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Description

This invention relates to Stirling-cycle engines,
also known as regenerative thermal machines.

The Stirling-cycle engine was first conceived
and reduced to practice in Scotland 164 years
ago. A hot-air, closed cycle prime mover based on
the principle was patented by the Reverend
Robert Stirling in 1817 as an alternative to the
explosively dangerous steam engine. Incredibly,
this event occurred early in the Age of Steam,
long before the invention of the internal combus-
tion engine and several years before the first
formal exposition of the Laws of Thermody-
namics.

A Stirling-cycle engine is a machine which
operates on a closed regenerative thermody-
namic cycle, with periodic compression and
expansion of a gaseous working fluid at different
temperature levels, and where the flow is con-
trolled by volume changes in such a way as to
produce a net conversion of heat to work, or vice-
versa.

A typical Stirling-cycle engine comprises an
expansion block enclosing an expansion space, a
compression space enclosing a compression
space, a regenerator, a working fluid enclosed in
said spaces and in ducts permitting oscillatory
flow of said fluid between said spaces through
said regenerator, a heater for transmitting heat
from an external heat source to working fluid in
the expansion space and a cooler for transmitting
heat from working fluid in the compression space
to an external heat sink. The regenerator is a
device which in prior art takes the form of a
porous mass of metal in an insulated duct. This
mass takes up heat from the working fluid during
one part of the cycle, temporarily stores it within
the machine until a later part of the cycle, and
subsequently returns it to the working fluid prior
to the start of the next cycle. Thus the regenerator
may be thought of as an oscillatory thermody-
namic sponge, alternatively absorbing and releas-
ing heat with complete reversibility and no loss.

There are two basic types of Stifling cycle
machines. The original type of machine as con-
veived by Stirling and subsequently exemplified
by, for example, US—A—3403508 and
US—A—3407593 utilises loose fitting displacer
pistons to transfer the working fluid from the hot
end of the machine to the cold end, the working
fluid flowing partly through the annular gap
between the displacer piston and the wall of the
cylinder and partly through the regenerator. The
second basic form of machine, as exemplified, for
example, by US—A—2579702 utilises two fully
sealed pistons. The internal heat exchange,
heater/regenerator/cooler, are interposed | be-
tween two cylinders and form the transfer port
between the cylinders. . ‘

The invention provides modified forms of the
second type of Stirling cycle machine.

The invention comprises fundamental concepts
and mechanical components which are combined
to form a new family of Stirling-cycle machines,

10

15

20

25

30

35

40

45

50

55

60

65

specifically including the following: (1) a single-
acting, two piston engine having stationary, co-
axial, in-line cylinders and employing a pair of
cylindrical face cams affixed to the pistons to
drive a centrally disposed flywheel element about
a hollow shaft, herein termed a ““ducted axle”,
which also serves as the regenerator housing; (2)
an engine power level control subsystem asso-
ciated with that ducted axie machine by which the
instantaneous phase angle between the periodic
reciprocating motions of the pistons is readily
adjusted as a function of power demand; and (3) a
quasi double-acting, multiple-piston engine
having an annular and parallel array of cylinder
and regenerator volumes and employing a single
cylindrical drum cam to control the aforesaid
instantaneous phase angle and to transfer
mechanical work into or out of the machine.

The primary significance of the present inven-
tion is that it represents a radical departure from
traditional mechanical arrangements and
methods. It thereby achieves a striking reduction
in overall complexity and cost, both at the system
and at the component level. indeed, in its simplest
and perhaps most useful form, the ducted axle
machine, the invention can be functionally
accomplished with as few as five moving parts.
Yet the same device can be scaled to virtually any
size for application to products of enormous
diversity, and it can be adapted to run on any fuel,
whether gas, liquid, solid, or hybrid, or on other
heat source, including solar energy.

The invention provides a rare and special com-
bination of superior technical performance, broad
market potential, and economic mass producibil-
ity, and therefore portends a new era of more
thermally efficient and cost effective power pro-
ducts. These include noiseless propane powered
lawn mowers, thermal battery powered automob-
iles, biomass powered fishing vessels, solar
powered irrigation pumps, and nuclear powered
navy warships. Since the Stirling-cycle engine is
thermodynamically reversible, the invention will
find countless other applications in the realms of
refrigerators, heat pumps, air conditioners, and
the like.

According to a first form of the invention a
reciprocating, single-acting, Stirling-cycle thermal
machine of the type which does not employ loose
fitting displacer pistons and comprises a frame; at
least one pair of stationary, coaxial, in-line, right-
circular cylinders mounted in said frame, said
cylinders being thermally isolated from each
other, one of said cylinders enclosing an expan-
sion space of the machine and the other enclosing
a compression space of the machine; an external
heat source; an external heat sink; a regenerator
for the or each cylinder pair; a heater for the or
each expansion space comprising a heat
exchanger element closing one end of the expan-
sion space and serving to thermally conductively
connect said source to the machine working fiuid;
a cooler for the or each compression space
comprising a heat exchanger element closing one
end of the compression space and serving to
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thermally conductively connect said sink to the
machine working fluid; and a piston; arranged to
reciprocate within said cylinders characterised in
that the machine is a multi-piston machine having
an annular and parallel array of cylinder pairs,
and regenerator volumes, said pairs of cylinders
are spaced apart and are open at their adjacent
ends and closed at their remote ends; a pair of
fluid-tight pistons are provided to reciprocate one
within each cylinder; each piston being locked
against rotation relative to its associated cylinder
and sealing the open end thereof, the pistons of
each coaxial pair of cylinders being mechanically
linked cam and cam follower means arranged
between said pairs of pistons operatively con-
necting all said pistons to a rotary drive
mechanism turning about an axis coaxial with the
principal machine axis of symmetry, the sym-
metry plane of said drive mechanism normal to
its axis of rotation being coincident with the plane
of symmetry of the reciprocating parts of the
machine; and the machine working fluid is con-
tained in one or mare isolated stages comprising
an expansion space, a heater, a regenerator, a
cooler, and a compression space connected in
series by passages permitting oscillating flow
between said spaces.

According to a second form of the invention,
reciprocating a single-acting, Stirling-cycie
thermal machine of the type which does not
employ loose fitting displacer pistons comprises
aframe; at least one pair of stationary, coaxial, in-
line, right-circular cylinders mounted in said
frame, said cylinders being thermally isolated
from each other, one of said cylinders enclosing
an expansion space of the machine and the other
enclosing a compression space of the machine;
an external heat source; an external heat sink; a
regenerator for the or each cylinder pair; a heater
for the or each expansion space comprising a
heat exchanger element closing one end of the
expansion space and serving to thermally con-
ductively connect said source to the machine
working fluid; a cooler for the or each compres-
sion space comprising a heat exchanger element
closing one end of the compression space and
serving to thermally conductively connect said
sink to the machine working fluid; and a piston
arranged to reciprocate within each said cylinders
characterised in that the machine has only two
cylinders and pistons, said cylinders are spaced
apart and are open at their adjacent ends and
closed at their remote ends; a pair of fluid-tight
pistons are provided to reciprocate one within
each cylinder; each piston being locked against
rotation relative to its associated cylinder and
sealing the open end thereof, a flywheel is pro-
vided in the space between the cylinders and is
carried on a ducted axle coaxial with the axis of
reciprocation of the pistons and carrying the end
wall structure of one of said cylinders attached to
each of its outer ends and held against longi-
tudinal displacement along said-axle by a retainer
member permitting working fluid to flow around
it, the piston in each cylinder having a central
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bore in its outwardly-facing top through which
said axle extends in sliding, fluid tight relation,
the adjacent interiors of each piston carrying a
harmonic displacement cylindrical face cam, the
cam surfaces being oriented normal to the axis of
reciprocation and occupying a specified relative
angular position about the machine axis of sym-
metry, and co-operating with cam followers
carried by the flywheel, the hollow center of said
ducted axle forming the passage connecting the
heater and cooler and containing the regenerator.

