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[571 ABSTRACT

A substantially closed cylinder containing a compress-
ible fluid, such as air, and a free piston for reciprocation
within the cylinder, and a number of elongated passage-
ways, each having an end opening into the cylinder and
an opposite closed end. The passageways are heated

1 Cotton s o 21 1 1 7 P S o T g e e i
No. 121,371, Mar. 5, 1971, abandoned. and the cylinder wall are cooled. Piston reciprocation is
T T effected by the force of heated expanding gas moving
[ESVID (T o I I F02G 1/04  from the closed ends of the passageways to drive the
[52] US. €l oooooeeeeeveveesersvesmsessesessssreen 60/520  Ppiston in one direction as the gas cools in the region
[58] Field of Search ............coocoreossrsssonn. 60/517-526;  between the piston end and the cooled open ends of the
417 /207’ passageways. The piston compresses the gas at the op-
posite piston face, which gas in turn drives the piston
[56] References Cited back after the force of the compressed gas exceeds the
force of the cooling gas to regularly repeat such cycle.
U.S. PATENT DOCUMENTS
3,807,904 4/1974 SChUMAR ....coooomeoermrersern. 4177207 162 Claims, 18 Drawing Figures
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1
OSCILLATING PISTON APPARATUS

Matter enclosed in heavy brackets [ J appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

RELATIONSHIP TO CO-PENDING
APPLICATION

The present application is a continvation of my co-
pending application, Ser. No. 227,514, filed Feb. 18,
1972, for “Oscillating Piston Apparatus”, now U.S. Pat.
No. 3,807,904, granted Apr. 30, 1974, which in turn is a
continuation-in-part of application Ser. No. 121,371,
filed Mar. 5, 1971, now abandoned.

BACKGROUND OF THE INVENTION

The apparatus herein relates to an oscillating piston
and cylinder construction which may be used as a
pump, such as is described in my U.S. Pat. No.
3,489,335, now reissued as U.S. Pat. No. Re. 27,740 or as
a gas analyzer mechanism such as is disclosed in my
U.S. Pat. No. 3,516,745, or as part of an engine such as
is described in U.S. Pat. No. 3,583,155, or other devices
which utilize thermal energy for power. The apparatus
herein is a simplification of and in some directions an
improvement of the equipment described in the forego-
ing patents and applications. .

More specifically, the present invention provides
[more} some preferred forms of heat transfer surfaces
for driving a moving part, e.g., a piston, whereby the
heat transfer surfaces are in structures that are relatively
efficient and compact. Means are also provided for
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eliminating some or all of the valves and other pieces of 35

mechanism which were utilized in the abovementioned
equipment for restricting fluid flow into a heating
chamber and for positioning the center [or] of piston
oscillation.

SUMMARY OF THE INVENTION

Summarizing, the invention herein contemplates
forming a number of elongated passageways, each
opening into a drive chamber near one face of a moving
oscillating wall of the chamber, which may be formed
by a piston face. Each of the passageways is heated and
the drive chamber is cooled whereby a temperature
gradient exists between the drive chamber and the pas-
sageways. A compressible fluid, such as air, is forced by
the piston face into and through the passageways. The
fluid is heated in the passageways and is returned back
to the drive chamber to drive the piston in one direc-
tion: Simultaneously, the piston compresses the fluid at
its opposite face and the compression of fluid in this
opposite chamber of the cylinder in which the piston
oscillates causes the piston to rebound or return. Fluid
entering the drive [chanber] chamber during the oscil-
lation cycle is simultaneously cooled to assist in driving
the piston in the other direction to thereby regularly
repeat the cycle of piston and gas movement.

By using long passageways, heated near one end and
cooled near their openings into the drive chamber for
providing a difference in temperature between the pas-
sageways and the drive chamber, thermopneumatic
energy is thereby provided to sustain the natural reso-
nance fof] or oscillation of the piston between the
gaseous compression springs at opposite faces of the
piston, without the need for additional valving and

45

50

55

60

65

“description, of which the

2

other mechanical controls. A sealing action of the pis-
ton against side walls of the cylinders separates the
gaseous compression springs and the mass of the piston
decreases the resonant frequency to improve the effi-
ciency and power of the device.

These and other objects and advantages of this inven-
tion will become apparent upon reading the following
attached drawings form a
part. :

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic, elevational, cross-sectional
view of the oscillating piston apparatus;

FIG. 2 is a cross-sectional view taken in the direction
of arrows 2—2 of FIG. 1;

FIG. 3 is a top or plan view of the piston taken in the
direction of arrows 3-—3 of FIG. 1;

FIGS. 4-11, inclusive, show successive positions of
the piston during one cycle;

FIG. 12 is an elevational, schematic, cross-sectional
view of a modification;
- FIGS. 13-17 each illustrate schematic, cross-sec-
tional, views of different modifications; and

FIG. 18 is a cross-sectional view of a novelty device
utilizing the principles of the present invention.

DETAILED DESCRIPTION OF THE
~ DRAWINGS

Referring to FIGS. 1-3, the oscillating piston appara-
tus 10 is formed of a closed cylinder 11 containing a free
piston 12. The piston has an upper drive face 13 formed
with integral, wedge-shaped fins 14. The opposite pis-
ton face 15 forms a compression face. Free piston 12 can
be considered as having an integral form that has sub-
stantially the same cross sectional dimensions and work-
ing area throughout its length.

The piston 12 divides the cylinder into an upper,
drive, cooling chamber portion 16 and a lower, com-
pression chamber portion 17 which are normally sepa-
rated from each other by a seal formed between the side
walls of cylinder 11 and piston 12. The upper and lower
faces of piston 12 can be considered as moving walls of

- variable volume chambers having fixed walls defined

by the upper and lower portions of cylinder 11.

The upper end or head 18 of the cylinder located
above the upper chamber, is formed with a passageway
means comprising a number of heated elongated pas-
sageways 19, having closed upper ends and lower ends
20 which open into the upper chamber 16 with flared or
outwardly wedge-shaped openings to provide greater
surface area for cooling. The lower ends 20 correspond
in shape to the wedge-shaped fins 14 on the piston 12, to
form mating variable geometry cooling passageways.
Alternatively, the upper drive face 13 of the piston may
be flat and the lower ends 20 of the passageways 19 not
flared or wedge-shaped. The passageway lower ends 20
variably exposed by the fins 14 of piston 12 serve as
passageway means for cooling heated gas flowing into
drive chamber 16.

The upper or closed ends of the passageways 19 are
heated by means of a suitable, independent heating
mechanism, such as heating tube 21 for carrying a
heated fluid through exterior pipes 22 from a suitable
external heater 23. The heating mechanism may be
varied and its specific construction forms no part of the
invention herein. A lower heating tube 21a may also be
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included to supply heat some distance below the upper
ends of the passageways.

The lower [endsJ} end portions or open ends 20 of
passageways 19 are cooled- by cooling tube 24, con-
nected by exterior pipes 25 to an external cooling device
26. Another cooling tube 24a, at the bottom of the
flared ends 20, may also be [include] included for
better cooling. Also a third cooling tube 24b, arranged
in the cylinder wall, may be used to cool the cylinder
wall surface in the region traversed and variably ex-
posed by the upper drive face 13 of the piston. The form
of the cooling device is not part of the invention and
may be varied. The object here is to provide one or
more heated passageways opening into a cooled cham-
ber containing the piston face, such that the drive cham-
ber has one or more variably exposed cooled passage-
ways. The cooled and heated passageways are formed
of a heat conductive material so that theré is a tempera-
ture variation between the heated passageways and the
cooled drive chamber including the cooled passageway
openings. Preferably an insulating layer 27 is provided
between the wall portions defining upper and lower
parts of the passageways to reduce wasteful heat flow.
More than one insulating layer may also be used, form-
ing a somewhat laminated structure. Instead of being
straight and arranged in parallel, the fins and passage-
ways may be arranged in other configurations, e.g., the
passageways and fins may be circular and arranged in
concentric rings. The passageways may, in the alterna-
tive, be outside of the cylinder and enter-the drive
chamber via a port in the side wall of the cylinder.

