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ABSTRACT

In this report a new cconcept, hermeti-
cally sealed Stirling enrngire will be pre-
sented, in which the engine 1s intended to
combine the comgactness and nhigh power den-
sity of Kinematic Stirling engines with
the advantage of hermetically sealed free-
piston Stirling engines. The new Stirling
encine concept is of single cvlinder, so
called beta displacer type, with a swept
volume of 68 cublc cm, an electric power
of 2-3 kW at the speed of 3000 rpm and a
mean helium working gas pressure of 12.5
MPa. The first prototype, called the de-
monstrator Stirling engine, uses rotating
electric machinery, althcugh egually well
linear generators are applicable. The
whole unit is hermetically sealed and pres-
surized. As a conseguence the number of
seals inside the engine is limited tc pis-
ton rings and the displacer piston rod
seal, neither of which need to be absolu-
tely gas tight.

BACKGROUN

In a continucus effort to simplify
and make more reliable Stirling engines
for different commercial applications and
specially for Stirling-electric generator
sets the principal components of the Stir-
ling engine have been analysed and brought
to their most functional shape. Such com-
ponents involved are:

o uwreheater o cooler
o0 heater o mechanism
O regenerator o ceals

Important improvements and simplifi-
cations also can be made in the control
system and in the necessary ancillaries.
In different applications of Stirling en-
gines considerable gains can te made by a
better integration of the engire funccion
in the actual application system.

In this report specificaiiy lmprove-
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ments and simplifications in the Stirling
engine mechanism and seals will be covered
as well as a better integration with elec-
tric generators, all in an effort to
create competitive Stirling-electric gene-
rator sets. A range of suggested ways to
achieve this goal will be presented, some
of which will be tested in a demonstrator
unit. The results will be evaluated in or-
der to find the optimal configuration for
Stirling engines and specially Stirling-
electric generator sets.

GENERAL PRINCIPLES

For certain applications of Stirling
engines, such as driving electric genera-
tors, a convenient way to integrate the
components cf such a system is to pressur-
ize the complete system including the mech-
anism and the electric generator. In order
to realize such an integration and pressur-
ization and creating a totally hermetic
unit a number of design steps must be taken,
as will be described in the following.
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ressurized Crankcase

The basis for a hermetic Stirling en-
gine is the pressurized crankcase. By se-
lecting suitable geometries, like cylin-
drical and spherical shapes of nodular
iron castings, the weight and wall thick-
ness penalty will be quite small. A cer-

ain amount of material is anyhow needed

n order to obtain the necessary stiffness
¢ the structure. This is valid for mean
rycle pressures of at least up to about
2 MPa and for cast structures.

. O e

One important consequence of selec-
ting a pressurized crankcase is, of course,
the improved situation for the piston rod
seals. On one cside of these seals there
i5 the cyciic variation of pressure in the
Stirling cycle and on the other side the
mean gas pressure.

A small gas leakage is accegptable be-
cause there 1s no loss of gas to the out-
side. A considerable gain in simglicity,
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cost reduction and reliability is achieved.
The need to lubricate the gas seal, which
is indispensable, when a crankcase with
atmospheric pressure is used, disappears
and the problems of the oil seal can be
relieved with limited lubrication of the
mechaniem, as will be described below.

Anti-Friction Bearings

While journal bearings regulre a plen-
tiful of lubrication oil for their good
function, anti-friction bearings work bet-
ter, with less friction, if lubrication is
limited. Anti-friction bearings are also
desirable because the friction losses in
absolute terms always are lower than for
journal bearings. However, speclal care
must be taken in the design of mechanisms
with anti-friction bearinags in order to
get sufficient cearing life.

r r,

Balanced Piston Side-forces

Ar otHer consequence of the choice of
limited lukbrication i3 the need to avoid
the traditionaliy used cross-nead, which
also requires apundant lubrication with
0il. There are several ways to replace the
cross-head, the rhombic drive is one well-
known way. In scme cases the rhombic drive
could be a good socluticn, but for the
Stirling-electric generator set another,
simpler mechanism has been found. Elimi-
nating the cross-nead often will result in
a lcwer engine enveloge.
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1t has peen found that the use of a
linear electric generator wou 1d allow a
considerable reduction in bearing loads,
because the piston forces can ke directly
transmitted to the power abmsorbing elec-
tric generator instead of being first
transformed into rotary motion. In a way a
semi-free piston engine would be created,
the bearings would only be used to drive
the displacer piston and for the purpose
cf transferring energy from ona part of

the cycle to arother. The lig tLy loaded
bearings would result in extended life for
the engine.

The present demcnstrator Stirling en-
cine has still rotary electric generators
fnr the reason that they are more easily

avallaple.

Based on these four general princip-
les a demonstrator engine will e tested
and evaluated. The results of the evalua-
tion will then be used for the design of
an application protoctvpe, thaf will be
tested under actual uaser conditions. See
figure 1.

