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PREFACE

This report presents details of the design and testing of the
rice husk fueled Stirling engine that is the focyus of this
project’s activities. The project engine is still being tested
and modified and it is anticipated that it will undergo another
round of changes during the next few months as prerformance and
durability are improved.

A number of inquiries have been received from 4 aps which
are working on Stirling engines or which are considering
applications for Stirling engines. An interest has been expressed
to have detalls of the design and performance of the project
engine, this report attempts to satisfy this interest and in
addition provides some background information on particular issues
related to design and fabrication problems that have been
encountered during the course of the project.

It is important to understand that the design given in this
report has not been fully developed yet and is not yvet suitable
for manufacture or for operation by inexperienced personnel.

There are a number of inconsistenclies and omissions in the
design drawings. Because of on~-going changes being made in the
engine, the time that it takes to make drawings and the limited
facilities of the project it is not possible to make a single set
of drawings that give accurate details of every component, even as
this report is finalized additional design changes are being made
in the engine design. This should not detract from the intended
purpose of this report to provide information on the configuration
of the engine and on the experience gained so far in methods of
fabrication and test running.

At the end of the project a final report, similar in format
to this one, will be prepared which will give details of the final
design which is expected to be suitablé for manufacture and
routine use. The final report will not dwell on the various
design and fabrication avenues that were explored and abandoned
but will go into greater detail regarding the procedures used the
final design. The final report will be intended more as a guide
for manufacturers, though it will also be of interest *o research
and development groups.

!

L. Merrick Lockwood
Project Manager
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DISCLAIMERS

The engine which is described here is designed to be
pressurized with air to 3 to 5 bar while in operation and the
heater is designed to operate at a temperature of 6500C. The
parts of the engine subjected to high pressures should be
hydrostatically tested as discussed in Section III C and suitable
precautions observed during operation of this or similar engines.
Any production version of this type of engine should incorporate
systems to prevent over pressurization and operation at
excessively high temperatures.

This design is described here in the hope that it will be of
asslistance to other groups engaged in Stirling engine research and
design. The design is not yet suited for manufacture at this
time. Furthiermore The United States Agency for International
Development, the Asia Foundation, Kumudini Welfare Trust of Bengal
and Sunpower, Incorporated accept no responsibility for injury or
loss resulting from efforts to duplicate or use the engine
described here.

1i.- original prototype engine for this project was designed
by Sunpower, Incorporated. The engine that is described here
represents the results of two re-design cycles carried out in
Bangladesh and continuous modification of individual components,
These design changes have been aimed at better adapting the design
to local production methods and solving problems that emerged
while operating the prototype and subsequent models. In addition
the auxiliaries (blower, compressor and cooling water pump) have
been designed and/or added to the system in Bangladesh as the
prototype relied on electrically powered auxiliaries. It should
be understood that because of the extensive changes made to the
design in Bangladesh, any problems encountered with this design
should not be attributed to the design of the original prototype.
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I. SUMMARY

The objective of the Rice Husk Energy Project is to develop
the design of a small (5 horsepower) rice husk fueled Stirling
engine that will be suitable for manufacture in Bangladesh and for
powerling small rice mills in rural areas of the country.

The project initially consisted of three phases. In Phase I
Sunpower, Incorporated of Athens, Ohio was contracted by the Asia
Foundation to design the Stirling engine and make a prototype
which was demonstrated at the end of Phase I. 1In Phases II and
III, in Bangladesh, engines were made, tested and modified.
Because power and performance targets had not been achieved by May
1985 the project was extended through the addition of Phases A and
B. Phase A was scheduled through November 1985 to further lLest
and report on the present (second intermediate) model of the
engine. Phase B will extend from December 1985 through May 1986,
during this time the engine will go through another re-design
2ycle to consolidate the many modifications already in use and to
resolve some outstanding problems.

This report presents the details of the present design,
mainly for the use of other research and development groups that
are involved with Stirling engine design and development.

The first part of this report describes the engine and
discusses certain aspects of design and production. As this
report is intended primarily for research and development groups
no details are presented on routine methods of fabrication, though
& few unusual methods are discussed. A number of design optilons
that were tried and rejected are presented here as these will be
of interest to others who are considerling possible modifications
that could be incorporated in this or similar designs.

In addition to the description of activities the report there
are Appendices which include projections of production costs for
the englne, operating data, photographs of the three englnes
produced so far and detailed design drawings.



IT. BACKGROUND

A. THE STIRLING ENGINE

The Stirling or ’hot air’ engine was developed in the early
part of the 1800’s as an alternative to steam power. In the
Stirling engine a displacer moves a volume of air within the
engine back and forth between a hot space and a cold space. As
the air enters the hot part of the engine it expands and the
mechanical arrangement 1s such that this expansion drives the
engine’s piston through its power stroke. During the remaining
part of the cycle the displacer moves the air back to the cold
space of the engine where it cools and is compressed by the piston
prlor to repeating the cycle.

Many of Llhe advantages of the Stirling engine are due to the
fact that it is an external combustion engine and that the working
gas (air In this case) inside the engine 1s used over and ove:ir
agaln. Because Lhe Stirling engine operates from an externa. Leat
source 1t does not require use of the refined fuels that ure
necessary for operating internal combustion engines. This opens
up the possibilitly of using renewable sources of energy such as
charcoal, wood, rice husk and solar energy as well as the more
conventional fossil fuels such as diesel oil, kerosene, natural
gas and coal.

Because Lhe fuel is not burned inside the working area of the
engine the moving parts are not exposed to corrosive combustion
products and consequently wear is significantly reduced. Air does
not enter or leave the englne in the operating cycle so there are
no complex valves and the engine itself has no carburettor,
precision fuel injectlion equipment or ignition system. The result
is a mechanically simple engine design.

The early Stirling engines did lLowever suffer from being very
bulky and lheavy machines for the amount of power that they
produced. Modern materials and deslgn procedures hav: led to
smaller and lighter Stirling engines for a given power output,
however designs of the type used in this project still result in
an engine that is significantly larger +ithan an internal combustion
engine of comparable power. If one considers that a Stirling
engine operating on a renewable fuel is equivalent to an internal
combustion engine with its own bullt in refinery, it will be
quickly recognized that the larger size is a small price to pay
for thils versatility.



B. PROJECT OBJECTIVES

The objective of the Rice Husk Energy Project has been to
develop and introduce a 5 horsepower engine whlch utilizes rice
husk as its fuel and is suitable for powering a No.4 rice huller.
Such a milling system is independent of electricity and dlesel
fuel supplies. It will provide a savings on fuel to the users as
it derlves 1ts power from a byproduct of the milling operation and
because of its independence of electrical supply lines the engine
can be installed anywhere in the country.

A 5 horsepower engine represents Lhe smallest size that is
sultable for use with presently available rice milling machinery.
There were two important reasons for selecting the smallest engine
size as a target for this project. The flrst reason was to keep
the purchase cost of the unit as low as possible so that it would
be wlthin the financial means of the rargeslt possible number of
entrepreneurs in rural areas of Bangladesh. Secondly, it is Telt
that a large number of small rice mills wldely scattered through
the countryside are more suited for rural areas where the
production and consumption of rice is also widely scattered. By
having many small mills spread throughout the countryside the
typical hourehold to mill distance wlill be swall and those living
in rural areas could bLenefit from the economlc advantages of
machine rice milling without belng penallzed by high
transportalion costs associated with long houseohold to mill
dlstances.

C. PROJECT ACTIVITIES

During Phase I (July 1981 to August 1982) Sunpowver, Inc. of
Athens, Ohio was contracted by the Asla Foundation to develop the
design of the project engine and to make a prototype engine Lo
demonstrate tLhe feasibility of a rlce husk fueled Stirling engine
for providing 5 horsepowver. Slmultaneously, in Bangladesh the
facilltlies for the project were being set up. Equipment was
ordered and an area on the premises of Kumudini Welfare Trust was
renovated and prepared Lo house tLhe project. The faclllllies that
were set up included a workshop, a pilot ricz mill and laboratory
and office facilitles. Phase I concluded with the successful
testing of the prototype rice husk fueled Stirling engine during a
final Phase I evaluation at Sunpower’s Tacility in Athens, Ohlo.

At the beginning of Phase IT the prototype engine was shipped
to Bangladesh, set up and first run in December 1982, The
problems thalt were encountered in operating the prototlype helped
in making decilsions regarding design modiflcations in the filrst
intermediate model which was first run in Movember of 1983. This
engine was entirely fabricated in Bangladesh except for the



stainless steel he=ter which was the one used on the prototype
that had been made by Sunpower in the U.S.A.

Based on the experience gained 1n making and running the
first intermediate model of the engine a further series of changes
were made affecting virtually every component and & new engine was
fabricated. This second intermediate model also incorporated, for
the first time, an integral engine-powered blower which allowed
the furnace to be opearted independently of the electricity supply
(both the prototype and tl. first Intermediate model of the engine
had relied on an electric blower for supplying the combustion air
to the furnace). The second Intermediate model ran for the first
time on June 18th, 1984,

From August till November of 1984 attention was focused
malnly on setting up a brazing furnace whlch would make it
possible to carry out the high Lemperature (1,1000C) brasing of
the heat exchanger elements to Lhe heater head. During the period
that the brazing furnace was being constructed and tested a plain
heater was fabrilcated Lo evaluale the possibllity of using this
simpler conflguration as an ablemwplt alt eliminating the need fTor
brazing.