The upper chamber 16 is connected to the lower
cylinder chamber 17, around the piston, by a shunt pipe
28 containing an upper, normally closed valve 29 and a
lower; normally closed valve 30, in turn connected to a
gas or air-inlet-31. Valves 29 and 30 are made of a con-
ventional fwager] wafer, ball, or similar type of pres-
sure closing valve, of the type which is essentially
sealed when closed. However, the valves are generally
formed so that they do not tightly close at relatively
low pressure differential but. permit some leakage
through them. Leakage through valves 29 and 30 de-
creases substantially to zero as the differential pressure
across each valve increases,

The valves 29 and 30 permit a small upward flow of

gas around the piston. When the piston moves up, some
gas may leak through the valve [20F 29 to pipe 31.

When piston 12 is near the top of its stroke, a small.

amount of gas enters into the lower chamber 17 due to
the valve 30 opening. On the piston downstroke, valve
30 closes whereas gas may enter through valve 29. Due
to the weight of the piston, there is a little less gas, and
a little higher compression ratio, below the piston than
above it. Thus, gas tends to flow upwardly around the
piston, and is replaced by a net intake of gas through
valve 30 and a net leakage through valve 29. If piston 12
drifts too low, the higher compression ratio below its
lower face causes upward movement of the piston,
whereby more gas is drawn through valve 30.

To start the reciprocation or oscillation of piston 12,
a starting mechanism is necessary. This is schematically
illustrated as starter 32, including an external cylinder
33 connected by a pipe 34 into the lower chamber 17 of
the main cylinder 11. A piston 35 connected to a piston
rod 36, which is moved back and forth (left to right and
vice versa as illustrated) by a suitable drive mechanism
(not shown) to draw gas through valve 30 into the
cylinder 33 and to move gas from the cylinder 33 into
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the chamber 17 and vice versa to force the piston 12 to
move up and down. Once the piston 12 begins moving
due to the full operation of the heating device 23 and
cooling device 26, the starter is deactivated and posi-
tioned close to chamber 17, i.e., at the extreme left, as
viewed in FIG. 1. Usually a single cycle of the piston 35
is sufficient to initiate oscillation.

The oscillation of piston 12 at a particular frequency
is determined by a number of factors, including: the
inertia or mass of piston 12 and the effect of pneumatic
springs formed by the gases compressed by the upper
and lower faces of piston 12 while the piston is oscillat-
ing. The means for sustaining oscillation includes these
factors and further includes: the thermal lag properties
of the passageways means, i.e., the time or portion of an
Loscillating§ oscillation cycle of piston 12 for the maxi-
mum and minimum gas temperatures to occur after
maximum and minimum compression of the gas in the
chamber formed by the passageways and the upper face
of piston 12; the amount of heating of gas in passage-
ways 19; the amount of gas cooling in drive chamber 16.
It is to be noted that the net flow of cool fluid (fluid
colder than the temperature of the hot walls of the
passageways 19) that flows or is induced to flow into
passageways 19, by the upper face of piston 12, while
the piston is approaching the passageways, is primarily

-and directly responsive to pressure variations in this

fluid. Further, the pressure variations in the fluid being
compressed into passageways 19 is primarily and di-
rectly responsive to the changes in the volume of the
chamber defined by the upper face of piston 12 and the
passageways 19, which changes in volume are caused
by the moving chamber wall comprised of the upper
face of piston 12.

OPERATION

FIGS. 4-11, inclusive, show successive steps in one
cycle of movement of the piston 12. Starting with FIG.
4, the piston is shown in its bottom, dead center postion.
At bottom dead center, the gas below the piston in the
compression chamber (see arrows) pushes the piston
upwardly with greater force than is exerted against the
upper face of the piston by the expanded, cooling gas in
the drive chamber.

FIG. § shows the piston moving upwardly under the
rebound of the compressed gas in the compression
chamber and driving the still cooling gas upwardly into
the passageways 19.

FIG. 6 shows the piston in the top dead center posi-
tion, wherein the pressure of the gas below piston 12 is
less than the pressure of the gas above the piston and the
gas above the piston is being heated and beginning to
return downwardly from the upper closed ends of the
passageways 19.

FIG. 7 shows the gas, while still being heated in the
passageways 19 expanding from the passageways into
the upper, drive chamber to force piston 12 down-
wardly with the piston compressing the gas below it.

In FIG. 8, piston 12 is about one-quarter of the way
down, compressing the gas below it to force the gas
downwardly in response to the expanding gas above the
piston. The expanding gas above the piston 12 is simul-
taneously being cooled at the lower or outlet ends of
passageways 19.

In FIG. 9, piston 12 is about one-half way down, and
the force of the gas being compressed beneath the pis-
ton is increasing while the force of the gas above the
piston is decreasing due to the increased volume of the
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drive chamber and the decreased volume in the lower
chamber, as well as the cooling of the gas in the drive
chamber. , L

FIG. 10 shows the piston about three-quarters of the
way down with the pressure of the compressed gas
below the piston now exceeding the pressure of the
cooling gas above the piston so that the speed of the
piston decreases.

FIG. 11 shows piston 12 at its bottom position again,
with the compressed gas below the piston now pushing
the piston upwardly against the decreased pressure of
the cooling gas above the piston; at this time the pres-
sure above piston 12 is considerably less than the pres-
sure below the piston. Thereafter, the cycle repeats
with the piston rapidly oscillating or reciprocating up
and down during the repetition of each cycle. -~

MODIFICATION FIG. 12

FIG. 12 shows a modification wherein the cylinder
head 18a is arranged to one side of the top of cylinder
11a and opens into the top of cylinder through a nozzle
like opening 40. The piston 12a may have a smooth or
flat top. The fins may be omitted whenever significant
power or amplitude of oscillation is not required. The
cylinder wall is cooled by cooling tube 24b. The opera-
tion and construction is otherwise the same as that de-
scribed above in connection with FIG. 1. By locating
the passageways 19a off to one side of the cylinder, a
single set of passageways can be used to synchronously
drive more than one piston (see FIG. 14, below). Also,
without the fins, the cylinder is clear for use as a vari-
able volume optical chamber gas analyzer by provxdmg
the necessary transparent windows in the cylmder €i-
ther above or below the piston as is described in my
prior U.S. Pat. No. 3,516,745, of June 9, 1970.

MODIFICATION FIG. 13

FIG. 13 shows a construction having a pair of side
cylinder heads 18b, 18c, each having heating tubes 21
and 21b, as described above. The cylinder heads open
through nozzle-like openings 41, into th_e cylinder 11b,
above and below the piston 12b. The piston has upper
and lower fins 42 which mesh with fixed coolmg fins 43
having coolmg pipes 24c. Thus, the piston 12b is posi-
tively driven in both directions so that the oppos1te
faces of the piston can be considered as opposed moving
walls of a pair of chambers, which walls have a relatlve
phase displacement of 180°,

FIG. 13 also shows check valves 29 and 30 polarized
to pass air [through] into the chambers above and

- below piston 12b for positioning the center of piston
oscillation. Adjustable, spring biased, flow limiter valve
29a passes an adjustable amount of air to a load (not
shown) only when the pressure in the upper cylinder
chamber is greater than load pressure by a small amount
determined by the position of spring.29c. Check valve
29b keeps air from returning from the load. Check
valves 29a and 29b can control the pumping power
supplied to a load so that piston 12b is not stalled.

