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G7) ABSTRACT

A novel thermodynamic engines including a piston operat-
ing on a compressible fluid in a thermally insulated volume,
which also includes a movable displacer which selectively
divides the internal volume between a warm and a cold side,
and a regenerator through which the fluid from the selec-
tively divided volume passes and transfer its heat to or
receives heat from, wherein the piston and displacer are each
periodically moved in various complex motions according to
the present invention to provide efficiency higher than
Carnot efficiency. The resulting novel structures and
methods, generally referred to as “Superclassical Cycle”
engines, incorporate constant volume cooling and aspects of
the “Proell Effect” (relative to cooling) to achieve improved
efficiencies wherein the gas temperature on the cold side of
a fluid displacer is below the lowest regenerator temperature
due to “self-refrigeration.” Thus according to the apparatus

3,812,682 A * 5/1974 Johnson weeen 62/6 and methods according to the present invention, the tradi-
3,978,680 A * 9/1976 Schukey weee 62/6 tional principals of the Second Law is further refined and
3,996,745 A * 12/1976 Davoud et al. ............... 60/517  higher operating efficiencies achieved.
4,630,447 A * 12/1986 Webber .....c.ccccccuueennnnn. 60/712
* cited by examiner 36 Claims, 16 Drawing Sheets
PISTON, 64 THERMAL
INSULATION
52 2 DISPLACER, 60 &
=
—

.

?/////// 1[

70

— \
I -
Z_ \52C 52w 56
HEAT SINK
R aRK,, REGENERATOR, 58
SOURCE

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 1 of 16 US 6,698,200 B1

T~ P power
THERMAL

PISTON, 64 INSULATION

52
DISPLACER, 60 Q
K |

_

]
| s2w/

) ~56
HEAT

SOURCE

1
5452C

HEAT SINK
VIA FINS REGENERATOR, 58

Fig. 1
Prior Art

70

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 2 of 16 US 6,698,200 B1

PRESSURE
/-
80A VOLUME
Fig. 2A
Prior Art
A
888
PRESSURE D 82B
86A B
848
c
/
808 ENTHALPY, H
Fig. 2B
Prior Art

MPISTON
DISPLACEMENT 94D 960

98

(207 T N '>/‘\ DISPLACER
A B C D

CYCLE COORDINATE

Fig. 2C
Prior Art

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 3 of 16 US 6,698,200 B1

100
N POWER

THERMAL
= PISTON, 64 INSULATION
52
a8 ) Z DISPLACER, 60 L
, A
62 71 4 i
o} N é T = {7277 — B
74 = [’
?- t ‘ 56
CAM HEAT SINK °2¢ 52 )
TRACKS” Vi e g REGENERATOR, 58
70 SOURCE
Fig. 3

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 4 of 16 US 6,698,200 B1

136'A
\ 136< E

A 132A

\_ RECOVERED CONSTANT
~_ \__| TEMPERATURE

PRESSURE ~—_
n REJECTED
134A a2
WASTED
130A .VOLUME
Fig. 4A
! 1368 136'B
D! E_ A
134B |
PRESSURE :
c :\
g | CONSTANT TEMPERATURE
/
1308 ENTHALPY, H
Fig. 4B
142P
Z 144pP 1EP PISTON
DISPLACEMENT
142D 144D 46D ,~DISPLACER
A A C D A
140 CYCLE COORDINATE
Fig. 4C

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 5 of 16 US 6,698,200 B1

SIDE, 152
P'STONSS“ INSULATION
) leSPLACER, 60

HEAT INPUT \ pEGENERATOR, 58  DiSPLACER

VIA FINS, 54 Not POSITION
SIDE, 152W ATPQOINTA
Fig. 5

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 6 of 16 US 6,698,200 B1

A
CONSTANT
TEMPERATURE
PRESSURE
[~ REJECTED TO
[ \-REGENERATOR
B
/'
e .VOLUME
Fig. 6A
| 1868
C 1l / A
184B !
PRESSURE | 828
|
B
™\ CONSTANT TEMPERATURE
/
0B ENTHALPY, H
Fig. 6B

PISTON

DISPLACEMENT
020 _
194D 196D \\DuspLACER
A B Cc A
1
80 CYCLE COORDINATE
Fig. 6C

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 7 of 16 US 6,698,200 B1

~ T~ 200 poweR THERMAL

/ PISTOljl 564 INSULATION

(PisPLACER, 60 g‘

-

PRI
D

'52C \) 52w

HEAT SINK )
VIA FINS, 54 REGENERATOR 58 /.