Originally the project was envisioned as being implemnented in
three phases of one year eacl. This assumed thet the prototype
engine would be production ready with only minor adaptations for
local manufacture in Bangladesh. 7The ecriteria for the prototype
engine were; Lhe ability to operate using rice husk as its fuel
with a reasonable rate of husk consumption, to produce 5 horse-
power of useable power arter auxiliaries, and to be manufacturable
in Bangladesh. While the prototype engine satisfled all of these
requirements the engine had not been tested for extended periods
at full power and the auxiliarles (furnace blower, cooling water
pump and compressor) had not been integrated with the design.
Cooling waler was provided to Lhe prototype engine Trom the olty
water supply and the blower, compressor and husk feed were
electrically operated. Thus more modlfication and testing was
required than had originally been conceived, though in retrospect
this kind of actlvity should have bLeen forseen and 1t was perhaps
overly optimistic to expect a newly developed prototype to be
production ready right away.

This additional work has resulted in lengthening of phases
and, from June 1985, the extenslon of Lhe project with a Phase A
and Phase B. Phase A, which extends from June through November
1985 was lutended to provide time Lo Les Lhe second intermedliate
model of the engine and prepare this Sccond Interlm Report on the
design of the engine. Im Phase B, ezxtending from December 198356
through May 1986 the engine desipgn will be modified and a pre-
productlon =@ngine Tabricated and demonstrated. At the end of this
period a final report will be issued with design information on
the latest engine.



III. DESIGN AND FABRICATION OF PROJECT ENGINE

A. DESCRIPTION OF THE PROJECT LENGINE

From the outset of the project priority has been given to
arriving at a design of a Stirling engine which not only uses
biomass as a fuel but which is also suited for use in rural
situatlions in third world countries and can be manufactured in
these counlries. Because of bLhese objlectives a number of
constraints are lmposed on Lhe materials and manufacturlng methods
that can be used, however this is balanced by far less stringent
requirements lun respect to power to welght ratlio and overall silze
of the unit. This is particularly the case for rice milling where
the engilne is stallionary and portability is not a signifilcant
factor.

A targel of the projecl lLas been to make the Stirling engine
with materlals and technology that are currently availakble in the
country. This has, for the most part, been possible however in
the end it was found necessary Lo rely on piston rings made of a
material (PTFE) that 1s not presently available in Bangladesh.
Most of the bearlings used In Lhe project engine have been obtalned
locally with the exception of one which has been procured
speclally for the engine. Thls and other bearings whilch may
contribute to the 1lncreased durability of the engine can be
ordered through local suppliers.

The project engine uses stainless steel Tor components
exposed Lo high temperatures and tLhis allows operation with
temperatures in the range of 6509C at the heater. “The piston and
displacer operate In the same cylinder and the movement of the
displacer is contreolled by means of a belleranlk arrangement that
provides for the necessary phasing of displacer movemenl in
respect to piston movement. In order to achieve Lhe required
power output of 5 horsepower wltLhout resortiag to exotic heat
resisling materials and high operating pressures the deslgn has
gone towards a large displacement, over 7 liters. This has
resulted in large moving parts and the operating speed of the
engine has been kept low, 720 rpm, in order 1o avoid balancing
problems thalt would necessitate compllcated mechanical solutions.

In the process of adaplting tLhe deslgn of the prototype for
local manufacture much use has been made of cast iron. The
disadvantage of cast lron is Lhalt its use Lends Lo increase the
welght of components. ''his is compensated for by the low cost of
casl lron, the elimination of the coslt and quallty control
problems assocliated with welding, and the ease with which cast
iron components can be accurately machined to a finlshed part.



B. DETAILS OF LENGINE COMPONENTS

1. Heater (Fig.3,4,5,6)

The heater 1s one of the most critical parts of the engine.
It must operate under conditions of high temperature and pressure
80 it is made mostly of 304 stainless steel. In order to get
adequate heat exchange surface the original design incorporated
external fins and an internal corrugated heat exchanger which were
fixed in place by furuace vrazing in order to provide adequate
thermal contact. Because of tLhe relatively high cost of stainless
steel and the sophisticated methods of Tabrication employed the
heater is the mostl costly single component and ls the most
difficult to make. When work on the englue commenced 1n
Bangladesh a number of avenues were pursued in order Lo try to
solve problems of local manufacturability and in an effort to
reduce overall costs. Some of these werc successful and have been
incorporated in the design discussed here while olthers were not
successful and have been abuandoned.

The original design for the heater of the engine consists of
a welded stainless steel assembly Lo which both Lhe external and
internal healt exchanger elements were fTurnace brazed. The heater
dome was formed by clamping a stainless steel blank Lo a heavy
plate and bulging it to a convex form with hydraulic pressure.
This was welded to a machined ring of stainless steel which was in
turn welded to the heater can. The shoulder between the heater
can and the regenerator housing was & ring cut from half inch
thick stainless steel plabte and the regeneralbor housing was welded
to a mild steel flange which was drilled so that it could be
bolted to Lhe engine body. An internal stuinless steel liner
separated from the heater can by a corrugated internal heat
exchanger and the external heat exchanger fins were tack welded in
position and furnace brazed with a nickel based Tiller to provide
the required thermal contact. For the protolype tungsten lnert
gas (TIG) welding was used Tor all stainless steel components and
the healer was senlt out to specialisls for Turnace brazing.

Several alternative melthods of forming the heater dome were
tried or considered. Attentlion was focused Inltially on spinning
a stainless sbLeel blank to form the dome. Farly trials of
spinning thin stainless steel proved problematic due to the
tendency for the metal Lo harden. While this method is still a
possibllity 1t would requlre heavy duty hydraulically operated
equipment and might invelve anncaling Lhe blank several times, so
it was abandoned. The next approach was Lo Lry explosive forming
and this turned oul. to be very successful. Using a casl iron die
made in the project workshop and locally available fireworks lypes
of explosives, il has been possible to form a piece for the heater
which 1s cult to form the dome and the shoulder Tor the regenerator
housing. In this way the machin«d attaching ring for the dome and
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the half inch thick machined piece for the regenerafor housing
have been eliminated thus saving cost and complexity in
fabrication.

As TIG welding equipment and inert gases are not readily
avallable in Bangladesh, all stalnless steel welding has been done
with conventional arc welding equipment and Tlux coated stainless
steel welding electrodes. These have proven successful In
fabricating the heater, 1l remains to be seen what the life of
these jolnts will be when exposed Lo the operating lemperatures of
the engine.

During FPhase II, 4in an effort to avoid the complexity of
setting up a brazing furnace, a heater was Tabricated which did
not require Turnace braziug. A grooved inner surface replaced the
original corrupated stalnless stea]l sheel, used Tor the internal
heat exchanger. This was Lormed by milling 3 millimeter deep
grooves in 1/4 inch stalnless stee) plate before rolling 1t to
form the healer can. The external heat exchange surface wasg
formed by stainless steel plns which were stud welded to the
outside of the heater can. For this purpose a special stud welder
was designed and fabricated in the project workshop. The second
intermediate engine was first operated with this "welded" heater
but the internal clearance for air flow was too small and this put
a heavy load on the displacer linkage with the result that the
bellcrank eventually collapsed. While this failure was due in
part to the inadequate strenglh of the bellerank this deslgn wasg
abandoned because of Lhe difficulty of stud welding and groove
cutting and because tle likelihood was that the pins would burn
away at thelr ends 1in =« relatively short period. Sabsequently the
furnace Lrazing Tacility was built and a locally fabricated,
brazed heater was made.

While Lhe brazinp Tacility was under construction a plain
heater was made which does not incorporate any special neasures
such as brazing, velding or grooving to increase the heat exchange
surface arca, however Lthe heater can was lengthened by 50% to
increase the heat exchange srea.

Initial comparisons have indicated that the plain heater does
not perform as well as the brazed heater but that the difference
is not very great, perhaps 10% less. IT Turther testing confirms
these initial results it will be possible to use the plain heater
and eliminate the need for the Turnace brazing which 1s the only
operatlon in Tabricaling the project engine which can not be
easily done in third world countries.



2. Regenerator

The regenerator material that has been used in the engines up
to the present time is a commercially available material made of
knitted stainless steel vire. 'Two approaches have been taken
towards the local producltion of a sultable regenerator material.
The first approach has be.n to procure suilsvle (0.004 in,
diameter) stLainless steel wire and arrange Lo have il knitted
locally. Some problems hive been encountered with this method,
the flne gauge stainless steel wire is nol readily avallable, the
price of such fine wire is high, and it has not been a glmple as
originally thought to have LI knitled locally. Because of these
problems attention has been concentrated on the second approach
which is to generate Tine staluless steel turnings on a lathe that
will be suitable in thickness and packing gqualities to be used as
redeneralbtor material. 'This has the added advantages that the
materials cost will be a Irachtion of that for oblaining the wire
and nothing has to be speclally imported. It has yvelt to be
determined if the necessary aerodynamic and heal transfer
qualities are maintained.

