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METHODS AND SYSTEMS FOR MANAGING
A CLEARANCE GAP IN A PISTON ENGINE

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

This application is a reissue application of U.S. Pat. No.

10,006,401, which issued based upon U.S. patent applica-
tion Ser. No. 13/725,988, filed Dec. 21, 2012, which 1s a
continuation of U.S. patent application Ser. No. 13/340,544,
filed Dec. 29, 2011, [which is hereby incorporated herein by

reference in its entirety] which issued as U.S. Pat. No.
9,097,203 on Aug. 4, 2015.

BACKGROUND

As an engine’s compression ratio 1s increased, while
maintaining a particular bore-to-stroke ratio, the surface to
volume ratio at top dead center (ITDC) increases, the tem-
perature increases, and the pressure increases. This has three
major consequences: 1) heat transfer from the combustion
chamber increases, 2) combustion phasing becomes difhi-
cult, and 3) friction and mechanical losses increase. Heat
transier increases because the thermal boundary layer
becomes a larger fraction of the overall volume as the aspect
ratio (1.e., the ratio of the bore diameter to the length of the
combustion chamber) at TDC gets smaller. Both combustion
phasing and achieving complete combustion present chal-
lenges because of the small volume realized at TDC.
Increased combustion chamber pressure directly translates
to increased forces acting on components of the engine.
These large forces may overload both the mechanical link-
ages within the engine (e.g., piston pin, piston rod, crank
shaft) and the pressure-energized rings, thus causing
increased friction, wear, and/or failure.

A primary challenge associated with linear piston engines
1s elliciently converting the kinetic energy of a piston to
mechanical work and/or electrical energy. The space
between the piston and the cylinder wall, referred to herein
as a “clearance gap,” 1s critical 1n maintaining piston align-
ment, preventing piston-wall contact and associated friction
losses, and controlling gas leakage past the piston (e.g.,
blow-by). The clearance gap may be affected by imbalanced
forces acting on the piston, thermally induced expansion or
contraction (e.g., solid deformation), changing engine con-
ditions, or other relevant factors. Management of the clear-
ance gap, piston temperature, cylinder temperature, or com-
binations thereof, may be desired 1n some applications.

SUMMARY

In some embodiments, a piston engine may include a
piston and cylinder assembly, which may include a fluid
bearing 1n the clearance gap between a bore of a cylinder and
a piston assembly. The piston assembly may be capable of
translating axially within the bore, and a piston face may
contact a combustion section of the cylinder, facing one end
of the cylinder. At least one bearing element may provide a
flow of a bearing fluid into the clearance gap between the
bore and the piston assembly to form the fluid bearing. In
some embodiments, the bearing element may be a part of the
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2

piston assembly, providing a tlow of bearing fluid radially
outward, and the piston assembly may include fluid passages
to direct the bearing tluid. In some embodiments, the bearing
clement may be a part of the cylinder, providing a flow of
bearing flmd radially mnward, and the cylinder may include
fluid passages to direct the bearing fluid. A bearing element
may include holes, an effusive surface, any other suitable
fluid outlet, or any combination thereof to provide the
bearing fluid to the clearance gap.

In some embodiments, a piston engine may include a
piston and cylinder assembly including a piston having a
self-centering feature, and a cylinder. The piston may be
configured to translate axially within a bore of the cylinder.
In some embodiments, the piston may be a part of a piston
assembly that translates axially within the bore of the
cylinder. The cylinder may include a combustion section
capable of containing combustion products. Blow-by gas
from the combustion section may tlow axially away from the
combustion section, past a piston face, through a clearance
gap between the piston and the cylinder. The self-centering
feature may provide a seli-centering force on the piston
using the flow of blow-by gas. The self-centering feature
may be a step, one or more slotted pockets, a tapered portion,
any other suitable feature, or any combination thereof.

In some embodiments, a piston engine may include a
piston assembly having one or more heat pipes. The piston
assembly may be configured to translate axially within a
bore of the cylinder. The cylinder may include a combustion
section capable ol containing combustion products, and
accordingly a piston face of the piston assembly may
experience clevated temperatures. In some embodiments,
the heat pipe may be in thermal contact with the piston face,
and may be capable of transierring heat from the piston face
to a heat receptacle. A first portion of the heat pipe may
receive heat from the piston face, and a second portion of the
heat pipe may transier the heat to a heat receptacle. The heat
pipe may include a tluid such as, for example, water, ethanol,
ammonia, or sodium, which may undergo a vapor-liquid
phase transition.

In some embodiments, a piston engine may include a
cylinder liner configured to be positioned coaxially within a
cylinder of a piston engine. The cylinder liner may include
an 1mner face that 1s capable of forming a clearance gap with
a piston assembly that 1s capable of translating axially within
the cylinder liner. The cylinder liner may also include an
outer face that interfaces with the cylinder of the piston
engine. The interface between the outer face and the cylinder
may include a fluid passage that may act as a conduit for a
pressure controlled fluid. The cylinder liner may be config-
ured to radially contract or expand based at least 1n part on
the pressure controlled fluid, and thus the clearance gap may
be adjusted.

In some embodiments, a piston engine may include one or
more tluid passages configured to provide localized, selec-
tive, fast-response, or otherwise controlled heating or cool-
ing to a cylinder. A flow rate, temperature, pressure, or
combination thereof of a flmid supplied to the fluid passages
may be adjusted by a control system to control a temperature
of the piston engine. In some embodiments, a cylinder may
include one or more localized heating sources such as, for
example, one or more electric heaters, which may be con-
trolled by a control system to provide localized heating.

In some embodiments, a clearance gap between a coaxial
piston assembly and a cylinder of a piston engine may be
controlled. At least one indicator such as for example,
temperature, pressure, a work interaction, and/or other suit-
able indicators of the clearance gap may be detected using
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one or more sensors. A control response may be determined
by processing equipment based at least i part on the
indicator. The processing equipment may use a control
interface to provide a control signal to at least one auxihary
system of the piston engine based at least in part on the
control response. At least one auxiliary system may adjust
the clearance gap based at least 1n part on the control signal.

BRIEF DESCRIPTION OF THE FIGURES

The above and other features of the present disclosure, its
nature and various advantages will be more apparent upon
consideration of the following detailed description, taken 1n
conjunction with the accompanying drawings in which:

FIG. 1 shows a cross-section view of an illustrative piston
engine with a piston assembly, a gas spring, and an inte-
grated linear electromagnetic machine (LEM) included as
part of the cylinder, 1n accordance with some embodiments
of the present disclosure;

FIG. 2 shows a cross-section view of an 1llustrative piston
engine with a piston assembly, a gas spring, and an 1inte-
grated linear electromagnetic machine (LEM), 1n accor-
dance with some embodiments of the present disclosure;

FIG. 3 shows a cross-section view of an illustrative piston
engine with a piston assembly having two pistons, a separate
gas spring, and an integrated LEM, 1n accordance with some
embodiments of the present disclosure;

FI1G. 4 shows a cross-section view of an illustrative piston
engine with two piston assemblies, separated gas springs,
and two 1ntegrated LEMSs, 1n accordance with some embodi-
ments of the present disclosure;

FIG. 5 shows a perspective view ol a portion of an
illustrative piston assembly with a self-centering feature, 1n
accordance with some embodiments of the present disclo-
Sure;

FIG. 6 shows a cross-section view of an illustrative piston
assembly and cylinder, with blow-by from a combustion
section, 1n accordance with some embodiments of the pres-
ent disclosure:

FIG. 7 shows a cross-section view of the illustrative
piston assembly and cylinder of FIG. 6, 1n which the piston
assembly 1s out of center, 1n accordance with some embodi-
ments of the present disclosure;

FIG. 8 shows a cross-section view of the illustrative
piston assembly and cylinder of FIG. 6, 1n which the piston
assembly 1s centered, 1n accordance with some embodiments
of the present disclosure;

FIG. 9 shows a cross-section view of a portion of an
illustrative piston engine with a piston assembly having a
feature that may aid in centering the piston assembly, 1n
accordance with some embodiments of the present disclo-
SUre;

FIG. 10 shows a cross-section view of a portion of an
illustrative piston engine with a piston assembly having a
pocketed seli-centering feature, 1n accordance with some
embodiments of the present disclosure;

FIG. 11 shows a cross-section view of a portion of an
illustrative piston engine with a piston assembly having a
stepped self-centering feature, 1n accordance with some
embodiments of the present disclosure;

FIG. 12 shows a cross-section view of a portion of an
illustrative piston engine with a piston assembly having a
tapered self-centering feature, 1n accordance with some
embodiments of the present disclosure;
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4

FIG. 13 shows a perspective view of a portion of an
illustrative piston assembly with a bearing element having
holes, 1n accordance with some embodiments of the present
disclosure;

FIG. 14 shows a perspective view of a portion of an
illustrative piston assembly with a porous bearing element,
in accordance with some embodiments of the present dis-
closure;

FIG. 15 shows a cross-section view of an illustrative
piston assembly, with a tluid bearing fed through the piston
assembly, 1n accordance with some embodiments of the
present disclosure;

FIG. 16 shows a cross-section view of an illustrative
piston assembly and cylinder, with a fluid bearing fed
through the piston assembly, 1n accordance with some
embodiments of the present disclosure;

FIG. 17 shows a cross-section view of an illustrative
piston assembly and cylinder, with a fluid bearing fed
through the cylinder, 1n accordance with some embodiments
of the present disclosure;

FIG. 18 shows a cross-section view of an illustrative
arrangement of a piston assembly and cylinder, having fluid
bearings and a translator having a fluid passage, 1n accor-
dance with some embodiments of the present disclosure;

FIG. 19 shows a cross-section view of an 1illustrative
arrangement of a piston assembly and cylinder, having fluid
bearings and a check valve, in accordance with some
embodiments of the present disclosure;

FIG. 20 shows a cross-section view of an 1llustrative
piston assembly and cylinder, with a heat pipe mncluded as
part ol the piston assembly, 1n accordance with some
embodiments of the present disclosure;

FIG. 21 shows a cross-section view of an illustrative
piston assembly with a heat pipe formed by an interior void,
in accordance with some embodiments of the present dis-
closure;

FIG. 22 shows a cross-section view of an illustrative
piston engine having a piston assembly, and a cylinder
having coolant passages and heat pipes, 1n accordance with
some embodiments of the present disclosure;

FIG. 23 shows a cross-section view of an illustrative
piston assembly and cylinder, with a deformable cylinder
liner, 1n accordance with some embodiments of the present
disclosure:

FIG. 24 shows a cross-section view of the illustrative
piston assembly and cylinder of FIG. 23, with the deform-
able cylinder liner undergoing deformation, in accordance
with some embodiments of the present disclosure;

FIG. 25 shows a cross-section view of an illustrative
piston assembly and cylinder, with a sectioned deformable
cylinder liner, 1n accordance with some embodiments of the
present disclosure;

FIG. 26 shows a cross-section view of an illustrative
piston engine, with a deformable cylinder liner, 1n accor-
dance with some embodiments of the present disclosure;

FIG. 27 shows a cross-section view of a portion of an
illustrative piston engine, with localized coolant passages, 1in
accordance with some embodiments of the present disclo-
SUre;

FIG. 28 shows a cross-section view of a portion of an
illustrative piston engine, with localized coolant passages, 1n
accordance with some embodiments of the present disclo-
sure;

FIG. 29 shows a cross-section view of a portion of an
illustrative piston engine, with localized heat sources includ-
ing electric heaters, 1n accordance with some embodiments
of the present disclosure;
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FIG. 30 shows a cross-section view of a portion of an
illustrative piston engine, mncluding fluid passages, which
may be used for heating, cooling, or both, 1n accordance
with some embodiments of the present disclosure;

FIG. 31 shows a perspective view of a portion of an
illustrative piston assembly having bearing elements and a
self-centering feature, in accordance with some embodi-
ments of the present disclosure;

FIG. 32 shows a cross-section view of an illustrative
piston engine with a piston assembly having a bearing
clement, a heat pipe, and a seli-centering feature, and a
cylinder having a deformable cylinder liner and coolant
passages, 1n accordance with some embodiments of the
present disclosure;

FIG. 33 1s a block diagram of an illustrative control
arrangement for a piston engine, 1 accordance with some
embodiments of the present disclosure;

FI1G. 34 15 a flow diagram of 1llustrative steps for adjusting,
a clearance gap of a piston engine, 1n accordance with some
embodiments of the present disclosure; and

FI1G. 35 1s a flow diagram of illustrative steps for adjusting,
one or more properties of a piston engine, 1n accordance
with some embodiments of the present disclosure.