The invention will be described in greater detail
by way of example with reference to the drawings
in which:

Fig. 1 is an illustration of the operational
sequence of events during one complete cycle of
an idealized single-acting, two-piston Stirling
engine used in the prime mover mode;

Fig. 2(a) and Fig. 2(b) are schematics which
illustrate the idealized pressure-volume and
temperature-entropy diagrams of the thermody-
namic cycle of the working fluid in the same
machine depicted by Fig. 1; Fig. 2{c) is a pressure
volume diagram which depicts the working of an
actual machine;

Fig. 3 shows a comparison of the basic features
of a piston of the ducted axle machine according
to may invention (Fig. 3(a)) with a piston of a
representative prior art Stirling-cycle machine
{Fig. 3(b)}; :

Fig. 4 is a perspective view which illustrates the
overall functional configuration of the ducted axle
machine;

Fig. 5 is a sectional view of the ducted axle
machine;

Fig. 6 is an exploded perspective view of the
ducted axle machine;

Fig. 7 is a partial exploded perspective view of
the compression piston and cylinder assembly
which illustrates one arrangement for achieving
rotation of that assembly about the ducted axle
axis relative to the expansion piston and cylinder
assembly;

Fig. 8 illustrates how said rotation alters the
relative orientation of the cylindrical face cams on
the piston to achieve various output torque levels
by adjusting the instantaneous piston phase
angle;

Fig. 9 is a schematic representation of the prior
art Rinia double-acting, multiple-piston mechani-
cal arrangement;

Fig. 10 is a schematic illustration of how one
compression/expansion/regeneration state of a
single-acting, quasi double-acting arrangement
according to my invention may be derived from a
simple conceptual transformation of such a stage
of the Rinia double-acting arrangement;

Fig. 11 is a schematic representation of a multi-
stage, single-acting, quasi double-acting mechan-
ical arrangement according to my invention;

Fig. 12 is a perspective view of the drive
assembly and interconnected working volumes of
a drum cam machine;

Fig. 13 is an offset sectional view of the drum
cam machine of Fig. 12; and
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Fig. 14 is a partially exploded perspective view
which illustrates the overall functional configura-
tion of the drum cam machine of Fig. 12 and Fig.
13.

Attention is directed to Fig. 1 wherein numeral 1
designates an idealized version of a two-piston,
Stirling-cycle prime mover. A conceptually con-
stant mass of pressurized gaseous working fluid
occupies the working volume between the com-
pression piston 2 and the expansion piston 3. The
total working volume is comprised by compres-
sion space 4, regenerator 5, and expansion space
6.
A portion of compression space 4 is continually
cooled by cooler 7, while a portion of expansion
space 6 is continually heated by heater 8. Arrows
9 are intended to represent the input of heat by
conduction, convection, or radiation. Escape of
fiuid from the working volume is prevented by the
piston seals 10.

During the compression stroke {between posi-
tions | and If) the working fluid is compressed
jsothermally by piston 2 at the minimum
temperature level of the cycle. Heat is continually
rejected at this temperature through cooler 7; the
pressure rises slightly and the total working
volume decreases to a minimum. During the
forward displacement {cold-side to hot-side trans-
fer] stroke (between positions Il and Il
regenerator 5 yields stored heat to the working
fiuid as it is transferred to expansion space 6 with
the volume remaining constant. The temperature
and pressure rise to their maximum levels.

During the expansion stroke {between positions
il and IV) the working fluid expands isothermally
at a maximum temperature level of the cycle,
doing work on piston 3. The temperature level is
maintained by the input of heater 8; the pressure
drops and the total working volume increases to a
maximum. During the reverse displacement (hot-
side to cold-side transfer) stroke (between posi-
tions IV and 1) regenerator 5 recovers heat from
the working fluid as it is transferred to compres-
sion space 4 with the volume remaining constant.
The temperature and pressure return to the start-
ing levels of the cycle.

A clearer understanding of the foregoing may
be obtained by referring to the diagrams of Fig.
2(a) and Fig. 2(b) wherein the same complete
cycle is presented in terms of the pressure-
volume diagram and the temperature-eniropy
diagram for the working fluid. For each process as
depicted by the curves between the indicated
position numbers I—II, I, l—IV, and IV—|, the
area under a curve on the P—V diagram is a
representative measure of the mechanical work
added to or removed from the system during the
process. Similarly, the area under a curve on a
T—S diagram is a measure of the heat transferred
to or rejected from the working fluid during the
process.

Actual machines differ fundamentally from the
idealized versions in that the motion of each
piston is continuous and smooth, rather than
discontinuous and abrupt. This causes the indi-
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cated processes of Fig. 2(a) and Fig. 2(b} to
overlap one another, and results in P—V dia-
grams which are smooth continuous curves
devoid of sharp corners as shown by Fig. 2{c).
Thus the piston motion of actual machines is
smoothly periodic to the point of being sinusoi-
dal, and the working fluid is likewise distributed in
a periodically time-variant manner throughout
the total working volume. The instantaneous
phase angle between the relative motions of the
two pistons is a critical parameter in the operation
of real machines and usually has a value on the
order of 90 degrees. It is well-known, therefore,
that various arrangements to accomplish phase
angle adjustment may be used to effect con-
tinuous power level control. See e.g., U.S. Patent
No. 2,465,132 and No. 3,482,457.

The processes of compression and expansion
in real machines are not strictly isothermal, which
constitutes another major departure from the
ideal. The provision of heater 8 adjacent to expan-
sion space 6 and of cooler 7 adjacent to compres-
sion space 4 effects only a crude approximation to
the isothermal condition. Additionally, the pre-
sence of these elements tends to increase the
unswept or dead volume ratio, which has a
critically adverse effect on performance. More-
over, the working fluid is heated or cooled, not
only when flowing in the correct direction
between regenerator 5 and either expansion
space 6 or compression space 4, but also when
flowing in the respective opposite directions.
Nevertheless, existant Stirling engines exhibit
comparable power densities and significantly
greater efficiencies than conventional internal
combustion engines of all types.

One favorable embodiment of the present
invention may be characterized as a single-acting,
two piston engine with stationary, coaxial, in-line
cylinders and a ducted axle. Although at first
glance it would be seen to have a similar arrange-
ment to various classical opposed piston designs,
close examination by those familiar with the art
will reveal this new ducted axle design to be
unique. The essential novelties and fundamental
differences of the ducted axie machine, compared
to those of all prior art multiple-piston engine
designs, derive from the form, function, and
mode of operation of the pistons themseives.

Attention is now directed to the drawings of Fig.
3 wherein Fig. 3(a) shows the form of a piston 20
of a ducted axle machine as compared to that of a
piston 11 from a prior art multiple-piston
machine. It may be seen that piston 20 has no
connecting rod 14 as does piston 11; that piston
20 incorporates a special cam surface 26 normal
to the axis of reciprocation 13; and that there is an
axial bore 22 through the top of piston 20. This
last condition permits the pistons of a ducted axle
machine to be operated in a coaxial arrangement
surrounding, and at the opposite ends of, a
tubular regenerator/shaft combination.

These and other details of the construction and
operation of the ducted axle machine may be
discerned by referring to the illustrations con-

&



7 EP 0078 848 B1 8

tained in Fig. 4, Fig. 5, Fig. 6, and Fig. 7. The
regenerator/shaft or ducted axle 40 serves as the
structural backbone of the machine and also
provides an internally disposed conduit for the
regenerator element 42. Ducted axle 40 is coaxial
with the machine axis of symmetry 15, extends
from one end of the machine to the other
between cooler 25 and heater 35, and provides
the axle about which the centrally disposed fly-
wheel drive element 45 revolves. The rotational
motion of the flywheel drive element is guided
by a pair of radial bearings 46 and a pair of thrust
bearings 48.

