten Ende einer ersten Kolben-
anordnung und einer zweiten Kammer am zwei-
ten Ende einer zweiten Kolbenanordnung; und
Fließen (1015) eines zweiten Teils des Motor-
arbeitsfluids durch eine zweite Vielzahl von
Kammern, wobei der erste Teil des Motorar-
beitsfluids flüssig von dem zweiten Teil des Mo-
torarbeitsfluids getrennt ist.

13. Das Verfahren (1000) nach Anspruch 12, wobei das
Verfahren (1000) ferner Folgendes umfasst:
Artikulieren (1007) einer Kolbenanordnung in eine
erste Richtung, während das Arbeitsfluid in der ers-
ten Kammer und der zweiten Kammer eine im We-
sentlichen gleichmäßige Temperatur aufweist, wo-
bei die zweite Kolbenanordnung stationär ist, wenn
die erste Kolbenanordnung in die erste Richtung ar-
tikuliert wird.

14. Das Verfahren (1000) nach Anspruch 12 oder 13,
wobei das Verfahren (1000) ferner Folgendes um-
fasst:

Erzeugung (1003) eines ersten Drucks in der
ersten Kammer der ersten Kolbenanordnung
durch Artikulieren der ersten Kolbenanordnung
entlang der ersten Richtung;
Übertragung (1004), über die erste Mehrzahl
miteinander verbundener Kammern, des ersten
Drucks auf die zweite Kammer der zweiten Kol-
benanordnung; und
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Erzeugung (1008) eines zweiten Drucks an der
zweiten Kolbenanordnung an der zweiten Mehr-
zahl von Kammern, wobei der zweite Druck und
der erste Druck zusammen eine im Wesentli-
chen null Nettokraft an der zweiten Kolbenan-
ordnung erzeugen.

15. Das Verfahren (1000) nach Anspruch 13 oder 14,
wobei das Gelenkieren der Kolbenanordnung nur
das Betätigen einer Kolbenanordnung umfasst.

16. Das Verfahren (1000) nach einem der Ansprüche
12-15, wobei das Verfahren umfasst:
Artikulieren (1009) der Mehrzahl von Kolbenanord-
nungen in ausgewogener Phasenanordnung relativ
zueinander, während sich das Arbeitsfluid bei einem
Temperaturdifferenzial an dem Arbeitsfluid relativ
zur ersten Kammer und zur zweiten Kammer befin-
det.

Revendications

1. Un appareil moteur (100), l’appareil (100) compre-
nant:

au moins quatre ensembles de pistons (1010),
dans lesquels chaque ensemble de pistons
(1010) comprend un piston (1011) fixé à un élé-
ment de connexion (1030) à une première ex-
trémité (101) et à une deuxième extrémité (102),
et
dans lesquels chaque piston (1011) de l’ensem-
ble de pistons (1010) définit une première cham-
bre (221) et une deuxième chambre (222) sé-
parées par le piston (1011), et dans lesquels la
première chambre (221) et la deuxième cham-
bre (222) sont chacune définies à la première
extrémité (101) et à la deuxième extrémité (102),
et dans lesquels chaque première chambre
(221) d’un ensemble de pistons est reliée de ma-
nière fluide à la deuxième chambre (222) à un
ensemble de pistons différent,
dans laquelle au moins une première chambre
à la première extrémité est reliée de manière
fluide à une deuxième chambre respective à la
deuxième extrémité,
dans laquelle au moins une première chambre
à la deuxième extrémité est reliée de manière
fluide à une deuxième chambre respective à la
première extrémité, et
dans laquelle au moins une première chambre
à une extrémité est reliée de manière fluide à
une deuxième chambre respective à la même
extrémité.

2. L’appareil (100) de la revendication 1, dans lequel
chaque première chambre (221) d’un assemblage

de pistons n’est reliée de manière fluide qu’à une
deuxième chambre (222) d’un autre assemblage de
pistons.

3. L’appareil (100) de toute revendication précédente,
l’appareil (100) comprenant en outre:
une pluralité de conduits muraux (1050) reliant de
manière fluide la première chambre (221) d’un as-
semblage de pistons (1010) à la deuxième chambre
(222) d’un autre assemblage de pistons (1010).

4. L’appareil (100) de toute revendication précédente,
dans lequel chaque assemblage de pistons (1010)
est mécaniquement séparé l’un de l’autre.

5. L’appareil (100) de toute revendication précédente,
comprenant en outre:
un corps de piston (1020) entourant le piston (1011)
de l’ensemble piston (1010).