3. Cooler (Fig.8)

. In the prototype the body of the engine was an aluminum
casting that doubled as the cooler, In order to reduce the sigze
of the aluminum casling the Tirst intermediate model was designed
wlth a cast iron body and a cooler sleeve that was inserted
between the body and the cylinder liner. Lven with the smaller
casting a major problem has been to gel aluminum castings that are
not porous. The cooler which is presently being used in Lhe
engine was machined from the best of about six casting abttempts
however it still allows some air to leak into the cooling water.
Efforts were made to develop a system of gravity diecasting and
there is some promise in Lhis approach however there is a strong
case for looking at alternative cooler conflguratlons to increase
cooler efficiency so further experimentation with gravity
diecasting was stopped. Sloltling the external grooves and
internal fins of the cooler and the other machining operations
have not proved Lo be a problen. IE an aluminum cooler were to be
used in a final design, concideration would have Lo be giwven to
problems of corrosion over long periods and how this could be
avolded.,

4. Cylinder (Fig.9)

The prototype engine incorporated a steel cylinder liner that
was finish bored after being shrink fitted in the alumlnum
body/cocler. The cylinder liner was coated with a PTIE based
compound in order to reduce friclbion and rravenlt corrosion. Some
difficully was encountered in Lhe prototype with the cylinder
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going out of round. Because of the changes in the cooler deslgn

and in order to facilitate removal and replacement, the cylinder

liners for the first and sccond intermediate model were designed

to be made of cast iron. This arrangement solved the problem of

replaceability and the cast iron surface is superior to steel in
respect to corrosion resistav-e and frietion when no PTFE coatlng
is used.

Preblems were encountered in gebting non-porous castings for
the cylinder liner and after several attempls even the best liner
had a small area that leaked slightly. Also, there vwas still a
provlem with the liner golng oval towards the end in which the
displacer runs. This appeared Lo be due to the relatively thin
wall thickuess of Lhe oylinder Liner, early verslions had a 5 mm
thick wall in the displacer end. Allhough the wall thickness in
this area was later increased to 7 mm some ovallty still
developed.

5. Cranhcase (Irig.11,12)

The crankcase of Lhe prototype engine was fabricatbed by
welding mlld steel parts together Lo form a crankcase integral
with the bearlng case. One difficulty that was encountercd was
that there was no way to inspect the working mechanism of the
engine alter it had been assembled in order Lo check alilgnment,
wear, etc. The crankease of bthe first lnterncdlate model of the
project engine made during FPhase 11 was redesipgned Lo be made Trom
cast lron. This declslon reflects the good Toundry and machinlng
capabilities, but relatively poor welding skills avallable in
Bangladesh, At Lhe same time an aceess cover was Lullt Ilnto the
crankcase opposite Lhe flyvheel to allow for casy inspechbion and
to Tacilitale assembly operations

A problem cncountered with the {irst intermediate model was
the excesslve shake in the overhwong crankecaze due in part to the
greater mass ol some of tLhe reciprocabing components. In an
effort to locabe the ecrankshalt as close Lo the foundabtion as
possible so as Lo reduce Lhe effechs of this shake znd Tor a
number of olher veasons, the cr wbease Tor the second Lntermediate
model of the engine was desipned so that the engine could be
operated in ~ vertical position. However, it was subsequently
declded not to pursue the idea of wvertical orientation for the
eng. ne because of the time Lhalt would be required to develop a
sultable furnace arrangement, and bLhe pre-productlion engine was
nmounted in a horezonbal poslbtion Tor testing with Lhe exlatling
furnace so thal Lesl running could proceed. In any redesip of
Lhe engine, 1 Lhe horozonlal orientation Ls malolained the
present cerankcase would bLe modifled Lo facilitabe abbachment
directly to Lhe foundation. Alternatively, if a vertlical
orlentation is used the furnace would necd to be modified.
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Ten bolts attach the crankecase to the body of the engine.
The form of the c¢rankcase shown in Flgures 11 and 12 does not
provide adequate clearauce for four of the M10 bolt heads and the
pattern and core was modified slightly to solve this problem
before casting was undercaken.

6. Bearing Case (Fig.13)

The crankshaft of the protolype engine incorporated a needle
bearing, a ball bearing race and a pressure seal made from &
filled PTFE material. In the intermediate model two ball bearing
races were uscd with a greased leather pressure seal and the
general arrangement was modified Lo suil the use of cast iron
components.  The greased leather pressure seal was sabisfTactory
for a period but alter a few rounds of disassembly and rcassembly
it was prone to leaking. In the pre-production englne the design
was apgain changed, this Lime ubilizing two Laper roller bearings
(30208 and 30210) and a conventional aulomolblve type oll seal in
place of the lealher pressure seal. This sealing arrangement has
worked well so far with no signs of leaking after many short runs
over a period of oue and a half years and many disasgenbly cycles.

The lLaper bearlngs have worked vell wlith the correct
adjustment of play made with a nut and locknut on the crankshaft,
somewhat similar to the arrangement on the Tront wheel of an
automobile.

A 3 millimeter diameler O-ring provides a pressure seal
between Lhe bearing case and the crankcoze. 'The O-ring 1is
superior Lo a regular gasket as the axial location can not change
as it would with a gasket compressing, or worse vel by using a
gasket of the wrong thickness. Anolher advantage of the O-ring in
this applicatlicn is its Ltolerance to rapeated disassembly and
reassembly. As with ths crankshaft pressure seal the O~-rings used
on the crankecase have not had to be replaced over a year and a
half of much opening and closing.

7. Crankshai't (FFig.14)

The protolype incorporated a crankshaft fitted with a
machined steel counterweight/web. In order to reduce costs and
simplify the production operations. Bolh the intermediave model
and the pre-production model of Lhe engine have incorporated
built-up crankshafts using mild steel for the crankshaftl and the
throw and cast lron for the counterweighl and bthe web. In order
to provide beltter balancing the counterweight was made
signifleantly heavier than in the prototype. This arrangement has
worked very satisfactorily and is a relalively simple and
Inexpensive way of producing the cranksiaft assenmbly.
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8. Flywheel (Fig.186)

A persistent problem thal has been encountered in the project
has heen a suitable design for keying the flywheel to the
crankshaft. Many times puzzling and sometimes alarming noises
turned out to result from play between the crankshaft and the
flywheel. In order to avoid thlsg problem the first of the locally
made englnes incorporated a tapered locking hub in the flywheel,
however this is somewhat complicated to make. In the design
reported here an ordinary keying system has been uszed. This is
satisfactory when the key and slots are machined and appropriate
Lools are made for installing and removing the flywheel.

9. Displacer (Fig.18,19,20)

The displacer of the prolotype used TIG welding for seams and
a machined ring between the displacer’s dome and can. Three
conical internal baffles attached by ‘tabs spol welded to tLhe
inside of the displacer can reduced internal heat losses due to
radiation and convection.

As with the heater, explosive formlng was used to Torm the
dome of the displacer. The same die was conveniently used to form
the baffles for the displacer using thinner gauge stainless steel.
Explosive forming had the advantage that the draw could be deep
enough to form an edge which could be directly spot welded to the
displacer can. By using many spot welds the assembly has adequate
strength and is leak-proof. Because the baffles are hemispherical
in form they provide an important strengthening function in
addition to reduclng heat losses. This stainless steel assembly
is attached to the cast iron displacer base with 24 small (M3)
bolts. To avoid air leaks a bead of epoxy cemenl was placed along
the cast ilron/stalnless steel Joint after asgembly.

The displacer tube has twice been enlarged from the original
design and has been changed to incorporate an internal flexible
drive rod that simplifies the method of attachment to the
bellcrank. A pressure seal which is located in the crown of the
piston and the guide for the dlsplacer tube at the base of the
cylinder both lncorporate the sanse carbon/graphlite filled PTFL
material that 1s used for the piston and displacer rings. This
arrangement has proven satisfactory and has also facllitated
assembly and dis-assembly.

The protolype engine was nol equipped with a guide for the
displacer rod other than where it passed through the pilston crown.
Based on their operation of the prototype Sunpower recommended ‘the
addition of a gulde for the displacer rod localed &t the base of
the cylinder. The spider shown in Fig.10 is the result of several
changes and now lncorporates the same PTFL materlial ss used in ‘the
piston rings for the wearlng surface of the gulde.
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10. Piston (Fig.21,22)

The piston of the prototype was machined from an aluminum
casting, anodized and sprayed with a PTFE based material to
provide a dry lubricated surface. The original concept was to
provide for pressure sealing by means of a greased leather ring
however this produced too much drag and was replaced with a PTFE
tube placed in the ring groove.

