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THERMAL REFRIGERATION PROCESS AND
APPARATUS

CROSS-REFERENCE TO RELATED APPLICATION

This is a continuation-in-part of copending applica-
tion Ser. No. 850,439, filed Aug. 15, 1969, now aban-
doned.

BACKGROUND OF THE INVENTION

This invention pertains generally to thermodynamic
processes and machines and more particularly to a pro-
cess and apparatus capable of producing either refrig-
eration or refrigeration and work output from thermal
energy. The thermal energy may also be supplemented
by work energy to produce refrigeration.

Refrigeration systems heretofore provided have in-
cluded absorption type refrigeration systems, electric
motor driven compressor systems, and certain thermal
refrigeration systems,

Absorption type refrigeration systems generally in-
clude a refrigeration loop.and a heat engine loop in a
closed thermodynamic cycle. Limited by the natural
limits of the absorption process, the heat engine loop
operates over only a narrow temperature range. Heat
rejection requirements are high in absorption type sys-
tems, with the heat rejected from the engine loop typi-
cally being three times greater than that which is re-
Jjected from the refrigeration loop. This poor thermody-
namic performance leads to- high equipment first cost
as well as high operating costs.

Conventional electric motor driven compressor sys-
tems have inherently high -performance, resulting in a
minimum of heat rejection components and low first
cost. However, because of the high cost of electricity,
as compared with the cost of natural gas, the operating
costs of electrically motor. driven .compressor systems
are relatively high. While:the refrigeration operating
temperature range can be extended by cascading com-
pressor stages, the coefficient of performance of the

system is decreased significantly by the compressor -

losses per stage.

In thermal refrigeration systems heretofore provided,
such as disclosed in U.S. Pat. No. 2,657,553, coeffici-
ent of performance is low because it is necessary to

produce work output in order to also produce refriger-

ation.

SUMMARY ‘AND OBJECTS OF THE INVENTION

The present invention provides a thermodynamic
process and apparatus combining high performance
hot gas engine components and gas refrigeration com-
ponents in a single. machine. Either refrigeration alone
or refrigeration and work can be produced directly
from thermal energy. Also, refrigeration can be pro-
duced from thermal energy supplemented by work .in-
put. Heat rejection from-the. engine and refrigeration
processes is accomplished through a single heat rejec-
tion loop and exchanger which:is-common to both the
engine and refrigerator functions of the machine. The

process may be applied over a broad temperature -

range, i.e., air conditioning through cryogenic applica-
tions, with high'performance and low cost over the en-
tire range.

It is in general.an object of the invention to provide
a new and improved thermal. refrlgeratlon process and
apparatus.. :
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Another object of the invention is to-provide a pro-
cess and apparatus of the above character in which ei-
ther refrigeration alone or refrigeration and work can
be produced directly from thermal energy.

Another object of the invention is to provide a pro-
cess and apparatus of the above character in which the
thermal energy input can be supplemented by work en-
ergy input.

Another object of the invention is to provide a pro-
cess and apparatus of the above character which can be
utilized over a broéad temperature range.

Another object of the invention is to ‘provide a pro—
cess and apparatus of the above character which can be
economically constructed and operated with high
power density.

Additional objects and features of the invention will
appear from the following description in which the pre-
ferred embodiments are set forth in detail in conjunc-
tion with the accompanying drawing.

BRIEF DESCRIPTION OF THE DRAWING

FIG.1isa dlagram showing volumetric relatlonshlps
durmg one cycle of a thermodynamrc process embody-
ing the present invention.

FIG. 1A is a diagram 1llustratmg the relatronshlp be-
tween working fluid pressure and crankshaft rotatron
for the cycle illustrated in FIG. 1.

FIG. 2 is a schematic diagram lllustratmg the inter-
connection of the volumes shown in FIG. 1.

FIGS. 2A through 2D are diagrams showing the rela-
tionship between pressure and volume during the cycle

‘of operation illustrated in FIG. 1.

FIG. 3 is a sectional view, partly in diagrammatic
form, of one embodiment of apparatus incorporating
the present invention.

FIG. 4 is a diagrammatic,. exp]oded view ‘with por-
tions indicated as A through E corresponding to section
lines 4A through 4E of FIG. 3, respectively.

- FIG. § shows diagrammatically another embodiment

of apparatus incorporating the present invention.

FIG. 6 shows diagrammatically another embodiment

of apparatus incorporating the present invention.
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FIG. 7 is a diagram showing the volumetric relation-
ShlpS during an operating.cycle of the apparatus shown
in FIG. 6,

FIG. 7A is a dragram showing the relationship be-
tween working fluid pressure and crankshaft rotation
for the apparatus of FIG. 6.

FIG. 8 is a schematic diagram illustrating the inter-
connection of the volumes shown in FIG, 7.

FIGS. 8A through 8D show the relationships between

~ pressure and volume in the apparatus of FIG. 6.
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FIG. 9 diagrammatically shows another embodiment
of apparatus incorporating the present invention.

FIG. 10 diagrammatically illustrates another embodi-
ment of apparatus incorporating the present invention. -

FIG. 11 is a diagram illustrating the volumetric rela-
tionships during an.operating cycle of the apparatus il-
lustrated in FIGS. .9 and 10.

FIG. 11A is a-diagram showing the relationship be-
tween working fluid pressure and crankshaft rotation in’
the apparatus of FIGS. 9 and 10. -

FIGS. 12A through 12E illustrate the relationships
between pressure and volume in the apparatus of FIGS.
9 and 10. :
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FIG, 13 shows dlagrammatlcally another embodi-
ment of apparatus- mcorporatmg the present invention.

DESCRIPTION OF THE PREFERRED
: " EMBODIMENTS '

The thermal refrigeration process, as illustrated in
FIGS. 1 through 2D, comprises generally the steps of
compressing a gas working fluid.and removing thermal
energy therefrom at an intermediate temperature; add-
ing high temperature thermal energy to the working
fluid and simultaneously subtracting low temperature
thermal energy therefrom while maintaining the vol-
ume and pressure of the fluid substantially constant; ex-
‘panding the working fluid; and adding low temperature
thermal energy to and simultaneously subtracting high
temperature thermal energy from the working fluid
while again maintaining the volume and pressure of the

. fluid substantially constant. It has been found that these
steps can be advantageously performed in a closed sys-
tem comprising a hot expander chamber of variable

volume V4, a refrigerator expander chamber of vari-

able volume Vgp, a compressor chamber of variable

volume V¢, a first heat exchanger assembly 11, con-

nected intermediate the hot expander chamber and the
compressor chamber, and a second heat exchanger as-
sembly 12 connected intermediate the refrigerator ex-
pander chamber and the compressor chamber. The in-
terconnection of the expander and compressor cham-
bers and the heat exchangers is illustrated in FIG. 2. In
the preferred embodiments, an rdeal gas is used as the
working fluid.

The heat. exchanger assembhes 11 and 12 are made
up of conventional units. The exchanger assembly 11
includes a heater H which is connected to the hot ex-
pander volume Vg, a-cooler.C connected to the com-
pressor volume ¥, and a regenerator R connected in-
termediate the heater and cooler. The exchanger as-
sembly 12 includes a refrigerator heat exchanger Ry
connected to the refrigerator expander volume Vgp, a
cooler C connected to the compressor volume V¢, and
a regenerator R intermediate the . refrigerator and
cooler. The function of the heater H and refrigerator
heat exchanger R, is to add thermal énergy to the
working fluid. The coolers C function as a heat sink for
removing thermal energy from the working fluid. The
regenerators provide transitory storage and release of
thermal energy to the working fluid, thus establishing
thermal gradients between the heater and cooler and
between the refrigerator heat exchanger and cooler.
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FIG. 1 illustrates the relationships ‘among the- vol- -

umes in the system during one complete cycle of opera-
tion, corresponding to 360° of Cranks_haft rotation. The
crankshaft rotation 8 is plotted in degrees on the ab-
scissa, and the volumetric varratlons are plotted on the
ordinate, where S
V,,- = Refrigerator expander volume
V4 = Hot expander volume
'VE = Total expander volume (Vys + V,,)
= Compressor volume
V,, = Dead volume (volume of the heat exchangers
and flow passageways)
V-r =.Total system volume (Vup + Vn + V(' + VD)
‘As illustrated, the hot expander volume Vg and the
refrigerator expander .volume: Vs vary substantially

harmonically ‘and substantially . in . phase. with each .

other. Thus, in 360°. of crankshaft rotation, they each
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vary from a minimum value to a maxirhum value and
back to the minimum value. The-difference between
the maximum and minimum volumes of a chamber is
hereinafter referred to as the working volume of that
chamber. The volume V¢ of the compressor chamber
also varies substantially harmonically'from a minimum
value to a maximum value and back to the minimum
value in 360° of crankshaft rotation. The variation of - .
the compressor volume V. is not, however, in phase
with that of the expander chambers. For reasons that
will appear hereinafter, it has been found that the best
results are obtained when the changes in the expander
volumes lead the changes in the compressor volume by
an angle on the order of 110° to 140°,

From FIG. 1 it can also bé seen that when the total
expander working volume Vy is made approximately
equal to the working volume V. of the compression
chamber, the total volume V7 is substantially constant
during the phases of the cycle between A and B and be-
tween C and D. Between B and C the total volume un-
dergoes an expansion phase, and between D and A it

* undergoes a compression phase.

