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I FOREWORD , 

The contract effort reported herein was supported by the Alternative 

Automotive Power Systems Division of the Environmental Protection 

Agency through EPA contract number 4-E8-00595. The Alternative 

Automotive Power Systems Division of EPA has since become a part 

of the Energy Research and Development Administration, and the 

program management responsibilities for the  Stirling engine effort 

now lie within the  Division of Transportation Energy Conservation of 

ERDA. ERDA has  assigned project management responsibility for the  

Stirling engine effort to the NASA Lewis Research Center in Cleveland, 

Ohio. A s  a part  of that responsibility, NASA-Lewis is publishing th i s  

report for ERDA. 
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INTRODUCTION - 8  * 

This report is submitted in fulfillment of EPA contract number 
4-E8-00595, calling for a historical review of Stirling engine 
development in the United States from 1960 through 1970. 
was in charge of the Stirling engine project at General Motors 
Research Laboratories, Warren, Michigan, as an assistant department 
head from project inception in 1958 through 1967, and as a depart- 

was also acquainted with the Stirling work at the Cleveland Diesel 
Engine Division (1958 - 1962), Electro-Motive Division (1962-1968) 

There was no significant Stirling 
hardware activity outside of General Motors in U . S . ,  until after 1970; 
this report will, therefore, concentrate on the results of the GM 
program exclusively. 

The author 

. ment head in 1968 until project termination in 1970. The author' 

, and Allison Division (1958 - 1964). 

The contract calls for the following information: 

1. Discussion of problem areas encountered and solutions 
attempted during this development period. 

2. Compilation of available engine and component test experience 
listing types of tests, duration, conditions and failures. 

3 .  Discussion of technical problems remaining to be solved for 
Stirling engine automotive application and potential solutions 
to these problems. 

4 .  List potential suppliers and/or developers for critical 
engine components and materials. 
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I THE STIRLING ENGINE 

Like all heat engines, the Stirling produces power by compressing 
the working substance at low temperature and expanding it at high 
temperature. 
ture and rejected at low temperature. 
two heat quantities represents the work of the cycle. 
is different from the familiar gasoline or diesel engine in two 
respects; first, it uses the same working fluid over and over again, 
and second, the heating and cooling takes place by heat transfer 
through metal walls. In other words, the Stirling operates on a 
closed cycle and combustion takes place externally, as in the Rankine 
cycle powerplant. The Stirling differs from the Rankine in that 
the working fluid does not change phase; it is always a gas and is 
usually hydrogen or helium. All demonstrated Stirling engines are 
reciprocating piston devices which operate without valve gear. 
pistons per cylinder are required for single cylinder engines; engines 
of 3 to 8 cylinders may employ one double-acting piston per cylinder. 

During each cycle, heat is supplied at high tempera- 
The difference between these 

The Stirling 

Two 

The Stirling thermodynamic process can operate from any source of 
sufficient heat at the proper temperature. 
combustion of a distillate fuel is utilized; but other liquid, 
gaseous orsolid fuels as well as solar heat, stored heat, isotopic 
heat or a nuclear reactor heat source might be used. For most 
applications the engine can be considered to have two distinct fluid 
circuits. The internal circuit is the engine thermodynamic circuit, 
filled with working gas at an elevated pressure, and is comprised of 
two variable volumes and three heat exchangers, called the heater, 
cooler and regenerator. 
blower to supply combustion air, a 
chamber and an air preheater which recovers heat from the exhaust 
gases 

Normally, heat from the 

The external circuit usually includes a 
fuel pump and nozzle, a combustion 
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I1 GENERAL MOTORS AND THE STIRLING E N G I N E  -- BACKGROUND 

I n t e r e s t  i n  t h e  S t i r l i n g  c y c l e  a t  Genera l  Motors Research  Labora- 
t o r i e s *  w a s  i n i t i a t e d  by s e v e r a l  p u b l i s h e d  p a p e r s  o n ' " a i r  e n g i n e s "  
i n  t h e  P h i l i p s  T z c h n i c a i  Review i n  1 9 4 6  and-1947. A s  a r e s u i t  of 
a s i m p l i f i e d  a n a l y s i s  (Zeuner--Technical  Thermodynamics--1905) an  