DETAILED DESCRIPTION OF THE FIGURES

The present disclosure 1s directed towards managing the
clearance gap and/or other properties of a piston engine.
While discussed in the context of free piston engines, the
techniques and arrangements disclosed herein can be applied
to non-free piston engines, or other suitable mechanical
systems. Herein, the term “piston engine” shall refer to both
free and non-iree piston engines.

A piston engine, operating using any suitable thermody-
namic cycle, may include a piston and cylinder assembly to
realize displacement work. The piston and cylinder may be
separated by a relatively small clearance gap, and the piston
translates axially within a bore of the cylinder. In some
embodiments, the piston may be included as part of a “piston
assembly,” which may also include one or more piston seals
(c.g., piston rings), bearing elements, frames, piston rods,
translators and/or other components, which may be capable
of moving 1n concert as a substantially ngid assembly, at
least partially within the bore. The clearance gap may be
constant or varied along the radial perimeter of the piston
assembly, or component thereof (e.g., the clearance may be
described by a thickness value, a profile or field of values,
and/or a symmetry metric). The cylinder may include a
combustion section, mto which oxidizer (e.g., air, vitiated
air, oxygen) and fuel (e.g., a gaseous or liquid hydrocarbon
tuel) may be supplied separately, or as a pre-mixed mixture,
for combustion. Expansion of the hot combustion products
causes displacement of the piston. Work may be extracted
from the piston’s motion using a mechanical linkage (e.g.,
using a piston rod and crankshaft assembly), an electromag-
netic interaction (e.g., using a linear electromagnetic
machine (LEM) having a translator and stator as described
in the present disclosure), a gas linkage (e.g., using two
pistons interacting via an intermediate gas volume), any
other suitable work extraction technique, or any combina-
tion thereof. Compression ol the air and/or fuel by the
piston-cylinder assembly may also be achieved using the
motion of the piston. In some embodiments, compression
work may be provided by a gas drniver, a LEM, or both.

FIGS. 1-4 show illustrative piston engines that may
benefit from the teachings of the present disclosure. It waill
be understood that the teachings of the present disclosure
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may be applied to any other suitable piston engines in
addition to the ones 1llustrated 1n the figures and described
herein. It will also be understood that although not 1llustrated
in FIGS. 1-4, a piston engine may include one or more
subsystems such as, for example, cooling subsystems, air
delivery systems, fuel delivery systems, ignition subsys-
tems, exhaust systems, electronic control systems, and/or
other suitable subsystems, and that the phrase *“piston
engine’” may refer to a suitable collection of components and
subsystems.

FIG. 1 shows a cross-section view of an 1llustrative piston
engine 100 with a piston assembly 110, gas spring 148, and
an 1integrated linear electromagnetic machine (LEM) 160, 1n
accordance with some embodiments of the present disclo-
sure. Piston engine 100 includes a cylinder 140 having a
bore 134 and a combustion section 130, as well as a piston
assembly 110. In the illustrated embodiment, piston assem-
bly 110 1ncludes two piston faces 112, piston seals 114 and
115, and translator 116. Although not shown mn FIG. 1,
piston assembly 110 may include bearing elements, a piston
rod, any other suitable components, or any combination
thereof. In the illustrated embodiment, piston assembly 110
1s located completely within bore 134 of cylinder 140, and
1s configured to translate substantially along axis 150. Cyl-
inder 140, as shown in FIG. 1, includes exhaust/injector
ports 170 (for removal of exhaust and/or mjection of reac-
tants), intake ports 180 (for intake of air and/or air/fuel
mixtures), and driver gas ports 190 (for supply and/or
removal of driver gas). Piston engine 100 may operate using
a two-stroke cycle, a four-stroke cycle, any other suitable
cycle, or any combination thereof. Impact plate 108 may be
included in some embodiments to aid 1n 1mpact resistance,
for example, during combustion. Valves and/or other fluid
components may, but need not, be used with any or all of
ports 170, 180, and 190 to control inflows and outtlows of
fluids to and from piston engine 100.

Cylinder 140 may include portion 132 1n which combus-
tion, gas expansion, and exhaust may occur, portion 168 in
which electromagnetic work interactions may occur, and
portion 178 1n which gas driving and gas springing may
occur. Portions 132, 168, and 178 may depend on the
configuration of cylinder 140, as well as the position of
piston assembly 110 within bore 134 of cylinder 140. Stator
162, used to extract electromagnetic work from motion of
translator 116, may be included as part of cylinder 140, as
shown 1 FIG. 1.

During an expansion stroke of piston assembly 110 within
cylinder 140, due to combustion of an oxidizer and fuel 1n
combustion section 130, translator 116 may translate
through stator 162. The motion of translator 116 relative to
stator 162 may generate an electrical current, and corre-
sponding electrical work. LEM 160 may include a perma-
nent magnet machine, an induction machine, a switched
reluctance machine, any other suitable electromagnetic
machine, or any combination thereof. For example, transla-
tor 116 may include a permanent magnet, and stator 162 may
include a wire coil which may conduct an imduction current
generated by the motion of translator 116.

FIG. 2 shows a cross-section view of an 1llustrative piston
engine 200 with a piston assembly 210, gas spring 248, and
LEM 260, 1n accordance with some embodiments of the
present disclosure. Piston engine 200 includes a cylinder
240 having a bore 234, piston assembly 210, and a com-
bustion section 230. In the illustrated embodiment, piston
assembly 210 includes piston faces 212, piston seal 214
(e.g., piston rings, sealing surfaces), translator 216, and
piston rod 218. Although not shown i FIG. 2, piston
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assembly 210 may include bearing clements, any other
suitable components, or any combination thereof. In the
illustrated embodiment, piston assembly 210 1s located
partially within bore 234 of cylinder 240, and 1s configured
to translate substantially along axis 250. Cylinder 240, as
shown 1n FIG. 2, includes gas seal 242 (to reduce or prevent
gas leakage while allowing relative piston motion), exhaust/
injector ports 270 (for removal of exhaust and/or 1njection of
reactants), intake ports 280 (for intake of air and/or air/fuel
mixtures), and drniver gas ports 290 (for supply and/or
removal of driver gas). Piston engine 200 may operate using,
a two-stroke cycle, a four-stroke cycle, any other suitable
cycle, or any combination thereof. Impact plate 208 may be
included in some embodiments.

Cylinder 240 may include portion 232 1n which combus-
tion, gas expansion, and exhaust may occur, and portion 278
in which gas driving and gas springing may occur. Portion
268 may be included separate from cylinder 240, and may
include LEM 260 for which electromagnetic work interac-
tions may occur. Portions 232, 268, and 278 may depend on
the configuration of cylinder 240, as well as the position of
piston assembly 210 within bore 234 of cylinder 240. Stator
262, used to extract electromagnetic work from motion of
translator 216, may be, but need not be, separate from
cylinder 240, as shown in FIG. 2.

FIG. 3 shows a cross-section view of an 1llustrative piston
engine 300 with a piston assembly 310 having two pistons
311 and 313, a separate gas spring 348, and LEM 360, 1n
accordance with some embodiments of the present disclo-
sure. Piston engine 300 includes cylinders 340 and 341
having bores 334 and 335, respectively, piston assembly
310, and a combustion section 330. In the illustrated
embodiment, piston assembly 310 includes piston faces 312,
translator 316, piston seals 314 and 3135, and piston rod 318.
Although not shown 1n FIG. 3, piston assembly 310 may
include bearing elements, any other suitable components, or
any combination thereof. In the illustrated embodiment,
piston assembly 310 1s located partially within bore 334 of
cylinder 340, and partially within bore 335 of cylinder 341,
and 1s configured to translate substantially along axis 350.
Cylinder 340, as shown 1n FIG. 3, includes gas seal 342 (to
reduce or prevent gas leakage while allowing relative piston
motion), exhaust/injector ports 370 (for removal of exhaust
and/or mjection of reactants), intake ports 380 (for intake of
air and/or air/fuel mixtures), and gas ports 395 (for removal
of blow-by, or supply of air). Cylinder 341, as shown 1n FIG.
3, includes gas seal 343 (to reduce or prevent gas leakage
while allowing relative piston motion), driver gas ports 390
(for supply and/or removal of driver gas). Piston engine 300
may operate using a two-stroke cycle, a four-stroke cycle,
any other suitable cycle, or any combination thereof. Impact
plate 308 may be included 1n some embodiments.

Cylinder 340 may include portion 332 1n which combus-
tion, gas expansion, and exhaust may occur. Cylinder 341
may include portion 378 in which gas dniving and gas
springing may occur. Portion 368 may be included between
cylinders 340 and 341, and may include a LEM for which
clectromagnetic work interactions may occur. Portions 332,
368, and 378 may depend on the configuration of cylinders
340 and 341, as well as the position of piston assembly 310
within bores 334 and 335 of respective cylinders 340 and
341. Stator 362, used to extract electromagnetic work from
motion of translator 316, may be, but need not be, separate
from cylinders 340 and 341, as shown 1n FIG. 3.

FI1G. 4 shows a cross-section view of an illustrative piston
engine 400 with two piston assemblies 410 and 411, sepa-

rated gas springs 448 and 449, and two LEMs 460 and 461,
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in accordance with some embodiments of the present dis-
closure. Piston engine 400, as shown, i1s substantially

equivalent to two piston engines 300, symmetric about
exhaust/injector ports 370, having a single combustion
chamber. It will be understood that other two-piston arrange-
ments may be achieved in accordance with the present
disclosure, which may be but need not be symmetric, and
that piston engine 400 1s an 1llustrative example.

Further details regarding piston engines such as piston
engine 100, 200, 300, and 400, and their operation and
characteristics, are mncluded 1n Simpson et al. U.S. patent
application Ser. No. 12/953,2770, Simpson et al. U.S. patent
application Ser. No. 12/953,277, Simpson et al. U.S. patent
application Ser. No. 13/102,916, and Roelle et al. U.S. patent
application Ser. No. 13/028,053, all of which are hereby

incorporated by reference herein their entireties.

Self-Centering Piston

In some embodiments, a piston may include one or more
teatures which provide self-centering relative to a cylinder
ol a piston engine.

FIG. 5 shows a perspective view of a portion of an
illustrative piston assembly 500 with a self-centering feature
506, in accordance with some embodiments of the present
disclosure. Piston assembly 500 may include piston face
502, clement 504, seli-centering feature 506, any other
suitable components (not shown), or any combination
thereof. In some embodiments, seli-centering feature 506
may be a part of element 504. For example, element 504
may be a bearing element (e.g., an aerostatic bearing), and
self-centering feature 506 may be a machined step or other
suitable feature 1n the bearing element. In some embodi-
ments, self-centering feature 506 may be a part of piston
face 502. For example, seli-centering feature 506 may be a
step, one or more slotted pockets, a tapered portion, or other
feature included 1n piston assembly 500. In some embodi-
ments, a piston assembly may include one or more features,
components, or both, that aid 1in centering the piston assem-
bly. For example, a piston assembly may include a seli-
centering feature and a feature that may aid 1n equalizing the
pressure on one or more lateral surfaces of a piston assem-
bly, which may aid in centering of the piston. Although not
shown 1 FIG. 5, piston assembly 3500 may optionally
include a piston rod, a translator, a piston ring, a fluid
bearing, any other suitable components, or any combination
thereof.

FIG. 6 shows a cross-section view of an illustrative
arrangement 600 of a piston assembly 610 and a cylinder
620, with blow-by (shown by arrows 640) from a combus-
tion section 630, in accordance with some embodiments of
the present disclosure. In some embodiments, piston face
602 may contact combustion section 630 (shown illustra-
tively in FIG. 6), a gas driver section (not shown 1n FIG. 6),
any other suitable section of a piston engine cylinder (not
shown), or any combination thereof. Blow-by may flow
from combustion section 630 around the piston face 602 and
axially along the piston assembly 610. In some embodi-
ments, iteraction of the blow-by and seli-centering feature
616 may act to center piston assembly 610. For example, a
pressure distribution may be generated in the clearance gap
between piston assembly 610 and cylinder 620 that acts to
center piston assembly 610. Blow-by may be supplied to a
clearance gap from a combustion section, gas driver section,
or other suitable section, operating at any suitable pressure
(e.g., operating at a pressure of 20-800 bar, or other suitable
pressure).
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FIG. 7 shows a cross-section view of illustrative piston
assembly 610 and cylinder 620, in which piston assembly
610 1s out of center, 1n accordance with some embodiments
of the present disclosure. Center axis 750 of cylinder 620
illustrates the geometric center axis of the bore of cylinder
620. When piston assembly 610 1s ofl-centered in cylinder
620, as shown 1n FIG. 7, the pressure field P,(R,0,7), 1n
cylindrical coordinates relative to the piston assembly, along
the lateral sides (i.e., at radius R which may vary with 0 and
7)) of piston assembly 610 may be circumierentially (i.e., 1n
the O direction) non-uniform at a given axial position Z. FIG.
8 shows a cross-section view of illustrative piston assembly
610 and cylinder 620, in which piston assembly 610 1s
centered about center axis 750, 1n accordance with some
embodiments of the present disclosure. When piston assem-
bly 610 1s centered in cylinder 620, as shown 1n FIG. 8, the
pressure field P,(R,0,7) of piston assembly 610 may be
substantially circumierentially uniform at a given axial
position Z. In some embodiments, the pressure field of the
centered piston may be non-uniform, but when integrated
over the lateral surface of the piston, give a substantially
zero resultant force. For example, a piston assembly having
slotted pockets may have a non-umiform circumierential
pressure field due to the pockets, but may provide a resultant
force of zero.