70 SOURCE, 56

Fig. 7

r :
i
J

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 8 of 16 US 6,698,200 B1

232A
B
PRESSURE
C
vtk D 234A
230/; VOLUME
Fig. 8A
E 2388,
2368 2328
PRESSURE 2348
pACC
234'B
2308="" ENTHALPY, H
Fig. 8B

242p  244P 244P 400 o4ap _-PISTON

244D
DISPLACEMENT | 242D M DISPLACER
i 244'D 246D r

A / B D E A
240 CYCLE COORDINATE

Fig. 8C

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 9 of 16 US 6,698,200 B1

TN POWER
250 PISTON 64 THERMAL
/ 5:,2 INSULATION
(| DISPLACER, 60 &

.

V5

=
\

52C ) 52W- )
HEAT SINK
VUL FING, 64 REGENERATOR 58/
4 SOURCE, 56

Fig. 9

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 10 of 16 US 6,698,200 B1

288A
PRESSURE
285 VOLUME
Fig. 10A
£ 2888 A
2868 2828
B
PRESSURE 2848
D “\c
284'B
2808/ ENTHALPY, H
Fig. 10B
292p 296P 298P '/PISTON
294P
DISPLACEMENT | 2gop 298D
A ), B D E A
240 CYCLE COORDINATE
Fig. 10C

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 11 of 16 US 6,698,200 B1

300
~ T\ /\ JOWER

THERMAL
o STON, 64 INSULATION
338 DISPLACER, 60 g‘
g2 71 '// //
[e] I/ 4.
74 . Y ,/////
|
‘52C ) ssz
TRC:C’ZV\KS HEAT SINK - or GENERATOR, 58
VIA FINS, 54 HEAT
s . SOURCE, 56
Fig. 11

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 12 of 16 US 6,698,200 B1

338A

336A /332A

PRESSURE

334A B

VOLUME

Fig. 12A

330A

3388
o

33687 ¢
334B

PRESSURE 8 3328

3303/ ENTHALPY, H

Fig. 12B

342P

N 334P PISTON
342D 346p  348P
DISPLACEMENT 344:?460 £~348D, ~DISPLACER

A B C D A
340

CYCLE COORDINATE

Fig. 12C

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 13 of 16 US 6,698,200 B1

"~ 350 POWER THERMAL

\ P'ST(SN' 64 INSULATION

DISPLACER, 60 L
%////

”//////

| ]
‘520 } 52W- )
HEAT SINK
VIAFING, 54 REGENERATOR 68 /.
SOURCE, 56
Fig. 13

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 14 of 16 US 6,698,200 B1

38\8A
5 A
386A
PRESSURE 3824~
C
384A B
ol
380A . VOLUME
Fig. 4A
3888
D / A

3868
C
82B
PRESSURE | 384B B

3308/ ENTHALPY, H
Fig. 4B
392P
22 394pP e 358 PISTON
DISPLACEMENT (392D 304D 398D DISPLACER
396D e r'd
A B C D A
340 CYCLE COORDINATE
Fig. 14C

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 15 of 16 US 6,698,200 B1

< T 40 POWRR THERMAL

,/ PETON, 64 INSULATION

)5\2' DISPLACER, 60 (

7

//”//////

HEAT SINK REGENERATOR 58 )r

70 VIAFINS, 54
SOURCE 56

Fig. 15

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



U.S. Patent Mar. 2, 2004 Sheet 16 of 16 US 6,698,200 B1

438A
5 A
PRESSURE 4324
436A
¥
434A
430n VOLUME
Fig. 16A
4388
D - A
436B
PRESSURE |  C 4328
434B
4308~ ENTHALPY, H
Fig. 16B
442P 444P
DISPLACEMENT
420> T S £7448D  —DISPLACER
A B C D A
\440
CYCLE COORDINATE
Fig. 16C

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



US 6,698,200 B1

1
EFFICIENCY THERMODYNAMIC ENGINE

FIELD OF THE INVENTION

The present invention relates to thermodynamic heat
engines, in particular to improved efficiency thermodynamic
heat engines of at least three cycle steps.