MITED LUBRICATION
The simplification cf the piston rod

0il seal will demand some type of limited
luprication system. As it has already been

romre TTT

Outside View of Application
Prototype

mentioned, also the application of anti-
friction bearings favors a system with
only a limited amount of free oil. Several
types of limited lubrication systems have
been evaluated. The most promising are the
following.

21l Mist Lubrication

This is the favored system for anti-
friction bearings. It gives a continuous
supply of small amounts of oil to the ele-
ments of the bearings. Thus optimal life
and very low friction losses can be ach-
reved.

An additional space between the cycle
and the crankcase has to be arranged, a
puffer space with cycle mean pressure, and
a wall with three piston rod seals, one
for the displacer piston rod and two for
the power piston. Sliding seals or even
metal bellows seals can be used.

Greace Lubrication

Sealed, grease lubricated anti-fric-
tion bearirgs of roller, ball and needle
rype alsc operate with very low friction
and, if the load is reasonably low, they
will have very long life.
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A distinct advantage with sealed,
grease lubricated anti-fricticon bearings
is that only a limited amount of grease
will over the life of the bearinas leak
out, thus allowing a very simple piston
rod seal to be used.

The use of sealed, grease lubricated
needle bearings was considered enough pro-
mising, that the demonstrator unit will be
provided with such bearings.

Another advantage with sealed, grease
lubricated needle bearings is *the small di-
mensions, which makes them easy to inte-

grate in the drive mechani v Dress-
urized helium will act asz oling medium,
that effectively transtfers friction

e
energy to the walls of the crankcase. If
necessary water cocling can ce

Dry ceramic bearings

The advent of ceramic dry bearings of
anti-friction tvpe will, of course, be very
wellcome as the ideal applicztion 1n a he-
lium oressurized cranxkcase.

wWhen such 3 solution <¢f =ne bearing
reguirements can ke realizec, %hen tnere
will obvicusly be nc need at all for a pi
ton rod oil seal. This then constitutes
the ultimate solutiocn to the il contami-
nation proplem in kirematic Stirling en-
gines, because no liguid lubrication will
pe needed in such an engilne.

The precently selected solution on the
demonstrator Stirling-elect
grease lu

tric generator
ubricated needle
whereupon th
ill 2e made.

unit with sealed,
bearings will be
final choice of

GECGMETRY OF THE

A number of reguirements will ke

3
ccsed cn & mechanism, that retains all the
favorable characteristics of xinematic

Stirling engines, such as hich power den-—
sity, hignh efficiency and reliability and
at the same time add such Dropertlec as

eliminated risk for oil cortarlﬂa ion and

hermetic design, all s, which ge-
nerally characterize free piston Stirling
englnes.

o)

lezulrements

These are the reguirements that
should be demanded and fulfilled:

© Thre piston side forcez should be
balanced ocut, thus eliminating the
need for a crosshead.

o Allow the use of cptima: cycle
phase angle, that fzvors gcod per-

formance.

o Allow an almost complete

r talancing
of 1nertiz forces.

Figure 2: Vertical Section of Mechanism

o Subdivide piston forces on several
bearing elements for a minimum of
bearing load and a maximum of bear-
ing life. ’

o 1If gears are necessary for syn-
chronization purposes, then they
should have no or very light load,
in order to allow operation under
limited or no lubrication condi-
tions.

The Rhombic Drive

It is evident that the rhombic drive
fulfills these requirements. For certain
applications the rhombic drive can be re-
commended, specially if it is designed in
such a way that linear electric generators
can be used.

One disadvantage of the rhombic drive
applied with rotating electric genera-
5, one for each shaft in order to avoid
r loading, is that the shafts have dif-
ent center-lines, thus creating a non-
mmetrical shape of the unit.
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Another disadvantage is that the rhom-
bic drive is fairly complicated, although
s large amount of design experience exists.
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Figure 3: Horizontal Section of Mechanism
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Figure 4: Lower Yoxe with Rods

Te aveid these disadvantazes a sim-
plified drive with all the stated reguire-
ments fulfilled, and the two shafts along
the same center-line., With two contra-ro-
tating electric generators the synchroniz-
ing gears will operate without lcad. Fi-
gure 1 shows & Stirling-electric generator
set using this type of mechanism. As can
be seen the unit will be very compact and
fully symmetric.

The T'uncticn of the Mechaniaom

The function of the simplified mecha-
nism can te explained with the help of
figures 2-5. The two gear wheels in figu-
re 2 are connected to counter-rotating e-
lectric generators positioned on the same
center-line. In each of the two gear
wheels there is one connecting rod with a
big, sealed, grease lubricated needle bear-
ing. This connecting rod is attached to a
yoke below the gears. Egually on each gear
wheel there 1s arother connecting rod at-
tached cn a pin 1n the gear wheel and con-
nected to a yoxe above the gear wheels.

The lower yoke with its two counter-
rotating rods 1s attached via two rods
tc the power DIsSton 33 ¢an well be seen in
figure 4., The upper yoke with its two coun-
:r-rotating cennecting rods is attached
to the piston rod of the displacer piston.

The engine 15 a beta-type displace-
ment Stirling engine with two pistons in
the same cylinder, one power »iston and
orne displacer piston.