As shown in the sectional view, Fig. 5, a pair of
stationary, coaxial, in-line, right-circular cylinders
comprises the housing of the ducted axle
machine. Compression cylinder 16 encloses
compression space 27 and all other compression
elements, is closed and sealed at one end by
cooler 25, and is threaded to receive cooler head
29. Expansion cylinder 18 encloses expansion
space 37 and all other expansion elements, is
closed and sealed at one end by heater 35, and is
threaded to receive heater head 39. As exem-
plified in Fig. 4, heater head 39 may take on a
variety of forms to accommodate various com-
bustors, collectors, thermal accumulators, or
other sources of heat. Both cylinders (shown in
Fig. 5) are equipped with a plurality of radial and
annular slots 53 disposed within their interior
wall which are designed to mate (as shown in
Fig. 7 for the compression piston and cylinder
assembly) with corresponding tabs 54 on both
the compression disk element 28 and the expan-
sion disk element 38.

The disk elements are designed to be affixed to
the extreme opposite ends of the ducted axle 40
and together with it comprise the interior frame
or structural support of the machine. Various
mechanical fastener means may be used,
depending upon whether it is desired to prohibit
or permit relative rotation of either disk about
ducted axle 40. In the first case a threaded
retainer 41 and a spline 43 are provided; in the
second case the retainer 44 is a heavy duty snap
ring mated to groove 55. In either case the disk
elements serve to constrain the longitudinal
placement of both cylinders in relation to ducted
axle 40 and to direct the flow of working fluid to
and from the periphery of cooler 25 and heater
35.

It may be seen that compression piston 20
incorporates internally a coaxially disposed
cylindrical face cam 24 having a cam surface 26
which is oriented in such a way as to face, and to
maintain a particular angular position with
respect to, the corresponding cam surface 36 of
cylindrical face cam 34 similarly fixed within
expansion piston 30. The pressure forces of the
working fluid hold each cam against low-friction
cam follower assemblies 56 mounted upon fly-
wheel drive element 45. The reciprocating
motion of the pistons within the cylinders and
along the ducted axle is coupled to and con-
verted into or from rotational motion of flywheel
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drive element 45, and vice versa, by opposed
cam surfaces 26 and 36. Angular rotation of the
pistons within the bore is prevented without
restricting their axial reciprocation by means of
longitudinal slots 50 which are engaged by pis-
ton guide assemblies 52.

Reciprocating seals 21 and 23 prevent the
escape of working fluid from compression space
27, while reciprocating seals 31 and 33 similarly
contain the working fluid within expansion space
37. Rotating seals 49 contain a separate quantity
of gaseous buffer fluid within buffer space 47,
which is partially pressurized to reduce the mag-
nitude of the static loading on the cams. Holes 51
within flywheel drive element 45 conjoin the
compression and expansion sections of buffer
space 47. During the aforementioned forward
and reverse displacement strokes, therefore,
working fluid is alternately shifted from compres-
sion space 27, over the rounded periphery of
compression disk element 28, through the radial
flow passages of cooler 25, through regenerator
element 42 within ducted axle 40, through the
radial flow passages of heater 35, over the
rounded periphery of expansion disk element 38,
to expansion space 37, and back again. Working
fluid is introduced into the working volume by
means of tank valve 17; buffer fluid is introduced
into the buffer space by means of tank valve 19.

One revolution of flywheel drive element 45
corresponds to one complete thermodynamic
cycle. When the machine is employed as a prime
mover, work is done on flywheel drive element
45 to increase its kinetic energy during the
aforementioned expansion stroke of each cycle;
likewise, work is done on the working fluid by
flywheel drive element 45 during the compres-
sion and displacement phases of each cycle. Net
power output may be transferred from flywheel
drive element 45 to the indicated output shaft 57
by means of any common mechanical trans-
mission such as a V-belt (designated by numeral
58 in Fig. 4), chain or gear drive assembly. Since
the Stirling prime mover is not self-starting, an
external starter device (not shown)} would
normally be an adjunct to the power trans-
mission subsystem.

When the machine is to be employed as a
refrigerator or a heat pump, power from an
external source such as an electric motor would
be input through shaft 57 and transmitted to
flywheel drive element 45 by similar means. It
would, of couse, be necessary in this case to
alter the configuration of cooler head 29 and
heater head 39 to conform to the specific heat
transfer requirements of any given practical
application. But when driven in this manner, the
complete thermodynamic reversibility of the
ducted axle machine would produce the desired
effects within the heat exchange elements at
each end of the machine. That is, given the same
mechanical configuration and orientation, heat
would be extracted from the surrounds of heater
35 within expansion cylinder 18 and would be
gjected to the surrounds of coocler 25 within
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compression cylinder 16, since the flow of heat
generally progresses in one direction in a
regenerative thermal machine.

A significant consequence of the ducted axle
machine arrangement is to permit, in one
embodiment of the invention, a uniquely uncom-
plicated power level control method. It should be
recalled at this point that the instantaneous phase
angle between the sinusoidally time-variant recip-
rocations of the pistons in a Stirling engine is a
critical performance parameter. It will be readily
appreciated by those skiiled in the art that the
instantaneous phase angle of the ducted axle
machine depends only upon the relative angular
displacement of compression cam 24 with respect
to that of expansion cam 34 for a given rotational
direction of flywheel drive element 45. As shown
in Fig. 7, the angular alignment of compression
cylinder 16 with respect to that of expansion
cylinder 18, and therefore the angular position of
compression cam 24 with respect to that of
expansion cam 34 (since the pistons are slaved in
rotation to the cylinders by guide assemblies 52),
can be facilitated by design.

Thus, it is an important teaching of this inven-
tion that it is possible to alter the operation of the
ducted axle machine from positive torque,
through zero torque, to negative torque by
mechanical means, even while the machine is
running under a maximum load condition, by
simply rotating one cylinder with respect to the
other. This is illustrated schematically in Fig. 8;
the desired angular adjustment may be accom-
plished virtually independent of the load by elec-
tric, pneumatic, hydraulic, or any other suitable
mechanical means.

In this manner the instantaneous phase angle,
and consequently the power level of the machine,
may be either manually or automatically con-
trolled with precision by an enormous variety of
mechanical, thermal, electronic, or other conven-
tional and well-known feedback methods. With
this type of power level control one can thereby
optimize engine performance and efficiency for
any given speed and torque requirements
inherent in the nature of the system application.
This is a natural and synergistic consequence of
the deceptively simple employment of cylindrical
face cams in the manner indicated, an essential
and distinctive aspect of the seemingly artless
character of the ducted axle machine.

Moreover, yet another important specific teach-
ing of this invention is that speed controlled
engines analogous to a synchronous electric
motor-generator or converter may be developed
on this basis for specialized applications. That is,
the engine would act either as a prime mover or
as a heat pump depending on whether the engine
is driving the load or the load is driving the engine
at a selected excitation frequency. This type of
device could have a striking impact on the tech-
nology of transportation from the standpoint of
total system energy efficiency and conservation.
The effective utilization of the aforesaid negative
torque mode for regenerative braking and revers-
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ible heat reclamation in the largely stop-and-go
environment of the automotive prime mover may
constitute a technological break-through of
astounding economic significance.

Anocther favorable embodiment of the invention
may be characterized as a single-acting, quasi-
double acting, four-piston engine having an annu-
lar and parallel array of cylinders and
regenerators interconnected in series and incor-
porating a cylindrical drum cam drive element.
That is, the machine has four in-line cylinder pairs
arranged within and symmetrically about a
cylindrical annulus which also contains four
regenerator ducts exterior from, paraliel to, and
alternately interspersed among the cylinders.
These are all interconnected in a series so as to
form a folded serpertine arrangement in conjunc-
tion with four double-ended pistons within the
aforesaid cylindrical annulus. The drive shaft is
coaxial with and integral to a right-circular
cylindrical drum cam mechanism which is interior
to and symmetrical with the said annular array of
components.

