Development of a Small 50W Class Stirling Engine
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ABSTRACT

In order to develop a compact and low cost Stirling engine, a gamma type Stirling engine with simple
moving-tube-type heat exchangers and a Rhombic mechanism was developed. Its target shaft power is 50 W
at engine speed of 4000 rpm and mean pressure of 0.8 MPa using helium as working gas. This paper
describes the outline of the engine design and the performance test. The test was done without load, using air
in atmospheric condition. Also, a mechanical 1oss measurement was done in highly pressurized condition, in
which the engine was driven by a motor compulsory. Then, methods to get higher performance were
considered based on the comparison of experimental and calculated results. The results indicate that a higher
performance heat exchanger and decreasing of mechanical loss are needed for the attainment of the target

performance.
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1. INTRODUCTION

Globa environment protection has come to be more and more
important recently, and demand for engines with high efficiency and
low pollutionisincreasing. Stirling engines have apotentia solution
to the above problems. Because, they have excdlent characteritics
which are high themd efficiency, multi-fud capability and low
pollution.

There are saverd types of Stirling cycle mechine. They are
being researched and developed actively dl over the world.
Especidly the Stirling refrigerators are used practically in severa
fidlds. Low temperature differentia Stirling engines are expected as
power sources using solar or geothermd energy. A prototype engine
thet is shown in this paper is one of high temperature differential
Stirling engines. As typica devdopments of high temperature
differentid Stirling engines severa high performance engines for air
conditioners were developed in Moonlight project on 1982 in Japan
[1]. Then, it was darifiedthat the Stirling engine has high efficiency
and low pollution characterigtics. However, the Stirling engine has
not reached practica use enough, because it has severd problems;
i.e, ahigh production cogt, limited endurance of no-lubricated seal
devices and heavy weight.

The main purpose of this sudy is to develop a compact and
lightweight Stirling engine with low production cost. Also, it is
amed to find a suitable type of heat exchangers and a piston drive
mechaniam for the compact Stirling engine.

2.DESIGN OF A PROTOTYPE ENGINE

In order to develop a compact and low cogt Stirling engine, a
gamma type Stirling engine that had simple moving-tube-type heat
exchangers and a Rhombic mechanism was designed asfollows.

21TARGET PERFORMANCE AND SPECIFICATIONS

In order to predict power and engine speed & the early design
stage, a smple prediction method [2] was used. This prediction
method is based on experimentd results of various Stirling engines,

and it can predict the effects of working gas and the engine speed
correspond to the maximum shaft power. On the other hand, in order
to reduce the Sze of the engine, it is necessary that the engine be
operated a higher engine speed. From a result of the smple
prediction method, the engine speed a the maximum shaft power
increases with the reduction of swept volume of apower piston.
Figure 1 shows one of the caculated results of the rdationship
between mean pressure, P, the maximum shaft power, L, ad
engine speed, N. As the cdculation conditions, swept volume of a
power piston, V., was st to 99 cm® expanson space ges
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Fig.1 Cdculaed result of the sSmple prediction method

Tablel Target performance and specifications
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Borex Stroke f 36x10mm
Phaseangle 90.2deg.
Workinggas Helium/Air
Target shaft power 50w
Targetefficiency 15%
Heeting method Nichromewire/ Combustion gas
Cooling method Water cooling
Ratedoperation Rated engine speed 4000 rpm (Helium)
Meanpressure 0.8MPa
Expansionspacetemp. 600°C
Comp ressonspace temp. 40°C
Design (Allowable) | Maximum pressure 1.1MPa
Heater wall temp. (max.) 650 800°C




temperature, T, was sgt to 600°C, and compresson space gas
temperature, T, was set to 40°C. Thisfigure showsthat shaft power
of 50 W is obtained a engine speed of 4000 rpm using helium as
working gas.