During the first substantially constant volume phase
that is from A to'B, the expander volumes are increas-
ing and the compressor volume is décreasing. Hence,
during this phase, working fluid is transferred from the
compressor volume to the expandervolumes. The fluid
passing from the compressor volume to the hot expan:
der volume flows through the first heat exchanger as-
sembly 11 wherein high temperature thermal energy is
added to the fluid by the regenerator R and heater H.
Also, during this constant volume phase, thermal en-
ergy is extracted from the working fluid by the cooler
C and second regenerator R as it passes through the
second heat exchanger assembly 12. Additional heat.is
added at low temperature by the refrigerator heat ex-
changer Ry. The amount of thermal energy removed
from'the working fluid in the second heat eéxchanger
assembly is substantially’ équal to that added to the
working fluid in the first heat exchanger assembly, with
the result that the pressure of the working fluid remains
substantially constant during the first c'onstant volume
phase. :

During the expansion phase, that is from Bto C, the
working fluid is expanded substantially isentropically in
the expander chambers and in a mixed isothermal and
isentropic process in the compressor:chamber.

During the second substantially constant -volume
phase, that is from C to D, working fluid is shifted from

the expander chambers to the compressor chamber. As

the fluid passes through the second heat exchanger as-
sembly 12, it receives low temperature thermal energy
Qv from the refrigerator heat exchanger Ry. Addi-
tional thermal energy is added ‘to this fluid by the re-
generator R in the heat exchanger assembly 12. The
fluid passing from the hot expander chamber to the
compressor chamber is cooled initially by the regenera-
tor R in first heat exchanger assembly 11. Additional
thermal energy is extracted from the fluid by th cooler -
in this first exchanger. The thermal energy extracted

- from the fluid in:the first heat exchanger assembly 11

is substantially equal to the thermal energy added in the
second exchanger assembly 12, and the pressure of the
working fluid remains substantially constant during the
second constant volume phase.
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During the compression phase, the working fluid is
compressed isothermally and isentropically in the ex-
pander and compressor chambers.

FIG. 1A shows the pressure changes in the system
during the operating cycle. For clarity, the pressure
changes shown reflect ideal constant volume shifts. As
is more fully discussed hereinafter, the coefficient of
performance of the process is significantly enhanced by
maintaining the pressure of the working fluid substan-
tially constant during the constant volume phases since
the -working fluid AT in each working chamber is
thereby minimized.

FIGS. 2A, 2B, and 2C are P-V diagrams which de-
scribe the thermodynamic processes occurring in the
volumes Vy, V¢ and ‘Vrr, respectively. As can-be seen
in these figures, the.working fluid.in each of the two ex-
pander volumes passes through an.expansion cycle, and
the working fluid .in the compressor volume passes
through a compression cycle. Energy is extracted from
the working fluid in the hot expansion chamber and re-
supplied thereto at high temperature as it passes
through the heater in the first heat exchanger assembly
11. Energy is extracted from the working fluid in the
refrigerator expander volume and is resupplied thereto
at a low temperature as it passes through the refrigera-
tor heat exchanger in the heat exchanger assembly 12.
Energy is:added to the working fluid in.the compressor
chamber and removed therefrom as it passes through
the coolers. :

As will be apparent to-those familiar with-the art, the
conditions required for a closed cycle heat engine and
a closed cycle refrigerator have been combined into a
single process. A thermal machine operating according
to this process may produce refrigeration alone, refrig-
eration and work, or it. may be designed to produce re-
frigeration from thermal energy with a supplemental
input of work.

As can be seen in -FIGS. 2C and 2D, the expansion
cycle of the refrigerator chamber is one quarter cycle
out of phase with the net power cycle, and with no pres-
sure change during the constant volume strokes, the
process. can produce refrigeration without producing
net work. Thermal energy input may be supplemented
by work energy input to the system. This is to be con-
trasted with thermal refrigeration systems heretofore
provided in which refrigeration is produced in a refrig-
erator expander volume arranged in phase with the net
power cycle of engine components. With the net power
cycle and refrigeration volume in phase, the engine
cycle must be an expansion cycle and thus produce net
work in order to “drive” the refrigerator working fluid
in an expansion cycle to produce refrigeration. Further,
with the net power cycle in phase with the refrigerator
volume, supplemental work input will generate a net
engine compression cycle and thus a compression cycle
in the refrigerator. volume which-is the opposite of what
is required to produce refrigeration.

The refrigeration produced is equal to the expansion
cycle work of the working fluid in the refrigerator ex-
pander chamber, and the high temperature heat input
to the system is equal to the expansion cycle work of
the working fluid in the hot expander chamber. There-
fore, the coefficient of performance of a machine oper-
ating according to- the process can be expressed by the
relationship.

CP.= Refr./Q,N
Where:
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C.P. = Coefficient of performance,

Refr. = Work done by gas in'the refrigerator cham-

ber,

Qi = Work done by gas in the hot expander cham-

ber,

Since the volumes of the expander chambers vary in
phase, the working fluid pressure is equal in both cham-
bers for the same percentage of volumetric displace-
ment in each chamber. Therefore, the average AP in
the hot expander chamber is equal to the average AP
in the refrigerator expander chamber. Since the work
done in each chamber is equal to the volume of the
chamber multiplied by the average AP in the chamber,
it follows that C.P. = Vge/Vy.

Based on Carnot cycle limits, where no work is pro-
duced, the coefficient of performance can be expressed

C.P. = (TpelTy) [(Ty — Te)/(Te ~ Tar)]
Where: , ,
Trr = Average absolute temperature of gas in refrig-
erator expander volume,
Ty = Average absolute temperature of gas in hot ex-
pander volume, :
Tc = Average absolute temperature of gas in com-
pressor volume. ‘
Therefore, in the ideal machine where there is no
friction or net work produced, . .
VirelVi = (Tpel Te) [(Ty — Te)/(Te — Tre)].
In order to produce a constant pressure during the con-
stant volume strokes, as defined in this process, the vol-
umetric ratio (Vge/Vy) is dependent on the specific
working fluid temperature entering or leaving each
chamber. Refrigeration and work are produced when
the total expansion net work is greater .than the com-
pression work, and the expansiori work can be in-
creased relative to the compression work simply by.de-
creasing the ratio Vpe/Vy while holding temperature
conditions fixed. Input work is required in addition to
thermal energy to produce refrigeration when the ex-
pansion work.is less than the compression work. With
temperature conditions fixed, expansion work can be
decreased relative to compression work by increasing
the ratio Vge/Vy. Thus, by adjusting the relative vol-
umes of the expander chambers, the process can be
adapted for producing refrigeration alone, refrigeration
and work, or for producing refrigeration from thermal
energy supplemented by work input. In practical sys-
tems, volumetric ratios must be selected which will re-

_sult in sufficient work to overcome internal friction and

leakage losses in the system.

FIG. 2D is a P-V diagram of the process occurring in
the total working volume V7 of an ideal system where
expansion work is equal to compression work and no
net work is being produced. If the ratio Vue/Vy is de-
creased, while holding témperature conditions fixed,
the P-V process in FIG. 2D will become an expansion
cycle producing work. If the ratio is increased, the pro-
cess will become a compression cycle, and work input
will be required as well as thermal energy to produce
refrigeration.