In figure 3 it can be szeen how the
two gear wheels are synchronizad by one or
two smaller gear wheels, s0 called syn-
chronizing gears, preferably made of plas-
tic material.

Flgure 5: Cycle Phase Angle of the Pistons

With contra-rotating electric genera-
tors no gear forces are needed, because no
energy 15 transferred via the gear wheels.,
Tt can also be seen that the big gear
wh2els can be provided with counterweights
50 as to almost completely balance all in-
ertia forces.

All bearings presently are sealed,
grease lubricated needle bearings, a gua-
rantee for a minimum of friction losses.

Finally figure 5 shows how the at-
tachment of the big ends of the connecting

Figure &: Demonstrator Prototype Heater
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rods in the gear wheels allows the select-
ion of any cycle phase angle that is consi-
dered optimal. Due to the two contra-rotat-
ing shafts the piston forces can be subdi-
vided on several bearings so as to limit
the bearing loads and give long bearing
life.

The two contra-rotating gear wheels
use the same bearings as the rotating elec-
tric generators, preferably sealed, grease
lubricated ball bearings.

BEARING LIFE

With the proper dimensioning of the
bearings the life with rotating electric
generators i1s sufficient for mcst applica-
tions i.e. 3000~100G0 hours of operatiocn
at full load.

Fcr very long life, i.e. up to 60000
hrs linear electric generators are prefer-
red. Then the driving forces cf the piston
can to a great extent be bal
absorbing forces of the linea
generator. In such a way the
will be very light resulting
life of the bearings.

A linear, electric generator will
conveniently be attached to the lower yoke
of the mechanism, which 1s connected to
the power piston.

Almost complete kalancing of the in-
ertia forces can still be made by attach-
ing counterweights on the count2r-rotating
gear wheels.

Figure 7: Model of the Mechanism

CENViEE==

Figure 8: Lower Yoke with Rods
DEMONSTRATOR AND APPLICATION PROTOTYPES

The evaluation of the new mechanism
with its limited lubrication bearings in a
pressurized crankcase will be made in a
test bed, where precise measurements can
be made under actual operating conditions.
The main data for the first experimental
unit, the so called demonstrator prototype,
can be seen in table 1.

Table 1: Principal Data for the Two Proto-
types of Hermetically Sealed Stirling-
Electric Generator Set

Demonstrator Prototype:

Bore, mm 60
Stroke, mm 3 24
Swept Volume, cm 68
Electric Power, kW 2-3
Speed, rpm 3000
Mean Cycle Pressure, MPa 12.5
Application Prototype:
Estimated Size:
Height, mm 565
Length, mm 365
Width, mm 225

The heater and the cooler are of con-
venticnal tube type and the regenerator is
annular. The rotating electric generators
can be used both for motoring the Stirling
engine, to start the engine and finally to
measure the performance of the engine. A
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photograph of the demonstrator heater is
shown in figure 6.

In figure 7 a model of the mechanism
can be seen, where all three gear wheels
are made of plastic material, whereas in
the operating prototype the two counter-ro-
tating gear wheels will be made of metallic
material and the small, synchronizing gears
of plastics. The lower yoke for the power
piston and the upper yoke for the displacer
piston can be seen.

Figure 8 presents the lower yoke with
its push rods to the power pliston. The
lower yoke can be connected to a linear
electric generator for direct transfer of
the piston forces to the generator, thus
creating on alternative tc the counter-ro-
tating electric generators.

Finally one of the two connecting
rods for the power piston 1is shown in fi-
gure 9. The small end and the big end
sealed, grease lubricated needle bearings
are mounted.

The calculated power of th2 demonstra-
rototype different mezan working
ressures can be seen in figure 1C.
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the so called
the performance,

In the next protctype,
application prototype,
size and weight of the unit will be opti-
mized so as to give a small, light-weight
and high performance mobile unit. The es-
timated size cf the application prctotype

can be seen in Table 1.
r\ "
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Figure 9: Conneccting kod ifor Fower Plstorn
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rigure 10: Calculated Demonstrator

Prototype Power

A new concept, hermetically sealed
Stirling engine is under development. Spe-
cifically the limited lubrication mecha-
rirsm will be evaluated with regard to sim-
plification of internal gas and oil seals.
Other components successively will be sim-
plified in order to arrive at an economi-
cally competitive unit without sacrificing
the attractive characteristics of the
Stirling engine.

ACKNOWLEDGEMENT

The authors would like to thank the
wational Swedish Board for Technical Devel-
opment (STU) and specially Mr. Bengt Tid-
hult for supporting this project as well
as the TEM Foundation at the University of
Lund for executing the developmert in its
laboratories cn behalf of Thermo Electric
AB.

1. S.G. Carlgvist, C. Schroeder znd L-A
Clerentz, "Hermetlcally Sealec Stirling
- Electric Generator Set", Proceedings
- 22nd Intersociety Energy Corwversion
Engineering Conference, Denver, Colora-
do, U.S.A., August 1988.



