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STIRLING ENGINE POWER SYSTEM 
COUPLER 

BACKGROUND OF THE INVENTION 

This invention relates generally to power systems 
and, more particularly, to a quiet, reliable and high effi 
ciency power system wherein the output capabilities of 
a Stirling engine are matched with the input require 
ments of a selected load. 
Currently, gasoline or diesel engines are almost uni 

versally used to drive rotary electrical generators and 
various other types of loads. These power units are rea 
sonable in cost but are noisy, relatively unreliable, and 
require fairly regular and knowledgeable maintenance 
of their engines. It is evident that the gasoline or diesel 
engines of the conventional power units are the source 
of most of the disadvantages thereof. There is, of 
course, a need in many applications for a power unit 
which is silent, reliable and durable under rugged use 
conditions, requiring little and simple maintenance 
over extended periods of operation. 
Where a source of heat or thermal energy such as a 

gas ?ame or suitable radioisotope is available, the con 
ventional Stirling engine can be used to drive an electri 
cal generator or other load with low noise emission and 
requires relatively little maintenance. As is well known, 
the crankshaft of the conventional Stirling engine is 
connected to both its power piston and displacer, and 
can be coupled to drive a suitable load. The actuated 
displacer transfers working gas between the hot and 
cold spaces in the engine to produce pressure changes 
from which net power is derived by a work-producing 
expansion, with most of the gas in the hot space, fol 
lowed by compression of mostly cold gas. This is 
achieved by having the displacer motion lead the power 
piston by about 90°, as set by the crank angle. 
Many bearings and seals, some heavily loaded, are 

needed in the conventional Stirling engine, however. 
Moreover, the seals must be absolute because leakage 
of lubricant from the crankcase would foul the heat 
transfer surfaces in the heat engine. An energy conver 
sion system utilizing the Stirling cycle but requiring less 
bearings and seals is shown, described and claimed in 
US. Pat. No. 3,400,281 of Marvin I. Malik for Stirling 
Cycle Drive for an Electrokinetic Transducer, patented 
Sept. 3, I968. In this system, the usual power piston in 
a conventional Stirling engine is replaced with a ?exi 
ble diaphragm which performs the power piston’s func 
tion of alternately compressing and expanding the 
working ?uid during the Stirling cycle. The resultant 
pressure variations are used to drive an electrokinetic 
transducer which develops an alternating electric po 
tential that is used to energize a motor. The motor, in 
turn, drives the displacer of the Stirling engine. The 
electric potential and/or the motor can be used to drive 
suitable but relatively limited loads. 

SUMMARY OF THE INVENTION 

Brie?y, and in general terms, the present invention is 
preferably accomplished by providing a simplified Stir 
ling engine having an output of gas pressure pulses, in 
stead of mechanical shaft power, and a resonantly op 

- erated ?uid coupler for coupling the pressure pulses to 
load means to drive the same. In one version of the in 
vention, the load means is a piezoelectric generator and 
the ?uid coupler is a mercury-?lled tube with a ?exible 
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diaphragm at each end to separate the mercury from 
working gas of the engine and hydraulic ?uid of the 
generator. The coupler provides the required 90° 
displacer-coupler (piston) phase lag and also matches 
generator requirements with engine capabilities. 

In another version of the invention, the load means 
is a hydraulic system including a hydraulic motor load 
and the ?uid coupler is a hydraulic ?uid-?lled tube with 
a ?exible diaphragm at one end to separate the hydrau 
lic ?uid from the engine gas. The coupler is connected 
by check valves to the hydraulic system which prefera 
bly includes an accumulator on the high pressure side 
of the load and a reservoir on the low pressure side 
thereof to damp the pressure pulses for steady ?ow of 
the hydraulic ?uid. 