The constant pressure process occurring during the
volume changes in each working chamber results in
maximum chamber power. density combined with a
minimum working fluid AT. This is particularly signifi-
cant when consideration is given to the temperature re-
lationships which define overall coefficient perform-
ance, i.e., C.P. = (Tpe/T)[(Ty — Te)/(Tc — Trr)]. Be-
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cause the temperature in the foregoing relationship are
average chamber working fluid temperatures, the coef-
ficient' of performance is significantly enhanced by
minmimizing the working fluid AT in each chamber.

This process is applicable at refrigeration tempera-
tures ranging from standard air conditioning tempera-
tures down into the cryogenic range. For the standard
air conditioning temperature range of Tepiger = 45°F.
and Teordenser = 120°F., a practical system (utilizing the
machine geometry shown in FIG. 6) operating on this
process could have a volumetric ratio Vgs/Vy = 1.5 and
average chamber working fluid temperatures of Tgr =
475°R, Tc = 640°R and Ty =1,595°R. An ideal or pro-
cess C.P. of 1.72 is indicated and the ideal machine (no
friction or thermal losses} will also produce net work.
When mechanical and thermal losses are considered it
is estimated that the C.P. will be about 1.1. This com-
pares with domestic thermal absorption type air condi-
tioning systems which exhibit a C.P. ranging from 0.3
to 0.4.

This process has been compared, from the standpoint
of power density, with the Stirling cycle engine and re-
frigerator process and machines. The hot expander
power density is about equal to the power density in the
hot expander of a Stirling engine: The refrigerator ex-
pander volume power density in this process however
is greater than the Stirling refrigerator expander pro-
cess by about 85 percent at +40°F. and a factor of ten
at cryogenic temperatures (—320°F.) The increase in
refrigerator chamber power density is due to the opti-
mum shape of the P-V. diagrams and a more pro-
nounced isentropic expansion, i.e., a constant pressure
admission, followed by an.isentropic” expansion, fol-
lowed by a constant pressure and then mixed isother-
mal and isentropic exhaust stroke: This process will
thus resulit in producing more compact machines in this
class than have been heretofore possible. The eco-

nomic advantage afforded by using thermal energy as

a source of power will apply over the entire tempera-
ture range.

In a practical system embodymg the process, the
thermal energy for driving the system is supplied to the
working fluid through the heater in the heat exchanger
assembly 11. The actual heat removal is performed by
the refrigerator heat exchanger R, in the heat ‘ex-
changer assembly 12, Although this refrigerator heat
exchanger has heretofore been described only as add-
ing low temperature thermal energy to the fluid, it will
be appreciated that the extraction of thermal energy
from the environment of the refrigerator reduces the
temperature of that environment. Heat is removed
from the system by the coclers C, both of which can
conveniently be connected to a single heat sink.

The thermal refrigeration process described herein-
before can be practiced in a variety of machine config-
urations. The necessary volumetric relationships can be
provided in both oscillating vane and reciprocating pis-
ton machines, and several embodiments of apparatus
incorporating the invention are described hereinafter.

_ FIGS. 3 and 4 illustrate one embodiment of an oscil-
lating vane machine incorporating the present inven-
tion. The oscillating vane type of machine is described
in detail in by co-pending application Ser. No. 691,054,
filed Dec. 15, 1967, now U.S. Pat. No. 3,460,344.
Briefly, an. oscillating vane machine .includes means
forming one or more cylinders each containing a pair
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of arcuate chambers, an oscillating shaft coaxially dis-
posed within the cylinders, and a pair of diametrically
disposed vanes carried by the shaft within the cham-
bers. Oscillation of the shaft causes the vanes to sweep
back and forth, forming in each arcuate chamber a pair
of alternately enlarging and diminishing volumes
adapted to receive and discharge a working fluid. Ports
are provided in the chambers on opposite sides of each
vane in communication with the enlarging and dimin-
ishing volumes. The oscillating shaft is operably con-
nected to a crankshaft which rotates through 360°.
The embodiment illustrated in FIGS. 3 and 4 includes
a hot expander cylinder 16, a refrigerator expander cyl-
inder 17, and a compressor cylinder 18. The hot expan-
der cylinder contains a pair of arcuate chambers 19 and
21, each extending through an angle on the order of
1 10°. An oscillating vane assembly 22, including dia-
metrically disposed vane members 22a and 225, is co-
axially disposed in the cylinder 16. The vane members
22 and 22b divide the chambers 19 and 21 respec-

tively, into pairs of alternately enlarging and diminish-

ing volumes V. Ports 23 and 24 are provided at each
end of the chambers 19 and 21, each of said ports being
in.fluid communication with one of the volumes V,,.

The refrigerator expander chamber 17 likewise con-
tains a pair of arcuate chambers 26 and 27, each ex-
tending through an angle on the order of 110°. An os-
cillating vane assembly 28, ‘including vane members
28a and 28b, is disposed coaxially in the cylinder. The
vane members 28q and 28b divide the chambers 26 and
27, respectively, into pairs of alternately enlarging and
diminishing volumes Vgp. Ports 29 and 30 are provided
on opposite sides of the vane members in communica-
tion with the volumes Vgy.

The compressor cylinder 18 also contains a. pair of
arcuate chambers 31 and 32, each extending through
an angle on the order of I 10° An oscillating vane as-
sembly 33, mcludmg vane members 33a and 33b, is co-
axially disposed .in the cylinder. These vane members
divide the chambers 31 and 32 into pairs of alternately .
enlarging and diminishing volumes V. Ports 34 and 35
are provided on opposite sides of the vane members in
fluid communication with each of the volumes V.

The expander vane assemblies 22. and 28 are
mounted on an upper oscillating shaft 36, and the com-
pressor vane assembly 33 is mounted on a lower oscil-
lating shaft 37. The upper oscillating shaft is operably
connected to a crankshaft 38 by means of cranks 41
and 42 and a connecting rod 43. The crank 41 is fas-
tened to the oscillating shaft 36, the crank 42 is secured
to the crankshaft' 38, and the connecting rod is pivot-
ally mounted on crank pins 41a and 424 carried by the
cranks. The lower oscillating shaft 37 is similarly con-
nected to the ecrankshaft 38 by means of cranks 47 and
48 and a connecting rod 49. The oscillating shafts and
crankshaft are mounted in conventional bearings and
provided with suitable seals, such as those described in
application . Ser. No 691,054, now U.S. Pat. No.
3,460,344,

Asillustrated in FIG. 4, the expander vane assembhes
22 and 28 are constrained to move substantially in
phase with each other. Hence, the variations of the hot
expander volumes Vy and refrigerator expander vol-
umes Vpp are substantially in phase with each other.
The phase relationship between the volumetric varia-
tions of the expander chambers and the compressor
chamber is determined by the positions of the cranks



9

41, 42, 47 and 48. In the preferred embodiment of the
oscillating vane apparatus, these cranks are arranged in
such manner that the expander volumes lead the com-
pressor volumes by an angle on the order of 110° to
140°, although the machine will operate with phase an-
gles ranging from about 80° to 160°,

First flow passage means 51 is provided for connect-
ing one of the hot expander volumes V in free and
open communication with one of the compressor vol-
umes V¢. This means includes a first heat exchanger as-
sembly 52 comprisinga heater H, a regenerator R, and
a cooler C. The heater is connected to the port 23 in
communication with the volume V4, the cooler is con-
nected to the port 34 in communication with the vol-
ume V¢, and the regenerator is connected intermediate
the heater and cooler. o

Second flow passage means 53 connects a refrigera-
tor expander volume Vgp with the compressor volume
V¢ This means includes a second heat exchanger as-
sembly 54 comprising a refrigerator heat exchanger Ry
and regenerator R, and a cooler C. The refrigerator
heat exchanger Ry is connected to the port 29 in com-
munication with the volume Vg, the cooler C is con-
nected to the port 34 in communication with the vol-
ume V¢, and the regenerator is connected intermediate
the refrigerator and cooler. '

The oscillating vane machine is double acting, and
additional flow passageways 56 and 57 are shown con-
nected to the ports 24, 30 and 35. These passageways
provide fluid communication between the expander
and compressor volumes which are formed in the same
chambers as the volumes which are ‘interconnected
through the passageways 51 and 53. The passageways
56 and 57 include heat exchanger assemblies which are
similar in construction and connection to the heat ex-
changer assemblies 52 and 54. .