FIG. 9 shows a cross-section view of a portion of an
illustrative piston engine 900 with a piston assembly 910
having a feature 912 that may aid in centering piston
assembly 910, 1n accordance with some embodiments of the
present disclosure. In some embodiments, a feature such as
feature 912 may be included along with a self-centering
feature (e.g., any of the selif-centering features of FIGS.
10-12) 1n a piston assembly. Feature 912, as illustrated 1n
FIG. 9, may include one or more groove extending around
the full circumierence of piston assembly 910, which may
aid 1n equalizing the pressure field 1n clearance gap 950 of
FIG. 9. Feature 912 may also act as a straight-through
labyrinth seal to reduce the axial flow rate 1n clearance gap
950. Although shown illustratively as grooves 1n FIG. 9, any
suitable feature or combination of features therecol may be
used to aid in centering, in accordance with the present
disclosure.

FIG. 10 shows a cross-section view of a portion of an
illustrative piston engine 1000 with a piston assembly 1010
having a pocketed self-centering feature 1012, with one or
more slots 1014, 1n accordance with some embodiments of
the present disclosure. Self-centering feature 1012 may
include one or more pockets each extending partially around
the circumierence of piston assembly 1010. Slots 1014 may
include one or more slots (e.g., corresponding to the one or
more pockets) that may act as a guide for blow-by to flow
into the pockets. Although shown as being located on a
lateral surface of piston assembly 1010, in some embodi-
ments, slots may be included in the interior of a piston
assembly, and may be fed from any suitable source. For
example, self-centering feature 1012 may include three
slotted pockets, each centered 120° apart on the circumier-
ence and each extending less than 120° along the circum-
terence, and three corresponding slots 1014 that may allow
fluid from a relatively high pressure region 1060 to flow 1nto
the pockets. Any suitable arrangement of segmented pock-
ets, including any suitable number of pockets, may be used
in accordance with the present disclosure.

FIG. 11 shows a cross-section view of a portion of an
illustrative piston engine 1100 with a piston assembly 1110
having a stepped seli-centering feature 1112, 1n accordance
with some embodiments of the present disclosure. Seli-
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centering feature 1112 may include a step extending around
the full circumierence of piston assembly 1110. The step

may include any suitable absolute and/or relative dimen-
sions. In an illustrative example, the clearance gap in the
step (1.e., relatively nearer to the piston face 1102) may be
on the order of twice the clearance gap at the larger diameter
region of the piston assembly. In some embodiments, a
piston assembly may include a segmented step, similar to the
slotted pocket arrangement of FIG. 10 but in which the
pockets extend through to the piston face 1102, and accord-
ingly slots need not be included.

FIG. 12 shows a cross-section view of a portion of an
illustrative piston engine 1200 with a piston assembly 1210
having a tapered self-centering feature 1212, 1n accordance
with some embodiments of the present disclosure. Seli-
centering feature 1212 may include a tapered portion
extending around the full circumierence of piston assembly
1210, in which the diameter at piston face 1202 1s relatively
contracted. The taper may include any suitable absolute
and/or relative dimensions. In an 1illustrative example, the
clearance gap at the small diameter of the taper (i.e.,
relatively nearer to the piston face 1202) may be on the order
of twice the clearance gap at the larger diameter region of the
piston assembly. In some embodiments, a piston assembly
may include more than one tapered sections around the
circumierence, similar to the slotted pocket arrangement of
FIG. 10, in which the taper extends through to the piston
face 1202.

In some embodiments, any or all of self-centering features
1012, 1112, and 1212, feature 912, and other suitable
selif-centering features or other features may be combined.
For example, a piston assembly may include a taper, a step,
and a series of grooves (e.g., a labyrinth) to provide center-
ing. Seli-centering features may be used near a piston face
in contact with a combustion section, gas driver section, gas
spring section, any other suitable piston face that allows
blow-by gas to flow past the piston face, or any combination
thereof. For example, referencing piston engine 300 of FIG.

3, self-centering features may be included near any of piston
faces 312.

Non-Contact Bearings

In some embodiments, a non-contact bearing may be used
between a piston and a corresponding cylinder. A non-
contact bearing may include, for example, an aerostatic
bearing, a hydrostatic bearing, or other suitable non-contact
bearing that may be moving or stationary. Non-contact
bearings may include a thin film of fluid that separates the
piston and cylinder wall, reducing friction and associated
work losses. In some embodiments, the use of aerostatic
bearings may allow for oil-less operation of the piston and
cylinder assembly of a piston engine, and accordingly the
piston engine need not require an auxiliary o1l system, which
may simplily some aspects of the engine architecture. In
some embodiments, non-contact bearings may include o1l as
the bearing fluud. The bearing fluild may include, for
example, air, nitrogen, exhaust, oil, liquid water, water
vapor, liqud CO,, gaseous CO,, hydraulic fluid, any other
suitable fluid, or any combination thereof. The fluid used 1n
the fluid bearing may be supplied through a piston assembly,
a cylinder, or both.

FIG. 13 shows a perspective view of a portion of an
illustrative piston assembly 1300 with a bearing clement
1310 having holes 1312, in accordance with some embodi-
ments of the present disclosure. Holes 1312 may be arranged
in a pattern, arranged randomly, or any combination thereof.
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Holes 1312 may have any suitable dimensions. For example,

in some embodiments, holes 1312 may range from thou-
sandths of an i1nch or less, to an eighth of an inch or larger.

In some embodiments, the dimensions of holes 1310 may be
selected based on the relative tlow restriction or eflective 3
area of the holes to one or more other flow restrictions or
cllective areas. For example, the holes may be sized to
provide a tlow restriction of the same order as a flow
restriction of the exhaust path of the bearing fluid down-
stream of holes 1310. As piston assembly 1300 translates 1n 10
the bore of a suitable cylinder due to forces on piston face
1302, or other suitable piston face (not shown) of piston
assembly 1300, bearing element may aid in maintaining
centering. Fluid may be supplied from any suitable fluid
source, as shown by arrow 1322, and may be distributed 15
within piston assembly 1300 via internal fluid passages (not
shown) to holes 1312. After exiting holes 1312, the fluid
may flow through the clearance gap, and along at least a
portion of piston assembly 1300. The outward flow of fluid,
shown by arrows 1320, from bearing element 1310 may aid 20
in preventing and/or reducing piston assembly-cylinder con-
tact.

Although shown as holes 1n FIG. 13, any suitable ports
may be used to provide fluid to the clearance gap to act as
a tluid bearing. For example, a gap between mating parts 25
may be used to provide fluid to the clearance gap. In a
turther example, an orifice 1n the shape of a ring, extending
partially or fully around the circumierence of the piston
assembly, may be used to provide tluid to the clearance gap.

In some embodiments, bearing element 1310 may include 30
ports sufliciently small (e.g., smaller than the mean free path
of the bearing fluid) to permait effusion.

FIG. 14 shows a perspective view of a portion of an
illustrative piston assembly 1400 with a porous bearing
element 1410, 1n accordance with some embodiments of the 35
present disclosure. As piston assembly 1400 translates in the
bore of a suitable cylinder due to forces on piston face 1402,
or other suitable piston face (not shown) of piston assembly
1400, bearing element may aid in maintaining centering.
Fluid may be supplied from any suitable fluid source, as 40
shown by arrow 1422, and may be distributed within piston
assembly 1400 via internal fluid passages (not shown), and
then may flow though void space of any suitable portion of
bearing element 1410. Bearing element 1410 may have any
suitable porosity and pore size. After exiting the lateral 4s
surface of bearing element 1410, the gas may tlow through
the clearance gap, and along at least a portion of piston
assembly 1400. The outward flow of fluid from bearing, as
shown by arrows 1420, element 1410 may aid in preventing
and/or reducing piston assembly-cylinder contact. Bearing 50
clement 1410 may be constructed from any suitable material
having porosity that may allow a fluid to flow. For example,

a porous bearing element may be constructed from graphite,
sintered metal (e.g., 1ron, steel, bronze), sintered or other-
wise porous ceramic (€.g., silicon carbide, alumina, magne- 55
s1a), any other suitable material sintered or otherwise, or any
combination thereof. In some embodiments, bearing ele-
ment 1410 may have a pore size sufliciently small (e.g.,
smaller than the mean free path of the bearing fluid) to
permit effusion. 60

FIG. 15 shows a cross-section view of an illustrative
piston assembly 1500, with a fluid bearing 1510 fed through
the piston assembly 1500, 1n accordance with some embodi-
ments of the present disclosure. Piston assembly 1500 may
include piston 1502, bearing element 1510, frame 1550, 65
tastener 1590, any other suitable components not shown 1n
FIG. 15, or any combination thereof. Piston assembly 1500

12

may be configured to fit in the bore of a cylinder of a piston
engine, and may be configured to translate substantially
along an axis on or near the centerline of the bore. Bearing
clement 1510 includes fluid passages 1560, which may
distribute bearing fluid from one or more nlet ports 1512, as
shown by arrow 1522, to one or more ports or surfaces to
flow radially outwards, as shown by arrows 1520. In some
embodiments, bearing element 1510 may 1nclude an assem-
bly of multiple components. In some embodiments, piston
1502 may optionally include a self-centering feature, or
other suitable feature (not shown).

FIG. 16 shows a cross-section view of an illustrative
piston assembly 1610 and cylinder 1620, with fluid bearing
1612 (e.g., the fluid layer located in the clearance gap
originating at least 1n part from bearing element 1618) fed
through the piston assembly 1610, in accordance with some
embodiments of the present disclosure. Piston assembly
1610 includes internal passages 1614, which may receive
bearing fluid 1616. Bearing element 1618 1s the portion of
piston assembly 1610 that includes holes or a porous portion
from which bearing fluid may flow nto fluid bearing 1612.
Bearing element 1618 may be an integral part of a piston (as
shown 1n FIG. 16), another portion of piston assembly 1610,
a separate component mated to piston assembly 1610 (e.g.,
by press fitting or mounting with fasteners), have any other
suitable arrangement, or any combination thereof. Fluid
bearing 1612 may aid in centering piston assembly 1610
about axis 1650, which represents the center of the bore of
cylinder 1620.

FIG. 17 shows a cross-section view of an illustrative
piston assembly 1710 and cylinder 1720, with fluid bearing
1712 fed through the cylinder 1720, in accordance with
some embodiments of the present disclosure. Cylinder 1720
includes 1nternal passages 1714, which may receive bearing
fluid 1716. Bearing element 1718 1s the portion of cylinder
1720 that includes holes or an eflusive surface from which
fluid may flow 1nto fluid bearing 1712 in a suitable clearance
gap between piston assembly 1710 and cylinder 1720.
Bearing element 1718 may be an integral part of cylinder
1720 (as shown 1 FIG. 17), a separate component mated to
cylinder 1720 (e.g., such as an insert or liner), have any other
suitable arrangement, or any combination thereof. Fluid
bearing 1712 may aid in centering piston assembly 1710
about axis 1750, which represents the center of the bore of
cylinder 1720. In some embodiments, a cylinder may
include one or more bearing elements, which may provide
bearing fluid to one or more corresponding fluid bearings.
For example, 1n some embodiments, the bore of a cylinder
may 1nclude multiple bearing elements, each with a separate
and controllable fluid source, which may feed bearing tluid
into multiple locations 1n the bore the cylinder.