BRIEF DESGRIPT ION OF THE DRAWINGS 

The present invention will be more fully understood, 
and other advantages and features thereof will become 
apparent, from the following description of certain ex 
emplary embodiments of the invention. The descrip 
tion is to be taken in conjunction with the accompany 
ing drawings, in which: 
FIG. I is a block diagram of a Stirling engine power 

system illustrating the operation of one version of this 
invention; 
FIG. 2 is a diagram of the equivalent mechanical cir 

cuit of the system shown in FIG. I; 
FIG. 3 is a graph showing work diagrams illustrating 

the storage and delivery of kinetic energy by the cou 
pler inertial member of the system shown in FIG. I; 
FIG. 4 is a fragmentary elevational view, shown par 

tially in section, of a ?uid coupler connecting with a 
simpli?ed Stirling engine,» 
FIG. 5 is a fragmentary sectional view of the ?uid 

coupler shown connected to the simpli?ed Stirling en 
gine in FIG. 4; 

FIG. 6 is a sectional view of a piezoelectric generator 
which can be used with the ?uid coupler shown in FIG. 
5; 
FIG. 7 is a generally perspective view of the stack of 

piezoceramic discs contained in the piezoelectric gen 
‘ erator shown in FIG. 6; 

55 

65 

FIG. 8 is a graph showing certain plots of output 
power density versus applied stress ?uctuation and 
time for a piezoelectric generator similar to that of FIG. 
6; and 
FIG. 9 is a diagrammatic representation of a Stirling 

engine power system wherein the load means is a hy-g 
draulic system including a hydraulic motor load. 

DESCRIPTION OF THE PRESENT EMBODIMENTS 

In the following description and accompanying draw 
ings of certain illustrative embodiments of this inven 
tion, some speci?c dimensions and types of materials 
are disclosed. It is to be understood, of course, that 
such dimensions and types of materials are given as ex 
amples only and are not intended to limit the scope of 
the invention in any manner. ' 

FIG. I is a block diagram of a Stirling engine power 
system 20 including a simpli?ed Stirling engine 22 hav 
ing an input 241 of heat and an output 26 of pressure 
pulses, a piezoelectric generator 28 having an input 30 
and an output 32, and a ?uid coupler 34 for coupling 
the pressure pulses to input 30 of the piezoelectric gen 
erator which converts the input pressure energy to 
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electricity at its output 32. The engine 22 produces 
pressure pulses from heat. After a phase shift by inertia 
in the coupler 34, these pressure pulses can be applied 
to the generator 28 to produce electricity. Gas in the 
engine 22 acts as a spring and negative damper, one 
that produces instead of consuming power. The cou 
pler 34 acts as a mass, and the generator 28 acts as an~ 
other spring combined with a positive (conventional) 
damper. The coupler 34 serves as an inertial energy 
storage device analogous to the ?ywheel in a conven 
tional engine. 
FIG. 2 is a diagram or schematic representation of 

the equivalent mechanical circuit of the system shown 
in FIG. 1. The Stirling engine 22 is represented by a 
negative damper 36 and parallel spring 38, the ?uid 
coupler 34 by an inertial member or mass M, and the 
piezoelectric generator 28 by a positive damper 40 and 
parallel spring 42. The coupler 34 provides the re 
quired 90 degrees displacer-coupler phase lag by a 
reasonantly tuned spring-mass-damper system in which 
the engine 22 (a negative damper 36 or energy source) 
and generator 28 (a positive damper 40 or energy sink) 
are springs 38 and 42 acting on the oscillating coupler 
mass M. The coupler 34 also matches generator re 
quirem'ents with engine capabilities. 
FIG. 3 is a graph showing work diagrams including 

curves 44 and 46 of plots of force on the coupler 34 in 
ertial member or mass M versus displacement thereof, 
from the Stirling engine 22 and to the piezoelectric 
generator 28, respectively. It can be seen that engine 
pressure decreases during the expansion stroke, while 
the piezoceramic disc stack in the generator 28 re 
quires increasing pressure to compress it. This repre 
sents a 180° phase lag between the pressure-time char 
acteristics at the engine 22 and generator 28 ends of 
the coupler 34. Coupler inertia accomplishes this by 
the large pressure difference required to accelerate the 

' liquid column or free piston of the coupler 34. 
The excess of engine pressure over generator-region 

pressure during the ?rst half of the expansion stroke is 
stored as kinetic energy of the inertial member M, 
which completes generator 28 stack compression on 
the last half of the expansion stroke. Inertial energy 
storage and delivery is indicated by the cross hatched 
areas in H0. 3. A similar consideration applies for the 
compression stroke where elastic energy return from 
the piezoelectric generator 28 provides excess energy 
during the ?rst half of the compression stroke to com 
plete the last half. For clarity, these energy quantities 
are not indicated in FIG. 3. . 