Both sides of this double acting machine perform the
thermal refrigeration process described hereinbefore in
connection with FIGS. 1 through 2D. Thus, FIGS. 1
through 2D illustrate the operation of the individual
sides of the double acting oscillating machine. Like ref-
erence characters have been used for the expander and
compressor volumes, and the heat exchanger assem-
blies 52 and 54 correspond to ‘the heat exchanger as-
semblies 11 and 12, respectively, in FIG. 2. Further, it
should be noted that since the working volumes of the
double acting machine are formed by single vane mem-
bers, the two sides of the machine operate 180 degrees
out of phase with each other.

The diametrically opposed working volumes in each
of the expander and compressor cylinders operate in
phase with each other and are interconnected by pas-
sageways, as indicated by dashed lines:59. This inter-
connection doubles the effective working volume of
each of the expander and compressor chambers and
further enhances the balance of the machine.

In FIGS. 3-and 4, the hot expander chamber and re-
frigerator expander chamber have been illustrated ad-
Jjacent to each other in order to clarify the operation of
the mchine. However, in -an actual machine, these

chambers should preferably be isolated from each -

other in order to minimize heat loss, Thus, the hot ex-
pander and refrigerator expander units could be lo-
cated on opposite ends of a crankcase, with the com-
pressor unit on a separate axis. The thermodynamic
cycle is not altered by the location of the cylinders.
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If desired, work input can be added to the oscillating
vane machine to supplement the thermal energy input.
This is conveniently done by connecting a drivin
motor 60 to the crankshaft 38. :

FIG. 5 illustrates one embodiment of a reciprocating
piston machine incorporating the present invention.
This machine includes means forming a hot expander
cylinder 61, a refrigerator expander cylinder 62, and a
compressor cylinder 63. Expander pistons 64 and 65
are slidably disposed in the expander cylinders 61 and
62, respectively, for varying the volume Vy and Vgr of
these cylinders. A compressor piston 66 is slidably dis-
posed in the cylinder 63 for varying the volume V. of
the compressor cylinder. The expander and compres-
sor pistons are operably connected together by linking
means comprising a crankshaft 68 and connecting rods
69. ¢ phase relationships between the pistons are thus
determined by the angles between the cranks on the
crankshaft. In the preferred embodiment, as illustrated,
the cranks are arranged so that the expander pistons
are substantially in phase with each other and lead the
compressor piston by an angle on the order of 110° to
140°. The machine will still operate, however, with
phase angles ranging from about 80° to 160°.

Means forming a first flow passage 71 is provided for
connecting the hot expander volume Vy in free and
open communication with the compressor volume V.
This means includes a first heat exchanger assembly 72
comprising a heater H, a regenerator R, and a cooler
C. The heater is connected adjacent to the hot expan-
der chamber, the cooler is connected to the compres-
sor chamber, and the regenerator is intermediate the
heater and cooler.

Second flow passage means 73 is provided: for con-
necting the refrigerator expander volume Vi in free
and open communication with the compressor volume
V. This means includes a second heat exchanger as- -
sembly 74 comprising a refrigerator heat exchanger R,
a regenerator R, and a cooler C. The refrigerator heat
exchanger is connected adjacent to the refrigerator ex-
pander volume, the cooler is connected to the com-
pressor volume; and the regenerator is intermediate the
refrigerator heat exchanger and cooler.

High temperature thermal energy Q,y is supplied to
the working fluid through the heater H in the first heat
exchanger assembly 72, and low temperature thermal
energy is added through the refrigerator heat ex-
changer Ry. This machine operates according to the
process described hereinbefore in connection with
FIGS: 1 through 2D. Accordingly, these figures illus-
trate the operation of the reciprocating piston machine,
with the heat exchanger assemblies 72 and. 74 corre-
sponding to the heat exchanger assemblies 11 and 12,
respectively, in FIG. 2.

If desired, the thermal energy input to the machine
illustrated in FIG. 5 can be supplemented by work
input by connecting a driving motor 76 to the crank-
shaft 68.

FIG. 6 illustrates one embodiment of a reciprocating
piston machine with balancing chambers incorporating
the present invention. This' machine includes means
forming cylinders 77, 78 and 79. Pistons are slidably
disposed in each of these cylinders. Thus, a displacer
piston 81 forms a hot expander chamber 82 and a bal-
ancing chamber 83 of variable volumes Vi and Vy,, re-
spectively, in the cylinder 77. Similarly, a displacer pis-
ton 84 forms a refrigerator expander.chamber 86 and
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a balancing chamber 87 having variable volumes Vg
and Vpg,, respectively, in the cylinder 78. The displacer
pistons 77 and 78 are provided with elongated head
portions because of the thermal differences existing on
the opposing sides of these pistons. A power piston 88
forms a power chamber 89 of variable volume Vp in the
cylinder 79.

The displacer and power pistons are operably inter-
coniected by means of a’crankshaft 90, connecting
rods 91, and piston rods 92. The piston rods associated
with the displacer pistons are provided with conven-
tional seals where they pass through the walls of the
balancing chambers. The phase relationship among the
pistons is controlled by the phase angles between the
cranks on the crankshaft. In the preferred embodiment,
the cranks are arranged in such manner that the dis-
placer pistons are substantially in phase with each other
and lead the power piston 88 by .an angle on the order
of about 60° to 120°. Thus, the hot expander volume Vy
and refngerator expander volume Vygp are substantially
in phase with each other and lead the power volume Vp
by an angle on the order of 90°. The balancing chamber

volumes Vy, and Vj, are 180° out of phase with the ex-.

pander volumes.and act as compressor volumes.

First flow passage means 93 is provided for connect-
ing the volumes Vy, Vg, and Vp in free and open com-
munication with each other. This means includes a heat
exchanger assembly 94 comprising a heater H, a regen-
erator R, and a cooler C. The heater is connected adja-
cent to the hot expander volume Vy, and the cooler is
connected to ‘the balancing volume Vj; and to the
power volume V. The regenerator is connected inter-
mediate the heater and cooler..

Second flow passage means 96 is provided to connect
the volumes Vgr, Vs, and Vp in free and open commu-
nication with each other. This means includes a heat
exchanger assembly 97, comprising a refrigerator heat
- exchanger Ry, a regenerator R, and a cooler C. The re-
frigerator heat exchanger Ry'is connected to the refrig-
erator expander volume Vgr, and the cooler is con-
nected to the balancing volume Vge and to the power
volume Vp.

High temperature thermal energy is supplied to the
working fluid in this machine through the heater H in
the heat exchanger assembly 94, and low temperature
thermal energy is supphed through the refngerator heat
exchanger Rg.

The relationships among the volumes i in ' the miachine
during one complete cycle of operation are illustrated
in FIG.:7. The total volume V7 is equal to the sum of
the expander, power, balancing, and dead volumes. Be-
cause the sum of the expander and balancing volumes
is constant, as is the dead volume, the total volume V7
varies in phase with the power volume Vp. This volume
Vr passes through substantially constant volume phases
between A and B and between C and D. Between B and
C the total volume undergoes an expansion phase, and
between D and A it undergoes a compression phase.

Since the 'volumetric variations in the expander
chambers are offset by simultaneous variations in the
balancing chambers, the constant volume shifts in.the

total working volume are not dependent upon the rela-

tive ‘volumes of the expander and power chambers.
Hence, the ratio of pow'er volume to total expander vol-
ume is not critical in this machine.: -

Pressure changes in the working fluid durmg the con-
stant volume shifts are cancelled by the interaction of
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simultaneous heat addition and removal in the heat ex-
changers associated with the two displacer piston as-
semblies. Thus, the pressure of the working fluid re-
mains substantially constant during the constant vol-
ume shifts. FIG. 7TA describes the pressure changes in
the machine through a complete cycle, or 360° of
crankshaft rotation. For the sake of clarity, the pres-
sure changes shown reflect perfect constant volume
shifts.

FIGS. 8A and 8C are P-V diagrams showing the ex-
pansion cycles occurring in the hot expander chamber
Vy and the refrigerator expander chamber Vi, respec-
tively. FIG. 8B shows the compression cycle occurring
in the balancing volumes Vjp; and Vp,.