_I_---- 

i n t e r n a l  GNR r s p o k t ,  w r i t t e n  by t h e  a u t h o r  i n  Ma; 1948,  concluded 
t h a t  t h e  e f f i c i e n c y  and s p e c i f i c  power c la imed by P h i l i p s  w e r e  
p o s s i b l e .  An h i s t o r i c a l  r ev iew o f  a i r  e n g i n e s  w a s  made, and a speech  
on a i r  e n g i n e s  was d e l i v e r e d  t o  GMR management i n  1950 d u r i n g  which 
a l a r g e  R i d e r  pumping e n g i n e ,  borrowed from t h e  c o l l e c t i o n  of t h e  
Henry Ford Museum, o p e r a t e d  on t h e  a u d i t o r i u m  s t a g e .  A smaller 
H e n r i c i  e n g i n e  w a s  als3 loaned  t o  GMK and an  u n s u c c e s s f u l  a t t e m p t  
w a s  made t o  i n s t a l l  a r e g e n e r a t o r  and l a r g e r  h e a t e r .  

A Genera l  Motors r e p r e s e n t a t i v e  i n  Europe w a s  r e q u e s t e d  by GMR 
mhnagement i n  1 9 5 0  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t i e s  o f  a working 
agreement  between GN mtl N.V.  P h i l i p s ,  Eindhoven, The Ne the r l ands .  
The c o n t a c t  was made b u t  P h i l i p s  b e l i e v e d  t h e  t i m e  was n o t  r i g h t  
and t u r n e d  down t h e  o f f e r .  GM's main i n t e r e s t  i n  t h e  S t i r l i n g  
e n g i n e  i n  t h e  l a t e  4 0 ' s  w a s  for marine  a p p l i c a t i o n s ,  p a r t i c u l a r l y  
f o r  submarine p r o p u l s i o n .  The C leve lana  Dicsel Engine D i v i s i o n  
had suppl . ied t h e  m a j o r i t y  o f  submarine e n g i n e s  d u r i n g  World War 11. 

I n  1948,  t h e  P h i l i p s '  S t i r l i n g  eng ine  w a s  s t i l l  o p e r a t i n g  on a i r  a s  
t h e  working f l u i d  w i t h  an  o v e r a l l  b rake  the rma l  e f f i c i e n c y  o f  abou t  
15  p e r c e n t .  By 1952  work on t h e  e n g i n e s  a t  P h i l i p s  w a s  n e a r l y  
s topped .  Gra l iua l ly ,  a new group of e n g i n e e r s  and p h y s i c i s t s  i n t e r -  
ested i n  cqwqen ics  becriin t o  r e p l a c e  t h e  o l d  group.  Y h c y  conccn- 
trh.ued o n  a c h i e v i n g  a l o w  t e m m r a t u r e  d e v i c e  i n s t e a d  of a n  e n g h e .  
HyCio( ; e~ l  r e p l a c e d  a i r  t o  rwLcs pxnpi.ng losses, improved h e a t  ex- 
chincjers a. .d l e g e n e r a t o r s  were c o n s t r u c t e d  ;tlid a more a c c u r a t e  c y c l e  
axcilysis wus developed .  F i n a l l y ,  a new d r i v e  mechanism w i t h  tw in  
crankshafts called t h e  rhombic d r i v e ,  solved t h e  balancing and 
phas ing  problem. By 1954 t h e  new group succeeded i n  making l i q u i d  
a i r  w i t h  t h e  S t i r l i n g  c y c l e  machine.  W i t h  encouragement from P h i l i p s '  
management, t h e y  made a new s tar t  on t h e  more d i f f i c u l t  t a s k  -- 
development  of a commercial S t i r l i n g  h o t  gas eng ine .  