FlG. 4 is a fragmentary elevational view, shown par 
tially in section, of ?uid coupler 34 connecting with the 
simpli?ed Stirling engine 22. The Stirling engine 22 
shown here is, of course, only exemplary of a simpli?ed 
Stirling engine which produces an output of pressure 
pulses. Other suitable forms of simpli?ed Stirling en 
gines are shown, described and claimed in US. Pat. No. 
Re 27,567 of Arthur R. Baumgardner, Richard P. John 
ston, William R. Martini and Maurice A. White for Stir 
ling Cycle Machine With Self-Oscillating Regenerator, 
patented Jan. 23, 1973 and US. Pat. No. 3,604,821 of 
William R. Martini for Stirling Cycle Amplifying Ma 
chine, patented Sept. 14, 1971, for example. The Stir 
ling engine 22 need not be restricted to that speci?cally 
shown in FIG. 4 and, in view of description given in the 
noted patents, a relatively brief description of the en 
gine is believed to be adequate. 
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4 
The Stirling engine 22 basically includes an engine 

cylinder 48, displacer 50, displacer drive mechanism 
52, and thermal insulation housing 54. The engine cyl 
inder 48 is mounted to displacer drive housing 56 with 
a bolted ?ange arrangement 58, and the ?uid coupler 
34 is suitably attached to the side of the drive housing 
as shown in FIG. 4. Driveshaft crosshead 60 is sup 
ported in lower and upper bearings 62 and 64 which 
are mounted in the housing 56. The insulation housing 
54 is suitably attached to the upper ?ange 66 of the 
cooler section of the engine cylinder 48 and contains 
suitable insulation 70. Electric cartridge heaters 72 are 
used to heat the upper end of cylinder 48; however. any 
other suitable heat source can be used. Loops 74 circu 
lating a cooling ?uid are used to cool the lower end of 
the cylinder 48. 
Crankshaft 76 is driven by an electric motor 78 

which is positioned behind ?ywheel 80 (and a separat 
ing wall) that is suitably af?xed to the crankshaft. An 
offset crankpin 82 is af?xed to the ?ywheel 80 and ro 
tatably mounts the lower end of connecting rod 84. The 
upper end of the connecting rod 84 is rotatably 
mounted on wrist pin 86 which is attached to the drive 
shaft crosshead 60. The upper end 88 of the driveshaft 
crosshead 60 is pivotably connected axially to the 
lower end of displacer 50. The upper end of the dis 
placer 50 is supported by a pair of crossed ?exures 90 
which are centrally attached to the engine cylinder 48 
on its axis at the top 92 thereof. The displacer 50 is, for 
example, 7.00 inches long and 1.44 inches in diameter 
and made of a thin shell of lnconel 625 with a wall 
thickness of 0.052 inch and is pressurized internally 
with argon. A displacer position sensor 68 is mounted 
at the bottom of the displacer drive housing 56. 
The lightweight displacer 50 oscillates ( reciprocates) 

inside the engine cylinder 48 with a ?ve-mil radial 
clearance gap 94 between the cylinder wall and dis 
placer. This separation is maintained by the ?exures 90 
at the hot end and the bearing 64 (part of the displacer 
drive mechanism 52) near the cold end. The gap 94 
acts as a gas heater, regenerator and gas cooler. Oscil 
lation of the displacer 50 heats and cools the con?ned 
gas (helium, for example) and creates the pressure 
pulses. The electric motor 78 is used f0 startup and fine 
frequency control. Once oeprating speed is reached, 
the gas pressure difference applied to the displacer 
drive piston (upper driveshaft portion of the driveshaft 
crosshead 60) varies over a cycle in such a way as to 
apply power to the displacer drive. Thus, if friction is 
not unduely great, the engine 22 will run itself. 
The ?uid coupler 34 is suitably attached to the dis 