FIG. 8D is a P-V diagram of the process occurring in
the power volume Vp. As illustrated, the machine is
producing only refrigeration, and FIG. 8D therefore re-
flects no net work. The machine can be made to pro-
duce work as well as refrigeration by increasing the
ratio Vy/Vks, as described hereinbefore, to make the
process shown in FIG. 8D an expansion cycle. Like-
wise, the ratio Vu/Var can be decreased to make the
process in FIG. 8D a compression cycle, in which case
work input will be required as well as thermal energy
to produce reéfrigeration. .

If desired, the thermal energy mput to the machine
illustrated in FIG. 6 can be supplemented with work
input by connecting a driving motor 98 to the crank-
shaft 90.

FIG. 9 shows a rec1procatmg piston machine having
only one displacer piston and one balancing chamber.
This machine includes mearns forming cylinders 101,
102, and 103. Pistons 104 and 106 form a hot expander
chamber 107 of variable volume Vy.and a compression
chamber 108 of variable volume V¢, respectively, in the
cylinders 101 and 103. A displacer piston 109 is slid-
ably disposed in the cylinder 102 to form a refrigerator
expander chamber 111 and a balancing chamber 112
of variable volumes Vg and Vj, respectively.

-The pistons aré operably interconnected by mearis of
a crankshaft 113 and connecting rods 114. As in-the
previous machines, the phase relationship among the
pistons is controlled by the phase angles between the
cranks on the crankshaft. In the preferred embodiment,
the cranks are arranged in such manner that the pistons
104 and 109 are substantially in phase with each other
and lead the piston 106 by an angle on the ‘order of
120’ to 140° Thus, the hot expander volume Vy and
the refrigerator expander volume Vy, are substantially
in phase with each other and lead the compressor vol-
ume V¢ by an angle on the order of 120° to 140°. Al-
though the preferred phase angle is on the order of
120° to 140°, the machine will still operate with phase
angles ranging from about 80° to 160°. The balancing
chamber volume Vjy is l80° out of phase with the ex-
pander volumes.

First flow passage means 116 is provxded for connect-
ing the hot expander volume Vy.in free and open com-
munication with the compressor volume V.. This
means includes a heat exchanger assembly 117 com-
prising a heater, a refrigerator, and a cooler. The heater
is connected to the hot expander volume V; the cooler
is connected to the compressor volume V¢, and the re-
generator is intermediate the heater and the cooler.

Second flow passage means 118 is provided for inter-
connecting the volumes Vgp, Vi, and Vi in free and
open communication with each other. This means in-
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cludes a heat exchanger assembly 119 comprising a re-
frigerator heat exchanger Ry, regenerator R, and a
cooler C. The refrigerator heat exchanger Ry is con-
nected to the refrigerator expander volume Vg, the
cooler is connected to the balancing volume Vy and to
the compressor volume V¢, and the regenerator is inter-
mediate the refrigerator and cooler,

The operation of this machine is illustrated in FIGS.
11 through I12E. FIG. 11 described the volumetric
shifts which occur in the machine during one complete
cycle, corresponding to 360° of crankshaft rotation. As
with the other machines, it can be seen that the total
volume V7 of this machine undergoes substantially con-
stant volume phases between A and B and between C
and D. Likewise, between B and C the total volume un-
dergoes an expansion phase, and between D and A it
undergoes a compression. phase:

The phase of the working fluid remains substantially
constant during the constant volume phases, and the
pressure changes during one. cycle of operation are
shown in FIG. 11A. Again for the sake of clarity, the
pressure changes shown reﬂect perfect constant vol-
ume shifts.

FIGS. 12A through 12D are P-V diagrams shownng"

the thermodynamic processes occurring in the volumes
Vu, Ve, Vi, and Vi, respectively. The processes occur-
ring in the volumes V,,, Ve, and Ve, are similar to the
processes occurring in the corresponding volumes in
the phase, machines. The  balancing vo]ume Vg
undergoes a compression cycle.

FIG. 12E is a'P-V diagram illustrating the thermody-
namic process for the entire working volume V. As il-
lustrated, the machine is producing only refrigeration,
and FIG. 12E therefore reflects no net work. This ma-
chine, like the others, can be made to produce net work
as well as refrigeration by increasing the ratio Vy/Var
to make the process shown in FIG. 12E an expansion
cycle. Likewise, the ratio Vy/Vgr can be decreased, as
described hereinbefore, to make the process a com-
pression cycle, in which' case work input will be re-
quired as well as thermal energy to produce refrigera-
tion.

FIG. 10 illustrates another embodiment of a recipro-
cating piston machine with a balancing chamber incor-
porating the present invention. A well known arrange-
ment of displacer piston and power piston mounted in
a common cylinder is combined with a displacer piston
mounted in a second cylinder. A typical linkage is
shown to illustrate how the two assemblies may be ar-
ranged to operate together.

This machine includes means forming two cylinders
121 and 122. Both a displacer piston 123 and a power
piston 124.are slidably mounted in the cylinder 121,
forming a hot expander chamber 126 and a compressor
chamber 127 of variable volumes Vy and Vi, respec-
tively. As is described hereinafter, the pistons 123 and
124 move out of phase with each other, and the com-
pressor chamber 127 is formed between them. A dis-
placer piston 128 is slidably mounted in the cylinder
122 to form a refrigerator expander chamber 129 and
a balancing chamber 131 of variable volumes Vgr and
Vg, respectively.

This displacer and power pistons are operably inter-
connected by means of a crankshaft 132 and connect-
ing rods 133 and 134. As in the other machines, the
phase relationship among the pistons is controlled by
the angles between the cranks on the crankshaft. In the
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preferred embodiment, the cranks are arranged so that

_ the displacer piston cranks are substantially in phase

_with each other and lead the power piston crank by an

. angle on the order of 60° to 100°. Thus, the expander

20

25

30

35

40

45

50

55

60

chambers ¥y and Vg, are substantially in phase with
each other and lead the compressor chamber volume
V¢ by an angle on the order of 120° to 150° The ma-
chine will still operate, however, if the expander cham-
bers lead the-compressor chamber by an angle ranging
from about 80° to 180°. The balancing chamber volume
Vg is 180° out of phase with the expander volumes.

First flow passage means 136 is provided for.connect-

ing the hot expander Vy in free and open communica-
tiori with- the compressor volume V. This means in-
cludes a heat exchanger assembly 137 comprising a
heater H, a regenerator R, and a cooler C. The heater
is connected to the hot expander chamber, the cooler
is connected to the compressor chamber, and the re-
generator is intermediate the heater and the cooler.
- Second flow passage means 138 is provided for con-
necting the refrigerator expander volume Vi in free
and open communication with the balancing volume
V. This means includes a heat exchanger assembly 139
comprising a refrigerator heat exchanger Ry, a regener-
ator, and a cooler. The refrigerator heat exchanger Ry
is connected to the refrigerator expander volume, the
cooler is connected to the. balancing volume, and the
regenerator is intermediate the refrigerator heat ex-
changer and cooler.

Additional flow passage means. 141 is provided for
connecting the compressor volume V¢ in free and open
communication with the balancing volume V.

The operation of this. machine is substantially the
same as that 'of the machine shown.in FIG. 9 and is,
therefore, illustrated in FIGS. 11 through 12E.

FIG. 13 shows another embodiment of a two cylinder
reciprocating piston machine incorporating the present
invention. This machine includes means forming cyhn-
ders 142 and 143. A dlsplacer piston and a power pis-
ton are slidably mounted in each of these cylinders.
Thus, displacer piston 144 and a power piston 146
forms a hot expander chamber 147 and a compressor
chamber 148 of variable volumes Vg and V,, respec-
tively,'in the cylinder 142. Likewise, a displacer piston
151 and a power piston 152 form a refrigerator expan-
der chamber 153 and a compressor chamber 154 of
variable volumes volumes Vg and V¢, respectively, in
the cylinder 143.

The pistons are operably interconnected by means of
a crankshaft 156 and connecting rods 157 and 158,
The phase relationship among the pistons is determined
by the angles between the cranks-on the crankshaft. In
the preferred embodiment, the cranks are arranged in
such manner that the displacer pistons 144 and 151 are
substantially in phase with each other and lead the
power pistons. 146 and 152 by a crank angle on the
order of 45° to 100°. Thus, the hot expander volume Vg
and refrigerator expander volume Vgp vary substan-
tially in phase with each other and lead the compressor
volumes V¢ by an angle on the order of 90° to 150°. The
machine will still operate, however, with phase angles
between the expander and compressor volumes ranging
from about 80° to 180°.