Although the present machine is strictly a
single-acting, multiple-piston engine, it retains a
superficial resemblance to certain well-known
contemporary double-acting Stirling engines,
hence the term quasi double-acting. Attention is
now directed to the drawings of Fig. 9 wherein
numeral 61 designates a schematized version of
the modern double-acting Stirling engine of the
type due to Rinia and described by prior art Patent
US—A—2,679,702. As is appreciated by those
familiar with the art, this machine is double-acting
because each piston 62 simultaneously works
directly against the low temperature working fluid
in compression space 64 below, and against the
high temperature working fluid in expansion
space 66 above, seal 90. [t may be seen that in the
Rinia arrangement multiple cylinders are inter-
connected, so that the first swept volume of lower
compression space 64 of one cylinder is con-
nected to the last swept volume of the upper
expansion space 66 of an adjacent cylinder by
means of a flow path comprising the last swept
volume of space 64 jacketed by cooler 67, a
regenerator 65, and the first swept volume of
space 66 jacketed by heater 68 in series. The
jacketed portion of compression space 64 is con-
tinually cooled by cooler 67 and the jacketed
portion of expansion space 66 is continually
heated by heater 68; arrows 69 are intended to
represent the input of heat by conduction, con-
vection, and radiation.

Each separate working volume so inter-
connected constitutes a stage wherein both the
constant volume displacement functions and the
compression and expansion functions of the Stirl-
ing cycle are independently accomplished as long
as pistons 62 are constrained by the design of the
drive mechanism {not shown) to move with a
suitable phase shift in their displacement. In the
case of four-cylinder Rinia type engines as illus-
trated, the proper phase shift is 90 degrees which
is normally accomplished by means of well-
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known swash plate or crankshaft type drive
mechanisms. The Rinia arrangement has the
advantage that the number of moving parts asso-
ciated with a given cylinder is only one per cycle,
compared with two per cycle in other prior art
designs. it also affords a reascnably compact
mechanical arrangement when the cylinders are
arranged parallel to one another in a cylindrical
annulus and the pistons are coordinated by
means of a swash plate mechanism internal to the
annular volume.

inherent in the design of the Rinia engine,
however, is the requirement for each piston 62 to
operate in the aforesaid double-acting mode. This
is disadvantageous in that both the piston and the
cylinder wall constitute an undesirably short
thermal conduction path from the normally hot to
the normally cold regions of the machine. Since
any heat flow between these regions represents a
total thermal loss to the system and lowers the
overall thermal efficiency, this circumstance
necessitates in prior art machines the utilization
of a long insulating piston cap 63 or other device
as more fully explained by prior art Patent
US—A—3,496,720 and exacerbates an aiready
difficult high pressure reciprocating seal design
problem. In addition, the mechanical necessity of
extending piston rod through the wali of com-
pression space 64 along axis of reciprocation 13
requires the placement of the drive mechanism,
whether of the swash plate or crankshaft type, at
the opposite end of the machine from heaters 68.
This in turn relegates the locus of coolers 67 to a
position which is undesirably proximate to
heaters 68, and which precludes their natural
coliocation in an uncomplicated manner.

Attention is now directed to the drawings of Fig.
10, Fig. 11, Fig. 12, Fig. 13 and Fig. 14 wherein a
preferred embodiment of the drum cam machine
of the present invention is illustrated. |t may be
understood that the drum cam represents a fun-
damental departure from the Rinia arrangement
in that the number of cylinders is doubled, and
the pistons are incorporated in rigid-body pairs at
the opposite ends of double-ended connecting
rods in the manner of a dumbbell. As depicted in
Fig. 10 the desired configuration can be imagined
to derive from a simple conceptual transforma-
tion of the Rinia arrangement which preserves the
manner in which the cylinders now become dis-
joint cylinder pairs, are interconnected, but which
replaces the double-acting character of the Rinia
approach with a single-acting, quasi double-act-
ing mode. It may be seen that the new arrange-
ment disposes of the undesirable aspects of the
Rinia arrangement without disturbing the cyclic
phase relationship inherent in equivalent working
volumes.

Referring now to Fig. 11, it may be recognized
that numeral 71 designates a schematized version
of the quasi double-acting drum cam machine of
the present invention. Those skilled in the art will
appreciate that this machine’ is single-acting
because only one surface of each piston 72 works
directly against working fluid pressure, whether

10

15

20

25

30

35

40

45

50

55

60

65

at low temperature in compression space 74
below or at high temperature in expansion space
76 above the seals 90, the other surface being
substantially at atmospheric. Yet, as in the Rinia
arrangement, multiple cylinders are fluid flow
interconnected, so that the lower compression
space 74 of one cylinder is connected to the upper
expansion space 76 of an adjacent cylinder by
means of a flow path past cooler 77, through
regenerator 75, and past heater 78 in series. And,
as before, a portion of compression space 74 is
continually cooled by cooler 77, while a portion of
expansion space 76 is continually heated by
heater 78; arrows 79 are intended to represent the
input of heat by conduction, convection, or radi-
ation.

in the arrangement of my invention, however,
the thermal conduction path through pistons 72
from each hot expansion space 76 to each cold
compression space 74 is now seen to be con-
siderably lengthened, notwithstanding the com-
plete elimination of the use of an insulative piston
cap 63. Neither is there any thermal loss
occasioned by conduction through the now dis-
joint cylinder walls. In addition, it becomes poss-
ible by this arrangement to connect the drive
mechanism in the vicinity of the midpoint 80 of
each connecting rod 81, the locus of which is now
centrally disposed within the machine. This per-
mits the natural separation and convenient collo-
cation of coolers 77 and heaters 78 in positions
which are at extreme diametrically opposite ends
of the machine. This serves to minimize thermal
losses and thereby improve the overall thermal
efficiency, while at the same time it permits a
substantial simplification in the design and con-
struction of the heat exchange elements as com-
pared to the prior art.

Any number of piston-cylinder pairs can be
interconnected in the manner illustrated for four
cylinders in Fig. 11, as long as the proper phase
shift is maintained between each set. This can be
accomplished, as shown in Fig. 12, by taking the
drive from sets 82 of paired rotary gudgeon pins
located at the mid-point 80 of each double-ended
piston connecting rod 81. Each gudgeon pin
assembly 82 is a low friction cam follower
mechanism which is mated in preloaded intimate
contact with the protruding surfaces of cylindrical
drum cam 83 and the linear surfaces of longi-
tudinal cams 91. Cylindrical drum cam 83
mechanically converts uniform angular rotation
of drive shaft 85, guided by low friction bearings
92 and 92/, into simple harmonic reciprocation of
each double-ended piston 72 and vice versa. The
proper phase relationship is kinematicaily deter-
mined by the relative angular position of each
piston-cylinder pair about the machine axis of
symmetry 15.

As shown in Fig. 13, each gudgeon pin
assembly 82 consists of pairs of drum cam follow-
ers 84 and matching oppositely directed pairs of
longitudinal cam followers 86 supported by
means of precision low friction needle or roller
bearings 87. Spring 88 serves to maintain the
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requisite preloading force, while balls 83 decou-
ple the rotation of drum cam followers 84 from
the rotation of longitudinal cam followers 86. All
longitudinal cam followers 86 are constrained to
move back and forth within longitudinal cams 91,
which are parallel to both machine axis of sym-
metry 15 and reciprocation axes 13, and which
serve to prevent the relative rotation of pistons 72
within the bore. Follower axes of rotation 15’ are
oriented radially with respect to the machine axis
of symmetry 15.