In some embodiments, blow-by gas may be routed to
reduce or prevent tlow of blow-by gas 1n the portion of a
clearance gap adjacent to the bearing element. For example,
blow-by gas may by routed through the cylinder, piston
assembly, or both, so that the flow of blow-by gas does not
substantially alter the flow of bearing fluid 1n the clearance
gap. Some alterations of bearing gas flow by other tlows
such as, for example, blow-by gas, may adversely aflect the
ability of the bearing fluid to prevent piston-cylinder con-
tact. Routing of the blow-by gas may, for example, allow the
bearing tluid exhaust pressure to be relatively far below the
fluid feed pressure (e.g., allow a larger pressure drop of the
bearing tluid), which may provide desired flow and bearing
characteristics.

FIG. 18 shows a cross-section view of an illustrative
arrangement 1800 of a piston assembly 1810 and cylinder
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1820, with bearing elements 1812 and 1813 and a translator
1814 having fluid passage 1873, in accordance with some
embodiments of the present disclosure. Piston face 1802
may contact a gas spring (e.g., gas driver section) of
arrangement 1800, while piston face 1804 may contact a
combustion section of arrangement 1800. Arrangement 1800
may include stator 1815, which may interact electromag-
netically with translator 1814.

In the illustrated embodiments, bearing fluid 1874 1s
supplied to conduit 1870, to which conduit 1872 1s con-
nected via seal 1871. Seal 1871, as illustrated 1in FIG. 18,
may allow piston assembly 1810, including conduit 1872, to
translate about axis 1850, while maintaining a pressure seal
between conduit 1870 and 1872. The interior of conduit
1872 1s coupled to fluid passage 1875, located in translator
1814, from which bearing fluid 1874 may flow into passage
1816. Passage 1816 feeds bearing fluid 1874 to bearing
clements 1812 and 1813, from which bearing fluid 1874
flows mnto fluid bearings within a clearance gap between
piston assembly 1810 and cylinder 1820. In some embodi-
ments (not shown), conduit 1870, conduit 1872, or both,
may be tlexible to allow relative motion. For example, in
some embodiments (not shown), conduit 1870 may be a
flexible hose connected directly to translator 1814 via a
suitable hose fitting (e.g., and accordingly conduit 1872
need not be included).

FIG. 19 shows a cross-section view of an illustrative
arrangement 1900 of a piston assembly 1910 and cylinder
1920, with bearing elements 1912 and 1913 and a valve
1970, 1n accordance with some embodiments of the present
disclosure. Piston face 1902 may contact a gas spring (e.g.,
gas driver section) of arrangement 1900, while piston face
1904 may contact a combustion section of arrangement
1900. Arrangement 1900 may include stator 1915, which
may interact electromagnetically with translator 1914.

In the 1llustrated embodiments, at least a portion of the
fluid of gas spring 1976 1s supplied to passage 1916 as
bearing fluid via valve 1970 (e.g., as shown by arrow 1974),
located 1n piston face 1902. Valve 1970 may include an
active or passive valve, or other suitable ported device, that
provide control of fluid flow 1n one or more directions. For
example, valve 1970 may include a reed valve, ball valve,
needle valve, ball check valve, diaphragm check valve, a
static flow restriction within a conduit providing different
resistances for different flow directions, any other suitable
valve, an electronic controller or other active positioning
system, any other suitable device, or any combination
thereol. Passage 1916 feeds bearing flud 1974 to bearing
clements 1912 and 1913, from which bearing fluid tlows into
fluid bearings within a clearance gap between piston assem-
bly 1910 and cylinder 1920. In some embodiments, valve
1970 may be a check valve. Accordingly, as piston assembly
1910 translates along axis 1950, and as flmd 1s supplied
and/or removed from gas spring 1976 via ports 1990 (e.g.,
which may include one or more valves), the pressure 1n gas
spring 1976 may reach the cracking pressure, and the tfluid
may flow through valve 1970 mto passage 1916. The
cracking pressure of valve 1970 may be any suitable value,
and 1 some embodiments, may be actively adjustable. In
some embodiments, valve 1970 may be actively control-
lable, and the flow 1n either direction may be controlled by
controlling an orifice or other tlow restriction of valve 1970.

In some embodiments, a bearing element may be an
integral part of a piston. For example, a piston may have a
collection of machined passages and holes that provide
bearing fluid to a clearance gap. In some such embodiments,
the piston may, but need not, be a part of a piston assembly.
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A bearing element may include a graphite element, a metal
element with machined features, a sintered metal element, a

porous ceramic element, a nonporous ceramic element, any
other suitable element of a suitable material, or any combi-
nation thereof.

Temperature Management of Cylinder and/or Piston

In some embodiments, the temperature of a piston (or
assembly thereot), cylinder, or both may be controlled or
otherwise managed. Temperature management of a piston
(or assembly thereof) and/or a cylinder may aid 1n main-
taining or otherwise managing a clearance gap, by managing
thermal deformation of one or more components of a piston
engine.

In some embodiments, one or more heat pipes may be
used to aflect heat transfer of a piston assembly. A heat pipe
may include a flmd conduit configured to aid 1n heat transier
to and from, for example, components of a piston engine.
The piston face of a piston assembly may experience
clevated temperatures due to combustion. The use of a heat
pipe may aid in transferring heat away from the piston face,
any other suitable portion of a piston assembly, or any other
suitable component, to reduce the operating temperature of
the component. For example, a heat pipe may transfer heat
from a piston face to a heat receptacle such as a bearing
clement, a clearance gap, a surface of the bore of the
cylinder, a piston rod cooled by a coolant, any other suitable
heat receptacle, or any combination thereof.

A heat pipe may include a fluid conduit, which may be
filled with a suitable fluid such as, for example, water,
cthanol, ammoma, sodium, or any other suitable flmd or
mixture. The latent heat associated with a phase transition of
the fluud 1s generally much greater than the transier of
sensible energy due to a temperature difference. Addition-
ally, the phase transition of the fluid may occur at a sub-
stantially constant or otherwise limited temperature (which
may depend on pressure and any impurities present), which
may aid in reducing relatively large temperature gradients
within the piston engine. The heat pipe may be arranged as
part of the piston assembly, 1n thermal contact with the
piston face of the piston assembly. In some embodiments,
linear motion of a piston assembly having a heat pipe may
aid 1n transporting the fluid within the heat pipe, thus aiding
in heat transfer from a piston face to a relatively cooler
portion of the piston engine.

It will be understood that the phrase “thermal contact”
between components shall refer to the capability of opera-
tive heat transfer between the components. For example, a
heat pipe may be arranged in contact with a piston face, and
may transier heat from the piston face, and thus may be in
“direct” thermal contact with the piston face. In a further
example, a heat pipe may be 1n contact with a piston frame,
which may be 1n contact with a piston face, and the heat pipe
may transfer heat from the piston frame, which may transier
heat from the piston face, and thus the heat pipe may be in
“indirect” thermal contact with the piston face.

FIG. 20 shows a cross-section view of an 1llustrative
piston assembly 2010 and cylinder 2020, of piston engine
2000, with a heat pipe 2080 included as part of the piston
assembly, 1n accordance with some embodiments of the
present disclosure. Heat pipe 2080, which may be a pipe or
other fluid conduit, may include fluid 2082, which may
undergo a vapor-liquid phase transition during operation of
piston engine 2000. Heat transfer (shown by arrow 2024)
may occur from combustion section 2030 to piston face
2002 during engine operation. Heat transfer (shown by
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arrow 2024) may further occur from piston face 2020 to a
portion 2084 of heat pipe 2080, which may aid 1n reducing,
maintaining, or both, the temperature of piston face 2020.
Heat transfer within heat pipe 2080 may occur from portion
2084 of heat pipe 2080 to portion 2086 of heat pipe 2080.
Portion 2086 may transier heat to a portion of piston
assembly 2010 away from piston face 2002 such as, for
example, the end of cylinder 2020 distal to combustion
section 2030 and relatively near portion 2086. For example,
heat pipe 2080 may aid in transferring heat 2024 from
combustion section 2030 radially outward to a bearing face,
the clearance gap and then the cylinder, where 1t may be
turther transferred, for example, via coolant in a coolant
passage. In a further example, heat pipe 2080 may aid in
transierring heat from combustion section 2024 to gas driver
section 2040 of cylinder 2020.

FIG. 21 shows a cross-section view of an illustrative
piston assembly 2100 with a heat pipe 2180 formed by an
interior void, 1n accordance with some embodiments of the
present disclosure. Piston assembly 2100 may include piston
2102, element 2110, frame 2150, fastener 2190, any other
suitable components not shown in FIG. 21, or any combi-
nation thereof. Piston assembly 2100 may be configured to
fit 1n the bore of a cylinder of a piston engine, and may be
configured to translate substantially along an axis on or near
the centerline of the bore. Element 2110 may include (al-
though not shown) a bearing element (e.g., with bearing
passages), piston rings, a frame, any other suitable compo-
nents, any other suitable features, or any combination
thereol. Fluid within heat pipe 2180 may be filled, vented,
or otherwise adjusted using port 2182, which may include a
valve (e.g., a check valve, or shut-off valve), plug, or other
component. In some embodiments, heat pipe 2180, with port
2182, may be capable of being filled, vented, or otherwise
adjusted during operation of the piston engine. In some
embodiments, heat pipe 2180, with port 2182, need not be
capable of being filled, vented, or otherwise adjusted during
operation ol the piston engine, and may accordingly be
adjusted while the piston engine 1s not operating.

In some embodiments, multiple heat pipes may be
included on a diameter near the perimeter of a piston
assembly to aid in transferring heat from a piston face to a
clearance gap and an inner cylinder wall. In an 1llustrative
example, six to twelve heat pipes may be onented axially,
arranged on a diameter near the perimeter of a piston
assembly, although any suitable number of heat pipes may
be used 1n such an annular arrangement. In some embodi-
ments, an annular heat pipe may be included 1n a piston
assembly to aid in transierring heat to the clearance gap. For
example, an annular void within a piston assembly may be
filled with a suitable fluid and sealed during operation.

FIG. 22 shows a cross-section view of an illustrative
piston engine 2200 having a piston assembly 2210, and a
cylinder 2220 having coolant passages 2222 and 2238 and
heat pipes 2224, in accordance with some embodiments of
the present disclosure. In some embodiments, piston engine
2200 may include coolant passages 2222 to aid 1n control-
ling or otherwise limiting the temperatures of one or more
components of piston engine 2200. Temperature control may
also be used to control a size and/or shape of a cylinder bore
(c.g., by controlling thermal deformation), which may
improve or otherwise adjust blow-by characteristics and/or
bearing performance. As shown illustratively mn FIG. 22,
cylinder 2220 may include internal passages, fed by one or
more ports, which may supply and return a coolant fluid, as
shown by arrows 2230 and 2234, and arrows 2232 and 2236,
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passages 2238 include annular voids, although any suitable
arrangement may be used in accordance with the present
disclosure. In some embodiments, a coolant such as ethylene
glycol, propylene glycol, water, alcohol, air, any other
suitable fluid, or any combination thereol (e.g., ethylene
glycol diluted with water) may be supplied to coolant
passages 2222 and 2238. In some embodiments (not shown),
piston engine 2200 may include a coolant subsystem which
may include a pump, radiator, temperature regulator, pres-
sure regulator, fluid handling conduits, any other suitable
components, or any combination thereof. In some embodi-
ments, coolant passages 2222 and coolant passages 2238
may be interconnected within cylinder 2220, and accord-
ingly may be controlled as a single set of passages. In some
embodiments, coolant passages 2222 and coolant passages
2238 need not be mterconnected within cylinder 2220, and
may be separately controllable. For example, in some
embodiments, coolant passages 2222 and coolant passages
may aid in selectively cooling different zones of cylinder
2220, and accordingly each zone may be cooled separately.
In an illustrative example, a control system may determine
that a clearance gap between piston assembly 2210 and
cylinder 2220, when the piston 1s 1 combustion section
2270, 1s too large. Accordingly, the flow rate of coolant
supplied to coolant passages 2222, relatively nearer to TDC
than coolant passages 2238, may be increased to cool the
cylinder and reduce the bore (via thermal contraction), and
hence reduce the clearance gap. Any suitable number of
separate coolant passages may be used to provide selective
cooling, arranged in any suitable configuration, in accor-
dance with the present disclosure. In some embodiments,
cylinder 2220 may include one or more heat pipes 2224 to
aid 1n controlling or otherwise limiting the temperatures of
one or more components of piston engine 2200. One or more
heat pipes 2224 may be included 1n any suitable arrange-
ment 1 cylinder 2220, and may include any suitable heat
pipe fluid. For example, one or more heat pipes 2224 may
include multiple heat pipes arranged axially on a diameter
centered at the center of the bore of cylinder 2220. In a
turther example, one or more heat pipes 2224 may include
an annular void within cylinder 2220. Heat pipe ports 2226
may be used, 1n some embodiments, to supply, remove, or
otherwise control fluid within one or more heat pipes 2224.
For example, heat pipe ports 2226 may include valves,
regulators, orifices, any other suitable features or devices, or
any combination thereof to control properties of the one or
more heat pipes 2224, or fluid contained therein. In some
embodiments, coolant passages 2222 and/or coolant pas-
sages 2238 may directly contact (not shown) one or more
heat pipes 2224, and may provide relatively increased heat
transier from the one or more heat pipes 2224. Although
coolant passages 2222 and 2238 and one or more heat pipes
2224 are shown 1n FIG. 22, some embodiments (not shown
in FIG. 22) may include either coolant passages and one or
more heat pipes, and accordingly need not include both. The
use of coolant passages 2222 and 2238 and one or more heat
pipes 2224 together may, 1n some arrangements, provide
relatively enhanced heat transfer as compared to the use of
cither alone. For example, heat may be transferred from the
bore of cylinder 2220 to the one or more heat pipes 2224 via
the clearance gap, and one or more heat pipes 2224 may
transier at least a portion of this heat to coolant within
coolant passages 2222 and/or coolant passages 2238 (e.g.,
the heat transfer may include conduction through a portion
of cylinder 2220).