MODIFICATION FIG. 14

FIG. 14 shows another modification wherein the
cylinder head 18d, which has the same configuration as
those shown in FIGS. 12 and 13, has a fluid flow path
into the center of the cylinder 11c through nozzle-like
opening 45. A pair of pistons 12c, 12d, each having fins
46 on their inner faces, mesh with spaced apart central
cooling fins 47-48, having integral cooling pipes 24d.
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The two pistons are synchronized to move in opposite
directions at all times. That is, pistons 12c and 12d are

driven apart by the cooling gas located between them,

and rebound towards each other by-the gas which they
compress at the opposite ends of the cylmder Synchro-
nizing oscillation of the two pistons in this manner can
essentlally eliminate vibration of the device. More than
two pistons can also be synchronized in this manner.
Also an additional set of cooling fins in, and heated
passageways opening into, each compression chamber,
can be added for additional power. The facing faces of
pistons 12c and 12d can thereby be considered as syn-
chronized moving walls of a variable volume chamber.
The chamber walls move toward each other to com-
press gas fed into passageways of cylinder head 18d and
move away from each other to expand the chamber
volume in response to heated gas being ejected from the
passageways.

MODIFICATION FIG. 15

FIG. 15 [Lillustrated] illustrates a modification which
is similar to that shown in FIG. 1 above, except that an
additional piston 12e is added at the upper end and
passageways ‘19 are not closed at one end. Thus, the
cylinder lid is elongdted upwardly, as are the passage-
ways 19. The cooling tubes 24 and 24a and the heating
tubes 21 and 21a are duplicated and a second insulating
or thermal barrier 27a is provided. The upper piston 12e
is provided with fins, as in FIG. 1, to mesh with the
flared upper ends of the passageways 19. The operation
is the same as that described above in connection with
FIG. 1, except for the driving of two pistons 12-12e,
instead on the one piston as illustrated in connection
with FIG. 1. Alternatively, the stationary and moving
fins may be omitted but the drive chamber walls would
nevertheless be cooled. Gases flowing in the upper and
lower portions of passageways 19 in response to oscilla-
tion of pistons 12 and 12e have a tendency to remain
separate from each other even though there is no me-

* chanical obstruction across the passageways.

MODIFICATION FIG. 16

FIG. 16 illustrates an oscillating piston apparatus 50
including a cylinder 11e which contains a single piston
12f, having lower face fins meshing with fixed cooling
fins 51. Fins 51 include cooling tubes 52 similar to those
described above in connection with FIGS. 13 and 14. In
FIG. 16, head 18e, which is the same as the heads de-
scribed above in connection with FIGS. 12, 13 and 14,
is offset to one side and opens into the cylinder on the
side of the cooling fins 51 opposite the piston 12f.

For purposes of positioniig the piston 12f, without
using valves, vertical grooves 53 are formed in the
center portion of the cylinder 11e, that is, in the wall of
the cylinder. Grooves 53 are by-pass passageways
around a portion of the cylinder, which passageways
have a fluid flow 1mpedance that is substantially the
same to fluid flow in both directions through the pas-
sageways. Thus, as the piston moves up and down, the
leakage of gas, above and below the piston through the
grooves 53, tend to maintain the center of piston oscilla-
tion near the center of grooves 53. If, for example, the
center of piston oscillation drifts below the center of the
grooves 53, more gas leaks downwardly around piston
12f through the grooves 53 while the piston is in the
upper portion of its stroke, than leaks upwardly during
the bottom portion of its stroke. There is, thereby, a net
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flow of gas downwardly to raise the center of piston
oscillation upwardly.

MODIFICATION FIG. 17

FIG. 17 illustrates apparatus 60 which is identical to
that described above in connection with FIG. 16, ex-
cept that instead of the centering grooves. U:shaped
by-pass tubes 61 are formed in the wall of the cylinder
for purposes of keeping the center of piston oscillation
near or at the center or midpoint of the [U-shaped]
U-shaped bypass tube 61. In FIGS. 13, 14, 16 and 17 the
heated passageways may alternatively be connected to
the drive chamber(s) via a port(s) in the cylinder side
wall between the piston and the fixed cooling fins.

MODIFICATION FIG. 18

Reference is now made ot FIG. 18 wherein there is
illustrated a novelty device or a physics demonstration
device adapted to be powered by heat from a conve-
nient source, such as a lamp of the incandescent type. A
pair of arcuate, heated passageways, 71 is located in a
partially transparent housing 72 having a [shaped]
shape adapted to mate with an incandescent light bulb
globe (not shown). The globe supports housing 72 with
the aid of metal clip or holding strap 73 that is fixedly
mounted on housing 72 and is adapted to be frictionally
connected to the globe. Heating of passageways 71 by
heat from the lamp can be augmented by providing the
housing 72 with radiation absorbing substances, e.g.,
colored glass. It is to be understood that a single heated
passageway may provide sufficient heating to operate
the device. - v .

Passageways 71, as well as passageways 19, are rela-
tively long and have considerable breadth, but are rela-
tively narrow in width to provide optimum. oscillation
of gases therein. If housing 72 and passageways 71 are
formed of a relatively weak material, e.g., glass, spacing
between walls of the passageways is preferably main-
tained by spacers 74, that are sufficiently small to have
only a slight effect on fluid flow in the passageways.

One end of each of passageways 71 is connected in
fluid flow relationship to one end of hollow tube 75,
that is downwardly depending from housing 72. The
other end of tube 75 is connected in fluid flow relation-
~hip with transparent cylinder 76 that contains free
piston 77. Cylinder 76 can be maintained securely in situ
by spring clip 80 that is adapted to be secured to a suit-
able support, such as a lamp pole that carries the bulb
for supporting housing 72. Gas in cylinder 76 is cooled
by air from the surrounding environment, without re-
sort to cooling by cooling coils. To center piston 77,
cylinder 76 includes a number of longitudinal grooves
78, centrally located on its interior side wall.
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To initiate oscillation of piston 77, the lower end of

cylinder 76 is in fluid flow relationship with starter 78
that includes a rubber or plastic bellows [78F 79 hav-
ing an upper interior wall bonded to the exterior, lower
wall of cylinder 76. Leaf springs 81 catch the folds or
lower end face of bellows 79 to maintain the bellows in
a compressed state after the bellows has been com-
pressed by an operator. Prior to compression of the
bellows the fower face of piston 77 bears against the
uppermost fold of bellows 79. In certain instances, it is
desirable to space the uppermost bellows fold from the
lower edge of cylinder 76 to provide a leaky cylinder
during starting, whereby air can get below the lower
edge of cylinder 76 and establish a better rebound
chamber. ‘
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In each of the described embodiments, by using the
ideal gas law it can be shown that for a given low com-
pression ratio (less than 2:1), the pneumatic power sup-
plied by the heating and cooling means to the piston to
sustain piston oscillation is approximately proportional
to the amplitude or amount of temperature variation of
the gas during the cycle and to the sine of the phase
angle of thermal lag introduced primarily by the pas-
sageways, i.e., the phase [leg] lag of the variation in
the average temperature of gas in the chamber with
respect to the instantaneous compression ratio. The
instantaneous compression ratio can be defined as the
ratio of the maximum chamber volume to the instanta-
neous chamber volume. As illustrated, the length and
breadth of each passageway typically are each substan-
tially greater than the passageway width, which may be
substantially constant throughout the length and
breadth of the passageways. The passageway width is
chosen according to the desired frequency of piston
Eoperation] oscillation to be sufficiently narrow and
uniform to heat or cool substantially all of the gas in the
passageway sufficiently to provide an adequate ampli-
tude of temperature variation. Heating is provided by
passageways 19 and cooling by passageways between
teeth 14 of piston 12 and by the cylinder wall portion
traversed by the piston face.