placer drive housing 56 and communicates with the en 
gine cylinder 48 through gas ?ow passageway 96. The 
coupler 34 is a mercury-?lled tube 98 with a diffuser 
100 at each end. A corrugated diaphragm 102 sepa 
rates the mercury 104 from the engine gas at one end 
and from the hydraulic ?uid in the piezoelectric gener 
ator 28 at the other end. Inertia in the mercury column 
provides the necessary phase lag between displacer 50 
motion and motion of the corrugated metal diaphragm 
102 (analogous to a power piston) which makes a posi 
tive seal between the engine gas and the mercury 104. 
The necked-down con?guration from diaphragm to dif 
fuser at the ends of the coupler 34 produces the effect 
of a much larger mass than is actually present. This is 
similar to a ?ywheel attached to a speed-increaser gear 



3,822,388 
5 

so that the ?uid coupler 34 can be termed a “fluid ?y 
wheel." 
FlG. 5 is a fragmentary sectional view of the ?uid 

coupler 34. The coupler housing 106 is, for example, 
made of 300-series austenitic stainless steel and the 
10.5 inches long coupler tube 108 is standard 0.5 inch 
inside diameter tubing with a 0.188 inch wall thickness. 
The tube 108 can, of course, be suitably coiled tore 
duce system dimensions. Hoop stresses are approxi 
mately 4,000 psi at hydraulic pressures of 3,000 psi. A 
5.2 inches long diffuser 110 with a 7.5 degrees half 
angle is provided at each end of the coupler tube to 
minimize ?ow losses. The mercury 104 inventory in the 
coupler 34 is 1 1.5 cubic inches, for example. Mercury 
was selected as the coupler ?uid in this instance pri 
marily because of its high density and low compressibil 
ity. High density minimizes the size of the inertia col 
umn and low compressibility minimizes lost motion. 
The corrugated diaphragms 102 are suitably attached 

to their respective ends of the coupler housing 106. 
Each diaphragm 102 is made of 0.0015 inch thick Am 
350 stainless steel, and have eight convolutions with a 
peak-to-peak height of 0.024 inch and a pitch of 0.15 
inch, for example. The diaphragms 102 are capable of 
operating through a swept volume i 0.2 cu. in. from 
the central unstressed position of their extreme deg 
?ected position with a maximum tangential stress of 
31,000 psi. The design point swept volume totals 0.21 
cu. in. or about one-half the allowable value. 
Each diaphragm 102 has a perforated backup plate 

112 to limit its travel. The plates 112V‘can be made of 
type 7075-T6 aluminum, for example. At the engine/ 
coupler interface, the backup plate 112 is secured by 
end disc 114 on the gas side of the diaphragm 102. Gas 
must be distributed over the surface of the diaphragm 
102 while minimizing gas dead volume. Eight radial 
channels 116 can be provided behind the backup plate 
112, each connected to eight holes 118 which vent gas 
to the diaphragm 102. The holes 118 can be, for exam 
ple, 0.15 inch in diameter. The diaphragm 102 is capa 
ble of supporting a 1,060 psi pressure differential 
across this hole area with a maximum of 20,000 psi 
?exural stress when bottomed against the backup plate 
112. The total dead gas volume between the diaphragm 
102 and the engine cold plate is 0.04 cu. in. and the 
pressure drop in the manifolding is 8 psi. Nominal de 
sign de?ection of the diaphragm 102 is 0.075 inch, for 
example. 
At the load/coupler interface, the backup plate 112 

is secured by end disc 120 on the oil or hydraulic ?uid 
side of the diaphragm 102. The radial channels 116 and 
vent holes 118 are larger than at the engine/coupler in 
terface because entrained ?uid volume is unimpora 
tant, and pressure drops would otherwise be too high. 
To protect the diaphragms 102 from overpressurization 
(due to high pressure transients) when against the con 
cave or dished surfaces of backup plates 112, at least 
one overpressure relief accumulator 122 is provided at 
each end of the mercury column. There can be, for ex 
ample, four equiangularly spaced accumulators 122 
provided at each end. These can be piston-type accu 
mulators filled with gas through tubing 124 (which is 
then closed), with a spring 126 loading the piston 128 
such that it accepts or is moved at a preset value to pre 
vent damage to the associated diaphragm 102. Ports 
130 for fill, bleed and trim valves (not shown) can be 
located at each end of the coupler 34 for charging and 
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6 
providing the proper amount of mercury. The end disc 
120 has a passageway 132 with end ports 1134 and 136 
which can accommodate respective check valves (not 
shown here), or the port 134 can be plugged and the 
port 136 suitably connected to drive the piezoelectric 
generator 28. A suitable hydraulic fluid or oil is prefer 
ably used in the lines connecting with the passageway 
132. 
FIG. 6 is a sectional view of the piezoelectric genera 