In some embodiments, fluid supplied to any of ports 2250
may be used to cool piston assembly 2210, or portions
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thereof. For example, heat from a piston face of piston
assembly 2210 may be transported to a piston rod of piston

assembly 2210, and fluid supplied to any of ports 2250 may
convectively cool a piston rod of piston assembly 2210.

In some embodiments, fluid bearings may aid 1n cooling
of a piston assembly, cylinder, components thereof, any
other suitable components of a piston engine, or any com-
bination thereof. A bearing fluild may be supplied to a
bearing element, which may direct the bearing fluid to a
suitable clearance gap of a piston-cylinder assembly. The
bearing fluid may aid 1n cooling at least a portion of the
piston-cylinder assembly as 1t flows through the clearance
gap. In some embodiments, the bearing fluild may tlow
substantially away from a combustion section through a
clearance gap, and accordingly may carry heat away from
the combustion section thus reducing the temperature of one
or more components of the piston engine. In some embodi-
ments, convection of bearing fluid through a clearance gap
of a piston engine may increase the eflective heat transter
rate between a piston face and another portion of a piston
assembly and/or a cylinder. In some embodiments, one or
more heat pipes may be included 1n a piston assembly
having a bearing element. The one or more heat pipes may
aid 1n maintaining the bearing element, or a portion of the
bearing element thereof, nearly 1sothermal, which may aid in
controlling thermal expansion and associated changes 1n a
clearance gap. In some embodiments, the use of one or more
heat pipes, coolant passages, bearing elements, any other
suitable components, or any combination thereof, may aid 1n
maintaining or otherwise managing a clearance gap, by
managing thermal deformation of one or more components
ol a piston engine.

Cylinder Liner

In some embodiments, a clearance gap between a free
piston and a cylinder may be controlled or otherwise man-
aged. In some embodiments, a deformable cylinder liner
may be used to adjust the clearance gap by adjusting the bore
in which a piston assembly moves. In some embodiments, a
liner fluid may be used to apply pressure to the deformable
cylinder liner, which may deform based on a pressure
difference between the faces of the cylinder liner. Liner flud
may include, for example, water, ethylene glycol, propylene
glycol, oil, hydraulic fluid, fuel (e.g., diesel fuel), any other
suitable flmid, or any suitable combination thereof.

FIG. 23 shows a cross-section view of an illustrative
piston assembly 2310 and cylinder 2320, with a deformable
cylinder liner 2330, in accordance with some embodiments
of the present disclosure. The interior surface of deformable
cylinder liner 2330 may define a bore, in which piston
assembly 2310, or a portion thereof, may translate along axis
2350 at the center of the bore. Passages 2322 may be formed
between cylinder 2320 and deformable cylinder liner 2330,
into which a liner fliid may be supplied and/or returned via
ports 2324. The liner fluid, controlled to a suitable pressure
may 1mpart a deforming force to deformable cylinder liner
2330, allowing the bore to be adjusted accordingly. The
clearance gap 2360 between the bore and piston assembly
2310 may accordingly be adjusted by application of the liner
fluid at a suitable pressure. Increasing the pressure of the
liner flmd (e.g., by supplying liner fluid to passages 2322 via
one or more ol ports 2324) may reduce the bore and
clearance gap 2360, while decreasing the pressure of the
liner fluid (e.g., by removing liner fluid from passages 2322
via one or more of ports 2324) may increase the bore and
clearance gap 2360. FIG. 24 shows a cross-section view of
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the illustrative piston assembly 2310 and cylinder 2320 of
FIG. 23, with the deformable cylinder liner 2330 undergoing
deformation, 1n accordance with some embodiments of the
present disclosure. The liner fluid pressure 1s larger in
passages 2322 as shown 1 FIG. 24 relative to that shown in
FIG. 23, and accordingly clearance gap 2460 1s relatively
smaller than clearance gap 2360.

FIG. 25 shows a cross-section view of an illustrative
piston assembly 2510 and cylinder 2520, with a sectioned
deformable cylinder liner 2530, 1n accordance with some
embodiments of the present disclosure. The interior surface
of deformable cylinder liner 2530 may define a bore, 1n
which piston assembly 2510, or a portion thereof, may
translate along axis 2550 at the center of the bore. Passages
2522 and 2523 may be formed between cylinder 2520 and
deformable cylinder liner 2530, which may be separated by
seal 2532. A liner flmd may be supplied to and/or returned
from passages 2522 and 2523 via ports 2524 and ports 2525,
respectively, which may be, but need not be, 1solated from
cach other. Liner fluid, controlled to a suitable pressure, may
impart a deforming force to deformable cylinder liner 2530,
allowing the bore at each section (1.¢., the portion of the bore
corresponding to passages 2522 or 2523) to be adjusted
accordingly. In some embodiments, the pressure of the liner
fluid may be controlled based at least 1n part on the pressure
within a suitable section of the bore, as the deformation of
deformable cylinder liner 2530 may depend on a differential
pressure between the liner fluid and the bore. The clearance
gap 2560 between the bore and piston assembly 2510 may
accordingly be adjusted by application of the liner fluid at a
suitable pressure. The clearance gap may vary in the axial
direction (1.e., parallel to axis 2550), because the clearance
gap corresponding to each of passages 2522 and 2523 may
be adjusted independently. For example, 1n some embodi-
ments, as piston 2512 travels through a section of deform-
able cylinder liner 2530, the clearance gap may be adjusted
at that section. Increasing the pressure of the liner fluid (e.g.,
by supplying liner fluid to passages 2522 and/or 2523 via
one or more ol respective ports 2524 and/or 23525) may
reduce the bore and clearance gap 2560 at one or more
locations, while decreasing the pressure of the liner fluid
(e.g., by removing liner fluid from passages 2522 and/or
2523 via one or more of respective ports 2524 and/or 2525)
may increase the bore and clearance gap 2560 at one or more
locations.

FIG. 26 shows a cross-section view of an illustrative
piston engine 2600, with a deformable cylinder liner 2630,
in accordance with some embodiments of the present dis-
closure. Passages 2622 may be formed between cylinder
2620 and deformable cylinder liner 2630, into which a liner
fluid may be supplied and/or returned via ports 2624. The
liner fluid, controlled to a suitable pressure may impart a
deforming force to deformable cylinder liner 2630, allowing
the bore to be adjusted accordingly. In the illustrated
embodiment, ports 2626 (e.g., which may provide fuel
and/or air, or receive exhaust) may be located outside of
deformable cylinder liner 2630 to eliminate the need for
ports or other openings 1n deformable cylinder liner 2630.
Adjustment of a clearance gap between piston assembly
2610 and deformable cylinder liner 2630 may be achieved
by adjustment of the pressure of the liner fluid 1n passages
2622,

In some embodiments, flow of a liner fluid may be used
to provide cooling for a deformable cylinder liner. For
example, a pressure-controlled and flow-controlled liner
fluid may be used to provide convective heat transfer away
from a deformable cylinder liner (e.g., near a combustion
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section) to the liner fluid. Cooling with the use of a liner tfluid
may be used in concert with, or in place of, cooling with the
use ol coolant passages and/or heat pipes (e.g., as shown in
FIG. 22).

FIG. 27 shows a cross-section view (normal to the bore
axis) of a portion of an 1llustrative piston engine 2700, with
localized coolant passages 2752 and 2734, in accordance
with some embodiments of the present disclosure. Cylinder
2720 of piston engine 2700 may include one or more
plenums 2722, which may be coupled to one or more
throttles 2724 and one or more throttles 2726. In some
embodiments, a throttled fluid may flow from one or more
plenums 2722 through one or more throttles 2724 into
coolant passages 2752, configured to cool region 2732 (e.g.,
as shown by the illustrative arrows in coolant passages
2752). In some embodiments, a throttled fluid may tlow
from one or more plenums 2722 through one or more
throttles 2726 1nto coolant passages 2754, configured to cool
region 2734 (e.g., as shown by the illustrative arrows in
coolant passages 2754). One or more throttles 2724 and
2726 may each include a fixed tlow restricting orifice, an
adjustable flow restricting orifice, a controllable throttling
valve, any other suitable flmd throttling feature, or any
combination thereof. The one or more throttles 2724 and
2726 may cause a reduction in the pressure of the throttled
fluid, which may also result in a reduction 1n temperature
and/or enthalpy of the throttled fluid. The reduced fluid
temperature and/or enthalpy may enhance heat transfer from
a bore of cylinder 2720 (e.g., the 1llustrated bore configured
to house piston assembly 2710). In some embodiments,
coolant passages 2752 and 2754 may include tubular con-
duits, manifolds, or other flow directing components to
provide a flow of throttled fluid from one or more throttles
2724 and 2726 to a localized spatial region of cylinder 2720,
and then return the fluid to a flmid control system (e.g., which
may include a return line and a reservoir). Piston engine
2700 may include any suitable number of plenums 2722,
which may be, but need not be, interconnected. For example,
plenums 2722 may include multiple plenums, each sepa-
rately controllable to provide selectable cooling to localized
spatial regions of cylinder 2720. In a further example,
plenums 2722 may include a single plenum, which may be
coupled to multiple throttles to provide selectable cooling to
localized spatial regions of cylinder 2720. The multiple
throttles may be separately controllable, or otherwise have
unique tlow restricting properties to control cooling of one
or more localized spatial regions of cylinder 2720. In some
embodiments, cooling of cylinder 2720 using a throttled
fluid may allow control of a cylinder temperature, and a
clearance gap between cylinder 2720 and piston assembly
2710. In some embodiments, direct or indirect measurement
of bore geometry (e.g., size, shape or both) may be used to
by a control system to control cooling by localized coolant
passages 2752 and 2754. For example, higher operating
temperatures may be expected near combustion section
2730, near TDC, and increased cooling may be provided to
region 2732 to limit the temperature field. In a further
example, 1n some circumstances, decreased cooling may be
provided to region 2732 to increase the corresponding bore
and associated clearance gap. Increases or decreases 1n
cooling may be provided by increasing or decreasing the
throttling action of a throttle, adjusting a throttled fluid’s
temperature, adjusting a throttled tluid’s tlow rate, any other
suitable adjustment, or any combination thereof. The
throttled fluid may 1include any suitable coolant fluid, which
may be a liquid or a gas. For example, the throttled fluid may
include ethylene glycol, propylene glycol, water, alcohol,
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air, any other suitable fluid, or any combination thereot (e.g.,
cthylene glycol diluted with water). Cylinder 2720 may
include any suitable ports 2770 for supplying or removing
flmd (e.g., air, fuel, exhaust, or combinations thereof) from
suitable sections of piston engine 2700.