The amplitude of the variation in average gas temper-
ature during the cycle is determined by the amount of
gas which is heated and cooled during the cycle and
also by the amount of heating and cooling of this gas.

The passageways are preferably sufficiently narrow
to allow heating or cooling of the gas emerging from
the passageways throughout [the] substantially all of
the cross section of the passageways, whereby there is
heating or cooling of gas near the center of the passage-
ways, as well as at the walls of the passageways. The
passageway width must, however, be wide enough to
readily admit sufficient quantities of gas for heating or
cooling of the gas in the passageways 19. The passage-
way width must also be wide enough to provide an
adequate angle of thermal lag such that gas is being
heated and fed from the thermal lag heater to the piston
as the piston is moving away from the heated passage-
way, and gas is being cooled in the thermal lag cooling
chamber (drive chamber) as the piston moves toward
the heated passageways, to maintain the piston in oscil-
lation. Thus, a compromise width is generally chosen at
any given frequency of operation to maximize the prod-
uct of the amplitude of the temperature variation and
the sine of the thermal lag angle, so as to increase power
and efficiency. Because of the thermal lag requirement,
a heat exchanger of this invention typically has a pas-
sageway width greater than that of heat exchangers
employed in Stirling cycle engines operating at the
same frequency. .

The breadth and length of a passageway are generally
each made larger than the width in order to increase the
volume and decrease the fluid drag of the passageway.
Thereby, the amount of gas that can be heated or cooled
by the passageway is increased, with a minimum in-
crease in surface area and viscous drag. The resulting
passageway structure is relatively compact and pro-
vides good heating and cooling paths through the solid
material forming the passageway walls. Thereby, exter-
nal heating and cooling of the passageways is made
more efficient. _ )

The passageways thus have a characteristic thermal
time constant for heating or cooling fluid. The time
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constant is primarily determined by the average width
of the passageways, and secondarily by other factors
such as length, and breadth, smoothness, properties of
the fluid, and conditions of operation. These factors are
chosen according to the desired frequency of operation
to provide a thermal time constant which results in a
sufficient phase angle of thermal lag at the oscillation
frequency to sustain oscillation and to provide an ade-
quate or optimum amplitude of oscillation. The propor-
tionality mentioned above for compression ratios less
than 2:1 may be less accurate for higher compression
ratios but is nevertheless valuable as a guide for design-
ing, at a given frequency of operation, an optimum
thermal lag heating chamber and an optimum thermal
lag cooling chamber.

‘Because of the thermal lag requirement, it is desired
that heating of gas predominate over cooling for a per-
iod of time after maximum compression. Correspond-
ingly, it is desired that the net cooling of gas near mini-
mum compression continue for a period of time after
minimum compression.

It should be understood that almost any compressible
fluid, such as a liquid and its vapor, may be used as the
working fluid of this device. However, the thermal lag
device of this invention, by itself, is not expected to be
as efficient an energy converter as some existing heat
engines.

It should also be understood that the center of oscilla-
tion of all the pistons illustrated in all the embodiments
herein can be positioned either by check valves, similar
to the techniques shown in FIGS. 1 and 13, or by pas-
sageway means bypassing a portion of the cylinder wall,
as illustrated in FIGS. 16, 17 and 18. For example, in
each of FIGS. 14 and 15, the pistons could be positioned
by means of three inlet check valves or by means of two
by-pass passageways or grooves. In addition, the check
valve arrangement illustrated in FIG. 13 for pumping
gas can be adapted to any of the embodiments illus-
trated herein. Pumping power can thus be drawn from
any and all chambers of the devices illustrated by ap-
propriately connecting the check valves to the cham-
bers.

While there have been described and illustrated sev-
eral specific embodiments of the invention, it will be
clear that variations in the details of the embodiments
specifically illustrated and described may be made with-
out departing from the true spirit and scope of the in-
vention as defined in the appended claims. For example,
the passageways means can modify the thermal lag and
the amount of heating of the gas by forming the pas-
sageway wall material to have a specific heat, thermal
conductivity and geometrical configuration to provide
a thermal time constant that causes cycling of the wall
temperature at substantially the same frequency as the
piston oscillates.

The device of FIG. 18 can be modified in numerous
ways, such as providing an upwardly extending hollow
tube to connect the heated passageways with the cylin-
der containing the free piston. It is also possible to elimi-
nate clip 73 by forming the passageways in a pair of
interconnected sections, each adapted to fit on opposite
sides of a lamp globe and dimensioned to be slighly
smaller than the globe so as to be frictionally held on the
globe with the aid of a fluid conduit connecting the two
sections together.

The device described herein may also be used as a
cooling device, e.g., for cooling a typical engine valve.
Thus, the valve head would contain the heated passage-
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ways and the cooled valve stem would contain the
oscillating piston. Oscillation of the piston and a gas or
fluid within the sealed valve would cool the valve head
and valve seat by transferring heat to the valve stem and
valve guide and thence to a water jacket or other con-
ventional means for cooling a valve stem.

What is claimed is:

1. An oscillating piston apparatus comprising a cylin-
der, a free piston in the cylinder, said [cyliner] cylinder
having a side wall with a port therein, a rebound cham-
ber containing compressible fluid for reversing the mo-
tion of the piston[.J, said rebound chamber having as
a moving wall portion a face of the piston, means in-
cluding said rebound chamber for sustaining oscillatory
motion of the piston in the cylinder and means for con-
trolling the location of the center of oscillation of the
piston in the cylinder, said controlling means including
said rebound chamber and a passageway communicat-
ing with the cylinder via the port, said passageway
by-passing a portion, and only a portion, of the axial
length of the cylinder, said passageway having a fluid
flow impedance which is substantially the same for fluid
flow in either direction through the passageway,
wherein said port, said by-passed portion of the cylin-
der, and an unbypassed portion of the cylinder are ail at
least partially traversed by the piston.

2. The apparats of claim 1 wherein the free piston is
of substantially integral construction.

3. The apparatus of claim 1 wherein the cross-sec-
tional dimensions of the free piston are substantially the
same throughout substantially all of its length.

4. The apparatus of claim 1 wherein the means for
sustaining includes means for alternately heating and
cooling the fluid.

§. The apparatus of claim 1 wherein the means for
sustaining includes heated passageway means communi-
cating with said cylinder.

6. The apparatus of claim 5 further including means
for heating said heated passageway means.

7. The apparatus of claim 5 wherein said heated pas-
sageway means includes at least one passageway having
a characteristic length and breadth which are each sub-

. stantially greater than its characteristic width.

8. The apparatus of claim 1 further including another
rebound chamber for reversing the motion of the piston,
wherein the two rebound chambers are gaseous cham-
bers acting as compression springs on opposite faces of
the piston.

9. The apparatus of claim 1 further including a second
port in the cylinder side wall, said passageway further
communicating with the cylinder via said second port,
wherein the two ports are located at different axial
positions in the cylinder side wall, and the axial length
of the by-passed cylinder portion is determined primar-
ily by the axial separation and size of said ports.