First flow passage means 161 is provided for connect-
ing the hot expander volume ¥V} in free and open com-
munication with the volume V. of the compressor
chamber 148. This means -includes heat exchanger as-
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sembly 162 comprising a heater H, a regenerator R,
and a cooler C. The heater is connected to the hot ex-
pander volume ¥y, the cooler is connected to the com-
pressor volume V¢, and the regenerator is intermediate
the heater and the cooler.

Second flow passage means 163 is provided for con- -

necting the refrigerator expander volume Vzp in free
and open communication with the volume V of the
compressor chamber 154, This means includes a refrig-
erator heat exchanger Ry, a regenerator R, and a cooler
C. The refrigerator exchanger Ry is connected to the
refrigerator expander volume Vpp, the cooler is con-
nected to the compressor volume V¢, and the regenera-
tor is intermediate the refrigerator and cooler.

Additional flow passage means 164 is provided for
connecting the volumes of the compressor chambers
148 and 154 in free and open communication with
each other.

The operation of this machme is similar to the opera-
tion of the machines shown in FIGS. 3 through §, and

reference is made to FIGS. 1 through 2D and the asso-

ciated disclosure for a description of this operatxon

It is apparent from the foregoing thdt a new and im-
proved thermal refrigeration process and apparatus has
been provided which can produce either refrigeration
or refrigeration and work directly from thermal energy.
In addition, refrigeration can be produced from ther-
mal energy supplemented by work input. The process
can be applied ovér a broad témperature range, includ-
ing air conditioning and cryogenic applications, with
high performance and low- cost over the entire range.
While only the presently preferred embodiments of the
process and apparatus have been described hereinbe-
fore, as will be apparent to those familiar with the art,
certain changes and modifications can be made without
departing from the scope of the invention as deﬁned by
the followmg claims.

I claim:. ‘

1. In a process for producmg refngeratxon from ther-
mal energy, the steps of confining a gas working fluid
in free and open communication throughout a closed
system comprising a high temperature hot expander
chamber of variable volume, a low temperature refrig-
erator expander chamber of variable volume, a com-
pressor chamber of:variable volume, said compressor
chamber operating at a temperature intermediate that
of said hot expander and refrigerator expander cham-
bers, a first heat exchanger assembly connected inter-
mediate said hot expander chamber and said compres-
sor chamber, and a second heat exchanger assembly
connected ' intermediate said refrigerator expander
chamber and said compressor chamber, said first and
second said heat exchanger assemblies each including
means for adding thermal energy to the working fluid,

storing ‘and releasing thermal energy, and removing

thermal energy from the working fluid; varying the vol-
umes of said hot and refrigerator expander chambers
substantially harmonically and substantially in phase
with each other from their minimum values to their
maximum values and back to their minimum values in
an expansion cycle of 360° varying the volume of said

10

20

25

30

35

40

45

3,812,682

16

first substantially constant volume phase in which the
working fluid is transferred from said compressor
chamber through the heat exchangers to said expander
chambers, an expansion phase, 4 second substantially
constant volume phase in which.the working fluid is
transferred from said expander chambers through the

‘heat exchangers to said compressor chamber, and a

compression phase; adding high temperature thermal
energy to the working fluid in said first heat exchanger
assembly and removing thermal energy from the work-
ing fluid in said second heat exchanger assembly during
said first substantially constant volume phase, thereby
maintaining the pressure of said working fluid substan-
tially constant during said first substantially constant
volume phase; adding low temperature thermal energy
to the working fluid in said second heat exchanger as-
sembly and removing thermal energy from the working
fluid. in said first heat exchanger assembly during said
second substantially constant volume phase, thereby
maintaining the pressure of said working fluid substan-
tially constant during said second substantially constant
volume phase. '

2. A thermal refrigeration’ process as in claim 1
wherein the relative working volumes of the expander
chambers and the quantities of thermal energy added
to and subtracted from the workmg fluid during the
substantially constant volume phases are such that the
work done in the expander chambers is substantially
equal to the sum of the work done in the compressor
chamber and the work required to overcome friction
and leakage in the system, whereby said process is
adapted for producing refngeratlon alone.

3. A thermal refrigeration process as in claim 1
wherein the relative working volumes of the expander
chambers and the quantities of thermal energy added
to and subtracted -from the working fluid during the
substantially constant volume phases are such that the
work done in the expander chambers is greater than the
sum of the work done in the compressor chamber and
the work required to overcome friction and leakage in
the system, whereby said process is adapted for produc-
ing both refrigeration and work output, the work out-
put cycle bemg out of phase with the refrigeration cy-
cle.

4. A thermal refngeratxon process as in claim 1 to-
gether with the additional step of adding work input to

* said system to supplement the thermal energy added in

55

said heat exchangers in producing refrigeration.

5. A thermal refrigeration process as in claim 4
wherein said work input is provided by mechanically
varying the volume of saxd expander and compressor
chambers.

6. In a process for producing refrigeration from ther-
mal energy, the steps of compressing a working fluid in
at least one hot expander chamber, at least one refrig-
erator expander chamber and at least one compressor
chamber, said compressor chamber operating at a tem-

- perature intermediate the temperatures of the expan-

60

compressor chamber substantially harmonically from

its minimum value to its maximum value and back to

its minimum value in a compression cycle of 360°, with

said compression cycle lagging said expansion cycle by
an angle such that the net volume of said expander and
compressor chambers undergoes a cycle comprising a2

65

der chambers, transferring the working fluid from said
compressor chamber to said expander chambers simul-
taneously in a first substantially constant volume and
pressure stroke; expanding the working fluid in said ex-
pander and compressor chambers; transferring the
working fluid simultaneously from said expander cham-

_bers to said compressor chamber in a second substan--

tially constant volume and pressure stroke; adding high
temperature thermal energy to the working fluid pass- .
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ing from said compressor chamber to said hot expander
chamber and removing low temperature thermal en-
ergy from the working fluid passing from said compres-
sor chamber to said refrigerator expander chamber
during the first constant volume stroke; and adding low
temperature thermal energy to the working fluid pass-
ing from said refrigerator expander chamber to said
compressor chamber and removing high temperature
thermal energy from the working fluid passing from
said hot expander chamber to said compressor cham-
ber during the second constant volume stroke.

7. In thermal refrigeration process as in claim 6
therein the relative volumes of the expander chambers
and the quantities of thermal energy added and sub-
tracted are such that the work done in the expander
chambers is substantially equal to the sum of the work
done in the compressor chamber and the work required
to overcome friction and leakage, whereby said process
is adapted for producing refrigeration along with no
work output, -

8. A thermal refrigeration process as in claim 6
wherein the relative volumes of the expander chambers
and the quantities of thermal energy added and sub-
tracted are such that the work done in the expander

chambers is greater than the sum of the work done in-

the compressor chamber and the work required to
overcome friction'and leakage whereby said process is
adapted for producing refrigeration plus work output,
the work output cycle being out of phase with the re-
frigeration cycle. ‘

9. A thermal refrigeration process as in claim 6 to-
gether with the additional step of adding work input to
supplement the thermal energy in producing refrigera-
tion. : ,

10. In apparatus for producing refrigeration from
thermal energy, first means defining a hot expander
chamber; second means defining a refrigerator expan-
der chamber; third means defining a compressor cham-
ber; the temperature of said compressor chamber being
intermediate the temperatures of the expander cham-
bers; first heat exchanger means connected to said first
and third means in such manner that said hot expander
chamber is in communication with said compressor
chamber through said first heat exchanger means; sec-
ond heat exchanger means connected to said second
and third means in such manner that said refrigerator
expander chamber is in communication with said com-
pressor chamber through said second heat exchanger
means; said chambers and heat exchanger means form-
ing a closed system adapted for containing a gas work-
ing fluid; movable means carried by each of said first,
second and third means for varying the volumes of said
expander and compressor chambers substantially har-
monically between maximum and minimum values;
linking means connecting said movable means in such
manner that said expander volumes vary substantially
in phase with each other and lead said compressor vol-
umme by an angle such that the niet volume of said cham-
bers passes through a cycle comprising a first substan-
tially constant volume phase in which the working fluid
is transferred from said-compressor chamber through
said first and second heat exchanger means to said ex-
pander chambers, an expansion- phase in which the
working fluid is expanded in said expander and com-
pressor chambers, a second substantially constant vol-
ume phase in which the working fluid is transferred
from said expander chambers through said first and
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second heat exchanger means to said compressor
chamber, and a compression phase in which the work-
ing fluid is compressed in said expander and compres-
sor chambers; and means forming a part of said heat ex-
changer means for adding thermal energy to and ex-
tracting thermal energy from the working fluid during
said first and second constant volume phases.