A problem with this arrangement is that the vwoearing surfaces
must be kept very clean to avoid vwear and when wear does start
there 1s a cascade effect as the first particles of the anodized
surface that break loose form an abrasive which break more
particles loose. This proved to be a problem with the rrototype
which was already somewhat worn from earlier testing.

In adapting the design in Bangladesh it was decided to avoid
the use of spray-on PTFE material and use rings of impregnated
PTFE to serve both as combined wear and compression rings. A
carbon-graphite impregnated PTFE material was selected and this
has performed satisfactorily.

Other modifications to tLhe piston included provision of a
longer skirt to minimize plston slap problems and a two part
design that simplifies casting and machining operations. A
problem was encounteted in that even a slight mis-alignment in the
bore for the wrist pins resulted in the piston being cocked in the
cylinder and this resulted in dragging that could become savere as
clearances are reduced to avoid leaks. This is due to the
arrangement. of dual piston links which does not allow the
tolerance for slight mis-alignment that pistons with single
connecting rods have. In order to solve thls problen, the way 1n
which the piston links connect to the crown of the piston has been
changed. In the process, the piston crown casting and machining
operatlons have been simplified and the welght of the piston
assembly reduced.

The rod seal in the crown of the piston has been modified a
number of times to solve problems with both wear and leakage. The
prototype used a proprietary ste: -l backed PTIE bearing as a
combined wear surface and seal. The first intermediate model used
piston ring material to make a 1l wpped seal. Later spring loaded
and O-ring backed versions of th s configuration were used. These
changed reduced but did not elim nate leakage, the most recent
seal is a ring machined from 1/8 lonch PITE stock and mounted with
an O-ring to activate it. ‘Two of these are used in tandem. This
has further improved performance though there is some leakage due
to lateral movement of displacer in the cylinder as a result of
cylinder ovality. It is expected thalt this arrangement will be
satisfactory in a deslgn where cylinder symmetry is maintained.
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11. Rings

01l is not used in the engine. To reduce friction as the
piston and displacer move back and forth in the ¢yl . nder, the
prototype Stirling engine incorporated a spray-on PTeE based
material whlch was applled to the anodized surface of the aluminum
piston and displacer body. Besides requiring the piston and
dlsplacer body to be anodized this arrangement demanded skill in
the application of the coating of dry lubricant and cleanliness of
the engine during operatlon became critical to avoid the surface
from scoring. Based on the reported success of PIFE based piston
rings in commercially successful air compressors, 1t was decided
to try this alternative which would eliminate the tricky
operations of anodlzing and spray application of the dry
lubricant. Initial trials with virgin PIFLE were satisfactory and
subsequently carbon/graphite filled PIFL ring material was
ordered. This material has worked well so Tar and is expected to
provide the long term life required for the engine.

12. Linkages (I'ig.22,23,24,25)

A recurring problem has been fallures in the mechanisn
linking the displacer to the crankshaft. One of the features of
the engine deslgn 1s that there is no governlng mechanlism. The
design is such that overspeeding is avolded because of the rapid
rise of fluld friction as the alr (more than 7 liters) 1ls moved
back and forth between the hot and cold spaces of the engine. A
problem arises when the engine 1s allowed to run free. In this
situation virtually all of the engine’s power is passing through
the displacer drive linkage whlch means that it must be
constructed to transmit 5 horsepower or more. In the prototype
the displacer drive was not designed to withstand the Torces of
Tfull power free running operation. Adding to this problem were
modiflcations made to the design of the bellcrank in Bangladesh
which incorporated an offset bellcrank design. The displacer
drive linkage has steadily been lmproved however it still needs to
be more durable and this is one of the areas that will be examined
closely 1n Phase B.

13. Blower (Fig.26,27)

The blower which provides combustion alr for the furnace was
designed and bullt into the pre-production engine in Bangladesh
during Phase II. The blower operates satlsfactorily though the
simple design of the impeller could be improved to increase
efficiency and reduce noise. (the blower is the only noisy part
of the englne). The blower is belted to the engine by means of a
Jack shaft and rotates 5 times faster than the engine. A large
hana operated pulley is used to drive the blower durlng start up.
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14, Compressor

A small bullt-in ailr compressor was designed and incorporated
in the second intermediate model of the project engine, "The first
version did not operate satisfactorily and a modification was
devised which used a different valving system. This also rroved
to be unsatisfactory and it was decided to use a small compressor
procured from the market which ls mounted to the side of the
engine and belted Lo the same jackshaft that drives the blower.
This arrangement has worked very well. At some Tutbure time
consideration may be given to designing a built-in compregsor 1f
this would be more economlcal in respect ‘to production cost.

15. Water Pump

n water pump procured from the local markelt has been mounted
to the side of the engine and driven by belt from the Jackslhaft to
provide cooling water for the engine. The present pump 1s larger
than necessary and later when the cooler design 1s fixed it will
be possible to more closely match the pump Lo the engine’s demands
and most likely use a smaller pump.

16. Furnace (Fig.31)

At the beginning of Phase II when the prototype was shipped
to Bangladesh, the Sunpower Englneer constructed & furnasce at the
project site to operate the engine. 'This furnace consists of a
lining of insulating firebricks mounted in a sheetmetal casing and
plastered on the inside with fireclay. The furnace was later
fitted to a metal cradle to make it mobile and prarts have been

re-plastered from time to time, however Lhe basic furnace has been
used with all three engines and continues to serve saltlsfactorily,
though the heater heats somewhat unevenly. The design of the

furnace 1s an area where there 1s much potential for innovation
and ilmprovement and for a production engine would probably be
different In some respects, perhaps utilizing a cast llner. The
importance of the work on the englne itself has precluded any plan
to modlfy or improve the furnace within the Tramework of +thls
project.

17. Husk Feed

The protolype engine used ar auger powered by a variable
speed electric motor to feed husk from & hopper into the
combustion ailr before it entered the furnace. By placing a
venturl ahead of the galvanized iron plpe tee which forms the husk
feed access to the airstream, the husk is drawn into the air Tlow
as a result of the negatlve pressure produced. For the Tirst
intermediate model this system was adapied for operation by hand
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and worked satisfactorily. In the second intermediate model the
design was simplified by eliminating the auger and hopper and
directly feeding the husk into the iarstream by hand. This has
turned out to be convenient and allows accurate measurement of
husk consumption rates bv feeding weighed quantities of husk.

C. PRESSURE TESTING

Before operating the engine, care should be taken to
hydrostatically test those parts of the engine thalt are subjected
to the workling piessure of the engine. To do this the the heater,
body, crankcase, bearing case and Llower base were assembled and
additional covers used to seal the pivot and crankshaft openings.
This assembly was filled with water and all alr bled out. The
water pressure vas raised to twice the maximum operating pressure
and maintained for half an hour to insure adequate strength. ‘“This
is particularly important to check the integrity of the iron
castings used 1in the design.

D. SPECIALIZED PRODUCTION METHIODS

A number of specialized production methods were considered
for use in fabricating the projecl engine. Some of these methods
were trled and rejected whlile others proved to be useful and were
incorporated in the processes in making the project engine. A
number of speclalized jig set-ups have been essentlal to obtain
the necessary accuracy in dimensions, position and alignment.

Such jilgs were devised for use in making the crankcase, crankshaft
counterveight and main connecting rod, and a gaeneral jigging
system used in boring the plston links, swing link bellcrank and
bellcrank con-rod. Details of these Jigs have been discussed when
describlng these specific componenlts. Two speclallzed production
methods, explosive forming and furnace brazing, are more involved
than the jlgging operations and these are described in more detail
here.

1. Explosive Forming

In the original prototype the domes of the hot end and the
displacer were formed by clamping a disc of stainless steel Lo a
heavy plate and pumping hydraulic fluid between the disc and plate
to make the stainless steel bulge. The resulting dome was
attached to the "can" of the hol end or displacer by welding Lo a
machined reinforclng ring.

Barly in the project 1t was decided to test out the
feasibility of explosively formlng these components. After an
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extensive ser.es of trials with different dies and exploslves an
effective system has been developed which is now used to produce
the dome and baffles for the dlsplacer as well as a single plece
from which both the hot er.d dome and Lhe top of the regenerator

housing are cut.

There are a number ol advanbtages in using explosive forming.
Because a dle is used the pleces Lhat are produced are uniform in
shape and very close dimensional tolerances can be maintailned.
Unlike mechanical or hydraulic pre:-slng whiclh requires precisely
machlined maling dies of high quality steel, explosive forming
requires only one die and this can be made of casl iron. The die
for explosive Torming can bLe made in a small vworhshop for a
fractiou of the cost of the mole and Temale dies requlred for a
pover press and there is no investment in set-up time on the
press.  This economy ls pavticularly well sulted Tor small scale
operations and in research and development where designs and thus
dies may have to change after only a few plieces have been [ormed.
Explosive forming also produces a deecper draw than hydraulic
bulging. Because the Tormed pleces can be made wilh vertical
sides Lhe need for o separvale rejinforelng ring has been
eliminated. Thils has also mnade it possible Lo assemnble the
displacer using spot velding rather thon inert gas velding as was
done In ULhe prototype.