BACKGROUND OF THE INVENTION

Prior thermodynamic engines of the Stirling cycle
exchange a fluid that can be heated (or cooled) and com-
pressed (or expanded) and have at least two different vol-
umes or segregated portions or regions of a common volume
in which the fluid is contained and moved. Typically, the
fluid is generally heated to a first temperature T1 by a
temperature source, cooled to a lower temperature T2 by a
temperature sink and mechanical work extracted as a result
of the displacement and expansion and compression of the
fluid as it is cyclically exposed to the temperature source and
sink. Notably, most of the heat received from the source is
transferred to the sink, with a small portion (about 30%)
being inefficiently converted to mechanical energy in a
typical, good heat engine.

An exemplary reference Stirling cycle engine 50 is shown
in FIG. 1 as a power piston and displacer system, with piston
motion controlled by cam surfaces on the flywheel, but
alternative methods of piston motion control may be incor-
porated by the Stirling cycle engine. As shown in FIG. 1, a
volume contains the fluid (e.g. air) within a vessel 52 having
thermal insulation there around. Typically, a displacer com-
prises a form of a baffle which divides the volume within the
vessel 52 into two regions or portions of complementary
varying size, specifically, a “cold” end 52 C cooled to
temperature T2 as provided by a heat sink 54 to the ambient
temperature, and a “warm” (or heated) end 52W heated by
source 56 to temperature T1. The displacer is fitted within
the vessel sufficiently completely so that fluid moves
between the warm and cold regions substantially entirely via
a regenerator 58 which is disposed in and moved with the
displacer 60 within the volume 52 by the displacer 60 and
rod 62. For simplicity, the piston and displacer rods in the
exemplary embodiment of FIG. 1 are coaxial. That is, the
displacer rod goes through the piston rod and the displacer
rod goes over the flywheel axle (71 in FIG. 1.), which can
be stationary and have a bearing interfacing with the fly-
wheel 70. In this case, the axle or its assembly may be
penetrated by the displacer rod. Alternate flywheel arrange-
ments are possible in which the cam tracks do not cross and
can be placed on opposite sides of the flywheel.

Mechanical energy output is provided by ‘power’ piston
64 which in this embodiment, also incorporates a heat
conductive material and the heat sink 54 attached thereto.
The mechanical energy from the power piston is transferred
to a flywheel 70 via connecting rod 74 and cam track 68,
connected to or part of (together with the displacer cam track
72) the flywheel 70.

Stirling Cycle engines include constant volume processes
(e.g. 84A and 88A) and constant temperature processes (e.g.
82B and 86B) cycles, as illustrated by the graphs 80A and
80B of FIGS. 2A and 2B, respectively. Also typically, as in
other embodiments of the Stirling ling Cycle engine, the
cyclical power piston and displacer motions of the embodi-
ment of FIG. 1 are generally identical in sinusoidal motion,
but offset by 90°. The typical piston and displacer positions-
versus-time over the cycle reference points A-D (also in
graphs 80A and 80B) are illustrated by respective segments
92P, 94P, 96P, 98P and 92D, 94D, 96D, 98D in the graph 90
of FIG. 2C.
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2
SUMMARY OF THE INVENTION

The novel thermodynamic heat engines according to the
present invention provide efficiencies higher than Carnot
efficiency. In the present inventions, generally referred to as
“Superclassical Cycle” engines, constant volume cooling
with displacement and regeneration, and aspects of the
“Proell Effect” (relative to cooling) are utilized. Moreover,
the gas temperature on the cold side of a fluid displacer is
below the lowest regenerator temperature due to “self-
refrigeration.”