6. L’appareil (100) de toute revendication précédente,
dans lequel la première chambre (221) définit une
chambre d’expansion et la deuxième chambre (222)
définit une chambre de compression.

7. L’appareil (100) de toute revendication précédente,
dans lequel l’élément de raccordement (1030) de
l’ensemble piston (1010) est prolongé le long d’une
direction latérale, et dans lequel la première extré-
mité (101) et la deuxième extrémité (102) sont sé-
parées le long de la direction latérale.

8. L’appareil (100) de toute revendication précédente,
dans lequel une première pluralité de premières
chambres (221) et une première pluralité de secon-
des chambres (222) comprennent ensemble un vo-
lume interconnecté (300) fluidement séparé d’une
seconde pluralité de premières chambres (221) et
d’une seconde pluralité de secondes chambres
(222).

9. L’appareil (100) de la revendication 8, dans lequel
les assemblages de pistons (1010) comprennent un
premier assemblage de pistons (1110), dans lequel
le premier assemblage de pistons (1110) comprend
deux premières chambres (221) et deux deuxièmes
chambres (222) entièrement à l’intérieur du volume
interconnecté (300).

10. L’appareil (100) de l’une quelconque des revendica-
tions 8-9, dans lequel les assemblages de pistons
(1010) comprennent un deuxième assemblage de
pistons (1210), dans lequel le deuxième assemblage
de pistons (1210) comprend une première chambre
(221) et une deuxième chambre (222) entièrement
à l’intérieur du volume interconnecté (300).

11. L’appareil (100) de la revendication 10, dans lequel

31 32 



EP 3 973 165 B1

18

5

10

15

20

25

30

35

40

45

50

55

le deuxième assemblage de pistons (1210) com-
prend une première chambre (221) et une deuxième
chambre (222) chacune à l’extérieur du volume in-
terconnecté (300).

12. Une méthode (1000) pour faire fonctionner un ap-
pareil à pistons d’un appareil moteur (100) de l’une
quelconque des revendications précédentes, l’ap-
pareil à pistons contenant un fluide de travail du mo-
teur, et dans lequel l’appareil comprend une pluralité
d’assemblages de pistons, dans lequel chaque as-
semblage de pistons de la pluralité d’assemblages
de pistons définit sa direction latérale respective
d’une première extrémité à une deuxième extrémité,
la méthode comprenant:

circulation d’une première partie du fluide de tra-
vail du moteur à travers une première pluralité
de chambres interconnectées comprenant une
première chambre à la première extrémité d’un
premier assemblage de pistons et une deuxiè-
me chambre à la deuxième extrémité d’un
deuxième assemblage de pistons; et
l’écoulement (1015) d’une deuxième partie du
fluide de travail du moteur à travers une deuxiè-
me pluralité de chambres, dans lesquelles la
première partie du fluide de travail du moteur
est séparée de manière fluide de la deuxième
partie du fluide de travail du moteur.

13. La méthode (1000) de la revendication 12, la métho-
de (1000) comprenant en outre:
articulant (1007) un assemblage de piston dans une
première direction alors que le fluide de travail est à
une température sensiblement uniforme dans la pre-
mière chambre et la deuxième chambre, dans la-
quelle le deuxième assemblage de piston est immo-
bile lorsque le premier assemblage de piston est ar-
ticulé dans la première direction.

14. La méthode (1000) de la revendication 12 ou 13, la
méthode (1000) comprenant en outre:

générant (1003) une première pression dans la
première chambre du premier assemblage de
pistons en articulant le premier assemblage de
pistons dans la première direction;
transmettre (1004), via la première pluralité de
chambres interconnectées, la première pres-
sion à la deuxième chambre du deuxième as-
semblage de pistons; et
générant (1008) une deuxième pression au
deuxième assemblage de pistons à la deuxième
pluralité de chambres, dans laquelle la deuxiè-
me pression et la première pression génèrent
ensemble une force nette sensiblement nulle au
deuxième assemblage de pistons.

15. La méthode (1000) de la revendication 13 ou 14,
dans laquelle l’articulation de l’ensemble piston com-
prend l’actionnement d’un seul assemblage piston.

16. La méthode (1000) de l’une quelconque des reven-
dications 12 à 15, la méthode comprenant:
articulant (1009) la pluralité des assemblages de pis-
tons en phase équilibrée les uns par rapport aux
autres tandis que le fluide de travail est à un diffé-
rentiel de température au fluide de travail par rapport
à la première chambre et à la deuxième chambre.
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