Ordinarily, explosive Torming .5 carried oul woling “"high”
explosives such as T.MN.T. which delonale. The explosive reacllon
in these is Lripgered by a shock wave or detonatbion and Lhe
advantage Tor melal Tormiag lies in Lhe very high ocpecd of the
resulling pressure wave. In contrast Lo this, fulminaling
(burning) cxplosives such as Llack powder have o much slower
reaction rate and produce a slower pressure wave> The practical
result 1s that a larger charge of Libe "low” explosive is required
to achieve the same resull as cowmpared to the high explosive.

The problem with high explosives is Lhat Lhey are generally
unavailable in Bangladesh where Lhere are virtually no rocks and
no need for cxplosives Lo quarrying or excavalLlng. On the other
hand, local [irewsrhs shops stock a varielty of firecrackers, Lhe
larger ones verging on belve wini bombs. Jecause of their
availability these black powder explosives were used in Lhe
forming operations.

The system that proved Lo be most suitable was Lo purchase
the required size of flrecracker from the market, remove the
regular fuse, insert an electric fuse in GLhe Torm of a fine copper
wire with sultable leads snd Lhe impregnatbe the Flrecracker with
hol candle wax. A cast dron piece wilh o suitably machiined cavibly
formed the die and Lhe sbainless sbeol Ulank was olanpaed bto this
with a casl irou ring bolled Lo Lhe die. A O-pring belween Lhe
blank and Lhe die prevented air {rom lealking futo Lhe cavily which
was evacuated by a vacuum pump connected Lo Lhe die by 1/4" copper
tubing and flare ittings. For Limited use a raefrigerator
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compressor with an in line drier to keep molsture out serves as &
vacuum pump though its susceptibility to corrosion would make this
arrangement unsullable for anything but limlted trials. After the
blank has beesn clamped in position and the die evacualed the
axploslve 1s positloned above the blank (at about the center of
radius of the curve of the dome), Lhe whole avsembly i submerged
1 to 1.5 meter: under water and the cxploslve 1s discharged by
connecting the leads to a 12 volt battery.

To arrive at the correct charge and height above the blank a
series of tLests should Le conducted dth 2 bateh of explosives
from one source so as to lasure as wuch conslstancy as possible 1n
the formulation and wrapping of ULho explosive. While all thils can
be somewhat liwe consunlng, 1t is within Lhe capabillties of small
workshops to make the required die and the cosls will be & very
small fraction of the purchase cost of a sel of diles for use with
a power press.

2. Furnace Brasing

The external fins and interual corrugated healt exchanger of
the heater are brazed in place Lo provide an adequate path for
mevenent. of heal, into the engine. Because of the high
Lemperatures involved it is necessary to use a nickel alloy braze
Filler metal. The hol end is asscmbled with all vielding completed
and Lhe filler welal ls applled as o powder suspended in a liquid
plastic binder which dries soon af ber application. '"This binder
subsequenlly vaporines during the braszing operatlon.

The assewbly to be hrazed is placed in o stainless steel
countalner (retort) that is purged wlth pure dry lLydrogen before
and during brasing and during cool-down. The hydrogen protlects
the assembly [rom oxidizlng and acls an a paseous flux Lo remove
existing oxides.

For the purposes of the project a natural drafl gas fired
brazing furnace was constructed nsing locally available insulating
and regular reflractory bricws. With these arrangements one
brazing operation took about 8 hours because of the large size of
the furnace and tLhe lower heating rates of the naturcel draft
combustion system.. It was later ascertained Lhatl a faster cycele
would avold lingering problems with chromiun oxides and would save
on hydrvogen purging pas.  This could be obtalned by pre-heating
the furnace rather than starting it wilh Llhe relort on place.

Wilth Lhe use of more sophisticonled refractory insulating

materials and forced dralt burnars the size of Lhe farnace could
be reduccd and a faster brazing eycele obltalned.
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IV. ENGINE OPERATION AND PERFORMANCE

A. ENGINE OPERATION

To start the engine a small fire is started outside the
engine and allowed Lo burn till there are glowling coals. These
coals are placed in the Turnace and the bLlower operated by hand
through a large pulley temporarily balted to the jackshaft. At
the same time husk is fed into the a’r stream. The coals ignite
the husk and soon tne temperature ol the Furnace is nigh enough
that coals are not necessary. It takes 10 Lo 15 minutes Lo
achleve the 6500C needed to start and run the englne. In the
present system husk is fed manually throughout the operation of
the engine. 'The Llemperature can be monitored by a thermocouple
attached to an analog meler which is marked for the desired
operating Lemperalure so that the person feeding husk Lo the
furnace knows when to increase or decrense Lhe feed rate.

B. PERFORMANCE LVALUATION

Measuring power oulpul alone is nol a totally salisfactory
means for evaluabtlng the performance of the Stirling engine. The
power depends upon the temperatures of the heater and the cooler,
the working pressure of the alr wilbin Lhe engine, and the speed
of the engine. In additiou, the performance of engine components
(heater, cooler, regeueralor, ete. ) apnd problems such as
frictional losses and poor sealing also can have =a profound effect
on power oubtput. For example, using only power output to compare
wie performance of two different heaters, it is necessary to
duplicate all the operating conditions and only then compare power
readings. It is far more desirable to lLave a means of evaluating
the overall efficiency of Lhe englne for any combination of
operating conditions. This is, in fact, possible wusing the Beale
nunber and one of ils associated equations.

William Beale has identified a simple relabionshlip between
Lhe power outpult of a Stirling engine and 1ts speed, swept volume
and operaling pressurec.

Povier(Watts) = Beale No. x Pressure (Bar) x Speed (Hz) x
Capacity (ce)

The Beale Nuwmber is a constant that relates the variables to
the predicted power ocutput of 1he engine in questlon. Assumlng a
heater temperature of 6500C and a cooler temperature of 500C the
Beale number is 0.015. The predicted power using this formula and
Beale Mumber would be typical of & reasonably well coustructed
engine using a moderately sophisticaled design. V¥ell made and
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sophisticated engines could be twice as poverful, simple engines
might yield half the predicted powver.

A further refinement of the Beale equation lncludes as
variables, the healer temperature and the cooler itemperature in
degrees Kelvin. In thls case the Beale Number ls calculated as
follows.

Beale No. = 0.034 - 0.052 (cooler Lemp./ heater temp.)

These equallons provide a very useful means for evaluating
the performance of the project engine. While the engine is
running the pressure, power, speed and temperatbures are monitored,
then at any given momenl the varlables can be entered in Lthe Peale
equatlon and a predicted power oubpul calculated. The actual
power, which has been recorded al the same time as the other
variables, 1s then figured as a pereenlage of the predicled power.
This percentage provides the means to compare performances of tLhe
englne at different times and under different condilions. During
a single run if Lhe percentage of Lhe predicted power drops off,
one 1s alerted to look for problems. To produce & P while
operating al design conditions Lhe engine nust produace 53% of the
predicted powver.

C. POWER OUTPUT

Much of the testing carried out on ihe engine has been done
using a water pump as the load. A torque indicating hub was
designed and built Tor the water pump and a strobe with digital
rpm readout is used Lo read the torque so that power can be
determined. Using this arvangement regular readings of power are
made along wilth records of tempevatures during rans where the
engine is operaling Lhe water pump.

The pulley ralio from the eungine to Lhe pup is such that the
engine operates abt about 600 rpm which is somewhat lower than the
design point of 720 rpm. With this arrangemenlt and with
reasonable heater tewperatures and ecrankease pressures it has been
possible to get powers in the rang~ of 4 liorsepower. When driving
the rice Lhuller Lhe engine speed Las been higher, in the range of
770 rpm and the power has been mol = than adequalte to operate the
huller. By extrapolating tle powe.; due to Lhe increased speed it
i= probable that the engine is driviung the rice uller atbt &
horsepower.

It is expected thal additional power will be achieved after

the next series of modifleations resolves problems wlth leaks due
to Lhe oval cylinder and improves the rerfoemance of the cooler.
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DD, HUSK REQUIREMENT

In recent trials with the engine operating the rice huller it
was found that a milling rate of 216 kg/hour was malntalned while
the furnace was using husk al the rate of about 20 kg of paddy per
hour. With a husk to paddy ratio of 20% the rate of husk
production in the milling operation would be about 43 kg/hr. This
means thal the engine requires 1¢ns than half of the husk that is
produced in the milling operalion. Many varleties of rice yield
more than Z0% of CLhelr welght iu husk when milled (typlcally 24%
to 26% with sowe as high as 28% :nd over) and in these cases well
over half of Lhe husk would remsin aller milling with a Stirling
engine powered huller.
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V. PRODUCTION COST PROJECTIONS

An lmportant objective of the project is that the Stirling
engine should be competetive with diesel englnes in respect to
manufacturing cost. Because ‘Lhe Stirling engine offers & savings
in fuel cost 1t was fell that a reallstic target selling price
would be 50% more than the selling price of a comparable dicsel
engine, In making this compariso: it 1s assumed that the Stirling
engine would be manufactured on a scale and wilLh methods
comparable to small diesel engines. This would not happen
immediately and the cost of the whirling engine initially would
undoubtedly be hlgher. The local price of a & to 6 horsepower
diesel engine is about 1k 13,000 (at the rabe of Tk30/$1 this is
equlvalent Lo $433) so a target selling price for the project
engine would be Tk 19,500 (B65H0) .