11. Thermal refrigeration apparatus as in claim 10
wherein said first heat exchanger means includes
means for adding high temperature thermal energy to
the working fluid during said first constant volume
phase and means for extracting thermal energy from
the working fluid during said second constant volume
phase; and wherein said second heat exchanger means.
includes means for extracting thermal energy from the
working fluid during said first constant volume phase
and means for adding low tempeérature energy to the
working fluid during said second constant volume
phase.

12. A thermal refrigeration apparatus as in claim 10

wherein the relative working volumes of the expander
chambers and the quantities of thermal energy added
and extracted during the substantially constant volume
phases are such that the work done in. the expander
chambers is substantially equal to the sum of the work
done in the compressor chamber and the work required
to overcome friction and leakage in the apparatus,
whereby said apparatus is adapted for producin g refrig-
eration alone. - ,
- 13. Thermal refrigeration apparatus as in claim 10
wherein the relative working volumes of the expander
chambers and the quantities of thermal energy added
and extracted during the substantially constant volume
phases are such that the work done in the -expander
chambers is greater than the sum of the work done in
the. compressor chamber and the work required to
overcome friction and leakage in the apparatus,
whereby said apparatus is adapted for producing both
refrigeration and work output, the work output cycle
being out of phase with the refrigeration cycle. .

14. Thermal refrigeration apparatus as in claim 10
together with driving means connected to said movable
means. for supplementing the-thermal energy input to
said apparatus with work energy input in producing re-
frigeration.

15. In thermal refrigeration apparatus, first means
forming an arcuate hot expander chamber; second
means forming an arcuate refrigerator expander cham-
ber; third means forming an arcuate compressor cham-
ber; oscillating vane means in each of said chambers
movable between advanced and retracted positions to
form in each chamber a pair of alternately enlarging
and diminishing volumes each adapted to receive and -
discharge a working fluid; linking means connected to
said oscillating vane means in such manner that the vol-
umes of said expander chamber vary substantially in
phase with each other and lead the volume of said com-
pressor chamber, said linking means including an oscil-
lating shaft connected to said oscillating vane means, a
crankshaft, and connecting rod means connecting said
oscillating shaft to said crankshaft; first flow passage
means interconnecting one of the volumes in said hot
expander chamber with one of the volumes in said
compressor chamber; second flow passage means inter-
connecting one of the volumes in said refrigerator ex-
pander chamber with said one volume in said compres-
sor chamber; and first and. second heat exchanger
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means disposed in said first and second flow passage
means, respectively.

16. Thermal refrigeration apparatus as in claim 15
wherein said first heat exchanger means includes a
heater adjoining said hot expander chamber, a cooler
adjoining said compressor chamber, and a regenerator
intermediate said heater and refrigerator; and said sec-
-ond heat exchanger means includes a refrigerator heat
exchanger adjoining said refrigerator expander cham-
ber, a cooler adjoining said compressor chamber, and
a regenerator intermediate said refrigerator and cooler,

17. Thermal refrigeration apparatus as in claim 15
wherein the sum of the working volumes in said expan-
der chambers is substantially equal to the working vol-
ume of said compressor chamber whereby during each
360° of crankshaft rotation the net volume of the inter-
connected expander and compressor volumes under-
goes a first substantially constant volume phase, an ex-

pansion phase, a.second substantially constant volume .

phsae, and a compression phase.

18. Thermal refrigeration apparatus as in claim 17
wherein said first and second heat exchanger means are
adapted for both adding thermal energy to and extract-
ing thermal energy from the working fluid during each
of the constant volume phases to maintain the pressure
of the working fluid substantially constant during said
phases.

19. Thermal refrigeration apparatus as in claim 18
wherein the relative volumes of the interconnected ex-
pander chambers and the quantities of thermal energy
added and extracted in the heat exchanger means are
such that the work done in the expander chambers is
substantially equal to the sum of the work dorne in the
compressor chamber and the work required to over-
come friction and leakage in the apparatus, whereby
said apparatus. is adapted for producmg refngeratlon
alone.

20. Thermal. refrlgeratlon apparatus as in claim 18
wherein the relative volumes of the interconnected ex-
pander chambers and the quantities of thermal energy
added and extracted in the heat exchanger means are
such that the work done in the expander chambers is
greater than the sum of the work done in the compres-
sor chamber and the work required to overcome fric-
tion and leakage in the apparatus, whereby said appara-
tus is adapted for producing refrigeration and work
output, the work output cycle being out of phase with
the refrigeration cycle. _

21. Thermal refrigeration apparatus as in claim 18
together with driving means connected to said crank-
shaft for supplymg work input to supplement the ther-
mal energy in producing refrigeration:-

22, Thermal refrigeration apparatus as in clanm 15
together with means forming second arcuate expander
and compressor chambers diametrically opposite the
first named expander and compressor chambers in said
first, second, -and "third -means; said: oscillating vane
means being adapted for formmg in-each of said second
chambers an additional pair of altemately enlarging
and diminishing volumes ‘adapted to receive and dis-
charge the working fluid, and means connecting one of
the volumes of each additional pair of fluid communi-
cation with the first named volume which is diametri-
cally opposite and.enlarging and diminishing in phase
with the additional volume. :
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23. In apparatus for producing refrigeration from
thermal energy, means forming a hot expander cham-
ber, means forming a refrigerator expander chamber;
means forming a compressor chamber; said compressor
chamber operating at a temperature intermediate the
temperature of the expander chambers; piston means
in each of said chambers movable between advanced
and retracted positions for enlarging and diminishing
the volumes of said chambers, thereby adapting said
chambers for receiving and discharging a working fluid;

linking means including a crankshaft and connectin .

rods interconnecting said piston means in such manner
that the volumes of said expander chambers vary sub-
stantially in phase with-each other and lead the volume
of said compressor chamber; first flow passage means
interconnecting said hot expander chamber and said
compressor chamber; second flow passage means inter-
connecting said refrigerator expander chamber and
said compressor chamber; and first and second heat ex-
changer means disposed in said first and second flow
passage means, respectively.

24. Thermal refrigeration apparatus as in claim 23
wherein said first heat exchanger means includes a
heater adjoining said hot expander chamber, a cooler
adjoining said compressor chamber, and a regenerator
intermediate said heater and cooler and said second
heat exchanger means includes a refrigerator heat ex-
changer adjoining said refrigerator expander chamber,
a cooler adjoining said compressor chamber, and a re-
generator intermediate said refrigerator and cooler. -

25. Thermal refrigeration apparatus as in claim 23
wherein the sum of the working volumes in said expan-
der chambers is substantially equal to the working vol-
ume of said compressor chamber, whereby during each
360° of crankshaft rotation the net volume of the inter-
connected expander and compressor chambers under-
goes a first substantially constant volume phase, an ex-
pansion phase, a second substantially constant volume
phase, and a compression phase.

26. Thermal refrigeration apparatus as in claim 25
wherein said first and second heat exchanger means are
adapted for both adding thermal energy to and extrac-
ing thermal energy from the working fluid during each
of the constant volume phase to maintain the pressure
of the working fluid substannally constant during said
phases.

27. Thermal refrigeration apparatus as in claim 26
wherein the relative volumes of the expander chambers
and the quantities of thermal energy added and ex-
tracted in the heat exchanger means are such that the
work done in the expander chambers is substantially
equal to the sum of the work done in'the compressor
chamber and the work required to overcome. friction
and leakage in the apparatus, whereby said apparatus
is ‘adapted for producing refrigeration alone.

28. Thermal refrigeration apparatus as in claim 26
wherein the relative volume of the expander chambers
and the quantities of thermal energy added and. ex-
tracted in the heat exchanger means are such that the
work done in the expander chambers is greater than the
sum of the work done in the compressor chamber and
the work required-to overcome friction and leakage in
the apparatus; whereby said apparatus is adapted for
producing refrigeration and work output, the work out-
put cycle bemg out of phase with the refngeratlon cy-
cle.
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29. Thermal refrigeration apparatus as in claim 26
together with driving means connected to said crank-
shaft for supplying work input to supplement the ther-
mal energy in producing refrigeration.