FIG. 28 shows a cross-section view (parallel to the bore
axis) of a portion of an 1llustrative piston engine 2800, with
localized coolant passages 2826, 1n accordance with some
embodiments of the present disclosure. Piston engine 2800
may include cylinder 2820 having a plenum 2822. Cylinder
2820 may include a bore configured to house piston assem-
bly 2810, configured to move substantially linearly, 1n a
direction substantially parallel to the vector cross-product of
vectors 2850 and 2860. Although shown as an annular
plenum 1n FIG. 28, plenum 2822 may include any suitable
conduit shape, arranged to provide any suitable flow path. A
coolant may flow through throttles 2824, ito localized
coolant passages 2826 to cool corresponding spatial regions
of cylinder 2820. In the illustrated embodiment, the coolant
flows radially inward from throttles 2824 (as shown by the
four arrows pointing radially inward in figure FIGS. 28) and
then flows 1n a direction given by the vector cross-product
of vector 2850 with vector 2860 (2850x2860 which 1s into
the plane of FIG. 28). The return flow path of the coolant 1s
not shown 1n FIG. 28, and may include radial, axial, or both,
flow paths. In some embodiments, throttles 2824 may create
flmid jets 1n localized fluid passages 2826, which may
impinge on a spatial region of cylinder 2820 resulting 1n
relatively increased convective heat transier at that region.
Although shown as having four, symmetric localized coolant
passages 2826 1in FIG. 28, piston engine 2800 may include
any suitable number of localized coolant passages, arranged
in any suitable symmetric or asymmetric configuration, at
any suitable axial locations, and coupled to any suitable
number of plenums or other coolant sources.

FIG. 29 shows a cross-section view of a portion of an
illustrative piston engine 2900, with localized heat sources
including electric heaters 2922, 2923, 2924, 2925, 2926, and
2927, 1n accordance with some embodiments of the present
disclosure. Each of electric heaters 2922, 2923, 2924, 2925,
2926, and 2927 may include one or more electric leads used
by a suitable control system to control a voltage, current,
clectric power, or combinations thereof, supplied to the
heaters. For example, electric heaters 2922 and 2923 may be
used separately or in concert to provide heating to region
2932 near combustion section 2930 (e.g., to increase a
clearance gap between cylinder 2920 and piston assembly
2910). In a further example, electric heaters 2924, 2925,
2926, and 2927 may be used to heat corresponding regions
2934 and 2936. Localized heat sources, such as electric
heaters, may be used to provide relatively fast thermal
control of one or more spatial regions of a cylinder. In some
embodiments, direct or indirect measurement of bore geom-
etry (e.g., size, shape or both) may be used to by a control
system to control localized heat sources. For example, each
of electric heaters 2922, 2923, 2924, 2925, 2926, and 2927
may be separately controllable by a control system, in
response to a detected temperature, pressure, clearance gap,
blow-by property, work interaction, any other suitable indi-
cator, or any combination thereof. Cylinder 2920 may
include any suitable ports 2970 for supplying or removing
flud (e.g., air, fuel, exhaust, or combinations thereof) from
suitable sections of piston engine 2900.

FIG. 30 shows a cross-section view of a portion of an
illustrative piston engine 3000, including fluid passages
3022 and 3024, which may be used for heating, cooling, or
both, 1n accordance with some embodiments of the present
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disclosure. In some embodiments, a heating fluid, cooling
fluid, or both, may be supplied to fluid passages 3022 and

3024, which may be, but need not be, interconnected. For
example, fluid may be supplied to and removed from fluid
passages 3022 and 3024 as shown by the four arrows in FIG.
30 (e.g., for annular fluid passages having supply and return
ports). In some embodiments, fluid passages 3022 and 3024
may be localized heating sources. For example, fluid pas-
sages 3022 and 3024 may be separately controllable to
provide heating to respective regions 3032 and 3034. Fluid
passages 3022 or 3024 may provide heating by acting as a
conduit for a heating fluid, which may include, for example,
previously heated coolant, exhaust fluid (e.g., hot combus-
tion products from a combustion section), any other suitable
heating fluid, or any combination thereof. In some embodi-
ments, fluid passages 3022 and 3024 may be used for both
heating and cooling of spatial regions of cylinder 3020. For
example, a heating fluid may be supplied to fluid passages
3022 to increase a temperature of region 3032 (e.g., to
increase a bore diameter and clearance gap), while a cooling
fluid may be supplied to fluid passages 3024 to decrease a
temperature of region 3034 (e.g., to decrease a bore diameter
and clearance gap). In a further example, a heating fluid or
coolant may be supplied to tluid passages 3022 depending
on a determination of a control system. Cylinder 3020 may
include any suitable ports 3070 for supplying or removing
flud (e.g., atr, Tuel, exhaust, or combinations thereof) from
suitable sections of piston engine 3000.

In some embodiments, a cylinder may be configured to
undergo a thermal deformation corresponding to a con-
trolled temperature, or change thereot, of the cylinder, such
as, Tor example, those described in the context of FIGS. 22
and 27-30. A controlled temperature, or change thereof, may
correspond to a localized spatial region of the cylinder. The
use of a coolant, a heating fluid, a throttled flmid, an electric
resistance heater, any other suitable component or feature
for controlling temperature, or any combination thereof may
allow a control system to control one or more properties of
a piston engine such as, for example, a clearance gap.

Combination of Approaches

In some embodiments, two or more of the foregoing
approaches may be combined. Self-centering features, flud
bearings, heat pipes, coolant passages, deformable cylinder
liners, and any other suitable component or feature, may be
suitably combined 1in implementing a piston engine, in
accordance with the present disclosure.

For example, FIG. 31 shows a perspective view of a
portion of an 1llustrative piston assembly 3100 having seal
3104, tfluid bearing element 3108, and a self-centering
feature 3106, 1n accordance with some embodiments of the
present disclosure. Piston assembly 3100 may include piston
tace 3102, seal 3104, secli-centering feature 3106, fluid
bearing element 3108, any other suitable components (not
shown), or any combination thereotf. In some embodiments
(as shown), self-centering feature 3106 may be a part of seal
3104. For example, seal 3104 may include self-centering
feature 3106, which may be a machined step or other
suitable feature 1n the bearing element. In some embodi-
ments (not shown), seli-centering feature 3106 may be a part
of piston face 3102. For example, seli-centering feature
3106 may be a step, one or more slotted pockets, a tapered
portion, or other feature included in piston assembly 3100.
Gas supplied from any suitable fluid source, may be distrib-
uted within piston assembly 3100 via internal tluid passages
(not shown), and then may tlow through any suitable portion
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of fluid bearing element 3108 (shown as porous 1n FIG. 31,
but any suitable bearing element may be used).

In a further example, FIG. 32 shows a cross-section view
of an illustrative piston engine 3200 with a piston assembly
3210 having a bearing element 3214, a heat pipe 3250, and
a self-centering feature 3212, and a cylinder 3230 having a
deformable cylinder liner 3232 and coolant passages 3236,
in accordance with some embodiments of the present dis-
closure. Piston assembly 3210 may be configured to trans-
late 1n the bore created by deformable cylinder liner 3232,
with clearance gap 3260. Application of a liner fluid, con-
trolled to a suitable pressure, may be supplied to passage
3234, via port 3233, to adjust clearance gap 3260. Bearing
fluid may be supplied to passages 3218, and tlow out of
bearing element 3214 into clearance gap 3260 to aid in
centering piston assembly 3210 1n the bore. Self-centering
teature 3212 may aid in centering piston assembly 3210 1n
the bore. A suitable coolant may be supplied to coolant
passages 3236 1n cylinder 3230 to remove heat from cylin-
der 3230 or portions thereot. Heat pipe 3250, having fill port
3282, may aid in transferring heat away from piston face
3202 to another portion of piston assembly 3210. Ports 3270
may be used to supply oxidizer and/or fuel, supply and/or
remove driver gas, or remove exhaust from a section of the
cylinder.

In some embodiments, a combination of one or more
approaches may require one or more additional consider-
ations. For example, 1n some embodiments, a piston assem-
bly may include a self-centering feature configured to pro-
vide a seli-centering force using blow-by gas, and a bearing
clement configured to provide a bearing fluid to a clearance
gap. The seli-centering feature thus may require some
blow-by gas to flow along the clearance gap to provide the
self-centering force. Under some conditions, flow of blow-
by gas 1n the clearance gap may aflect the performance of
the bearing element by altering the flow pattern of the
bearing fluid in the clearance gap. Accordingly, in some
embodiments having a bearing element behind the seli-
centering feature (relative to the combustion section), blow-
by gas may be routed away from the clearance gap after
traversing the portion of the clearance gap adjacent to the
self-centering feature, but before entering the portion of the
clearance gap adjacent to the bearing element. Further, 1n
some arrangements, a bearing element may include a seli-
centering feature, and a collection of holes for directing
bearing fluid that may extend to the piston face. Accordingly,
in some such embodiments, no routing of the blow-by gas
away Irom the clearance gap need be used. The previous

examples may optionally be applied to a gas driver section
in addition to or instead of a combustion section.

Control of Clearance Gap and/or Other Properties

In some embodiments, one or more aspects of the opera-
tion of a piston engine may be controlled or otherwise
managed to aflect a temperature, clearance gap, any other
suitable property of the piston engine, or any combination
thereof. In some embodiments, controlling a temperature,
pressure, or other suitable property of a piston engine may
aid 1n managing a clearance gap of the piston engine. For
example, relatively large temperature differences may cause
deformation such as expansion of some components of a
piston engine, which may aflect a clearance gap. Controlling
temperature differences and/or temperature fields may aid in
reducing deformation, and accordingly may aid in managing
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the clearance gap. Managing a clearance gap may include
managing any other suitable property that may aflect a
clearance gap.

FIG. 33 1s a block diagram of an illustrative control
arrangement 3300 for a piston engine 3340, 1n accordance
with some embodiments of the present disclosure. A control
system 3310 may communicate with one or more sensors
3330 coupled to piston engine 3340. Control system 3310
may be configured to communicate with auxiliary systems
3320, which may be used to adjust aspects or properties of
piston engine 3340. In some embodiments, control system
3310 may be configured to interact with a user via user
interface system 3350.

Control system 3310 may include processing equipment
3312, communications interface 3314, sensor interface
3316, control mterface 3318, any other suitable components
or modules, or any combination thereof. Control system
3310 may be implemented at least partially in one or more
computers, terminals, control stations, handheld devices,
modules, any other suitable interface devices, or any com-
bination thereof. In some embodiments, the components of
control system 3310 may be communicatively coupled via a
communications bus 3311, as shown in FIG. 33. Processing
equipment 3312 may include a processor (e.g., a central
processing unit), cache, random access memory (RAM),
read only memory (ROM), any other suitable components,
or any combination thereof that may process information
regarding piston engine 3340, as received by sensor inter-
tace 3316 from sensor(s) 3330. Sensor interface 3316 may
include a power supply for supplying power to sensor(s)
3330, a signal conditioner, a signal pre-processor, any other
suitable components, or any combination thereof. For
example, sensor interface 3316 may include a filter, an
amplifier, a sampler, and an analog to digital converter for
conditioning and pre-processing signals from sensor(s)
3330. Sensor interface 3316 may communicate with
sensor(s) 3330 via communicative coupling 3319, which
may be a wired connection (e.g., using IEEE 802.3 ethemet
or universal serial bus interface), wireless coupling (e.g.,
using IEEE 802.11 “Wi-F1”, or Bluetooth), optical coupling,
inductive coupling, any other suitable coupling, or any
combination thereof. Control system 3310, and more par-
ticularly processing equipment 3312, may be configured to
provide control of piston engine 3340 over relevant time
scales. For example, a change 1n one or more temperatures
may be controllable 1n response to one or more detected
engine operating parameters, and the control may be pro-
vided on a time scale relevant to operation of the piston
engine (e.g., fast enough response to prevent overheating
and/or component failure).

Sensor(s) 3330 may include any suitable type of sensor,
which may be configured to sense any suitable property or
aspect of piston engine 3340. In some embodiments,
sensor(s) may include one or more sensors configured to
sense an aspect and/or property of a system ol auxiliary
systems 3320. In some embodiments, sensor(s) 3330 may
include a temperature sensor (e.g., a thermocouple, resis-
tance temperature detector, thermistor, or optical tempera-
ture sensor) configured to sense the temperature of a com-
ponent of piston engine 3340, a fluud ntroduced to or
recovered from piston engine 3340, or both. In some
embodiments, sensor(s) 3330 may include one or more
pressure sensors (e.g., piezoelectric pressure transducers)
configured to sense a pressure within a section of piston
engine 3340 (e.g., a combustion section, or gas driver
section), of a fluid introduced to or recovered from piston
engine 3340, or both. In some embodiments, sensor(s) 3330
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may include one or more force sensors (e.g., piezoelectric
force transducers) configured to sense a force within piston
engine 3340 such as a tensile, compressive or shear force
(e.g., which may indicate a friction force or other relevant
force information). In some embodiments, sensor(s) 3330
may 1nclude one or more current and/or voltage sensors
(e.g., an ammeter and/or voltmeter coupled to a LEM of
piston engine 3340) configured to sense a voltage, current,
work output and/or mput (e.g., current multiplied by volt-
age), any other suitable electrical property of piston engine

3340 and/or auxiliary systems 3320, or any combination
thereof.