10. The apparatus of claim 1 wherein the axial length
of said by-passed cylinder portion is less than the axial
length of the piston side wall.

11. The apparatus of claim 1 wherein the passageway
is of integral construction.

12. The apparatus of claim 1 wherein said controlling
means comprises groove means in the cylinder wall in
said by-passed portion of the cylinder.

13. The apparatus of claim 1 wherein said passageway
has no moving parts.

14. The apparatus of claim 1 wherein the controlling
means has no moving parts.
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15. The apparatus of claim 1 wherein the sustaining
means has no moving parts other than the piston itself.

16. The apparatus of claim 1 wherein the controlling
means is of integral construction.

17. An oscillating piston apparatus comprising two
cylinders, a free piston in each cylinder, each of said
cylinders having a side wall with a port therein, means
for sustaining oscillatory motion of each piston in its
cylinder, and means for controlling the locations of the
centers of oscillation of the pistons in their cylinders,
said controlling means including: a common chamber
for the two cylinders, said common chamber containing
compressible fluid and having as moving wall portions
one face of each piston, a separate rebound chamber for
each piston, said rebound chamber containing com-
pressible fluid and having as a moving wall portion the
opposite face of the piston, and a fluid passageway for
each cylinder communicating with the respective cylin-
der via the respective port, said passageway by-passing
a portion, and only a portion, of the axial length of the
cylinder, said passageway having a fluid flow impe-
dance which is substantially the same for fluid flow in
either direction through the passageway; whereby the
center of oscillation of each piston is located near the
mid-point of the by-passed portion of its cylinder.

18. The apparatus of claim 17 wherein the means for
sustaining includes means for synchronizing the oscilla-
tory motion of the pistons.

19. The apparatus of claim 17 wherein the means for
sustaining includes means for maintaining synchronous
and opposite oscillatory motion of the pistons.

20. The apparatus of claim 17 wherein the means for
sustaining includes means for alternately heating and
cooling the fluid.

21. The apparatus of claim 17 wherein the means for
sustaining includes heated passageway means for re-
peatedly heating the fluid in the common chamber.

22. The apparatus of claim 17 wherein the passage-
way for each cylinder consists of a passageway in said
portion of the cylinder wall.

23. The apparatus of claim 17 wherein said control-
ling means for each cylinder comprises groove means in
the cylinder wall in said by-passed portion of the cylin-
der. ’

24. The apparatus of claim 17 wherein said control-
ling means for each cylinder includes by-pass passage-
way means having no moving parts.

25. The apparatus of claim 17 wherein the free plstons
are each of substantially integral construction.

26. The apparatus of claim 17 wherein the cross-sec-
tional dimensions of each piston are substantially the
same throughout substantially all of the piston length.

27. The apparatus of claim 17 wherein the axial
length of said by-passed cylinder portion is less than the
axial length of the piston side wall.

28. The apparatus of claim 17 wherein the sustaining
means has no moving parts other than the two free
pistons.

29. A naturally resonant oscillatory device compris-
ing a chamber containing compressible fluid, said cham-
ber having structure forming at least one peripheral
wall portion susceptible to being oscillated at a natural
resonant frequency of oscillation so as to cyclically
decrease and increase the volume of the chamber, said
chamber being substantially sealed during at least a
substantial portion of the oscillation cycle, said chamber
having fluid passageway means communicating with
the at least one wall portion, means for heating said fluid
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passageway means, means for sustaining oscillatory

‘motion of the at least one wall portion of the chamber so

as to alternately decrease and increase the volume of the
chamber, means including the oscillatory motion of the
wall portion for repeatedly inducing a flow of cool fluid
into said heated passageway means; said heated passage-
way means being designed in accordance with the fre-
quency of oscillation to: (a) readily admit said cool
fluid, (b) heat substantially all of said admitted fluid, (c)
heat fluid in the passageway means as the oscillating
wall portion moves in a direction to increase the volume
of the chamber during said portion of the cycle, and (d)
eject heated compressible fluid from the passageway
means into a region of the chamber external to the pas-
sageway means as the oscillating wall portion moves in
a direction to increase the volume of the chamber dur-
ing said portion of the cycle; said cool fluid flow induc-
ing means further including means for cooling fluid
ejected from said heated passageway means, said means
for sustaining including: (a) the heated fluid passageway
means, (b) the flow inducing means including the mo-
tion of said wall portion and the means for cooling
ejected fluid, (c) inertia of the structure, and (d) spring
action of fluid compressed by the oscillating wall por-
tion; wherein the energy for sustaining said oscillation is
derived primarily from said heating and said cooling;
wherein a net flow of fluid is induced into the heated
passageway means while the volume of the chamber is
decreasing during said portion of the cycle, said net
flow being primarily and directly responsive to pressure
variations of the fluid in the chamber resulting primarily
and directly from changes in the chamber volume
caused by the oscillating portion.

30. The device of claim 29 wherein said means for
cooling said ejected fluid primarily comprises cooling
of the ejected fluid by cool wall surfaces of the chamber
external to said heated passageway means.

31. The device of claim 29 wherein said heating
means includes means for heating said fluid passageway
means substantially independently of the instantaneous
phase of said at least one oscillating peripheral wall
portion.

32. The device of claim 29 wherein said at least one
oscillating peripheral wall portion includes two periph-
eral wall portions oscillating substantially in synchro-
nism so as to, substantially with the same phase, cycli-
cally decrease and increase the volume of the chamber.

33. The device of claim 32 wherein each of the wall
portions is a free piston oscillating in a cylinder. ~

34. The device of claim 33 further including groove
means for each cylinder bypassing only a portion of the
cylinder for positioning the center of oscillation of the
free piston.

35. The device of claim 32 wherein said cooling of the
ejected fluid primarily includes cooling of the ejected
fluid by cool walls of the chamber external to the heated
passageway means.

36. The device of claim 35 wherein said cool walls
primarily include walls of the chamber proximate the
oscillating portions and the faces of the oscillating por-
tions. .

37. The device of claim 32 wherein the means for
heating the passageway means includes for heating the
passageway means substantially. independently of the
instantaneous phases of the oscillating wall portions.

38. The device of claim 32 wheréin said wall portions
communicate both with each other and with said heated
passageway means via a fluid flow connecting means,
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wherein said means for sustaining oscillation includes
cooling of said ejected fluid by cool walls of the con-
necting means proximate the oscillating portions.

39. The device of claim 29 wherein said heated pas-
sageway means includes an elongated passageway hav-
ing an average length substantlally greater than its aver-
age width.

40. The device of claim 29 wherein said chamber is
substantially sealed during substantially all of the oscil-
latory cycle.

41. The device of claim 29 wherein said heating
means includes means for heating said passageway
means substantially independently of said natural reso-
nant frequency of oscillation.

42. The device of claim 29 wherein said passageway
means comprises an elongated passageway having an
average length and an average breadth each of which is
substantially greater than the average width of the pas-
sageway.

43. The device of claim 29 wherein there is an in-
crease in effective exposure of a cool surface to fluid in
the chamber as the wall portion moves in a direction to
increase the chamber volume, whereby said means for
cooling the ejected fluid includes cooling of the ejected
fluid by said variably exposed cool surface.

44. The device of claim 29 wherein said heating of
fluid in said passageway means and said cooling of
ejected fluid each primarily comprises thermal transfer
between the fluid and walls of the chamber.