The “Proell Effect” (as described in The Thermodynamic
Theory and Engineering Design of Supercarnot Heat
Engines, by Wayne Proell, Cloud Hill Press, Las Vegas,
N.Mex., 1984) incorporated by reference, refers to thermo-
dynamic heat engine cycles and includes previous behavior
of all gases in constant volume conditions with regeneration.
The Proell Effect, by itself, conforms to the most rigorous
definition of the Second Law of Thermodynamics which
calls for zero or greater than zero entropy increases in
isolated energy systems. However, the Proell Effect is
unrecognized, unpredicted and not fully explored for tradi-
tional analyses of constant volume processes, such as in the
Stirling cycle engines. The Proell Effect is not seem in the
Stirling cycle because of the summetry created by two
constant volume processes of opposite direction of fluid flow
which cancels the Proell Effect.

Conventional thermodynamics identifies only one behav-
ior of gases in a constant volume process, that is a change
in internal energy directly proportional to its temperature,
which equates to the heat added or removed, as its heat
capacity at constant volume, Cy, times the temperature
change experienced,

0=Cy(AT) ®

In addition to a description of gas behavior at constant
volume as described by Equation 1, above, the constant
volume environment and its energy flows become more
complex when the constant volume is not at a uniform
temperature and is divided by a displacer and the subdivided
volumes are connected via a regenerator as illustrated by the
engine 50 of FIG. 1.

Further understanding may be provided by the Proell
Effect, wherein the fluid is exemplified by a gas. In a
constant volume process with regeneration, the change in
volume of a gas displaced through a regenerator as a result
of its change in temperature going from the hot side (T1) of
a constant volume to the cold side (T2) of a constant volume,
or vice-versa, the gas being separated in the constant volume
and displaced from said hot and cold sides through a
regenerator by a displacer, must be compensated by an equal
and opposite volume change in the remainder of the gas not
in the regenerator, in the hot and cold sides of said constant
volume. The corresponding pressure-volume work energies
involved with all localized volume changes within the
constant volume transfer thermal energy between said
regenerator and the gas of the hot and cold sides of the
constant volume. This results in a temperature change expe-
rienced by the gas under adiabatic conditions in the hot and
cold sides of the constant volume which will be greater than
the temperature difference of said regenerator, up to a limit
proportional to said gas’ heat capacity ratio, gamma. The
pressure-volume work transfers heat inside the regenerator
by heat capacity at constant pressure C, and transfers heat
by heat capacity at constant volume, Cy, in said hot and cold
sides of the constant volume.

The Proell effect may occur for fluid (gas) flow in either
direction through the regenerator. When the gas going

Copy provided by USPTO from the PIRS Image Database on 05-03-2004



US 6,698,200 B1

3

through the regenerator is heated, it expands, causing a
compensatory compression in the remainder of the gas in the
constant volume chamber. When the gas going through the
regenerator is cooled, it compresses, causing a compensa-
tory expansion in the remainder of the gas in the constant
volume chamber. By normal gas behavior under adiabatic
conditions, expansion is accompanied by a drop in tempera-
ture and compression is accompanied by a rise in tempera-
ture. These temperature changes are in addition to the
temperature changes caused by intimate thermal contact
with the regenerator while passing through the regenerator.

In the present invention, the final gas temperature on the
cold side of the displacer in constant volume cooling is
below the lowest regenerator temperature. The magnitude of
how far below the conventional constant volume cooling
temperature the gas goes depends upon the temperature
difference of the regenerator and the degree of displacement.
Such cooling beyond the conventionally predicted tempera-
ture is referred to as “self-refrigeration.”

When displacement from the hot side to the cold side is
complete, half of the maximum self-refrigeration is created
in the cold side. This is because compensatory cooling
occurs in both the hot and cold side portions of the constant
volume during the entire constant volume displacement.
Summed throughout the entire stroke, the hot and cold sides
contribute the same total heat flow and pressure-volume
work. As an increment of gas passing through the regenera-
tor cools, by the Ideal Gas Law, its volume decreases in
direct proportion to the temperature decrease,

dv;

=(nR/P, )dT, , @

where n is the number of moles of gas, R is the gas constant,
and pressure, P, is variable and incremental because the
overall constant volume process will see a pressure decrease
as the entire mass of gas is cooled from high to low
temperature in a fixed total volume. When the incremental
volume of gas going through the regenerator is insignificant
relative to the total volume, P is essentially constant for that
incremental passage. By this same equation (2), it is seen
that as P reduces over the entire constant volume process,
incremental V must increase. The pressure-volume work
done on the cooling gas is incrementally constant during the
entire constant volume stroke. This is supported in conven-
tional thermodynamics; the difference between Cp and Cy,is
a constant, also called the gas constant, R.