Appeudix A presents a detalled analysis of the costs for
materials and finishing thal are required for the project engine.
These figures are based on the Lypes of operations that have been
performed in the project workshep but assume that a number of
englnes are belng produced which result in shorter set-up tlmes
for pieces as compared to maliing only one sel of engine
components. Lor large scale production using speclalized
equipment, as is done generally in diesel engine manuflacturing,
the costs would be less, however this would depend on large volume
outputs which are not likely in the near future.

Page A-1 summarlzes the produclion cost projecltions showing
Tk 17,661 (4$589) for materials and Tk 6,643 ($222) for finishing
costs. Together these give Tk 24,310 ($810) as manufacturing cost
and with a 15% mark-up the selling cost would be Tk 27,956 ($932).

The above prices are higher that the target; however it is
likely that some more cost reductions may be realized in the
process of re-designing the engine in the next phase. A
significant cost savings can be made if the plain heater turns out
to be feasible as it would be possible to eliminate the need for
furnace brazing which is presenltly caleulated at Tk 1,800 ($60)
and this also reduces the amount of sbainless steel used in the
heater and some other Tabricabion cosbs.

Bven with these higher costs it iz the general feellng of
millers and eguipment retailers in Bangladesh that if the engine
works reliably the advantage of using husk as the fuel could
Justify as much as a 100% price increase over a dlesel engine of
comparable pover, though this would be difficult Lo confirm
without the hardware in hand.
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VI. PRESENT STATUS AND FUTURE ACTIVITIES

In the period from August through November 1985 the engine
was run more than twelve times. These runs averaged 45 minutes in
length with the longest extending to two hours. Generally the
engine was run long enough to reach equilibrium operating
conditions and operating data (temperatures, pressures, torque,
speed and flow rates) were recorded. Operating data is recorded
by hand is analyzed at a later Lim:.

When running the large water punip as a load it is possible to
accurately measure power by means of a torque hub on the pump and
a dlglital stroboscople Lachometer. Typlcally, power output is in
the range of 4 horsepower when the engine 13 running at 600 rpm
with a working pressure of 3.5 bar and = heater temnperature of
6500C. The speed of the engine is limiled by the particular ratio
of engine and puwp pulley sizes. When operating the rics huller
Lhe engine operates at 770 rpm, while Lhe englne would
consequently be producing more power it has not been possible to
measure power outpul as the huller is not equiped wilth a Lorque
Indicatling mechaniem bat LL 15 esbimabed that the engine is
running at about 5 horsepower under these condltions and there is
more than enough power to drive the huller.

At this time a number of project objecltives liave been
achieved and 1t has been possible Lo demonstrate that a rice husk
Tueled Stirling engine can be fabricated in Bangladesh, however it
has not yet been possible Lo demoncstrale Lhe required durability
of the engine at full power, and some manufacturing problems have
yet to be resolved. [For these reasons the englne wlll go through
another (the Lhird) cycle of design evalualion with new drawings
and patterns belng prepared and & new engine Tabricated.

In the process of re-design many cowmponenlts will remain
unchanged, some modifications that have already been made in the
second inlermediate model of the engine will be incorporated into
the design 1n a ratlonal manner, and finally a few changes will be
made that were not possible before beo-use they involved altering
the basic confliguration of Lhe engine.

Many of the parts of Lthe engine and methods of Tabrlcalion
after undergolng changes and adaptatlons are now satlsfactory and
it ls not expected that these will need any further modification.

Explosive forming
Heater and displacer domes
Displacer baffles

Displacer

Spot welded Tabrication
Castl iron bLody
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Tube and tube gulde

Piston

Two part construction with increased

skirt length
Wrisltl pin arrangement
Piston lilnks

PTEFT wear rings
Crankcasc
Casltl iron consstructicon
O-ring seals to bearing case sand

side cover

Bearing case

Taper roller bearings with double lock nut

adjustment for play
Fressure seal

Flywheel and keyiung systbem

Crankshaflt

Composite cast iron/steel design

Blower desigu

There are some changes in enfgine components that can be
integrated 1in the the englne in a belter way durlng a re~design

exerise,
The crankcase is presently desipgned
vertically. The new deslgun will be
horozontal mounting.

The cylinder design will be changed

to be mounted
arranged for

to avoid

the tendency to go oval at 1ts end and Lo
avoid the problem with po-ous castings.

The present arrangement for driving
auxiliaries will be integraled into
design in a more rational way .

A Tew parts will bLe re-designed Lo solve
energed durlng Lhe process of Tabricabing and
and second intermediate models of Lhe project

[t is expected Lhat Lhe cooler will

the
the

rroblems that have
operabing the [irst
engline.

be

re-designed Lo provide for more efficient
coollng aud solve the present leakage

problem.
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The displacer drive linkage will be modlfied
so that it can absorb the full load when the
engine runs free.

Certain elements of the engine design have been somewhat
neglected because of the need to demonstrale the basic engine
system operating with satisfactory durability. The furnace in use
with the second Intermediate engine is the same as used in the
prototype and while it works satisfactorily it will certainly be
possible Lo design more eflficient and compact versions. Possible
dlirectlions would be cast refractory linings and more efficient
lnsulation linings. At the present time the englne is belng
operated with a regenerator composed of a commercially made
initted stainless steel wire. Some work on a regenerator made
from carefully generated lathe turnings and on local kaoitting of
stainless steel wire has been carried out but this vork was
shelved in the interest of solving morer pressing mechanical
problens.

In the period from December 1985 to June 1986 the engine will
be re-designed and one will be fabrlicated for testing at the
project site. This design will be described in detail in the
Tinal report of the project which will also lnclude a more
detalled description of manufacturing processes than is being
given 1in this report.
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PRODUCTION COST PROJECTIONS



PRODUCTION COST SUARY

ffaterial costs Tk 17,661
Finishing casts Tk 6,648
.
155 Nark-up Tk 3,646
Wi pice & 1
Engine weight w/out furpace 8 kg,
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PRODUCTION COST VARIADLES

Haterial Total K Total
LA N bole ool Gty fewirel tte ot
Iron castings Ir-Ca 500 Tk/maund 13 204 3,811
Aluninum castings fil-Ca 90 Tk/Seer 34 33 1,790
Hild steel shafl H5-5f 20 Tk/pound 44 14 b23
llild steel plate H5-P1 300 Tk/naund 13 45 602
Stainless steel 5t-5t 30 Tk/pownd 110 2 2,778
Stainless steel scrap 55-5¢ 2,000 Tk/waund ] b 321
Bearings Brngs - - 1,910
Other materials Nisch - - 4,623

CTotal saterial cost T 17,680

L S L
Large lathe LoLth 80 8 600
Hediua lathe fdLth &0 12 133
Swall lathe Salth 40 2 1,147
Hilling machine Hillch 100 4 425
Radial arm drill Rabr| 30 2 75
Pedistal drill Pebrl 20 4 83
Baring machine fallch 100 | a3
firc welding firdld 30 2 121
Oxy-acelylene nelding Unkld Bu 1 47
Spot welding Sphild 40 | 80
Fitting Fittg 20 18 170
Other finishing HiscF - - 2,403

Total finishing cost Tk 6,648
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HAERIAL FINISHING FINISIHED
FART ary/ UNIT WT, UHL1  Cos1/ TIHE JUB PART HEIGHT
NO. LESCRIPTION ENGINE  TYPE  (GHS) COST ENGINE J0B  (HIN)  COST  COST  €OST (GHS)
HOT END ASSEMDLY 6,200 28,000
lleater flange { HS-F1 29,470 395 Onild 15 20 50
HdLth 30 30
Regenerator housing I St-8t 2,70 320 HiscFa ] 14
Arild ] 4
Heater cin I 5t-5t  &,400 105 MiscFa 20 28
Aritld 10 B
Doie/shoulder piece I St-5t 5,200 313 MiscFb 200 220
HdLth 20 20
Inner liner { 5t-St 2,733 301 HiscFa 3 25
Spitld 20 20
Internal heat exchanger I 5t-5t 2,300 204 Fittg 200 67 67
External finsg 120 §t-5t 12 0 752 MiscFa 120 120
fssewbly operations Loglth 120 160 2,075
Ariild 60 ]
Ralri 30 ]
Fitt? 120 40
NiscFe §,800
Hex bolts, MlIGx30ma 12 Hisch 27 3 60 324
., Dasket: heater/engine body 1 Hisch 40 300
{HiscFa  Shearing and rolling)
{fiscFb  Ernlosive forming)
(HiscFc  Furnace brazing)
REGENERATOR §5-6c 4,000 328 Salth (,200 800 B40 1,18l 4,000
Fittg 120 40
ENGINE BODY ASSEHDLY
Engine body I Ir-Ca 73,050 178 LgLth 60 80 145 1,203 55,700
Ralrl 30 29
Fittg 120 40
H19x30 Engine Lody balts 10 HMisch 27 g 50 270
Gasket: engine body/crankcase § Hisch 30 200
COOLER ASSEMBLY §,331 12,700
Cooler Al-Ca 22,000 1,179 HdLth 30 90 2,157
HiscFd 2,000
Fittg 200 b/
U-ring, 3aa dia. x1000sa lenglh Hisctl 15
{NiscFd Slatting)
CYLINDER Ir-La 50,000 670 Lglth 2 267 342 1,011 18,000
Mitlch 45 ]
Page A-3
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HATERIAL FINISHING FINISHED