- 

I n  1957 GM l e a r n e d  t h a t  P h i l i p s  was i n t e r e s t e d  i n  a l i c e n s i n g  agree-  
ment and i n  Oc tobe r ,  Mr. A . F .  Underwood v i s i t e d  P h i l i p s  Labora to ry  
and w a s  g i v e n  some t e c h n i c a l  d a t a .  These d a t a  showed P h i l i p s  had 

* Mr. A r t h u r  F.  Underwood, head o f  Department ME-5 i n  1948,  was 
t h e  pe r son  r e s p o n s i b l e  f o r  s t a r t i n g  t h e  S t i r l i n g  p r o j e c t  i n  GM,  
b o t h  i n  1948 and i n  1957. M r .  Underwood became Manager of t h e  
L a b o r a t o r i e s  i n  1958 and r e t i r e d  i n  1 9 6 9 .  

4 



4 

1 

achieved a brake thermal efficiency of over 30 per cent, while bulk 
and weight were approaching the diesel engine. On November 20, 1958, 
a licensing agreement was signed between General Motors Corporation 
and the two Dutch affiliates, N.V. Philips Gloeilampenfabrieken of 
Eindhoven and North American Philips of New York. The agreements 
provided for a ten-year information exchange and had provision for 
mutual licensing of patents related to Stirling engines. General 
Motors was to pay N.V. Philips a total of $850,000, in annual install- 
ments, running until 1974, and nominal minimum royalties annually 
until 1968. General Motors was to pay North American Philips minimum 
annual royalties on a schedule of increasing amounts which would 
total $360,000 after the last payment in 1968. 

The incentive for Gensral Motors to develop the Stirling engine in 
1958 was the interest shown by various GM Divisions in marine pro- 
pulsion, locomotive power and generating sets, as well as military 
and space applications. More specifically, the Allison Division 
anticipated an Air Force contract for a Stirling solar-heated satellite 
powerplant, while Cleveland Diesel Engine Division believed the 
Stirling could compete with the diesel for river and harbor work- 
boat propulsion as well as for submarines. There was no interest by 
anyone in road vehicle power. It was believed that cost, bulk and 
weight would be excessive; also that higher heat rejection would 
make it impossible to install radiators. However, GM made no in- 
vestigation of Stirling vehicle propulsion until 1962. 

In 1958 GMR received considerable encouragement from the U . S .  Army 
Engineer Laboratories at Ft. Belvoir, Virginia, to develop a Stirling 
outboard motor as well as small generator Tets which would be nearly 
silent. Presumably they would have been purchased in large quantities 
to replace existing internal combustion power units. The near cer- 
tainty of an Army hardware contract* for a Stirling powerplant was 
one of the major considerations which influenced GM corporate of- 
ficials to sign the GM-Philips agreement in 1958. 

For commercial applications of the Stirling engine for marine pro- 
pulsion, locomotives and generator sets, bulk and weight were not of 
primary importance. Also, the level of engine efficiency attained by 
Philips in 1958 was high enough to permit GM to put their efforts on 
other irrmediate problems. Consequently, during the first 5 years of 
R & D activity, GM Research concentrated in these areas: sealing of 
the pistons, sealing of the piston rods to prevent loss  of gas as 
well as ingress of lubricant, reduction of gear noise, improvement 

* It should be pointed out that all contracts with the Army at r’t. 
Belvoir were strictly hardware type -- not for R. and D. This was 
because the GM-Philips contract prohibited sharing of “know-how” and 
design details outside of GM. This restriction, however, made it 
difficult to obtain further support from other branches of the Armed 
Forces and government agencies. 
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in combustion and burner-nozzle designs, durability of the preheater, 
engine speed governing, reduction of regenerator cost, endurance 
testing, and refinement of the cycle analysis. In addition, numerous 
studies and demonstrations were made of thermal energy storage systems 
combined with the Stirling engine in an effort to interest the U.S. 
Navy. In the last 5 years GM concentrated more effort in other areas, 
including: cooler and heater heat transfer, rolling seal quality 
control, lower cost preheaters, swash plate drive bearing studies, 
reduction of engine volume, stress analysis of heater cylinders, 
vehicle applications and exhaust emissions, governor refinements, 
controls reliability and reduction of friction. 