Table 1 ligs target performance and main specifications of the
prototype engine. Their vaues were determined based on discussion
of heet exchangers and apiston drive mechanism with the calculated
results of the above method. Cylinder bore, piston stroke and target
power were determined to be 36 mm, 10 mm and 50 W/4000 rpm,
respectively. In the case of a compact engine, high efficiency is not
expected, because the rae of heat conduction loss increases
relatively with the reduction of the engine size. Target thermal
efficdency is 15 %. This vaue is much lower than that of high
performance Stirling engines mentioned previoudy.

Allowable pressure in the engine was determined to be 1.1
MPawith consderation of using piping partsin markets. Allowable
heater wdl temperature was determined based on strength and
thickness of heater wdl maeriad. In this case, danless sed
(SUS304) wes used as the materid, and a heater was designed
consdering alowable heater wall temperature of 650~800°C.

22BASIC STRUCTURE

A basic gructure of the prototype engine was based on that of a
100 W dass Stirling engine formerly developed by the author and
others [3], [4]. Figure 2 shows a schematic view of the prototype
engine. It was a gamma type, in which a displacer and a power
piston were located in a line. A regenerator was located in the
displacer. These configurations contribute to make the engine
smdler.

In order to get asmdler Sze and low production cost, asmple
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Fig.2 Schemdtic view of the prototype engine
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Fig.3 Hesat exchanger of the prototype engine

moving-tube-type heat exchanger was adopted as shown in Fig. 3.
In the case of a moving tube type heat exchanger of the above 100
W dass Stirling engine, there were 10 - 24 heeting tubesto get large
heating surface area. However, the tubes cause high production cost.
Also, high essembling accuracy is required to avoid the collison of
theinner and outer tubes. From the above considerations, in the case
of the prototype engine, only a couple of inner-outer tube was
located in the central axis of the displacer. Theinner tube of hester,
and the inner and outer tube of cooler were easily assembled.
Therefore, it is conddered that this type of heat exchanger obtains
pretty lower production cogt than that of the above 100 W dass
Stirling engine and previous multi-tube type heat exchangers. In
addition, the new type hest exchanger needslittlewe ding.

As a piston drive mechanism, it was considered to adopt a
crosshead mechanism, a Scotch-yoke mechanism and other link
mechaniams. Findly, a Rhombic mechanism [5] was adopted,
becauseit gives an excellent momentum balance.

23COMPONENTSDESIGN
(2) Heater

A heater of the prototype engine was designed using the
following smple method. Hester input, Q,, was derived from Eos
(1) and (2).

Qh = I-E +Qr +ch (1)

Q, =hs(T,, - T¢) @

Here, L isexpansion power caculated from Schmidt theory [6], Q.

is rehedt loss in a regenerator, Q, is heat conduction loss a a
cylinder, his heat transfer coefficient in atube, Sis heating surface
area, T, isexpansion space gastemperature. Heater wall temperature,
T,,» was gotten by solving smultaneous eguations for Q,, in Egs. (1)

and (2). Gas flow speed needed in this caculation was based on

mean piston spead of adigplacer. Generd design method for amulti-

tube type heat exchanger mentioned previoudy was dso gpplied to
this engine, using hydraulic diameter of annular space of a moving-

tube-type heat exchanger.

Figure 4 shows one of the caculated results of the rdationship
between mean pressure, P,,, and hester wall temperature, T,. Here,
C, isdearance between an inner tube and an outer tube. Thisfigure
showsthet the hester wall temperature, T, of 660°C is needed to get
expanson space gas temperature, T, of 600°C, & C,=0.5 mm, and
P..=0.8 MPa. Also, hest transfer performance became higher with
decreasing of clearance, C,. In order to avoid acollision between the
inner and outer tube, it is necessary that the clearance, C_ is
determined with a consideration of assembling accuracy of a pison
drive mechanism. Two types of heeter were manufactured for the
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prototype engine. Their clearances were G=05 mm and C =10
mm, repectively. The collision of the tubes occurred in case of the
heater of C;=0.5 mm, thus the heater of C;=1.0 mm was used a
following experiments.