45. The device of claim 29 wherein the means for
sustaining oscillation includes cooling of the ejected
fluid by cool wall surfaces of the chamber proximate the
oscillating portion.

46. The device of claim 45 wherein said cool wall
surfaces include an exposed face of the oscillating por-
tion.

47. The device of claim 29 wherein the heated pas-
sageway means includes an elongated passageway hav-
ing a characteristic passageway width selected in accor-
dance with the oscillatory frequency to augmerit said
oscillation.

48. The device of claim 29 wherein the heated pas-
sageway means includes a multiplicity of heated elon-
gated passageways.

49. The device of claim 29 wherein the passageway
means is formed to mate with an electric bulb which
provides heat for heating the passageway means.

50. The device of claim 29 wherein said inducing of
cool fluid into said heated passageway means for said
heating and ejecting of said fluid takes place primarily
while said chamber volume is decreasing during said
portion of the cycle.

51. The device of claim 29 wherein said inducing of
cool fluid into said heated passageway means for said
heating and ejecting of said fluid takes place substan-
tially entirely while said chamber volume is decreasing
during said portion of the cycle.

52. The device of claim 29 wherein said wall portion
comprises a free piston oscillating in [the] ¢ cylinder:

53. The device of claim 52 further including cylinder
bypass means for positioning the center of oscillation of
the free piston in the cylinder.

54. The device of claim 53 wherein said bypass means
bypasses only a portion of the cylinder, said center of
oscillation being positioned near the mid-point of the
bypassed portion. ]

55. The device of claim 54 wherein the bypass means
includes a bypass passageway bypassing said bypassed
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cylinder portion and having substantially equal fluid
flow impedance in either direction through the passage-
way.

56. The device of claim 55 wherein said passageway
is of integral construction.

57. The device of claim 55 wherein said passageway
is,integral with the cylinder.

58. The device of claim 55 wherein said bypass means
comprises groove means in the cylinder sidewall.

59. The device of claim 55 wherein said bypass means
comprises means for forming the cylinder side wall to
provide a lower impedance to fluid flow between the
piston and cylinder side walls in the bypassed portion of
the cylinder than in portions of the cylinder beyond the
bypassed portion.

60. A naturally resonant oscillatory device compris-
ing a variable volume chamber, said chamber having
structure forming at least one wall portion susceptible
to being oscillated at a natural resonant frequency of
oscillation so as to alternately decrease and increase the
volume of the chamber, said chamber maintained in a
substantially closed condition during at least a portion
of the oscillation cycle, said chamber having fluid pas-
sageway means communicating with the at least one
wall portion, means for heating said fluid passageway
means, means for sustaining oscillatory motion of the at
least one wall portion of the chamber so as to alter-
nately decrease and increase said chamber volume,
means including the oscillatory motion of the wall por-
tion for cyclically inducing a flow of cool fluid into said
heated passageway means; said heated passageway
means having a geometry and an average passageway
width selected in accordance with the frequency of
oscillation to readily admit said cool fluid and to heat by
thermal transfer means substantially all of said admitted
fluid so. as to eject heated compressible fluid from the
heated passageway means during said portion of the
cycle as the oscillating wall portion moves in the same
general direction as the ejected fluid and to heat fluid in
the heated passageway means during said portion of the
cycle as the oscillating wall portion moves in the same
general direction as the [ejectef] ejected fluid; said
means for sustaining including: the heating of the fluid

- by said passageway means, the means for heating said

passageway means, said flow inducing means, inertia of
the structure and spring action of fluid compressed by
the oscillating wall portion; wherein a net flow of fluid
is induced into the heated passageway means while the
fluid is being compressed toward the heated passage-
way means by the oscillating portion during said por-
tion of the cycle, said net flow being primarily and
directly responsive to pressure variations of the fluid in
the chamber resulting primarily and directly from
changes in the chamber volume caused by the oscillat-
ing portion.

61. The device of claim 60 wherein said cool fluid
inducing ‘means includes thermal transfer means for
cooling said ejected fluid.

62. The device of claim 61 wherein said cooling
means primarily includes cooling of the ejected fluid by
cool walls of the chamber external to the heated pas-
sageway mears.

63. The device of claim 61 wherein said cooling
means includes cooling of the ejected fluid by cool
walls of the chamber cyclically varied in effective expo-
sure to the fluid by the oscillating portion.

" 64. The device of claim 61 wherein said cooling pro-
vides the primary cooling for sustaining said oscillation.
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65. The device of claim 60 wherein the cool fluid
inducing means primarily includes cooling of the
ejected fluid by cool walls of the chamber proximate
the oscillating portion.

66. The device of claim 60 wherein the cool fluid
inducing means includes means for cooling the induced
fluid.

67. The device of claim 66 wherein the energy for
sustaining said oscillation is derxved primarily from said
heating and said cooling:

68. The device of claim 60 wherein the heat energy
for sustaining said oscillation is provided primarily by
said heating.

69. The device of claim 60 wherein said fluid passage-
way means is heated substantially in dependently of the
instantaneous phase of the oscillating portion. .

70. The device of claim 69 wherein the at least one
oscillating peripheral wall portion includes two periph-
eral wall portions oscillating substantially in synchro-
nism so as to substantially together alternately decrease
and increase said chamber volume.

71. The device of claim 70 wherein each of the wall
portions is a free piston oscillating in a cylinder.

72. The device of claim 71 wherein the heated pas-
sageway means is formed to be heated by an electric
light bulb which provides sufficient heat energy for
sustaining said oscillation while providing light for il-
lumination of* the surroundings.

73. The device of claim 72 further including groove
means in the inside surface of the side-wall of each of
said cylinders for controlling the center of oscillation of
each piston in its cylinder. ‘

74. The device of claim 70 wherein said wall portions
communicate both with each other and with said heated
passageway means via a-fluid connecting means, and
wherein said means for sustaining oscillation ‘includes
cooling of said induced fluid by ¢ool walls of the con-
necting means proximate the oscillating portions.

75. The device of claim 69 wherein said heated pas-
sageway means includes an elongated passageway hav-
ing an average length and an average breadth each of
which is substantially greater than the average width of
the passageway.

76. The device of claim 69 wherein said chamber is
substantially sealed durmg substantially all of the oscil-
latory cycle.

77. The device of claim 69 wherein the heated pas-
sageway means includes a multiplicity of elongated
heated passageways.

78. The device of claim 69 wherein said inducing of
cool fluid into said passageway means for said heating
and ejecting of said fluid takes place substantially en-
tirely while said chamber volume is decreasing during
said portion of the cycle.

79. The device of claim 60 wherein said passageway
means is heated substantially independently of said nat-
ural resonant frequency of oscillation.

80. The device of claim [50] 60 wherein said ejected
heated fluid is derived primarily from cool fluid in-
duced into said heated passageway means while said
chamber volume decreases during said portion of the
cycle.

81. The device of claim 60 wherein said mducmg of
cool fluid into said passageway means for said heating
and ejecting of said fluid takes place primarily while
said chamber volume is decreasmg during said portion
of the cycle.

16
82. The device of claim 60 wherein the wall portion
comprises a free piston oscillating in a cylinder.

.83. The device of claim 82 further including means
bypassing only a.portion of the cylinder to position the
center of oscillation of the free piston within the bypass-
ing portion.

84. The device of claim 83 wherein the bypass means
includes a bypass passageway bypassing said cylinder

. portion and having substantially equal impedance for
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fluid flow in either direction through the passageway.

85. The device of claim 83 wherein said bypass means
comprises means for forming the cylinder sidewall to
provide a greater mean separation between the piston
and cylinder side walls in the bypassed cylinder portion
than in a cylinder portion beyond the bypassed portion.