Control interface 3318 may include a wired connection
(e.g., using IEEE 802.3 ethernet, or universal serial bus
interface), wireless coupling (e.g., using IEEE 802.11 “Wi-
F1”, Bluetooth, or other RF communication protocol), opti-
cal coupling, inductive coupling, any other suitable cou-
pling, or any combination thereof, for communicating with
one or more of auxiliary systems 3320. In some embodi-
ments, control interface 3318 may include a digital to analog
converter to provide an analog control signal to any or all of
auxiliary systems 3320.

Auxiliary systems 3320 may include a cooling system
3322, a pressure control system 3324, a gas driver control
system 3326, and/or any other suitable control system 3328.
Cooling/heating system 3322 may include a pump, fluid
reservoir, pressure regulator, bypass, radiator, tluid conduits,
clectric power circuitry (e.g., for electric heaters), any other
suitable components, or any combination thereof to provide
cooling, heating, or both to piston engine 3340. Pressure
control system 3324 may include a pump, compressor, fluid
reservolr, pressure regulator, fluid conduits, any other suit-
able components, or any combination thereof to supply (and
optionally receirve) a pressure controlled flmd to piston
engine 3340. Gas driver control system 3326 may 1nclude a
Compressor, gas reservoir, pressure regulator, fluid conduits,
any other suitable components, or any combination thereof
to supply (and optionally receive) a driver gas to piston
engine 3340. In some embodiments, other system 3328 may
include a valving system such as, for example, a cam-
operated system or a solenoid system to supply oxidizer
and/or fuel to piston engine 3340.

User mterface 3315 may include a wired connection (e.g.,
using IEEE 802.3 ethernet, or universal senal bus interface,
tip-ring-seal RCA type connection), wireless coupling (e.g.,
using IEEE 802.11 “Wi-F1”, Infrared, or Bluetooth), optical
coupling, inductive coupling, any other suitable coupling, or
any combination thereof, for communicating with one or
more of user interface systems 3350. User interface systems
3350 may include display 3332, keyboard 3354, mouse
3356, audio device 3338, any other suitable user interface
devices, or any combination thereof. Display 3352 may
include a display screen such as, for example, a cathode ray
tube screen, a liquid crystal display screen, a light emitting
diode display screen, a plasma display screen, any other
suitable display screen that may provide graphics, text,
images or other visuals to a user, or any combination of
screens thereof. In some embodiments, display 3352 may
include a touchscreen, which may provide tactile interaction
with a user by, for example, oflering one or more soft
commands on a display screen. Display 3352 may display
any suitable information regarding piston engine 3340 (e.g.,
a time series of a property of piston engine 3340), control
system 3310, auxiliary systems 3320, user interface system
3350, any other suitable information, or any combination
thereol. Keyboard 3354 may include a QWERTY keyboard,
a numeric keypad, any other suitable collection of hard
command buttons, or any combination thereof. Mouse 3356
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may include any suitable pointing device that may control a
cursor or icon on a graphical user interface displayed on a
display screen. Mouse 3356 may include a handheld device
(c.g., capable of moving 1n two or three dimensions), a
touchpad, any other suitable pointing device, or any com-
bination thereof. Audio device 3358 may include a micro-
phone, a speaker, headphones, any other suitable device for
providing and/or receiving audio signals, or any combina-
tion thereol. For example, audio device 3358 may include a
microphone, and processing equipment 3312 may process
audio commands received via user mterface 3315 caused by
a user speaking into the microphone.

In some embodiments, control system 3310 may be
configured to provide manual control, by receiving one or
more user inputs. For example, in some embodiments,
control system 3310 may override automatic control setting
based on sensor feedback, and base a control signal to
auxiliary system 3320 on one or more user inputs to user
interface system 3350. In a further example, a user may
input a set-point value for one or more control variables
(e.g., temperatures, pressures, tlow rates, work inputs/out-
puts, or other variables) and control system 3310 may
execute a control algorithm based on the set-point value.

In some embodiments, operating characteristics (1.e., a
collection of desired property values of piston engine 3340
or auxiliary systems 3320) may be pre-defined by a manu-
facturer, user, or both. For example, particular operating
characteristics may be stored in memory ol processing
equipment 3312, and may be accessed to provide one or
more control signals. In some embodiments, one or more of
the operating characteristics may be changed by a user.
Arrangement 3300 may be used to maintain, adjust, or
otherwise manage those operating characteristics.

FIG. 34 1s a flow diagram 3400 of illustrative steps for
adjusting a clearance gap of a piston engine, 1n accordance
with some embodiments of the present disclosure.

Step 3402 may include detecting a clearance gap indicator
using sensor(s) 3330. The clearance gap indicator may be a
temperature (e.g., ol a coolant, hating fluid, cylinder, piston,
or other component, or portion thereof), pressure, force,
distance (e.g., a clearance gap), work mteraction (e.g.,
clectromagnetic work output), material (e.g., blow-by or
property thereol) any other suitable detectable property, or
any combination thereol. Sensor interface 3316 may receive,
condition, and/or pre-process the clearance gap indicator
from sensor(s) 3330, and output a sensor signal to process-
ing equipment 3312. In some embodiments, a clearance gap
indicator may be stored and correlated to one or more
operating conditions of a piston engine. For example, cyl-
inder temperature may be correlated with fuel flow, and
stored as a mathematical expression or table. Accordingly,
step 3402 may include detecting the one or more operating
conditions of the piston engine, and recalling a stored
cylinder temperature value, which may be used for further
processing.

Step 3404 may include processing equipment 3312 deter-
miming a control response based at least in part on the
detected clearance gap indicator of step 3402. Processing
equipment 3312 may receive the sensor signal from sensor
interface 3316, and perform one or more processing func-
tions on the sensor signal. Processing functions may include
inputting the sensor signal values in an equation or other
mathematical expression, using the sensor signal values 1n a
look-up table or other database, any other suitable process-
ing, or any combination thereof. Processing equipment 3312
may determine a control response based on output of the one
or more processing functions. For example, a calculated
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value may be compared to a pre-defined threshold to deter-
mine a suitable control response. In a further example, one
or more calculated values may mputted mnto a control
algorithm (e.g., a proportional-integral-derivative (PID)
control algorithm), and one or more control signal values
may be determined.

Step 3406 may include processing equipment 3312 pro-
viding a control signal, based at least 1n part on the deter-
mined control response of step 3404, to one or more of
auxiliary systems 3320, using control interface 3318. The
control signal may be an analog signal, a digital signal, or a
combination thereof (e.g., an analog signal with a digital
timing signal), which may be provided as an electrical signal
(e.g., using wired cables), an electromagnetic signal (e.g.,
using IEEE 802.11 “Wi-F1”, or Bluetooth receivers/trans-
mitters), an optical signal (e.g., using fiber optic cables),
inductive signal (e.g., using suitable conductive coils), or
other suitable signal type.

Step 3408 may include the one or more of auxiliary
systems 3320 that received a control signal at step 3406
adjusting a clearance gap, or other property, of piston engine
3340. The one or more of auxiliary systems 3320 may adjust
a pressure, temperature, flow rate, tlow route, current, volt-
age, electric power, make any other suitable adjustment, or
any combination thereof based on the provided control
signal. As shown by the dotted arrow 1n FIG. 34, any or all
of steps 3402-3408 may be repeated to allow closed-loop
control. In some embodiments, an open-loop approach may
be used, in which step 3402 may be (but need not be)
omitted, and steps 3404-3408 are performed without loop-
ing.

In some arrangements, the temperature field of a cylinder
and/or piston assembly, or fluid contained therein, of a
piston engine may be a primary and convenient indicator of
a clearance gap, and the temperature field may accordingly
be actively adjusted to adjust the clearance gap. In an
illustrative example, step 3402 may include detecting a
temperature such as, for example, a cylinder temperature or
a coolant temperature (e.g., of coolant provided to coolant
passages of a cylinder of a piston engine). Step 3404 may
include determining how to adjust the temperature field to
maintain or otherwise manage the clearance gap, while step
3406 may include providing the corresponding control sig-
nal to the appropriate auxiliary system. For example, a
cylinder temperature may be increased by reducing a coolant
flow rate, which may increase a clearance gap via thermal
expansion. In a further example, a cylinder temperature may
be decreased by increasing a coolant flow rate, which may
decrease a clearance gap via thermal contraction. In a further
example, the flow of coolant or a heating fluid 1n more than
one set of fluid passages may be adjusted to control the
temperature field of zones of a cylinder (e.g., see FIG. 22).
In reference to the previous examples, a coolant or heating
fluid flow may be adjusted by adjusting, for example, a tlow
control valve, a pump rotation speed, a bypass tflow control
valve, a pressure regulator, any other suitable control device
for controlling a flow rate, or any combination thereof, based
on the control signal of step 3406. In a further 1llustrative
example, step 3402 may include detecting a temperature
such as, for example, a temperature of a heat pipe (e.g., the
temperature ol a heat pipe or heat pipe fluid therein) within
a cylinder of a piston engine. Step 3404 may include
determining how to adjust the temperature field to maintain
or otherwise manage the clearance gap, while step 3406 may
include providing the corresponding control signal to the
appropriate auxiliary system. For example, a heat pipe
temperature may be increased by increasing the pressure of
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the fluid within the heat pipe (e.g., by adding fluid to the heat
pipe, or reducing the volume of the heat pipe), which may
increase a clearance gap. In a further example, a heat pipe
temperature may be decreased by decreasing a heat pipe
pressure (e.g., by removing fluid from the heat pipe, or
increasing the volume of the heat pipe), which may decrease
a clearance gap. In reference to the previous example,
properties of a fluid within a heat pipe (e.g., having a fluid
port, or other adjustable feature) may be adjusted by adjust-
ing, for example, a flow control valve, a pressure regulator,
a check valve, any other suitable control device for control-
ling a heat pipe pressure and suitable tfluid port included 1n
the heat pipe, or any combination thereof, based on the
control signal of step 3406.

FIG. 35 1s a flow diagram 33500 of illustrative steps for
adjusting one or more properties of a piston engine, 1n
accordance with some embodiments of the present disclo-
sure.

In some embodiments, a clearance gap indicator may be
detected using sensor(s) 3330. Sensor interface 3316 may
receive a raw signal from sensor(s) 3330 and provide a
sensor signal to processing equipment 3312. For example,
step 3502 may include detecting a cylinder temperature of
piston engine 3340 using a temperature sensor such as a
thermocouple positioned in contact with or near a portion of
the cylinder (e.g., near a combustion section). In some
circumstances, increased cylinder temperatures may indi-
cate insuilicient cooling which may aflect a clearance gap. In
a further example, step 3504 may include detecting a piston
temperature of piston engine 3340 using a temperature
sensor such as a thermocouple positioned in contact with or
near a portion of a piston assembly (e.g., near a piston face).
In some circumstances, increased piston temperatures may
indicate insuflicient cooling which may aflect a clearance
gap. In a further example, step 3506 may include detecting
a fluid (e.g., a coolant, a heating tluid, or exhaust, which may
supplied to or recovered from piston engine 3340) tempera-
ture of piston engine 3340 using a temperature sensor such
as a thermocouple positioned 1n contact with or near the fluid
(e.g., mserted 1n a fluid conduit using a suitable measure-
ment port). For example, in some circumstances, increased
coolant temperatures may indicate insuilicient cooling
which may affect a clearance gap. In a further example, step
3507 may include detecting a pressure of a combustion
section, a gas driver section, a clearance gap, a coolant, a
heating fluid, any other fluid of piston engine 3340, or any
combination thereol using a pressure sensor such as a
piezoelectric transducer positioned 1n contact with or near
the coolant (e.g., inserted in a conduit using a suitable
measurement port). In a further example, step 3508 may
include detecting iriction between components ol piston
engine 3340 using a force sensor such as a piezoelectric
transducer and/or a temperature sensor such as a thermo-
couple positioned 1n contact with or near the interface of the
components. In some circumstances, an increased eflect of
friction (e.g., a friction force, or friction-generated heat) may
indicate an insutlicient clearance gap. In a further example,
step 3509 may include detecting one or more properties of
a clearance gap of piston engine 3340. The one or more
properties may include a thickness of the clearance gap (e.g.,
using a proximity sensor such as an induction sensor),
asymmetry of the clearance gap (e.g., using multiple prox-
imity sensors such as an induction sensors), blow-by tem-
perature (e.g., using a temperature sensor), blow-by pressure
(e.g., using a pressure sensor), blow-by composition (e.g.,
using a gas sensor such as an optical absorption sensor), and
other suitable property, or any combination thereof. In a
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further example, step 3510 may include detecting a work
interaction of piston engine 3340 using an electromagnetic
sensor (e.g., a voltmeter, ammeter, or power meter), a
pressure transducer (e.g., to detect pressure for calculating a
mean eflective pressure (MEP) such as indicated MEP, brake
MEP, and/or iriction MEP), or other suitable sensor, to
provide an indication of a clearance gap. In some circum-
stances, a reduced work output, or increased work input
requirements may indicate an insuilicient and/or excessive
clearance gap.