(2) Cooler

In the case of design for a cooler, both the heet transfers of ges
and cooling water were taken into account in the caculation. As a
result, it was confirmed that compresson space ges temperature
could not be kept to setting vaue of 40°C eesily, becausethe hegting
surface area of the cooler shown in Figs. 2 and 3 wes not large
enough. In order to get sufficiently rejected heat, large amount of
cooling water isrequired. Supplying sufficient water waspossiblein
the experiment, though it might not be practica
(3) Regenerator

The shape of a displacer and its assembling method dfect a
size of aregenerator. After the discussion on these size optimization,
outer diameter of the regenerator was determined to be 34 mm,
inner diameter was determined to be 13 mm, and height was
determined to be 17.5 mm. In the following experiments, wire gauze
meade of brass (#100, diameter of 0.1 mm, 70 sheets) was used as a
regenerator matrix.

Shapes and locatiors of manifoldsto a heater and cooler tube
affect flow of warking gas in aregenerator. Thus, it is necessary that
ashape of regenerator beconddered with the structure of heater and
codler.

(4) Rhombic mechanism

Schematic view of a Rhombic mechanism is shown in Fig. 5
(d). It congsts of two gears, two yokes and four connecting rods. In
thefigure, when length of the connecting rod, L, length of crank arm,
R, and leaning distance, e, were st to a suitable ratio, phase angle
between adisplacer and apower piston was st to 90 degrees. Inthis
mechanism, both pistons move in a sraight line completdly, if it is
asembled idedly. However, when it has not sufficiently high
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assambling accuracy, the side thrust force and friction loss of the
both pistonsincrease. In order to. make the friction loss low enough
even if the assembling accuracy was not good, severd free joints
were added to the power piston and to the displacer rod of the
prototype engine as shown in Fig. 5 (b).

The crankcase for the Rhombic mechanism tends to become a
bigger size than those of a Scotch-yoke mechanism and a generd
crank mechanism. Thus, whether the Rhombic mechanism is good
for the engine sze reduction depends on the baance of severd
factors. It is consdered that the optima mechanism in view of
getting smaller engine is darified based on experimenta researches
inthenext step.

(5) Seal device

Assedl devices of the prototype engine, there were piston rings
of the digplacer and the power piston, a reciprocaing rod sed & a
displacer rod, a rotating rod sed at an output shaft. The prototype
enginewas designed to usevarioustypes of sedl devices.

In the first manufacturing, a straight cut ring of 2 mm width
was used as the piston ring of the displacer. An endlessring of 19
mm width was used as the piston ring of the power piston. Becauise,
the endless ring has higher sed performance then that of a sraight
cut ring. It dso works as alinear guide for a straight motion of the
power piston. A linear bearing was used asthereciprocating rod sedl
a the digdlacer rod. In the following experiment to meesure
mechanicd loss, alip sed was used as the rotating rod sed & the
output shaft. All of the above sedl deviceswere made of PTFE.

3. ENGINE PERFORMANCE

The prototype enginewas manufactured as shown in Fig. 6. At
the first trid of operation, the prototype engine did not work well
under pressurized condition. Thus, in order to investigate the causes,
the prototype engine was experimented in detail asfollows.
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Fig.6 Prototype Stirling engine

3.1 EXPERIMENTAL RESULTSUSNG AIRIN

ATMOSPHERIC CONDITION

The prototype engine was experimented using ar in
amospheric condition and no load condition. In the experiment, an
eectric heater was used as heat source, and hedt input, Q,, was
changed from 200 to 500 W in geps. The prototype engine was
cooled by the water running the cooler jacket. The flow rate of
cooling water was 1.7 L/min congantly. Measuring points of ges
pressure and temperature are shown in Fg. 3. Expanson space gas
temperature, T, compression space gas temperature, T, and heater
wall temperature, T,, were measured by thermocouples.

Figure 7 shows the experimental results of heet input, Q,,
hester wall temperature, T, expansion space gas temperature, T,
compression space gas temperature, T, engine speed, N, and
indicated work, W, with operating time, t; t=0 corresponds to the
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start of heating. Inthefigure, it is shown that the engine startsto run
just after the start of hesting, and engine speed increases to about
800 rpm after 30 minutes. Then, engine speed decreases dowly, and
keep about 600 rpm after 1.5 hours. After then, engine speed
increases with increesing heat input, Q,,, temporaly. However, it
decreaseswith time. The power inthis operating conditionissmaler
than that of rated operation. Therefore, it is consdered that the
effects of friction loss in mechanica devices and gas leskage from
the power piston wererddively bigger.