PART ary/ UNIT W1, UNIT  COST/ JO FART HEJGHT
NO. DESCRIPTION ENGINE  TYPE  {GHS) COST ENGIMNE JUB TIME  COST  COST COST  (GHS)
SPIDER ASSENDLY 173 1,500
Spider I Ir-Ca 4,400 9% NdLth 15 15 20
Pelrl i i
Fittg 10 3
Rod gquide holder I Ir-Ca 900 12 Salth 15 10 Iz 400
Pebrl ] 7
fod guide, PTFE 2 Misch 8 40 80 16
Hex bolts, H3xloae 4 HNisch 4 3 12 16
CRARKCASE I Ir-Ca 59,700 800 LogLth 70 93 237 1,033 52,000
Boltch Rl 3

BEARING CASE ASSENBLY 868

Bearing case I Ir-Ca 19,000 254 MdLth 40 40 67 14,073
Pelrl ) /
Fittg &0 20

Quter bearing cap I 1Ir-Ca 900 12 Ssllh 30 20 22 341
Pellr| F 2
Inner bearing cap I Ir-Ca 1,800 24 Salth 30 | 3 333
Pellrl g 2
Hex bolts, Hix{Ssa 12 Hiscll 4 3 M. 48
Outer bearing 30209 1 Brng 180 464
Inner bearing, 30210 I Brng 200 926
Crankshaft pressure seal I Hisch 30 20
Hex bolts, Hl0xJ0na 6 Hisch 27 o] 30 142
0-ring, 3sn dia x B00em 1 Misch 10
CRAHKSHATY ASSENDLY 147 14,700
Crankshaft I H5-§F 5,930 261 Mdlth 90 90 107
Hilich 10 )
Counterweight/ueb I Ir-Ca 13,300 178 Pelrl 10 3 33
Fitt 30 10
Msta 20 20
Crank throw I hs-5¢ 1,306 38 SalLth 15 10 10
Lock nut, outer I HS-5f 4062 20 SeLth 10 ! 1
Lock nut, inner [ HS-G 923 1 SoLth 10 7 7
Lock washer I MiscH 20 6
keys 2 HiscH 20
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FART ary/

NO. DESCRIPTION ENGINE

FLYRHEEL ASSEMELY

Flynheel I
Hain pulley, flat belt 1
Hex bolts, Hl0x30wma 3
Auxilliary pulley I
Cap screns, H3x20ma 3

URLT HT.
TYFE

Ir-Ca

Ir-Ca

MiscH
Ir-Ca

Hisch

HATERIAL

{GHS)

UNIT

COST ENGINE

o

£os1/

FART
cast

10D

LyLth
Rdi)rl
Fittg

HdLth
Pelir]

HdLth
Pelrl

FInISHIiG

TIHE

100
CUSt

FINTSHED

05

HEIGHT
{GNS)

98

Y]

800

34,800

DISPLACER BODY ASSEMBLY

Displacer dose |
Displacer bafiles 4
Displacer can |
Displacer body i
Hachine screws, Mlx5ae 24
Displacer wear ring, PIFE |

fAisserbly operations

DISPLACER TUBE ASSENBLY

Displacer tube i
Displacer tube flange |
Displacer tube Gush {
Cap screws, Hoxl9am 8

5t-5t
St-5t
5t-5t
Ir-Ca

HiscH
Misch

2,236

109
210
24

47

HiscFb
Hisclb

HdLth
Pelrl
Fitlq

<4
SN S

o

24

HoLth

HdLth
Pelrl

40
28

DISPLACER ROD ASSEHBLY

Displacer rod I
Displacer rod base |
Displacer rod bearing holder |
Fabrication

Displacer rod bearing, 376321 |
Displacer rod nuts, H10 2

H5-P1
HS5-5f

HS-6f

Brng
Hisch

304
386

703

Paga A-5

40

Hitich

SnLth
Hilch

SaLth
Hitich

Arifld
Fittg

17
10

20

12

22

/19'(}
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HATERIAL FIRISHING FINISHED
PART ary/ WEIGHT  UNIT  €OST/ J0B FART HEIGHT
NO, DESCRIPTION ENGINE  TYPE (GHS) COST ENGINE JOB  TIKE  COST  COST  COST  (GHS)
PISTUN ASSEMBLY ' 1,561
Piston skirt I AM-Ca 3,000 tol  HdLth 30 30 33 1,850
Pelrl 10 3
Cap screns, Ndx{5on 12 HiscH 3 9 ofi 35
Piston crown I Al-Ca 6,500 348 HdLth 40 40 95 2,550
Pelrl g ]
Fittg M 10
Hrist pin I HS-PL 3,456 46 MHdLth b0 b0 123 930
HiMch 30 30
HiscFe
Pelir] 10 3
Fittg 3 10
Hrist pin bracket 1 H5-Pl 398 8  SalLth 3 20 46 309
Ardld 5 12
Felrl 10 3
Fittg 3 10
Cap screws, M5x25ma 12 Nisch ] 60
Rod seal holder I 5t-5t b78 30 Salth 20 13 13 100
O-ring, 2ma dia.x170mn I Hisch 3 4 3
Rod seal, PIFE I Hisch g 22 ]
C-ring, 3nm dia.x 170mn 1 Hisch ] g b
Piston ring, PIFE 1 Hisch 24 40 24
U-ring, Jam dia.x 1000aq I HMiscH g 20 B
Hear rings, PIFE 2 Misch a8 236 526 116
{MiscFe Hardening & grinding)
PISTON LINKAGE AGSENDLY 848
Piston links 2 HS-PL 6,140 83 163 HuLth 20 20 77 1,312
Hitich 30 50
Fittg 20 7
Needle bearings, 10-1189 i Drng 12 130 920 288
Set screws, MBxbas 4 Hisch 3 3 20 12
Fiber spacers 4 Misch 3 8 40 SalLth 10 7 7 20
Circlip 4 HMiscH 5 20



NO, DESCRIPTION

ary/
ENGINE

UNIT WT.

TYPE

HATERIAL

{GKS)

40D

FINISHING

THIE

408
COsT

B e P S T P R Bttt b S ========::=:==:=::::::::::::::::::::::::::::-—::_-_-::-::---:..:

HAIN CONNECTING ROD ASSEMDLY
Hain connecting rod

Piston link pins

Spring pins
Swing link swall end pin
Con rod eain bearing NNF

Hain bearing retaining ri

5007

ngs

[r-Ca
Hisclt

Nisch
5t-5t
Brng

Hisch

3,500

Nilich

Pelrl
Fittg

SaLih
Fittg

SWING LINK ASSEMBLY
Swing link

Small end bearing, F-2-44
Large end bearings, 2818-

50
3

528
404

SaL Ll
HdLth
Hilich
Arkld
Fittg

SHING LIHK PIVOT ASSENDLY
Pivat
Spacers
Pivot gaskets
Pivol washers

Pivat nuts

Salth
Selth

SaLth

URIT  COS1/
COST  ERGINE
52

50 100
10 10
26

350

10

23

5

50

80 160
35

1 14

2 1

b 1]

5 10
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FINISHED
PART WEIGHT
COST  COST {GHS)
731 2,850
150
0
8
432
40
304
65 405
23
12
101 247
10
10
7
22
AV



HATERIAL FINISHING FINISHED

PART ary/ UHIT WT.  UNIT  COST/ 408 PART HELGHT
e JSERIPTIOY U TV (GNS)UOST EGIE b TWE ST COST ot )
CCLLCRANK ASSENBLY 186 2,250
Hain pivot 1 MS-S¢ 1,179 52 SaLth 20 13 13
Bellcrank webs 2 H5-Pl 1,200 16 32 Pebrl 10 3 63
i % %
Disp. con rod pivot [ MHS-Sf 198 7 Salth 15 10 10
Reinforcing plates 3 H5-Fl 144 2 b  Fillg &0 20 20
B.C. pivet bearings 2 Brag oh 100 200 B 112
B.C. bearing cuter sparer [ MHS-Gf 257 11 . 8
B.C. bearing inner spacer I M5-5f 106 3 8
Set screw, HoxBun I Misch 10
fissenbly operations hrild 20 17 8
Hulth ] 15
Fittg 20 7
BELLCRANK PIVOT ASSEMBLY 192 294
B.C. pivot 1 5t-5t 300 b4  Salth 15 10 10
B.C. pivot spacers 2 MNS-5f 240 11 21 Salth 20 13 13
B8.C. pivot gaskets . 2 Misch ? 4  Fittg 15 38 38
B.C. pivot washers 2 5t-5t 100 11 22 Salth {5 10 10
B.C. pivot nuts 2 Misch 11 g 10
BELLCRANK CON-ROD ASSEMBLY 399
Bellcrank con-rod I HS-PI 1,760 24 Galth 40 27 60 694
Hillch 20 33
Bearing (B.C.R./crank throw) I Drig 230 154 240
Bearing (B.C,R./bellcrank) 1 Brng 240 150 240
Bearing retaining rings 3 Mlisch 4 h] 13 12
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HATERIAL FINISHING FINISHED