The work contributions made by the hot and cold volumes
outside the regenerator are linearly proportioned according
to the hot and cold gas volumes which shift throughout the
stroke. At the beginning of the constant volume stroke, all of
the compensating expansion is provided by the hot side. Half
way through the stroke, half of the expansion work comes
from the hot side and half from the cold side. At the end of
the stroke, all of the work comes from the cold side. Since
the incremental compression work is constant throughout
the stroke, the cold side self-refrigeration energy is merely
half of the total pressure-volume work absorbed by the
regenerator. The hot side portion of the gas must pass
through the regenerator, giving its thermal condition to the
regenerator. That gas leaves the regenerator at the lowest
temperature of the regenerator and the self-refrigeration
which it obtained on the hot side is no longer present as the
gas enters the cold side. That self-refrigeration is stored in
the hot side of the regenerator as a slight cooling of the hot
entrance of the regenerator, to be fully reversed in the
engine’s heating stroke.

When the displacement from the hot side to the cold side
is partial, and starts with some gas already on the cold side,
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4

more than half of the self-refrigeration is on the cold side.
This larger self-refrigeration can approach gamma times the
conventional constant volume cooling value proportional to
Cy.
The heat absorbed by the regenerator is,
O=Cp(AT cgen)s ©)]

as a mass of gas going through the regenerator experiences
nearly constant pressure and must absorb the work of
compression from its volume decrease. The compression
work absorbed is passed on to the regenerator as heat.

Since the gas being cooled in the regenerator can only
provide heat to the regenerator at Cy, the extra energy of Cp
absorbed in the regenerator must come from the remainder
of the gas, as mentioned above. This absorption of heat by
the regenerator is also termed heat recovery or heat rejection
(to the regenerator).

The compression work done inside the regenerator is the
difference between Cp and Cy:

W = (AT egen) Co(y = 1) @

= Pdv). (4A)

The work was provided from the bulk of the gas outside
of the regenerator under adiabatic conditions, so the work
comes from the internal energy of the gas in the hot and cold
zones,

W=Cy(AT,). ®
The self refrigeration, AT,,, is summarized as follows,

AT, =K p(AT g, )V-1)- ©
For full displacement (proportionality fraction K,=0.5),

AT, =0.5(AT ege,)(¥-1). Q]

For partial displacement, more complicated conditions
apply, as reflected by the proportionality fraction. Since only
part of the gas confined to constant volume is passed through
the regenerator, not as much energy is transferred. Likewise,
the amount of self-refrigeration energy removed from the
cold side depends upon the proportion of the total gas which
is always on the cold side and half of the gas which comes
from the hot side, The self refrigeration temperature change
becomes,

AT,,=(min. cold side mass fraction+0.5 hot side mass fraction)x
(mass fraction transferred)(AT,,,.,,)(Y-1).

®

If the lowest temperature of the regenerator is room
temperature, a constant volume cooling stroke with regen-
eration will result in the confined gas at a temperature below
room temperature. Since this is accomplished by only the
displacement of the gas from the hot side to the cold side,
this uncommon form of refrigeration takes place at a very
low cost to an engine cycle which incorporates it. Under
reversible conditions, this refrigeration takes place with no
work input, only a perturbation which approaches zero
work. Under common, irreversible conditions, the friction
and viscous drag of the displacer is very small. This uncom-
mon cooling is applied in the present invention to create an
‘internal’ heat sink to which all heat flows and is then
partially or completely sent to the regenerator over the range
of temperatures in the regenerator. When partial displace-
ment is used, the self-refrigeration is greater than what is
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