'86. The apparatus of claim 1 wherein said passageway
and said port comprise an enlargement of the inside
diameter of the cylinder in a region of the cylinder
side-wall within said bypassed portion.

87. The apparatus of claim 17 wherein said passage-
way and said port for each cylinder comprise an en-
largement of the inside diameter of the cylinder in a
region of the cylinder side-wall within said bypassed
portion.

88. The device of claim 82 further including means
bypassing only a portion of the cylinder to position the
center of oscillation of the free piston near the bypassed
portion.

89. In a free-piston device having at least one free-piston
mounted for reciprocation in a cylinder, a gaseous fluid
maintained in the cylinder at at least one end of the free-
Dpiston, the improvement comprising means associated with
the cylindrical walls of the piston and cylinder for reducing
the tendency of the piston to creep into or out of the working
gas space of the cylinder as it reciprocates in the cylinder,
wherein the cylinder has a snug piston receiving bore, and
means for providing a by-pass for the fluid proximate a
desired mid-point of the stroke of the piston in the cylinder,
said by-pass including at least one gas passage of a length
less than the length of the piston and extending axially
along the piston cylinder interface in opposite directions
Jfrom the desired mid-point of the stroke of the piston.

90. The free piston device defined in claim 89 wherein
the gas passage is provided in the cylindrical wall of the
cylinder.

91. The device of claim 90 further including means for
maintaining a gaseous fluid at the end of the free piston
opposite from the one end.

92. The device of claim 89 further including means for
maintaining a gaseous fluid at the end of the free piston
opposite from the one end.

93. An oscillating piston apparatus comprising a cylin-
der, a free piston in the cylinder, means for sustaining
oscillatory motion in the piston in the cylinder, and means
Jor controlling the location of the center of oscillation of the
piston in the cylinder, said controlling means including a
rebound chamber for reversing the motion of the piston and
at least one passageway extending axially along the side
wall of the cylinder to bypass a portion of the cylinder and
having a fluid flow impedance which is substantially the
same for fluid flow in each direction through the at least
one passageway, wherein said portion of the cylinder is at
least partially traversed by the piston, and wherein the
length of said bypassed cylinder portion in a direction along
the cylinder axis is less than the length of the piston side
wall in said direction.

94. The apparatus of claim 93 further including another
rebound chamber for reversing the motion of the piston,
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wherein the two rebound chambers are gaseous chambers
acting as compression springs on opposite faces of the pis-
ton.

95. The apparatus of claim 94 wherein the free piston is
of substantially integral construction.

96. An oscillating piston apparatus comprising a cylin-
der, a free piston in the cylinder, means for sustaining
oscillatory motion in the piston in the cylinder, and means
Jor controlling the location of the center of oscillation of the
Dpiston in the cylinder, said controlling means including a
rebound chamber for reversing the motion of the piston and
at least one passageway bypassing a portion of the cylinder
and having a fluid flow impedance which is substantially
the same for fluid flow in each direction through the at
least one passageway, wherein said portion of the cylinder is
at least partially traversed by the piston, and wherein the
length of said bypassed cylinder portion in a direction along
the cylinder axis is less than the length of the piston side
wall in said direction, wherein the cross-sectional dimen-
sions of the free piston are substantially the same through-
out substantially all of the length of the piston.

'97. The apparatus of claim 93 wherein the free piston is
of substantially integral construction.

98. The apparatus of claim 93 wherein the cross-sec-
tional dimensions of the free piston are substantially the
same throughout substantially all of the length of the pis-
ton.

99. In a free-piston engine or pump having at least one
free-piston mounted for reciprocation in a cylinder, a pres-
surized gaseous fluid maintained in the cylinder at at least
one end of the free-piston, the improvement comprising
means associated with the cylindrical walls of the piston
and the cylinder for reducing the tendency of the piston ro
creep into or out of the working gas space of the cylinder as
it reciprocates in the cylinder, wherein the cylinder has a
snug piston receiving bore and means extending axially on
the cylinder wall providing at least one gas passage of a
length less than the length of the piston and extending in
opposite directions from the mid-point of the stroke of the
Diston.

100. A method of reducing the tendency of a free-piston
of a free-piston motion device to creep into or out of the
working space of its cooperating cylinder comprising the
steps:

Jorming a bore in a cylinder to snugly receive a piston

within the bore; and

Jorming an axial gas passage in the cylindrical surface of

the cylinder of a length less than the length of the
piston.

101. An oscillating piston apparatus comprising a cylin-
der, a free piston in the cylinder between rebound chambers
containing compressible fluid at opposite faces of the free
piston, means for sustaining oscillation of the free piston in
the cylinder, bypass means for controlling the location of
the center of oscillation of the free piston in the cylinder,
said bypass means comprising at least one passageway
bypassing a portion of a side wall of the cylinder, said
passageway being capable of carrying fluid in each direc-
tion according to the polarity of the instantaneous pressure
differential across the passageway, said passageway having
at least one port in the cylinder sidewall, said passageway
configured to bypass a varying length of the piston sidewall
as the piston oscillates in the cylinder, said length generally
decreasing as the piston moves in a direction away from a
preferred location for the center of oscillation of the piston,
movement of the center of piston oscillation away from said
preferred location in said direction causing a greater travel
of the piston in said direction and a greater average impe-
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dance to fluid flow in the opposite direction along the piston
sidewall, whereby there is a net fluid flow along the piston
sidewall in said direction tending to move the center of
piston oscillation in the opposite direction.

102. The apparatus of claim 101 wherein said bypass
means comprises groove means in the cylinder sidewall,
and said passageway is a groove in the cylinder wall

103. The apparatus of claim 101 wherein said bypass
means is disposed solely exterior to the piston.

104. The apparatus of claim 101 wherein said passage-
way is formed in the sidewall of the cylinder.

105. The apparatus of claim 101 wherein the bypass
means is formed solely in the sidewall of the cylinder.

106. The apparatus of claim 101 wherein said bypass
means consists of substantially axial groove means in the
cylinder sidewall.

107. The apparatus of claim 101 wherein said passage-
way is formed to have a fluid flow impedance which is
substantially the same for fluid flow in either direction
through said passageway.

108. The apparatus of claim 101 wherein said passage-
way is configured and disposed such that said passageway
remains stationary relative to the cylinder throughout the
oscillatory cycle. _

109. The apparatus of claim 101 wherein the length of
said port in a direction along the cylinder axis is a substan-
tial fraction of the axial length of the piston sidewall, said
piston sidewall blocking said port to a varying degree dur-
ing the oscillatory cycle.

110. The apparatus of claim 101 wherein the length of
said port in a direction along the cylinder axis is approxi-
mately equal to the axial length of the piston sidewall.

111, The apparatus of claim 101 wherein the means for
sustaining includes means for alternately heating and
cooling the fluid,

112. The apparatus of claim 101 wherein all surfaces of
said bypass means remain stationary with respect to said
cylinder throughout the oscillatory cycle.

113. The apparatus of claim 101 wherein the piston
sidewall is impervious to fluid flow through the sidewall.

114. The apparatus of claim 101 wherein the outer sur-
Jace of the piston sidewall has the shape of a cylinder sec-

" tion.