tor 28 which can be used with the ?uid coupler 34 
shown in FIG. 5. The generator 28 requires pulsating 
mechanical power at relatively high force and low dis 
placement, and which can be provided by the Stirling 
engine 22 and coupler 34 power source. The generator 
28 includes a housing 138 which is, for example, ap 
proximately 5.5 inches long and 2.0 inches in diameter. 
The housing 138 contains a stack 140 of a hundred 
piezoceramic discs 1.25 inches in diameter and 0.040 
inch thick, and a piston 142 positioned against one end 
of the stack. A ?tting 144 is attached to the piston end 
of the hosuing 138 and a indicator rod 146 is affixed to 
the piston 142 as shown. The rod 146 cooperates with 
proximity transducer 148 mounted on the other end of 
the housing 138. A pressure transducer 150 is also 
mounted to the ?tting 144. The transducers 148 and 
150 are used for experimental measurements and can, 
of course, be omitted. The port 136 of the coupler 34 
shown in FIG. 5 is connected by a line (not shown) to 
the input port 152 of ?tting 1. An insulating hydrau 
lic fluid or oil is used in the connecting line and also 
surrounds the stack 140 in the housing 138 to prevent 
arcing. The stack 140 has an output lead y. 
FIG. 7 is a generally perspective view of the stack 

140 of piezoceramic discs 1154 contained in the housing 
138. The discs 154 are made from a lead zirconatetita 
nate ceramic-(PZT-4 or equivalent) and metallized on 
both ?at surfaces for electrical contact with metal elec 
trode connectors 156. Warm discs 154 are polarized 
(analogous to magnetizing a permanent magnet) by ap 
plying a high voltage to align the dipoles of the disc ma 
terial. These discs 154 are stacked with alternating po 
larity and connected electrically in parallel with one 
side to a load R and the other side to ground as indi 
cated. When the stack 140 is subjected to an axial com 
pressive stress, pulsating at a suitable frequency (such 
as 60 Hz), electric power is generated. Compression of 
the stack 140 produces electrical charges delivered as 
load current in one direction, followed by a reversed 
polarity and current when compression is relaxed. Only 
about half the applied strain energy produces a charge. 
The balance is stored elastically and is utilized for the 
compression stroke on the engine. 
FIG. 8 is a graph showing indicative plots of output 

power density versus applied stress fluctuation and 
time for the piezoelectric generator 28. Experimental 
power density plots follow the predicted curve 158 
closely to 8,000 psi stress ?uctuation, with decreased 
performance at higher levels. Optimum load resistance 
with no inductance was used in the measurements. A 
continuous run of 20 hours at 6,000 psi stress ?uctua 
tion produced the curve 160 which showed only an ini 
tial, reversible degradation. When inductance was used 
in the load circuit to compensate for capacitance inher 
ent in the generator 28, however, power density in 
creased by a factor of 2.5 as compared with a predicted 
value of 3.0. Piezoelectric generator 28 efficiency was ' 
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measured with mean values in the 80 to 90 percent 
range. 
FIG. 9 is a diagrammatic representation of a Stirling 