Figure 8 shows the relationship between expanson space gas
temperature, T, engine speed, N, and indicated work, W, a asteedy
date. The calculated result of indicated work, W, was derided from
an isothermd andysis[4] with considerations of pressurelossin the
regenerator and gas leskage from the power piston. Caculated
conditions were based on the experimental results goproximately. In

the case of the experiment, engine speed, N, and indicated work, W,
increased with increesing of expansion space gas temperature, T..
The calculated result of indicated work, W, is similar to thet of the
experimenta result comparatively, though the cdculaed result is
about 7 % lower than the experimental result. Thus, it is confirmed
that the prototype engine works correctly under atmospheric
condition.

32MEASUREMENT OF MECHANICAL LOSS

In order to messure mechanicd |oss, the prototype engine was
driven by an eectric motor as shown in Fig. 6. Mechanicd loss, L,
and friction torque, T, (=60L,/2pN), were derived from driving
torque of the eectric motor and indicated work of the engine. Inthis
experiment, the lip sedl was et at the output shaft, and working
space and buffer space (behind the power piston) were pressurized
to 1 MPa maximum with nitrogen. The prototype engine was not
heated in this experiment, and working space temperature kept room
temperature gpproximetely.

Figure 9 shows the relationship between angular speed, w
(=2pN/60), and friction torque, T, Inthefigure, frictiontorque, T,
increases with increasing of angular speed, w, linearly. In aresearch
by the author [4], it was confirmed that if mechanicd loss consisted
of the Coulomb friction loss that depends on vertica force and the
viscosity friction lossthet depends on speed, viscosity coefficient,
then ¢, was equivaent to an inclination of thisline. Theindination
was congtant at various pressure, and viscosity coefficient, ¢, was
determinedto be 2,03 10*(Nms) from Fig. 9. On the other hand, In
the range of higher engine speed, such as N>2000 rpm, a noise was
generated periodicdly from a hot Sde of the cylinder. It was caused
by a collison between the displacer and the cylinder, because the
Rhombic mechaniam of this engine did not have high assembling
accuracy.
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Figure 10 shows the experimental and calculated results of the
relationship between mean pressure, P, and friction torque, Tom
The cdculated result was gotten using the Coulomb friction loss of
each sedl device and bearing, and the viscosity friction loss. The
caculaed result agreed with the experimenta result gpproximately
in the range of lower pressure. However, the experimental result of
friction torque, Tom became larger than that of the calculated result
with increesing of meen pressure, P.. It was caused by the
increasing of friction force, which derived from low assambling
accuracy of theRhombic mechanism.

33COMPARISONTO SSMULATION

Basad on the above experimenta results, a Smulation method
with congderation of mechanicd losswas developed.

Figure 11 shows the exparimentd and caculaed result of the
relationship between engine speed, N, indicated power, L, shaft
power, L, a mean pressure, P,, of 0.8 MPa usng hdium as
working gas. In this experiment, the prototype engine was driven by
the eectric motor. The dectric heater was used as a heat source.
Hest input of the dectric heeter, Q,,, maintained the expansion space
gastemperature, T, a 450°C. In the figure, the experimental result
of indicated power is about 25 % lower than thet of the calculated
result.

The expangion space of the prototype engineis divided into the
indde space and the outs de space by the heater inner tube as shown
in Fg. 3. Thus, expanson space gas temperature is not necessarily
uniform. It is considered that expansion space gas temperaturein the
ingde gpace becomesfairly lower than that of messured temperature,
T.. Therefore, in order to unify the expansion Space gastemperature,
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and get higher power of the engine, a development of a high
performance hester and discusson of a heating method are needed
inthenext step.

On the other hand, in this experiment, compresson pace gas
temperature, T, reached sbout 60°C. In order to get lower
compression space gas temperature and higher power of the engine,
adevelopment of ahigh performance cooling systemis needed.