FART ary/ URIT WI.  UMIT  COST/ 108 PART HEIGHT
e JESCPIOLGGINETWPE(G1S) COST NE v DSOS Gosl o)
SIDE COVER ASSEMBLY 223 8,712
Side tover I oIr-fa 10,300 138 2g5£? 4% 4% 45
Hex bolts, H10x30ma 6 Misch 27 3 30 162
0-ring, Jom dia.xB00sn I Hisch 10
BLOWER SHAFT ASSEMELY 210
Blower shaft 1 H5-5f 700 40 Salth 40 27 27 630
B.5. bearing cover 1 ns-5f 220 10 Salth 13 10 12 175
Pelrl 5 2
Hex bolts, MMx1San 4 Misch 3 3 12 12
Bearing, l.g. 6204/11 1 Brng 106 90 106
Bearing, 5m, 6203/11 I DBrog b3 40 63
Bearing shaft spacer I Hs-5f 200 10 Salth 13 10 19
BLOMER [HFELLER NSSEHBLY 233
Lspeller disk I H5-P1 860 11 HdLth 10 40 45
Peldrl 15 3
lapeller vanes 6 Hisch 10 60 Fittg 180 L) b5
: Pedr{ 15 5
Hex bolts, M4x10an 13 HiscH 3 4 b0 43
Hex nuts, H4 - 12 Hisch l l 12 12
BLOWER BASE ASSEMDLY 144
Blower base I Hs-PL 900 12 gittP 180 69 65 850
elr N] ]
Blower base spacers 3 NS-5¢f 15 l 2 Salth 60 10 67 45

AR 20 27
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HATERIAL FINISHING FINISHED

PART aryys UNIT T, URIT  COST/ JoB PART HEIGHT
NO. DESCRIPTION ENGINE TYPE  (GHS) COST ENGINE JOB  TINE cosT CosT CO5T  (GH5)
BUOWER COVER ASSEMBLY 204
Blower cover 1 Al-Ca 1,900 102 HdLth 20 20 33
Pelrl 20 7
Fittg 20 7
Hex bolts, NdxI0nm 7 HNiscH 3 4 28 21
Inlet screen 1 Hisch 15
Inlet screen retainer | Nisch SaLth [0 7 8 101
. Pelrl 3 2
Cap screws, NixlOwa 6  Misch 2 3 18 ]
WAIER PUNP | Nisch 900 500
CONPRESSOR { Nisch 1,200 1,200
FURNACE ! Nisch 2,000 2,000
Page A-10
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APPENDIX B

SAMPLE ENGINE RUN
DATA SHELT
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Notes on Engine Run Data Sheet

Location of thermocouples for temperature measurement

DI - Brased inside heater

HBA - Working air at hot end of heater

RH - Working air at heater side of regenerator
RC - Working air at cooler side of regenerator
CA - Workirg alr entering cylinder from cooler

H/R - Difference between HA and RH
R/R - Difference between RH ana RC
R/C - Difference between RC and CA

% of Pred. under POWER is the percentage of the predicted
power (using the Beale formula) tLhatl is being achieved.

Pressure curves.

The pressure curves following the data sheet show the
pressure of Lhe working space and the pressure in the
crankcase during one cycle.

The worklng space curve is the higher of the two

during the first ninty degrees of travel! after piston
top dead center.

A\
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PRESSURE VARIATIONS .IN WOLRKING SPACE AND CRANKCASLE

DATE: Qect.26. 1985
RUN
TIME: 09:30
_90° DISP, 180" 270° 1360°TDC
i i ] I
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PRESSULE VARIATIONS IN WORKING SPACE AND CRANKCASE

DATE: Qct.26. 1985
RUN :

TIME: 09:40

90 DISR, 270° 360°TDC
| l l 1 R
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PRESSURE VARIATIONS IN WORKING SPACK AND CLRANKCASIE

DATE: Oct.26. 1985
TUN :

TIME: 09:46  Piston TDC bLefore correclbing

BAR (ABS)

f—

90° DISP 180°
]

270°
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PRESSURE VARIATIONS IN WORKING SPACE AND CRANKCASE
DATE: Oct.26. 1986

1UN :
TIIME: 10:056
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PRESSURE VARIATIONS 1IN WORKING SPACE AMD CRANKCASE

DATE: Oct.26. 1985
RUN :

TIME: 10:48 Piston 1DC calibration checlk

BAR (ABS)

90°  DISP 180° 270° 360°TDC
] ] | I

) T TR i
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APPENDIX C
PHOTOGRAPHS
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Photograph No.1

Prototype set up for testing
in Bangladesh

Photogiaph No.2

Displacer, piston and linkage
of prototype engine









Photograph No.3

First intermediate model

Photograph No. 4

First intermediate model belted to large

water pump for loading. The elements of

a blower and water pump are at the side
but these designs were never used.



Photograph No.b

Displacer, piston and linkage of the first
intermediate model. The compressor piston
on the bellcrank was part of a design for a
built-in compressor that was not successful

Photograph No.6

The second intermediate model with the
locally brazed heater.

A
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Photograph No.7

The second intermediate model with the
external compressor belted to the jack shaft

Photograph No.8

Operating the No.4 rice huller with the
second intermediate model



APPENDIX D
DESIGN DRAWINGS

d«

N



INDEX TO DESIGN DRAWINGS

Page Drawing Figure
1 Engine Assembly 1
2 Crankcase Assembly . 2
3 Heater Assembly 3
4 Die for Heater Dome 4a

Clamping Ring 4b
Blank Before and After Forming 4c
5 Heater Flange Ha
Heater Regenerator Housing 5b
External Heater Fin 5c
6 Heater Can fa
Internal Heat Exchanger 6b
Internal Liner e
7 Body 7
8 Cooler 8
9 Cylinder 9
10 Spider 10a
Tube Guide 10b
Tube Guide Holder 10¢
Tube Guide Retainer 10d
11 Crankcase Casting 11
12 Crankcase Machining Dimensions 12
13 Bearing Case 13a
Inner Bearing Cap 13b

Outer Bearing Cap 13¢



15
16
17

18

19

20

21

22

23

24

Crankshaft Assembly
Crankshaft
Lockwasher

Outside Locknut
Inside Locknut
Crank Throw

Locking Bolt

Crankshaft Counterweight Casting
Flywheel

V-Belt Pulley
Flat Belt Pulley
Auxulliary Pulley

Displacer Assembly

Displacer Bodvw
Displacer Tube #lange
Displacer Tube
Displacer Rod
Displacer Tube Ring

Die for Displacer Dome
Clamping Ring

Piston Crown
Piston Skirt

Wrist Pin
Wrist Pin Bracket
Piston Link

Main Connecting Rod Casting
Main Connecting Rod as Machined
Swing Link

Main Connecting Rod Pin

Bellcrank Assembly

Bellcrank Web

Main Pivot

Con Rod Picot
Bellcrank/Conrod Bearing
Bellcrank Con Rod

19b
19¢
19d
19e

20a
20b

21a
21b

22a
22b
22¢c

23a
23b
23c
23d

24

2ba
25b
2bc
256d
2be

(AN

U~



Page Drawing Figure

T T T T o T e e e e e e e e e e T e e o s = o - ————_— o o o

26 Side Cover 26a
Blower Bearing Cover 26b
Blower Shaft 26¢c
Blower Bearing Spacer 26d
Blower Base Spacer 26e
27 Blower Base 27a
Impeller Rotor 27b
Impeller Blade 27¢c
28 Blower Casing Casting 28
29 Blower Casing Finishing Dimensions 29a
Inlet Screen Retsasiner 29b
30 Starting Handle 30a
Starting Handle Pawl 30b
Starting Handle Pivot & Sleeve 30c
Starting Handle Assembly Details 30d

31 Furnace 31



R

//////r[f”?ﬁf/// ///7%7/ 7

| 7272
ANAANNNNNNNNNN
Engine Assembly
Fig. 1 [Scale 1/4 |

RICE HUSK ENERGY PROJECT

. 7 L i Second Intermediate Model_—]




70

Sl
Crankcase Assembly
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Heater Assembly

Fig. 18 |Scalel 1/37]
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Blower Casing Finishing Dimensions
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