engine power system 162 which is similar to the system 
20 shown in FIG. 1 except that the load means is a hy 
draulic system 164 instead of the piezoelectric genera 
tor 28, and the ?uid coupler 166 is a modi?ed version 
of the ?uid coupler 34 shown in FIG. 5. The fluid cou 
pler 166 is similar to the coupler 34 except that the dia 
phragm 102 and its backup plate 112 at the load end 
of coupler 34 have been deleted, and hydraulic ?uid is 
used throughout the coupler 166 and hydraulic system 
164. The diaphragm 102 and its backup plate 112 are 
retained at the engine end of the coupler 166. Check 
valves 168 and 170 are installed in the coupler ports 
corresponding to ports 134 and 136 of the coupler 34. 
A conventional high pressure accumulator 172 is con 
nected to the line between check valve 170 and hy 
draulic motor 174, and a conventional low pressure 
reservoir 176 is connected to the line between the hy 
draulic motor 174 and check valve 168. The accumula 
tor 172 and reservoir 176 are provided, of course, to 
damp the pressure pulses for steady ?ow of the hydrau 
lic fluid in the lines. 
While certain exemplary embodiments of this inven 

tion have been described above and shown in the ac 
companying drawings, it is to be understood that such 
embodiments are merely illustrative of, and not restric 
tive on, the broad invention and that the invention is 
not to be limited to the speci?c constructions or ar 
rangements shown and described, for various modi?ca 
tions may occur to persons having ordinary skill in the 
art. 

What is claimed is: 
1. A power system comprising; 
a Stirling engine including a displacer and a gaseous 
working fluid, said engine producing an output of 
pressure pulses; 

load means adapted to be driven by said pressure 
pulses; and 

a ?uid coupler form of power member for coupling 
said pressure pulses to said load means to drive the 
same, said coupler including a tubular element of 
predetermined dimensions, a ?uid of predeter 
mined characteristics ?lling said tubular element 
and diaphragm means for separating said gaseous 
working ?uid from said ?uid ?lling said tubular ele 
ment, and said tubular element ?lling ?uid com 
prising a liquid column of relatively substantial pre 
determined inertial mass that provides in combina 
tion with characteristics of said engine and said 
load means a resonantly tuned spring-mass-damper 
system wherein a 90° phase lag is produced at reso 
nant frequency between said displacer and said 
coupler liquid column, and high output energy can 
be directly obtained from a displacer type of Stir 
ling engine operating a resonant power member 
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8 
without interposition of a mechanical crank and 
?ywheel. 

2. The invention as de?ned in claim 1 wherein said 
load means includes a piezoelectric generator, and said 
coupler matches generator requirements with engine 
capabilities through inertial storage and delivery of en 
ergy by said liquid column. 

3. The invention as de?ned in claim 1 wherein said 
load means includes a hydraulic system, and said liquid 
column includes a portion of hydraulic ?uid which is 
used in said coupler and said hydraulic system. 

4. The invention as de?ned in claim 1 wherein said 
tubular element includes necked-down end portions 
providing an intermediate portion having a throat area 
less than those of said end portions, to produce the op» 
erational effect of a much larger liquid mass than is ac 
tually present in said tubular element. 

5. The invention as de?ned in claim 2 wherein said 
piezoelectric generator comprises a housing, a stack of 
piezoceramic discs contained in said housing and a pis 
ton adapted to be positioned against one end of said 
stack to compress the same in response to said pressure 
pulses, and said coupler matches generator require~ 
ments with engine capabilities through inertial storage 
and delivery of energy wherein said liquid column 
stores excess energy as kinetic energy during the first 
halves of the engine expansion and compression 
strokes and delivers said stored energy during the sec 
ond halves of said expansion and compression strokes 
to complete the same. 

6. For use in a power system, a ?uid coupler compris 
mg: 

a tubular element of predetermined length and size, 
said tubular element including necked-down end 
portions to provide an intermediate portion having 
a throat area less than those of said end portions; 
and 

a diaphragm closing off one of said end portions of 
said tubular element. 

7. The invention as de?ned in claim 6 further com 
prising another diaphragm closing off the other end 
portion of said tubular element. 

8. The invention as de?ned in claim 6 further com 
prising a perforated backup plate mounted adjacent to 
said diaphragm to limit its travel. 

9. The invention as de?ned in claim 8 further com 
prising an overpressure relief accumulator operatively 

’ mounted at the diaphragm end of said tubular element 
to protect said diaphragm from overpressurization 
when against said backup plate. 

10. The invention as de?ned in claim 6 wherein said 
tubular element further includes longitudinally taper 
ing diffuser portions respectively connecting said end 
portions to corresponding ends of said intermediate 
portion to minimize ?ow losses. 

* * * * * 