Attention is now directed to Fig. 14 wherein the
overall functional configuration of the drum cam
machine is illustrated. It should be apparent that
all compression spaces 74 are collocated within a
single stationary right-circular cylindrical “com-
pression block” 94, made of material having
comparatively low thermal conductivity. Likewise
all expansion spaces 76 are collocated within a
single stationary right-circular cylindrical “expan-
sion block” 96, also made of material having
comparatively fow thermal conductivity. Com-
pression block 94 and expansion block 96 are
conjoined by the four regenerator housings 95
and also by the four longitudinal cams 91. At the
extreme opposite ends of both compression biock
94 and expansion block 96, a series of shallow
segmented annular depressions 93 connect each
piston-cylinder working volume with an adjacent
regenerator duct 75 and serve as a housing for the
internal heat transfer surfaces of either cooler 77
or heater 78. Working fluid is conveyed into each
piston-cylinder working volume by means of tank
valves 99 located on the periphery of compres-
sion biock 94.

Thus it may be seen that the individual heat
exchange elements of each of the aforedescribed
separate but interconnected working volumes are
naturally and conveniently collocated within a
single component, coocler 77 or heater 78. These
now consist of a flanged plate made of material
possessing comparatively high thermal conduc-
tivity, each having a plurality of radial flow
passages on the exterior face and a plurality of
segmented annular flow passages on the interior
face. Cooler 77 serves upon assembly and in
conjunction with cooler head 97 to close and
connect compression volumes 74 with adjacent
regenerators 75 and to transfer heat from the
internai working fluid to an exterior sink. Heater
78 serves upon assembly and in conjunction with
heater head 98 to close and connect expansion
volumes 76 and with adjacent regenerators 75
and to transfer heat from an exterior source to the
internal working fluid. It is, therefore, an impor-
tant teaching of this invention that the drum cam
machine so constructed thereby effect that
aforesaid interconnection of stages in a uniquely
compact annularly folded serpentine head-to-tail
arrangement, clearly illustrated by Fig. 12.

The drum cam machine design is an arrange-
ment which involves a minimum number of
separate components, and wherein the hot and
cold regions of the machine are inherently located
at extreme diametrically opposite ends. It should
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be readily apparent to those skilled in the art that
the collocation of cooler elements within a com-
pact cooler head at one end of the drum cam
machine, and of heater elements within a
similarly compact heater head at the other end of
the machine, has the highly desirable effect of
reducing heat losses from conduction and radi-
ation to improve the overall thermal efficiency of
the machine. But it also leads to a substantial
simplification, in the design and manufacture of
not only the heat transfer elements but also of
other mechanical components of the machine as
well. For example, both compression block 94 and
expansion block 96 may now be very con-
veniently constructed from identical mass-pro-
duced precision investment castings. This could
be of crucial importance with respect to economi-
cal production in a high volume application, by
producing an important savings in the cost of
materials and labor. A similar economy of pro-
duction might also be realized for some applica-
tions through the design and fabrication of identi-
cal cooler head assemblies 97 and heater head
assemblies 98.

Since the closed cycle Stirling prime mover
operates solely on the basis of the difference in
temperature in the working fluid between the hot
expansion space and the cold compression space,
the development of useful power output is not
specific to the source of heat available for use.
Therefore, the design of the heat source can be
any one of a large variety of possible types. A
rather simple combustion system can be pro-
duced, for example, which will cleanly and effi-
ciently burn various kinds of both liquid fuels and
gaseous fuels without any modification what-
soever. Thus, it will be appreciated by those
familiar with the art that a single prime mover
may be made to operate on regular or premium
gasoline, diesel oil, alcohol, crude oil, lubricating
oil, olive oil, vegetable oil, propane, butane,
natural gas, and synthetic coal gas.

It is important at this point to re-emphasize the
fact that each small segment of a well-designed
regenerator transfers heat to and from the work-
ing fluid with minimal temperature differences.
Thus all stages in the regenerator are reversible in
an actual thermodynamic sense. Therefore, the
entire machine cycle is reversible in function; that
is, the direction of flow of heat and work can be
reversed. The Stirling engine is truly unique in
that it is the only practical example of a thermody-
namically reversible machine.

It should be thoroughly understood, therefore,
that many of the design concepts disclosed herein
for Stirling prime movers are also applicable to
the design and development of Stirling
refrigerators, heat pumps, air conditioners, and
the like. It is another important specific teaching
of this invention that machines of this kind would
be appreciably more efficient than conventional
vapor cycle reciprocating refrigerators or
thermally-activated absorption refrigerators, with
a substantial savings in size and weight. In addi-
tion, a hybrid device obtained from the combina-
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tion of a Stirling prime mover mechanically
coupled to a Stirling heat pump will permit both
multifuel and non-fuel powered refrigeration
units to be developed and applied to specialized
applications In view of the foregoing it should
be readily apparent to those skilled in the art that
the operation of the present invention may be
accomplished by means of and in the context of
an enormous variety of diverse applications. In
fact, virtually every market in the world which is
currently occupied by the application of a recipro-
cating internal combustion prime mover, or by
the application of a conventional vapor cycle,
absorption, or other type of refrigeraton device, is
subject to improvement by virtue of the diligent
application of the teachings of this invention.

These include but are by no means limited to
the following: prime movers for automotive,
marine, aeronautical, astronautical, industrial,
military, agricultural, multifuel, nonfuel, portable,
and biomedical users; refrigerators; air condition-
ers; cryogenic cooling engines; residential, indus-
trial and military heat pumps; water coolers; air
or other gas compressors; portable or stationary
remote electric generators;  hydroelectric,
nuclear, radioisotope solar, geothermal, ocean,
biomass and solid waste power converters; small
and large cogeneration power plants, remote
stationary and portable fiuid pumps; remote port-
able, outdoor and underwater power tools; toys
and novelties.

Claims

1. A reciprocating, single-acting, Stirling-cycle
thermal machine of the type which does not
employ loose fitting displacer pistons and com-
prising a frame; at least one pair of stationary,
coaxial, in-line, right-circular (94, 96) cylinders
mounted in said frame, said cylinders (94, 96)
being thermally isolated from each other, one of
said cylinders (96) enclosing an expansion space
(76) of the machine and the other (94) enclosing a
compression space {74) of the machine; an exter-
nal heat source; an external heat sink; a
regenerator (75) for the or each cylinder pair; a
heater (78) for the or each expansion space {76)
comprising a heat exchanger element closing one
end of the expansion space (76} and serving to
thermatly conductively connect said source to the
machine working fluid; a cooler (77) for the or
each compression space (74) comprising a heat
exchanger element closing one end of the com-
pression space (74) and serving to thermally
conductively connect said sink to the machine
working fluid; and a piston (72) arranged to
reciprocate within said cylinders characterised in
that the machine is a multi-piston machine having
an annular and parallel array of cylinder pairs,
(72) and regenerator volumes, (75) said pairs of
cylinders (94, 96) are spaced apart and are open at
their adjacent ends and closed at their remote
ends; a pair of fluid-tight (72) pistons are provided
to reciprocate one within each cylinder (94, 96);
each piston (72) being locked against rotation
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relative to its associated cylinder (94, 96) and
sealing the open end thereof, the pistons (72) of
each coaxial pair of cylinders (94, 96) being
mechanically linked; cam (83) and cam follower
means (84) arranged between said pairs of pis-
tons (72) operatively connecting all said pistons
(72) to a rotary drive mechanism (85) turning
about an axis coaxial with the principal machine
axis of symmetry, the symmetry plane of said
drive mechanism (85) normal to its axis of rota-
tion being coincident with the plane of symmetry
of the reciprocating parts of the machine; and the
machine working fluid is contained in one or
more isolated stages comprising an expansion
space (76), a heater (78), a regenerator (75) a
cooler (77), and a compression space (74) con-
nected in series by passages permitting oscillat-
ing flow between said spaces.