115. The apparatus of claim 101 wherein the length of
said bypass means in a direction along the cylinder axis is
approximately equal to the axial length of the piston side-
wall,

116. The apparatus of claim 101 wherein the axial
length of said bypass means is slightly less than the axial
length of the piston sidewall,

117. An oscillating piston apparatus comprising a cylin-
der, a free piston in the cylinder, means for maintaining a
compressible fluid at at least one end of the free piston,
means for sustaining oscillation of the free piston in the
cylinder, and passageway means extending axially along
an interface between the piston and cylinder for locating
the center of piston oscillation proximate said passageway
means. :

118. The apparatus of claim 117 wherein said passage-
way means comprises groove means disposed along said
interface.

119. The apparatus of claim 118 wherein said groove
means has an orientation approximately parallel to the
cylinder axis.

120. The apparatus of claim 118 wherein said groove
means is disposed in the sidewall of the cylinder.
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121. The apparatus of claim 117 wherein said passage-
way means consists of groove means in the sidewall of the
cylinder.

122. The apparatus of claim 117 wherein said passage-
way means has substantially equal fluid flow impedances
in opposite directions along said passageway means.

123. The apparatus of claim 117 wherein said passage-
way means is shorter in an axial direction than the ex-
pected extremes of travel of the piston.

124. The apparatus of claim 117 wherein the length of
said passageway means along the cylinder axis is approxi-
mately equal to the axial length of the piston sidewall.

125. The apparatus of claim 117 wherein the axial
length of said passageway means is less than the axial
length of the piston sidewall.

126. The apparatus of claim 117 wherein said passage-
way means bypasses a portion, and only a portion, of the
axial length of the cylinder.

127. The apparatus of claim 117 wherein the piston
sidewall is impervious to fluid flow through the sidewall.

128. The apparatus of claim 117 wherein the outer sur-
Jace of the piston sidewall has the shape of a cylinder sec-
tion.

129, The apparatus of claim 117 wherein said passage-
way means is disposed solely exterior to the piston.

130. The apparatus of claim 117 wherein all bounding
surfaces of said passageway means are stationary relative to
the cylinder.

131. The apparatus of claim 117 wherein the means for
sustaining comprises means for alternately heating and
cooling the fluid.

132. The apparatus of claim 117 wherein said piston
oscillates between rebound chambers containing compress-
ible fluid at opposite ends of the piston.

133. An oscillating piston apparatus comprising a cylin-
der, a free piston in the cylinder between rebound chambers
containing compressible fluid at opposite end faces of the
Jree piston, means for sustaining oscillation of the free
piston in the cylinder, cylinder bypass means for controlling
the location of the center of oscillation of the free piston in
the cylinder, wherein said bypass means includes at least
one bypass passageway bypassing a portion of the cylinder
proximate a desired location for the center of piston oscilla-
tion, said passageway being capable for carrying fluid in
either direction through said passageway according to the
polarity of the instantaneous pressure differential across
the passageway, said bypass means in conjunction with the
Ppiston motion facilitating a gradual and automatic adjust-
ment in the relative amounts of fluid in said rebound
chambers tending to prevent drift of the piston center of
oscillation away from said preferred location, wherein said
bypass means is disposed solely exterior to the piston and
includes at least one port along the piston-cylinder inter-
Sace.

134. The apparatus of claim 133 wherein the fluid flow
impedance of said passageway is substantially the same in
either said direction.

135. The apparatus of claim 133 wherein said cylinder
bypass means is disposed in the cylinder sidewall.

136. The apparatus of claim 133 wherein the cylinder
bypass means bypasses a portion, and only a portion, of the
axial length of the cylinder.

137. The apparatus of claim 133 wherein the length of
said passageway in a direction along the cylinder axis is
approximately equal to the axial length of the piston side-
wall.
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138. The apparatus of claim 133 wherein the length of
said passageway in a direction along the cylinder axis is less
than the axial length of the piston sidewall.

139. The apparatus of claim 133 wherein the piston
sidewall has a contiguous design such that fluid is pre-
vented from flowing through the piston sidewall.

140. The apparatus of claim 133 wherein the shape of
the outer surface of the piston sidewall is a cylinder section.

141. The apparatus of claim 133 wherein the means for
sustaining includes means for repeatedly heating the fluid.

142. The apparatus of claim 133 wherein the length of
said bypass means in a direction along the cylinder axis is
less than the expected axial length of the piston cylinder
interface.

143. The apparatus of claim 133 wherein the axial
length of said bypass means is approximately equal to the
axial length of the piston sidewall.

144, The apparatus of claim 133 wherein the axial
length of said bypass means is slightly less than the axial
length of the piston sidewall.

145. The apparatus of claim 133 wherein said bypass
means is of integral construction.

146. The apparatus of claim 133 wherein said bypass
means is stationary relative to the cylinder.

147. The apparatus of claim 133 wherein said bypass
means comprises groove means along the piston-cylinder
interface.

148. The apparatus of claim 133 wherein, throughout
the oscillatory cycle, said bypass means bypasses no more
than a portion of the piston.

149. The apparatus of claim 133 wherein said bypass
means comprises an enlargement of the inside diameter of
the cylinder in a region of the piston-cylinder interface.

150. The apparatus of claim 133 wherein said bypass
means consists of substantially axial groove means alon
the piston-cylinder interface. ’

151. The apparatus of claim 150 wherein the axial
length of said groove means is approximately equal to the
axial length of the piston sidewall.

152, The apparatus of claim 150 wherein the axial
length of said groove means is slightly less than the axial
length of the piston sidewall,

153. In an oscillating piston apparatus having a cylinder,
a means for sustaining oscillation of a free piston in the
cylinder, and a rebound chamber containing compressible
Sfluid at at least one end of the cylinder for reversing piston
motion, the improvement comprising bypass means provid-
ing a limited bypass of a seal between side walls of the
piston-cylinder for controlling the location of the center of
oscillation of the piston in the cylinder, said bypass means
being free of moving parts.

154. The apparatus of claim 153 wherein said bypass
means is configured to bypass and thereby reduce the pis-
ton-cylinder seal primarily during a limited portion of the
piston stroke while the piston is proximate a preferred
position for its center of oscillation.

155. The apparatus of claim 156 wherein said bypass
means Is integral with the cylinder sidewall.

156. The apparatus of claim 154 wherein said bypass
means comprises groove means in the cylinder sidewall.

157. In an apparatus having a cylinder, a free piston
susceptible to undergoing oscillation along the cylinder
axis, a rebound chamber at at least one end of the cylinder
Jor reversing piston motion, and a means for sustaining the
oscillation of the free piston, the improvement comprising
means for controlling the location of the center of oscilla-
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tion of the piston in the cylinder, wherein said controlling
means comprises an axially extending slight enlargement
of a portion of an annular clearance space between side-
walls of the piston and cylinder, said enlargement facilitat-
ing a net leakage of fluid along the piston sidewall tending
to move the center of oscillation axially toward a preferred
location thereaf.

158. The apparatus of claim 157 wherein said enlarge-
ment comprises groove means in said annular clearance
space.

159. The apparatus of claim 157 wherein said enlarge-
ment comprises groove means in the cylinder sidewall.

5

22

160. In an oscillating free piston apparatus, the improve-
ment comprising cylinder bypass means for controlling the
location of the center of oscillation of a free piston oscillat-
ing in a cylinder of said apparatus, wherein the cylinder
bypass means is free of moving parts.

161. The apparatus of claim 160 wherein said cylinder
bypass means is designed so that the full axial length of the
piston sidewall becomes available for contributing to the
piston cylinder sliding seal if the piston moves sufficiently

10 far in either direction from the mid-point of said cylinder
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bypass meats.
162. The apparatus of claim 160 wherein said bypass

means is groove means in the cylinder sidewall.
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