Figure 12 shows the experimental and caculated results of the
relationship between engine speed, N, and mechanicd loss, L, The
tendency of the calculated result agrees with thet of the experimenta
result gpproximately, though the caculated result is 20~25 % lower
than thet of the experimenta result. With regard to the detail of
calculated mechanicd loss, friction loss of piston sedls and bearings
wasvery smdl, and it was about 5~6 % of the Coulomb friction loss.
On the other hand, friction loss of the rotating rod sedl a the output
shaft reeched to about 94 % of the Coulomb friction loss.

4. DISCUSSIONSFOR HIGH PERFORMANCE

In this paper, the compact Stirling engine that has unique
components is introduced It is consdered thet there are many
effective results from the andyss methods to the components
design. However, the performance of the prototype engine was far
from the target performance In this chepter, methods for
improvement of performance are suggested asfollows.

41HEAT EXCHANGERS

A simple moving-tube-type heat exchanger was designed and
manufactured. However, it was not high performance in focus of
heet trandfer. It will beimproved if the gas temperature in expansion
space is dose to uniform, as described above: Thus, the author has
developed severd types of the heater assshown in Fig. 13. TypeA is
the same asthat of Figs. 2 and 3. Type B has smpler structure, Still
more it is expected to unify the expansgon pace gas temperature.
However, there is a strong possibility that heating surfece area
decreasesif the Sze of the heater isthe ssmeas Type A. Asthe net
gep, it is necessay to andyze heat transfer performance of the
moving-tube-type hest exchanger in detail.
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Fig. 13 Improvement of moving-tube type heat exchanger
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4.2 PISTON DRIVE MECHANISM

As apigon drive mechanism, the Rhombic mechanism was
adopted for the prototype engine. It has severd the free joints that
arelocated a the power piston and the displacer rod asshownin Fig.
5 (b). It was confirmed that the mechanism with free joints worked
correctly. However, in order to decrease mechanica loss, and to
make the piston movement more close to the straight movement, it
is necessary that the mechanism have higher assembling accuracy.
Under the above congiderations, the Rhombic mechanism has been
improved. For an example, Figure 14 shows the mechanicd parts
with an additiond freejoint for the power piston.
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Fig.14 Improved piston drive mechanism

Also, this paper does not discuss manufacturing accuracy and
enduranceof the piston drive mechanism A detail andysisrelated to
mechanica loss and anendurancetest is needed in thenext step.

43HERMETIC GENERATOR SET

The rotating rod sed a the output shaft has large mechanicd
loss as described above (see Fig. 10). The sedl can be omitted, if the
eectric generator is put in the pressurized crankcase, because the
shaft does not penetrate the crankcase in thet case It is conddered
that the mechanica |oss decreases remarkably, and the shaft power
increases fairly with the hermetic generator set. Figure 15 showsthe
developed hermetic generator s&t. It was operated under light load
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condition. However, the measurement of the characteristics of the
generator st was not done yet. Also, the eectric generator shownin
Fig. 15 had bhig sze, because it needed enough capecity for the
experiments a widerange speed condition. It can redize a more
compect size generdor &, if the engine works only at rated
operationin practica use.

5.CONCLUSON

In this paper, a prototype Stirling engine was developed with
purposes to get a compact and low cogt Stirling engine. The
prototype engine was experimented using ar in amospheric
condition and with no load. Also, mechanica lossunder pressurized
condition was meesured. It was discussed how to get higher
performance based on the experimental and caculaed results. As
the results, it was confirmed that the devdopment of higher
performance heat exchangers and decressing of mechanicd loss
wererequired.

On the other hand, it was conddered that a compact Stirling
engine was optimized by detailed measurements for a heat balance.
Asthe next step, the author aimsto get the target power, 50 W, and
will investigate the detall of hest balance.

This research amed a the development of a compact Stirling
engine with low production cost. When the compact, low cost and
high performance Stirling engine is developed, it will contribute to
solution of environmenta pollution and energy utilization.
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