2. A machine according to claim 1 having at
least four pairs of cylinders in which the frame
includes an expansion block (96) holding all
expansion spaces (76) in an annular array, and a
compression block (94) holding all compression
spaces (76) in a like annular array, with the axes of
reciprocation of each pair of pistons (72) parallel
to and symmetrically disposed about the principal
machine axis of symmetry, the pistons (72) in
each pair of cylinders being joined by a rigid
connecting rod (81} carrying at its midpoint the
cam follower means (84), said cam follower {(84)
engaging a harmonic displacement, right-circular,
cylindrical drum cam (83) holding the input-
output shaft (85), said cam (83) and shaft (85)
being guided by journal bearing means (92) in the
frame for rotation about an axis coaxial with the
machine axis of symmetry, the machine working
fluid being contained in a number of stages
corresponding to the number of cylinder pairs,
with the expansion space (76) of each stage being
in one cylinder pair and the compression space
{74) of that stage being in another cylinder pair.

3. A machine according to claim 2 having four
pairs of cylinders in which the regenerators (75)
are contained in tubular passages (95) parallel to,
annularly arrayed among, and coterminous with
the cylinders, each regenerator (75} extending
into a segmented depression (93) within the
expansion and compression blocks (96, 94), each
segmented depression (93) serving to connect
one cylinder and one regenerator tube (95) end of
a stage and to collocate and accommodate
heaters (78) within the expansion block (96) and
coolers (77) within the compression block (94),
respectively.

4. A reciprocating, single-acting, Stirling-cycle
thermal machine of the type which does not
employ loose fitting displacer pistons and com-
prising a frame; at least one pair of stationary,
coaxial, in-line, right-circular cylinders (16, 18)
mounted in said frame, said cylinders (16, 18)
being thermally isolated from each other, one of
said cylinders (18) enclosing an expansion space
(37) of the machine and the other (16) enclosing a
compression space (27) of the machine; an exter-
nal heat source; an external heat sink; a
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regenerator (42) for the or each cylinder pair; a
heater (35) for the or each expansion space (37)
comprising a heat exchanger element closing one
end of the expansion space (37) and serving to
thermally conductively connect said source to the
machine working fluid; a cooler (25) for the or
each compression space (27) comprising a heat
exchanger element closing one end of the com-
pression space (27) and serving to thermally
conductively connect said sink to the machine
working fluid; and a piston (20, 30) arranged to
reciprocate within each said cylinders (16, 18)
characterised in that the machine has only two
cylinders (16, 18) and pistons (20, 30), said cylin-
ders (16, 18) are spaced apart and are open at
their adjacent ends and closed at their remote
ends; a pair of fiuid-tight pistons (20, 30) are
provided to reciprocate one within each cylinder
(16, 18); each piston (20, 30) being locked against
rotation relative to its associated cylinder (186, 18)
and sealing the open end thereof, a flywheet (45)
is provided in the space between the cylinders
{16, 18) and is carried on a ducted axle (40) coaxial
with the axis of reciprocation of the pistons (20,
30) and carrying the end wall structure of one of
said cylinders (18, 20) attached to each of its outer
ends and held against longitudinal displacement
along said axle (40) by a retainer member (28, 38)
permitting working fluid to flow around it, the
piston (20, 30) in each cylinder (16, 18) having a
central bore in its outwardly-facing top through
which said axle (40} extends in sliding, fluid tight
relation, the adjacent interiors of each piston (20,
30) carrying a harmonic displacement cylindrical
face cam (24, 34), the cam surfaces (26, 36) being
oriented normal to the axis of reciprocation and
occupying a specified relative angular position
about the machine axis of symmetry, and co-
operating with cam followers (56) carried by the
flywhee! (45), the hollow center of said ducted
axle (40) forming the passage connecting the
heater (35) and cooler (25) and containing the
regenerator {42).

5. A machine according to claim 4 in which one
of the cylinder wall structures is fixed against
rotation relative to the frame and the other is held
by retainer means which permit such rotation.

6. A machine according to claim 5 including
means for effecting rotation of one cylinder struc-
ture relative to the other whereby the instantane-
ous phase angle between the periodic reciprocat-
ing motions of the pistons can be adjusted.

7. A machine according to claim 6 connected to
a vehicular load wherein the external heat source
includes thermal energy storage means and the
range of phase angle adjustment includes a nega-
tive torque mode.

Patentanspriiche

1. Eine einfachwirkende Stirling-Hubkolben-
Wirmekraftmaschine eines Typs, bei dem keine
lose montierten Verschiebekoiben. verwendet
werden, und welcher einen Rahmen hat; minde-
stens ein parr stationare, koaxiale, in einer Reihe
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befindlichen, rechtskreisformigen Zylinder (94,
96), die in besagtem Rahmen montiert sind,
wobei die besagten Zyiinder (94, 96) thermisch
voneinander isoliert sind, wobei einer der besag-
ten Zylinder (96) einen Expansionsraum (76) der
Maschine umschlieRt und der andere (94) einen
Kompressionraum {74) der Maschine umschlief3t;
eine auRenstehende Warmequelle; eine aullen-
stehende Wérmesenke; ein Regenerator (75) fur
das oder jedes Zylinderpaar; eine Heizung (78) fiir
den oder jeden Expansionsraum (76), der ein
Waérmeaustauschelement enthélt, welches ein
Ende des Expansionsraums (76) abschlie3t und
dazu dient, die besagte Quelie wérmeleitend mit
der Arbeitsfitissigkeit der Maschine zu verbinden;
ein Kuhler (77) fir den oder jeden Kompressions-
raum (74), der ein Warmeaustauschelement ent-
hélt, das ein Ende des Kompressionsraums (74)
abschlieBt und dazu dient, die besagte Senke mit
der Arbeitsfliissigkeit der Maschine wérmeleitend
yu verbinden; ein Kolben (72) so angeordnet, dal’
er sich innerhalb der besagten Zylinder hin- und
herbewegt, dadurch gekennzeichnet, dald die
Maschine eine Mehrfachkolbenmaschine ist, mit
einer ringférmigen und parailelen Anordnung
von Zylinderpaaren (72) und Regeneratorenvolu-
men (75), wobei die besagten Zylinderpaare (94,
96) auseinanderliegen und an den einander zuge-
wandten Enden offen und an den voneinander
abgewandten Enden geschlossen sind; ein paar
flissigkeitsfeste Kolben (72}, vorgesehen fiir die
Hin- und Herbewegung innerhalb eines jeden
Zylinders (94, 96), wobei jeder Kolben (72) gegen
die Rotation des Partner-Zylinders (94, 96) arre-
tiert ist, und das offene Ende desselben schliiel3t,
wobei die Kolben (72) eines jeden koaxialen
Zylinderpaares (94, 96) mechanisch miteinander
verbunden sind; Daumen (83) und Daumenstds-
selvorrichtung (84) sind zwischen den besagten
Kolbenpaaren (72) angeordnet, die alle besagten
Kolben (72) mit einem Rotationsmechanismus
(85), der sich um eine Achse koaxial zur Haupt-
symmetrieachse der Maschine dreht, verbindet,
wobei die symmetrische Fldche von besagtem
Rotationsmechanismus (85) normal zu ihrer
Rotationsachse mit der symmetrischen Flache der
sich hin- und herbewegenden Maschinenteile
Ubereinstimmt; die Arbeitsflissigkeit der
Maschine befindet sich in einer oder mehreren
isolierten Stationen, bestehend aus einem Expan-
sionsraum (76), einer Heizung {78), einem Rege-
nerator (75), einem Kuhler (77), und einem Kom-
pressionsraum (74), serienmé&Big verbunden mit-
tels Kandlen, die einen osziilierenden Flu
zwischen den besagten Rdumen gestatten.