30. Thermal refrigeration apparatus as in claim 23
wherein said compressor chamber is formed in two sec-
tions, each of said first and second flow passageways
being connected to a different one of said sections,
each of said sections having piston means movable be-
tween advanced and retracted positions for enlarging
and diminishing the volumes of said sections, said link-
ing means connecting the pistons in said sections in
such manner that the volumes of said sections vary sub-
stantially in phase with each other, together with flow
passage means connecting the compressor chamber
sections in free and open communication with each
other.

31. Thermal refrigeration apparatus as in claim 30
wherein the total working volumé of said compressor
chamber is substantially equal to the total working vol-
ume of said expander chambers. ’

32. Thermal refrigeration apparatus as in claim 23
together with means forming a balancing chamber; pis-
ton means in said balancing chamber movable between
advanced and retracted positions for enlarging and di-
minishing the volume of the chamber; the piston means
in the balancing chamber and the refrigerator expander
chamber being arranged in such manner that the vol-
ume of said balancing chamber varies substantially
180° out of phase with the volume of said refrigerator
expander chamber; and flow passage means connecting
said balancing chamber in free and open communica-
tion with said second flow passage means intermediate
said compressor chamber and said second heat ex-
changer means,

33. Thermal refrigerator apparatus as in claim 32 to-
gether with means forming a second balancing cham-
ber; piston means movably disposed in said chamber
for varying the volume of said balancing chamber sub-
stantially 180° out of phase with the volume of said hot
expander chamber; and flow passage means connecting
said second balancing chamber in free and open com-
munication with said first flow passage means interme-
diate said compressor chamber and said first heat ex-
changer means. .

34. In apparatus for producing refrigeration from
thermal energy, refrigeration and work from thermal
energy, or refrigeration from thermal energy supple-
mented by input work energy, means forming first, sec-
ond and third cylinders, piston means in said first and
second cylinders movable between advanced and re-
tracted positions to form, respectively, a hot expander
chamber and a compressor chamber. having substan-
tially equal working volumes adapted for receiving and
discharging a working fluid; displacer piston means in
said third cylinder movable between advanced and re-
tracted positions to form in said cylinder a refrigerator
expander chamber and a balancing chamber of alter-
nately expander chamber and a balancing chamber of
alternately expanding and diminishing volumes
adapted for receiving and discharging a working fluid;
said compressor chamber and balancing chamber oper-
ating at a temperature intermediate the temperatures
of said expander chambers; linking means connecting
said piston. means and displacer piston means in such
manner that the volumes of said expander chambers
vary substantially in phase with each other and lead the
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volume of said compressor chamber; first flow passage
means interconnecting said hot expander chamber and
said compressor chamber; second flow passage means
interconnecting said refrigerator expander chamber,
said balancing chaniber and said compressor chamber,
first heat exchanger means disposed in said first flow
passage means; and second heat exchanger means dis-
posed in said second flow passage means, one end of
said heat exchanger means being connected to said re-
frigerator expander chamber and the other end being
connected to said balancing chamber and to said com-
pressor chamber. »

35. In apparatus for producing refrigeration from
thermal energy, refrigeration and work thermal energy,
or refrigeration from thermal energy supplemented by
work energy, means forming first, second, and third
cylinders; displacer piston means in said first cylinder
movable between said advanced and retracted posi-
tions to form in said cylinder a hot expander chamber
and a first balancing compressor chamber of alter-
nately expanding and diminishing volumes adapted for
receiving and discharging a working fluid at high and
intermediate temperatures, respectively; piston means
in said second cylinder movable between advanced and
retracted positions to form a power chamber of ex-
panding and diminishing volume adapted for receiving
and discharging a working fluid; displacer piston means
in said third cylinder movable between advanced and
retracted positions to form in said cylinder a refrigera-
tor expander chamber and a second balancing com-
pressor chamber of alternately expanding and dimin-
ishing volumes adapted for receiving and discharging a
working fluid at a low temperature and at said interme- .
diate temperature, respectively; linking means con-
necting said piston means and displacer. piston means
in such manner that the volumes of said expander
chambers vary substantially in phase with each other
and lead the volume of said power chamber by an angle
on the order of 90 degrees; first flow passage means in-
terconnecting said hot expander chamber, said first
balancing compressor chamber, and said power cham-
ber; second flow passage means interconnecting said
refrigerator expander chamber, said second balancing
compressor chamber, and said power chamber; heat
exchanger means disposed in each of said first and sec-

- ond flow passage means, one end of each heat ex-
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changer means being connected to the expander cham-
ber and the other end being connected to the balancing
compressor chamber.

36. In apparatus for producing refrigeration from
thermal energy, refrigeration and work from thermal
energy or refrigeration from thermal energy supple-
mented by work energy, means forming first and sec-
ond cylinders; displacer and power piston means in said
first cylinder movable between advanced and retracted
positions to form a hot expander chamber and a com-
pressor chamber of expanding and diminishing volumes
adapted to receive and discharge a working fluid- at
high and intermediate temperatures; displacer piston
means in said second cylinder movable between ad-
vanced and retracted positions to form a refrigerator
expander chamber and a balancing chamber of alter-
nately expanding and contracting volumes adapted to
receive and discharge a working fluid at a low tempera-
ture and at said intermediate temperature, respectively;
linking means connecting said displacer and power pis-
ton means in such manner that the volumes of said ex-



3,812,682

23

pander‘ chambers vary substantially in phase with each
other and lead the volume of said compressor chamber

first flow passage means interconnecting said hot ex-

pander chamber and said compressor chamber; first.

heat exchanger means disposed in said first heat flow
passage means; second flow passage means intercon-
necting said refrigerator expander chamber, said bal-
ancing volume, and said comipressor chamber; and sec-
ond heat exchanger means disposed ini said second flow
passage means, one end of said heat exchanger means
being connected to said refrigerator expander chamber
and -the other end being connected to said balancing
chamber and to said compressor.chamber.

37. In apparatus for producing refrigeration from

thermal energy, refrigeration and work from thermal

energy, or refrigeration from therrnal energy supple-
mented by work energy, means forming first and sec-
ond cylinders; displacer and power piston means in
" each of said cylinders movable between advanced and
retracted positions to form in said first cylinder a hot
expander chamber and a first compressor chamber and
in said second cylinder a refrigerator expander cham-
ber and a second compressor chamber of expanding
and diminishing volumes adapted to receive and dis-
charge a working fluid at three temperature levels; link-
ing means connecting said displacer and power piston
means in such manner that the volumes of said expan-
der chambers vary substantiaily in phase with each
other and lead the volumes of said compressor cham-
bers by an angle on the order of 90° to 120°, the voi-
umes of said compressor chambers varying substan-
tially in phase with each other; first flow passage means
interconnecting said hot expander -chamber and said
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first compressor chamber; second flow passage means .
interconnecting said refrigerator expander chamber
and said second compressor chamber; heat exchanger
means disposed in each of said first and second flow
passage means; and additional flow passage means in-
terconnecting said first and second compressor cham-
bers.

38. In apparatus for producing refrigeration’ from
thermal energy, refrigeration and work from thermal
energy, means forming first and second cylinders; dis-
placer and power piston means in each of said cylinders
movable between advanced and retracted positions to
form in said first cylinder a hot expander chamber and
a first compressor chamber and in said second cylinder
a refrigerator expander chamber and a second com-
pressor chamber of expanding and diminishing volumes
adapted to receive and discharge a working fluid at
three temperature levels; said displacer and power pis-
ton means being arranged in such manner that the vol-
umes of said expander chambers vary substantially in
phase with each other and lead the volumes of said
compressor-chambers, the volumes of said compressor
chambers varying substantially in phase with each
other; first flow passage means interconnecting said hot
expander chamber and said first compressor chamber;
second flow passage means interconnecting said refrig-
erator expander chamber and said second compressor
chamber; heat exchanger means disposed in each of
said first and second flow passage means; and additinal
flow passage means interconnecting said first and sec-
ond compressor chambers.
, : . * Kk Tk k.