Step 3512 may 1nclude processing equipment 3312 deter-
mining a control response based at least in part on any or all
of the detected clearance gap indicators of steps 3502, 3504,
3506, 3508, and 3510. Processing equipment 3312 may
receive the sensor signal from sensor interface 3316, and
perform one or more processing functions on the sensor
signal. Processing functions may include mputting the sen-
sor signal values in an equation or other mathematical
expression, using the sensor signal values 1n a look-up table
or other database, any other suitable processing, or any
combination thereol. Processing equipment 3312 may deter-
mine a control response based on output of the one or more
processing functions. For example, a calculated value may
be compared to a pre-defined threshold to determine a
suitable control response. In a further example, one or more
calculated values may inputted into a control algorithm (e.g.,
a PID control algorithm), and one or more control signal
values may be determined.

Step 3514 may include processing equipment 3312 pro-
viding a control signal, based at least 1n part on the deter-
mined control response of step 3512, to one or more of
auxiliary systems 3320, using control interface 3318. The
control signal may be an analog signal, a digital signal, or a
combination thereof (e.g., an analog signal with a digital
timing signal), which may be provided as an electrical signal
(e.g., using wired cables), an electromagnetic signal (e.g.,
using IEEE 802.11 “Wi-F1”, or Bluetooth receivers/trans-
mitters), an optical signal (e.g., using fiber optic cables),
inductive signal (e.g., using suitable conductive coils), or
other suitable signal type.

In some embodiments, the control signal of step 3514 may
be received by one or more of auxiliary systems 3320, which
may adjust a clearance gap, or other property, of piston
engine 3340. For example, as shown by step 3516, the
control signal of step 3514 may be received by cooling/
heating system 3322, which may adjust a temperature of a
coolant or heating fluid. Cooling/heating system 3322 may
include a thermostat or other temperature regulating device,
which may adjust a coolant or heating fluid temperature
provided to piston engine 3340 at step 3516 according to the
control signal. In a further example, step 3516 may include
cooling/heating system 3322 adjusting one or more throttle
properties to control a temperature of a throttled fluid. In a
turther example, as shown by step 3518, the control signal
of step 3514 may be received by cooling/heating system
3322, which may adjust a flow rate of a coolant or heating
fluid. Cooling/heating system 3322 may include a tflow
regulator (e.g., a metering valve or ornfice), which may
adjust a flow rate of coolant or heating fluid provided to
piston engine 3340 at step 3518 according to the control
signal. In a further example, step 3518 may include cooling/
heating system 3322 adjusting one or more throttle proper-
ties to control a flow rate of a throttled fluid. In a further
example, as shown by step 3520, the control signal of step
3514 may be received by cooling/heating system 3322,
which may adjust a flow route of a coolant or heating fluid
at step 3520. Cooling/heating system 3322 may include one
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or more valves, throttles, or other flow control devices which
may direct and control a flow rate of coolant or heating fluid
provided to piston engine 3340 to and/or from one or more
fluid passages, according to the control signal. In a further
example, as shown by step 3522, the control signal of step
3514 may be received by pressure control system 3324,
which may adjust one or more properties of a heat pipe at
step 3522. Pressure control system 3324 may include one or
more valves and a fluid reservorr, and may adjust the
pressure of tluid within a heat pipe of piston engine 3340
(e.g., by supplying or removing tluid from the heat pipe),
according to the control signal. In a further example, as
shown by step 3524, the control signal of step 3514 may be
received by pressure control system 3324, which may adjust
the pressure and/or flow of a liner fluid to a deformable
cylinder liner of piston engine 3340. Pressure control system
3324 may include one or more valves, pumps, and a fluid
reservolr, and may adjust the pressure and/or flow rate of
liner fluid, and accordingly the deformation of the deform-
able cylinder liner of piston engine 3340 (e.g., by increasing
or decreasing pressure in the liner passages) at step 3524,
according to the control signal. In a further example, as
shown by step 3526, the control signal of step 3514 may be
received by other system 3328, which may adjust one or
more properties of piston engine 3340. Other system 3328
may include any suitable components to achieve the adjust-
ment of the one or more properties of piston engine 3340 at
step 3526, based at least in part on the control signal. For
example, other system 3328 may include power electronics
configured to provide electric power to one or more electric
resistance heaters embedded in piston engine 3340, and step
3526 may include adjusting voltage, current, or both sup-
plied to the electric resistance heaters.

Any of the illustrative steps of flow diagrams 3400-3500
may be combined with other steps, omitted, rearranged, or
otherwise altered 1n accordance with the present disclosure.

The foregoing 1s merely 1llustrative of the principles of
this disclosure and various modifications may be made by
those skilled 1n the art without departing from the scope of
this disclosure. The above described embodiments are pre-
sented for purposes of 1llustration and not of limitation. The
present disclosure also can take many forms other than those
explicitly described herein. Accordingly, it 1s emphasized
that this disclosure 1s not limited to the explicitly disclosed
methods, systems, and apparatuses, but i1s intended to
include variations to and modifications thereof, which are
within the spirit of the following claims.

What 1s claimed 1s:

1. A method of controlling a clearance gap between a
piston assembly and a cylinder of a free-piston engine, the
method comprising:

detecting at least one indicator of the clearance gap;

determining a control response based at least 1n part on the

indicator;

generating a control signal based at least 1in part on the

control response; and

causing the clearance gap to be adjusted based at least in

part on the control signal, wherein:

the piston assembly comprises at least one feature or
component that interacts with blow-by gas from a
compression section of the free-piston engine to aid
in centering the piston assembly, wherein the at least
one feature or component 1s selected from the group
consisting of a step, a slotted pocket, a labyrinth, and
any combination thereof.

2. The method of claim 1, wherein the at least one
indicator comprises a temperature.
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3. The method of claim 1, wherein the at least one
indicator comprises a thickness of the clearance gap.

4. The method of claim 1, wherein the at least one
indicator comprises a pressure.

5. The method of claim 1, wherein the at least one
indicator comprises a gas flow rate.

6. The method of claim 1, wherein the at least one
indicator comprises a work interaction of the free-piston
engine.

7. The method of claim 1, wherein the at least one
indicator comprises a velocity.

8. The method of claim 1, wherein the at least one
indicator comprises an acceleration.

9. The method of claim 1, wherein causing the clearance
gap to be adjusted comprises causing a pressure to be
adjusted to a cylinder liner positioned coaxial 1n the cylinder.

10. The method of claim 1, wherein causing the clearance
gap 1o be adjusted comprises causing a flow of a bearing
fluid through a bearing element of the free-piston engine to

be adjusted.

11. The method of claim 1, wherein causing the clearance
gap to be adjusted comprises providing a coolant to at least
one ol the piston assembly and the cylinder to control a
temperature of the free-piston engine.

12. The method of claim 1, wherein causing the clearance
gap to be adjusted comprises causing a property of a heat
pipe of the free-piston engine to be adjusted.

13. The method of claim 1, wherein causing the clearance
gap to be adjusted comprises causing a force applied to a
piston assembly of the free-piston engine to be adjusted.

14. The method of claim 1, wherein causing the clearance
gap to be adjusted comprises causing a pressure of a gas tlow
to the 1nside of the cylinder to be adjusted.

15. A system configured to control a clearance gap
between a piston assembly and a cylinder of a free-piston
engine, the system comprising:

at least one sensor configured to detect at least one

indicator of the clearance gap;

processing equipment configured to determine a control

response based at least in part on the at least one
indicator; and

a control interface configured to provide a control signal

based at least 1in part on the control response, wherein:

the piston assembly comprises at least one feature or
component that interacts with blow-by gas from a
compression section of the free-piston engine to aid
in centering the piston assembly, wherein the at least
one feature or component 1s selected from the group
consisting of a step, a slotted pocket, a labyrinth, and
any combination thereof.

16. The system of claim 15, wherein the at least one
sensor 1s configured to detect a temperature.

17. The system of claim 15, wherein the at least one
sensor 1s configured to detect a thickness of the clearance
gap.

18. The system of claim 15, wherein the at least one
sensor 1s configured to detect a pressure.

19. The system of claim 15, wherein the at least one
sensor 1s configured to detect a fluid flow rate.

20. The system of claim 15, wherein the at least one
sensor 1s configured to detect a work output of the free-
piston engine or work mnput to the free-piston engine.

21. The system of claim 15, wherein the at least one
sensor 1s configured to detect a velocity.

22. The system of claim 15, further comprising at least
one auxiliary system configured to adjust the clearance gap
based at least in part on the control signal.
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23. The system of claim 22, wherein the at least one
auxiliary system 1s configured to adjust the clearance gap by
adjusting a pressure to the outside of a cylinder liner
positioned coaxial in the cylinder to reduce or increase the
clearance gap 1n response to the control signal.

24. The system of claim 22, wherein the at least one
auxiliary system 1s configured to adjust the clearance gap by
increasing or decreasing a gas flow through a bearing
clement of the free-piston engine in response to the control
signal.

25. The system of claim 22, wherein the at least one
auxiliary system 1s configured to adjust the clearance gap by
providing a coolant to at least one of the piston assembly and
the cylinder to control a temperature of the free-piston
engine 1n response to the control signal.

26. The system of claim 22, wherein the at least one
auxiliary system 1s configured to adjust the clearance gap by
adjusting a property of a heat pipe of the free-piston engine
in response to the control signal.

27. The system of claim 22, wherein the at least one
auxiliary system 1s configured to adjust a force applied to a
piston assembly of the free-piston engine in response to the
control signal.

28. The system of claim 22, wherein the at least one
auxiliary system 1s configured to adjust a pressure of a gas
flow to the 1nside of the cylinder 1n response to the control
signal.

29. A method of controlling a clearance gap between a
piston assembly and a cylinder of a free-piston engine, the
method comprising:

causing the clearance gap to be adjusted based at least in

part on a control signal, wherein:

the piston assembly comprises at least one feature or

component that interacts with blow-by gas from a

compression section of the free-piston engine to aid in
centering the piston assembly, wherein the at least one
Jeature ov component is selected from the group con-
sisting of a step, a slotted pocket, a labyrinth, and any
combination thereof.

30. The method of claim 29, further comprising:

generating a contrvol signal based at least in part on a
control response corresponding to at least one indica-
tor of the clear gap, wherein the at least one indicator
comprises a temperature.
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31. The method of claim 29, further comprising:
generating a control signal based at least in part on a
control response corresponding to at least one indica-
torv of the clear gap, wherein the at least one indicator
5 comprises a thickness of the clearance gap.
32. The method of claim 29, further comprising:
generating a control signal based at least in part on a
control vesponse corresponding to at least one indica-
tor of the clear gap, wherein the at least one indicator
comprises a pressure.
33. The method of claim 29, further comprising:
generating a control signal based at least in part on a
control vesponse corresponding to at least one indica-
tor of the clear gap, wherein the at least one indicator
comprises a gas flow rate.

34. The method of claim 29, further comprising:

generating a control signal based at least in part on a

control response corresponding to at least one indica-
tor of the clear gap, wherein the at least one indicator
comprises a work interaction of the piston engine.

35. The method of claim 29, further comprising:

generating a control signal based at least in part on a

control vesponse corresponding to at least one indica-
tor of the clear gap, wherein the at least one indicator
comprises a force.

36. The method of claim 29, wherein causing the clear-
ance gap to be adjusted comprises causing a fuel flow to the
piston engine to be adjusted.

37. The method of claim 29, wherein causing the clear-
ance gap to be adjusted comprises causing a flow of a
bearing fluid through a bearing element of the piston engine
to be adjusted.

38. The method of claim 29, wherein causing the clear-
ance gap to be adjusted comprises providing a coolant to the
piston engine.

39. The method of claim 29, wherein the piston assembly
comprises a piston rvod coupled to a piston comprising a
circumferential groove configured to receive a piston ving or
piston ring assembly.

40. A free-piston piston assembly comprising at least one
Jeature or component that intevacts with blow-by gas from a
compression section of a free-piston machine in which the
free-piston assembly reciprocates to aid in centering the
piston assembly, whevein the at least one feature or com-
ponent is selected from the group consisting of a step, a

slotted pocket, a labyrinth, and any combination thereof.
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