2. Eine Maschine entsprechend dem Anspruch
1, welche mindestens vier Zylinderpaare hat, und
in welcher der Rahmen einen Expansionsblock
{96) beinhaltet, worin alle Expansionsrdume (76)
ringférmig angeordnet sind, sowie einen Kom-
pressionsbiock (94), worin alle Kompression-
rdume (76) gleichfalis ringférmig angeordnet
sind, mit den Wechselwirkungsachsen von jedem
Kolbenpaar (72) parallef zu der und symmetrisch
um die Hauptsymmetrieachse der Maschine
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angeordnet, wobei die Kolben (72) in jedem Zylin-
derpaar mittels einer starren Pleuelstange (81)
verbunden sind, an deren Mitte sich die Daumen-
stésselvorrichtung (84) befindet, wobei besagter
Daumenstdssel {84) eine harmonische Verschie-
bung des rechtskreisférmigen zylindrischen
Trommeldaumens (83) betétigt, welchen die
input-output Welle (85) hélt, wobei besagte Dau-
men (83} und Welle (85) von einer Gleitlagervor-
richtung (92) geflihrt werden, und zwar in dem
Rahmen zwecks Rotation um eine Achse koaxial
zu der symmetrischen Achse der Maschine,
wobei die Arbeitsfliissigkeit der Maschine in einer
Anzahl von Stationen enthalten ist, welche der
Anzah! der Zylinderpaare entspricht, wobei sich
der Expansionsraum (76) jeder Station in einem
Zylinderpaar und der Kompressionsraum (74)
derjenigen Station in einem anderen Zylinderpaar
befindet.

3. Eine Maschine entsprechend dem Anspruch
2 mit vier Zylinderpaaren, in denen die Regenera-
toren (75) in rohrfdrmigen Kanalen (95) enthaiten
sind, und zwar parallel zu, ringférmig angeordnet
um und angrenzend an die Zylinder, wobei jeder
Regenerator (75) in eine segmentierte Mulde (93)
innerhalb der Expansions- und Kompressions-
bldcke (96, 94) hineinragt, die dazu dient, einen
Zylinder und ein Regeneratorrdhrenende {95)
einer Station zu verbinden, und die Heizungen
(78) innerhalb des Expansionsblocks (96) und die
Kihier (77) innerhalb des Kompressionsblocks
{94) jeweils in die Reihe zu stellen und aufzuneh-
men.

4. Eine einfachwirkende Stirling-Hubkolben-
Warmekraftmaschine eines Typs, bei dem keine
lose montierten Verschiebekolben verwendet
werden, und welcher einen Rahmen hat; minde-
stens ein Paar stationére, koaxiale, sich in einer
Reihe befindlichen, rechtskreisférmigen Zylinder
(16, 18) thermisch voneinander isoliert sind, und
wobei einer der besagten Zyiinder {18) einen
Expansionsraum (37) der Maschine umschlief3t,
und der andere (16) einen Kompressionsraum
(27) der Maschine umschiieBt; eine auBenste-
hende Wiarmequeile; eine auBenstehende War-
mesenke; ein Regenerator (42) fir das oder jedes
Zylinderpaar; eine Heizung (35) fir den oder
jeden Expansionsraum (37), der ein Wérmeaus-
tauschelement enthdlt, welches ein Ende des
Expansionsraums (37) abschlieRt und dazu dient,
die besagte Quelle wérmeleitend mit der Arbeits-
fliissigkeit der Maschine zu verbinden; ein Kihler
(25) fir den oder jeden Kompressionsraum (27),
der ein Warmeaustauschelement enthalt, das ein
Ende des Kompressionsraums (27) abschlief3t
und dazu dient, die besagte Senke mit der
Arbeitsfliissigkeit der Maschine wérmeleitend zu
verbinden; ein Kolben {20, 30), so angeordnet,
daR er sich innerhalb jedem der besagten Zytin-
der (16, 18) hin- und herbewegt, dadurch gekenn-
zeichnet, daB die Maschine nur zwei Zylinder (16,
18) und Kolben (20, 30) hat, wobei die besagten
Zylinder (16, 18) auseinander liegen und an den
einander zugewandten Enden offen und an den
voneinander abgewandten Enden geschfossen
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sind; ein paar fliissigkeitsfeste Kolben (20, 30),
vorgesehen fir die Hin- und Herbewegung inner-
halb eines jeden Zylinders (16, 18), wobei jeder
Kolben (20, 30) gegen die Rotation des Partner-
Zylinders (16, 18) arretiert ist und das offene Ende
desselben verschlieRt, wobei ein Schwungrad
(45) in dem Raum zwischen den Zylindern (16, 18)
vorgesehen ist und auf einer Ausfiihrungsachse
(40) koaxial zu der Hin- und Herbewegungsachse
der Kolben (20, 30) gefithrt wird und die Struktur
der AbschluRwand einer der besagten Zylinder
(18, 20) tragt, welche an jedem der &uReren
Enden angebracht ist und gegen die Langsver-
schiebung entlang besagter Achse (40) mittels
eines Halteteils (28, 38) gehalten wird, das den
FluR der Arbeitsfliissigkeit um dieselbe gestattet,
wobei der Kolben (20, 30} in jedem der Zylinder
{18, 18) eine zentrale Bohrung im &uferen Ende
hat, durch welche die besagte Achse (40) in
gleitender, flussigkeitsfester Relation hineinragt,
und die angrenzenden Innenseiten eines jeden
Kolbens (20, 30) eine harmonische Verschiebung
der zylindrischen, axial wirkenden Daumen (24,
34) tatigen, wobei die Daumenoberflichen (26,
36) normal zu der Hubkoibenachse ausgerichtet
sind und eine spezifische relative Winkelstellung
um die Symmetrieachse der Maschine einneh-
men, wobei sie mit den Daumenstdsseln (56), die
von dem Schwungrad (45) getragen werden,
zusammenwirken und der hohle Schwerpunkt
von besagter Ausfiihrungsachse (40) einen Kanal
bildet, der die Heizung (35) und den Kiihler {25)
verbindet und der den Regenerator (42) enthalt.

5. Eine Maschine entsprechend dem Anspruch
4, in welcher einer der Zylinder-Wandstrukturen
entgegen der Rotation in Relation zu dem Rah-
men befestigt ist und die andere von einer Halte-
vorrichtung gehalten wird, die besagte Rotation
gestattet.

6. Eine Maschine entsprechend dem Anspruch
5, einschlieRlich Mittel zur Rotation einer Zylin-
derstruktur in Relation zur anderen, wobei der
Augenblicks-Phasen winkel zwischen den periodi-
schen Hubbewegungen der Kolben justiert
werden kann.

7. Eine Maschine entsprechend dem Anspruch
6, welche mit einer Fahrzeugladung verbunden
ist, worin die auRBenstehende Warmequelle Mittel
zur thermischen Energiespeicherung enthélt und
der Umfang der Phasenwinkelregelung eine
negativen Drehweise mit einschlief3t.