9 

I11 PROBLEM AREAS AND SOLUTIONS 

This report will cover major problem areas as well as some lesser 
ones, the methods used to solve them, and the results. Engine and 
component test experience at GMR, Allison and EMD will be included 
in the discussion of the problem areas where appropriate. A gen- 
eral summary of engine test data and projected performance of new 
designs will be reported also. Throughout the report a recurring 
discussion of the Army Ground Power Units will be noted, since this 
project constituted the major effort at GMR from 1960 through 1966. 

The following topics or problem areas were arranged in an approximate 
chronological order, i.e. each succeeding topic (project) was initi- 
ated at a later time period. 
started in 1959 while the "Four Cylinder Coach Engine" was started 
in 1968. Projects starting at about the same time were placed in an 
arbitrary order. 

For example, "Piston Sealing" was 

6 
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PROBLEM A X R S  & SOLUTIONS 
PISTON SEALING 

P i s t o n  s e a l i n g  w a s  e a r l y  r e c o g n i z e d  by P h i l i p s  as a severe p rob lem 
which  r e q u i r e d  a u n i q u e  s o l u t i o n ,  d i f f e r e n t  f rom c o n v e n t i o n a l  i n -  
t e r n a l  combus t ion  e n g i n e  p r a c t i c e ;  i t  w a s  more a n a l o g o u s  t o  p i s t o n  
s e a l i n g  i n  commercial a i r  c o m p r e s s o r s  which  demanded s e a l i n g  w i t h  
m i n i m m  l u b r i c a t i o n .  Most. a i r  c o m p r e s s o r s  u s e d  c a r b o n  m u l t i - p i e c e  
r i n g s  h a v i n g  t o l e r a b l y  h i g h  wear ra tes .  I t  w a s  soon  d i s c o v e r e d  t h a t  
t h e s e  wear rates i n  a closed c y c l e  e n g i n e  would r e s u l t  i n  unaccep-  
table c o n t a m i n a t i o n  of t h e  heat e x c h a n g e r s .  Before 1952 P h i l i p s '  
v a r i o u s  e x p e r i m e n t a l  a i r  e n g i n e s  u s e d  from 3 t o  5 r a t h e r  c o n v e n t i o n a l  
i r o n  p i s t o n  r i n g s  on t h e  power p i s t o n s ,  w h i l e  t h e  d i s p l a c e r  p i s t o n s  
r e q u i r e d  o n l y  a close c l e a r a n c e  wear band .  Leakage  of o i l  p a s t  
t h e  p i s t o n  r o d  s e a l s  p r o v i d e d  enough l u b r i c a t i o n  t o  r u n  f o r  tes t  
p u r p o s e s .  The U . S .  Navy t e s t e d  a 1 / 4  hp PhS. l ips  a i r  e n g i n e  fo r  
1015 h o u r s  i n  1949.* It i s  t h e  a u t h o r ' s  r e c o l l e c t i o n  t h a t  t h e  o r i -  
g i n a l  set  of r i n g s  were s t i l l  f u n c t i o n i n g  a t  t h e  e n d ;  b u t  t h e  h 2 a t  
e x c h a n g e r s  r e q u i r e d  s e v e r a l  c l e a n i n g s  d u r i n g  t h e  test b e c a u s e  of 
oil c o n t a m i n a t i o n .  