Revendications

1. Machine thermique, a cycle Stirling, a simple
effet, 8 mouvement de va-et-vient du type n’impli-
quant pas l'utilisation de pistons déplaceurs a
ajustage libre et comprenant un chassis; au
moins une paire de cylindres (94, 96) fixes,
coaxiaux, en ligne circulaires droits, montés dans
le chassis, ces cylindres (94, 96) étant isolés
thermiquement entre eux, un de ces cylindres (96)
renfermant un espace d’expansion (76} de la
machine et l'autreé cylindre (94) renfermant un
espace de compression (74) de la machine; une
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source extérieure de chaleur; un puits de chaleur
externe; un régénérateur (75) pour la ou -pour
chaque paire de cylindres; un réchauffeur (78)
pour le ou pour chaque espace d'expansion (76)
comprenant un élément d'échangeur de chaleur
fermant une extrémité de I'espace d’expansion
(76) et servant 3 relier de fagon conductible
thermiquement, la source au fluide de travail de la
machine; un refroidisseur (77) pour le ou pour
chaque espace de compression {74) comprenant
un élément d'échangeur de chaleur obturant une
extrémité de [‘espace de compression (74) et
servant a relier de fagon conductible thermique-
ment le puits de chaleur au fluide de travail de la
machine; et un piston (72) agencé de fagon a
effectuer un mouvement de va-et-vient a l'inté-
rieur des cylindres, caractérisée en ce que la
machine est une machine a pistons multiples
ayant un agencement annulaire et paraliéle de
pairs de cylindres (72} et de volumes de régénéra-
teur (75), ces paires de cylindres (94, 96) étant
espacées entre elles et étant ouvertes au niveau
de leurs extrémités contigués et fermées au
niveau de leurs extrémités éloignées; une paire
de pistons étanches au fluide (72) sont prévus
pour le mouvement de va-et-vient a l'intérieur de
chaque cylindre (94, 96); chaque piston (72) étant
bloqué contre la rotation par rapport & son cylin-
dre associé (94, 96) et rendant étanche 'extrémité
overte de celui-ci, les pistons (72) de chaque paire
coaxiale de cylindres (94, 96) étant reliés mécani-
quement; une came (83) et une contre-came (84)
-disposés entre les paires de piston (72) reliant de
fagon fonctionnelle tous les pistons (72) au méca-
nisme de commande rotative {85) tournant sur un
axe coaxial par rapport a I'axe principal de symé-
trie de la machine, le plan de symétrie du mécha-
nisme de commande (85) perpendiculaire a son
axe géométrique de rotation coincidant avec le
plan de symétrie des piece en mouvement de va-
et-vient de la machine; et le fluide de travail de la
machine est contenu dans un ou plusieurs étagés
isolés comprenant un espace d’expansion (76), un
réchauffeur (78), un régénérateur (75), un refroi-
disseur (77) et un espace de compression (74}
reliés en série par des passages permettant ['os-
cillation du flux entre les espaces.

2. Machine selon la revendication 1, ayant au
moins quatre paires de cylindres dans lesquel le
chassis comprend un bloc d‘expansion (96) conte-
nant tous les espaces d'expansion (76) dans un
agencement annulaire, et un bloc de compression
(94} contenant tous les espaces de compression
(76) dans un agencement annulaire similaire,
avec des axes mouvement de va-et-vient de
chaque paire de pistons (72) paralléles a et dis-
posés symétriquement sur I'axe de symétrie prin-
cipal de la machine, les pistons (72) dans chaque
paire de cylindres étant reliés par une bielle rigide
(81) supportant sur son point médian la contre-
came (84), cette contre-came (84) coopérant avec
une came de tambour cylindrique, circulaire-
droite, a déplacement harmonique (83) mainte-
nant I'arbre d’entrée et de sortie {85), la came (83)
et I'arbre (85) étant guidés par des paliers d'arbre
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(92} dans le chassis pour la rotation sur un axe
géométrique coaxial par rapport a I'axe de symé-
trie de la machine, le fluide de travail de la
machine étant contenu dans un certain nombre
d'étages correspondant au nombre de paires de
cylindres avec I'espace d'expansion (76) de cha-
que étage situé dans une paire de cylindres et”
l'espace de compression (74) de cet étage situé
dans une autre paire de cylindres.

3. Machine selon la revendication 2, compora-
tant quatre paires de cylindres dans lesquels les
régénérateurs (75) sont contenus dans des pas-
sages tubulaires (95) paralléles 3, agencés annu-
lairement, parmi et avoisinant les cylindres, cha-
que régénérateur (75) s'étendant dans une
dépression segmentée (93) a I'intérieur des blocs
d'expansion et de compression (96, 94), chaque
dépression segmentée (93} servant a relier un
cylindre et une extrémité de tube de régénérateur
(95) d'un étage et a recevoir et loger des réchauf-
feurs (78) respectivement a l'intérieur du bloc
d’expansion (96) et des refroidisseurs (77) et a
I'intérieur du bloc de compression (94).

4. Machine thermique, a cycle Stirling, a simple
effet, a mouvement de va-et-vient du type n'impli-
quant pas l'utilisation de pistons déplaceurs a
ajustage libre et comprenant un chéssis; au
moins une paire de cylindres (16, 18) fixes,
coaxiaux, en ligne, circulaires droits, montés dans
le chassis, ces cylindres (16, 18) étant isolés
thermiquement entre eux, un de ces cylindres (18)
renfermant un espace de d’'expansion (37} de la
machine et l'autre cylindre (16) renfermant un
espace de compression (27) de la machine; une
source extérieure de chaleur; un puits de chaleur
externe; un régénérateur (42) pour la ou pour
chaque paire de cylindres; un réchauffeur (35)
pour le ou pour chaque espace d’expansion (37)
comprenant un élément d'échangeur de chaleur,
fermant une extrémité de I'espace d’expansion
(37) et servant a relier de fagon conductible
thermiquement, la source au fluide de travail de la
machine; un refroidisseur {25) pour le ou pour
chaque espace de compression (27) comprenant
un élément d’'échangeur de chaleur obturant une
extrémité de l'espace de compression (27) et
servant a relier de fagon conductible thermique-
merit le puits de chaleur au fluide de travail de la
machine; et un piston {20, 30) agencé de fagon a
effectuer un mouvement de va-et-vient a l'inté-
rieur des cylindres (16, 18), caractérisée en ce que
la machine ne comporte que deux cylindres {186,
18) et pistons {20, 30), ces cylindres {16, 18) sont
espacés entre eux, sont ouverts au niveau de
leurs extrémités contigiis et fermés au niveau de
leurs extrémités éloignées; une paire de pistons
étanches au fluide (20, 30} sont prévus pour le
mouvement de va-et-vient a l'intérieur de chaque
cylindre (16, 18); chaque piston (20, 30) étant
bloqué contre la rotation par rapport a son cylin-
dre associé (16, 18} et obturant son extrémité
ouverte, un volant (45) est prévu dans |'espace
situé entre les cylindres (16, 18) et il est supporté
par un essieu sous gaine (40) coaxial avec l'axe
géométrique du mouvement de va-et-vient des
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pistons (20, 30) et supportant la structure de paroi
d’extrémité de 'un des cylindres (16, 18) fixé a
chacune de ses extrémités extérieures et main-
tenu contre le déplacement longitudinal le long
de cet essieu (40) par un élément de retenue (28,
38} permettant au fluide de travail de s'écouler sur
le pourtour de celui-ci, le piston (20, 30) dans
chaque cylindre (16, 18) comportant un alésage
central dans sa partie supérieure faisant face
extérieurement 3 travers lequel I‘essieu (40)
s'étend en relation coulissante étanche au fluide,
les intérieurs contigus de chaque piston (20, 30)
supportant une came de face cylindrique a dépla-
cement harmonique (24, 34), les surfaces de came
(26, 36) étant orientées perpendiculairement a
I'axe géométrique du mouvement de va-et-vient
et occupant une position angulaire relative spéci-
fiée sur 'axe de symétrie de la machine et
coopérant avec des contre-cames (56) supportées
par le volant {45), le centre creux de cet essieu
sous gaine (40) formant le passage reliant le
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réchauffeur (35) au refroidisseur {25) et contenant
le régénérateur (42).

5. Machine selon la revendication 4, dans
laquelle I'une des structures de paroi de cylindre
est fixée de fagon & empécher sa rotation par
rapport au chassis tandis que l'autre est mainte-
nue par les moyens de retenue qui permettent
cette rotation.

6. Machine selon la revendication 5 comprenant
des moyens pour effectuer la rotation d'une
structure de cylindre par rapport a 'autre tandis
que I'on peut ajuster I'angle de phase instantané
entre les mouvements de va-et-vient périodiques
des pistons.

7. Machine selon la revendications 6 reliée a
une charge véhiculaire, dans laquelle la source
extérieure de chaleur comprend des moyens de
stockage d'énergie thermique et la plage de
réglage angulaire de phase comprend un mode
de couple négatif.
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