From a b o u t  1955 t o  1 9 6 1  P h i l i p s  d e v e l o p e d  t h e  s o - c a l l e d  "close 
c l e a r a n c e "  seals on b o t h  t h e  power p i s t o n  and t h e  d i s p l a c e r .  T h e s e  
c o n s i s t e d  of a t i n - l e a d  a l l o y  band w i t h  c i r c u m f e r e n t i a l  g r o o v e s  
a n d  t reated w i t h  moly d i s u l p h i d e .  I n  some cases t h e  MoS2 w a s  d i s -  
p e r s e d  w i t h i n  t h e  a l l o y  i t s e l f .  The p i s t o n  band w a s  machined 
s l i g h t l y  oversize ,  t h e n  s h r u n k  i n  a d r y  i c e  b a t h  f o r  i n i t i a l  f i t -  
t i n g  i n  t h e  c y l i n d e r .  The p i s t o n  was t h e n  "honed" i n t o  t h e  c y l i n -  
d e r  l i n e r  by " m o t o r i n g "  t h e  c r a n k - p i s t o n  a s sembly  for s e v e r a l  h o u r s .  
T h e  p r o c e d u r e  p r o v e d  t o  b e  more o f  an  a r t  t h a n  a s c i e n c e  and  a s  a 
consequence  was n o t  s e r i o u s l y  c o n s i d e r e d  by GMR a f t e r  1 9 6 0 .  i4ncn 
done  a c c e p t a b l y ,  t h e  r e s u l t i n g  e n g i n e  d e m o n s t r a t e d  s l i g h t l y  h i g h e r  
m e c h a n i c a l  e f f i c i e n c y  t h a n  f o r  c o n v e n t i o n a l  p i s t o n  r i n g s  and  w i t h  
good s e a l i n g .  I t  i s  b e l i e v e d  t h a t  t h e  system might have  been al=- 
c e p t a b l e  f o r  m a r i n e  e n g i n e s  (cold water) b u t  t h e  results g e n e r a l l y  
p r o v e d  t o  b e  t o o  e r r a t i c  and t h e  p r o c e d u r e  too t i m z  c:or,suining. 
When it w a s  n e c e s s a r y  t o  remove a p i s t o n ,  t h e  p r o c e d u r e  u s u a l l y  
had  t o  b e  r e p e a t e d .  

The f i r s t  e n g i n e  r u n  a t  GM R e s e a r c h  was a Model 30-15 s i n g l e  c y l i n -  
der Dutch e n g i n e  c a s a b l e  of a b o u t  3 0  hp at. 1 5 0 0  rpm. I t  was 
e q u i p p e d  w i t h  close c l e a r a n c e  s e a l s .  The e n g i n e  was o p e r a t e d  f o r  less 

*U.S. Naval  Exp. S t a t i o n  Rpt .  # NS-623-305, 1 F e b . ,  1 9 5 1  
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t han  s i x t y  hours  i n  1960  when t h e  d i s p l a c e r  p i s t o n  internal hea t  
s h i e l d s  f a i l e d .  The r e s u l t a n t  overhea t ing  damaged the c lea rance  
seals on both  p i s t o n s .  At t h a t  p o i n t ,  a comnlercial Palmetto GT* 
elastomer r i n g  w a s  i n s t a l l e d  on t h e  p i s t o n .  
Buna-N. The r i n g  c r o s s  s e c t i o n  i s  "T" shaped wi th  t h e  t o p  of t h e  
"T" forming t h e  i n s i d e  diameter ,  a s  s e e n  i n  t h e  accompanying ske tch .  
Also shown are  phenol ic  a n t i - r o l l i n g  s h i e l d s ,  o r  back-up r i n g s ,  on 
e i t h e r  side of t h e  s e c t i o n  which seals a g a i n s t  t h e  c y l i n d e r  w a l l .  

The material w a s  

* G T  means Greene Tweed & Company, North Wales, Pa,  

8 
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The GT rings had already been successfully tested as substitutes 
for conventional "0" rings on the piston rods of the smaller 10 hp 
engine running at GM Research. - 

These same rings were used on all the GMR engines as piston seals 
until 1963. 
and wear resistance. They required minimum lubrication which was 
supplied by leakage past the piston rods. These rings enabled GMR 
to get on with other jobs and particularly the development of the 
first Army Ground Power Unit from 1960-1962. On the other hand, 
the friction appeared to be higher than the best clearance seal: 
also in some cases excessive lubricant gradually became thermally 
cracked resulting in generation of methane, which reduced power 
drastically. 
been noted from plugging of heat exchangers by solid residue. 
Proof of this relationship, shown on the graph, was obtained from 
a series of tests in cooperation with the Chemistry Department. 
Samp3.e~ of gas were withdrawn as the engine output deteriorated. 
Correlation was shown between observed power losses, calculated 
gas losses, and the degree of contamination revealed by Chemistry's 
chromatographic analyses. 

They offered the best compromise in sealing ability 

The effect was much more significant than ever had 

VOLUME PER CENT METHANE 

, 
It shoul be explained that the reason oil leakage did not produce 
more problems than indicated was because all dynamometer engines 
were running with what was called an "open cycle" hydrogen system, 
i.e., filling from bottled hydrogen and dumping to atmosPhere, which 
tended to purge the engine of methane contamination. None of the 
enyines had complete governing systems nor hydrogen compressors 
which would have permitted recovery of dumped gas --- a truly 

system. 
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I n  1962 GMR w a s  becoming d i s s a t i s f i e d  wi th  t h e  GT r i n g s  whi le  
P h i l i p s  w a s  s t i l l  t r y i n g  t o  improve the close c l e a r a n c e  seals 
a t  Eindhoven. The Cleveland Diesel experimental  engine,  b u i l t  
i n  Holland, w a s  a lso running w i t h  close clearance seals. A t  
the A l l i s o n  Div is ion  t h e  goa l  was t o  develop a long l i f e  en- 
g i n e  for  sa te l l i t e  power. Convinced t h a t  n e i t h e r  s e a l i n g  method 
would give s u f f i c i e n t  l i f e ,  they  tested va r ious  commercial and 
experimental  f i l l ed -Tef lon  materials for p i s t o n  r ings.* 

I n  1962 GM Research made a s tudy  of t h e  e f f e c t  of leakage on 
power loss,  and some l i m i t s  on p is ton-cyl inder  radial  c learance .  
Curves of leakage r a t e  vs. equ iva len t  rad ia l  c l ea rance  w e r e  
produced which correlated d a t a  accumulated by P h i l i p s ,  GM Re- 
s ea rch  and A l l i s o n ,  over a three year  pe r iod ,  on elastomer 
r i n g s ,  close c l ea rance  seals,  metal p i s t o n  r i n g s  and numerous 
Teflon formula t ions .  The leakage data w e r e  ob ta ined  by uni- 
d i r e c t i o n a l  p r e s s u r e  g r a d i e n t  qeasurements i n  tes t  f i x t u r e s  
or i n  engines  used as test  f i x t u r e s .  I t  was discovered t h a t  
the three research groups had been s tudying  p i s t o n  s e a l i n g  
systems w i t h  leakages ranging over  seven orders of maqnitude. 
The survey i n d i c a t e d  the  one order of maqnitude which w a s  
cr i t ical  for  accep tab le  engine performance and t h u s  enabled 
t h e  i n v e s t i g a t o r s  t o  concen t r a t e  on s e a l i n g  systems i n  t h i s  
range. An e q u i v a l e n t  rad ia l  c l ea rance  of less than  about  

.400 microinches w a s  found essent ia l  fo r  accep tab le  engine 
performance. The G T  r i n g  lzakage w a s  equ iva len t  t o  less than  
a 10  microinch c learance .  This  w a s  better than needed; b u t  i t  
t h e n  became the s t anda rd  fo r  comparing a l l  o t h e r  s e a l i n g  
methods. 

- -- - 

Ear ly  i n  1963 ser ious t e s t i n g  of new r i n g  m a t e r i a l s  g o t  un- 
der  way at GM Research. These were essentially screening 
tests and included Buna-N running on polyurethane coated 
c y l i n d e r  w a l l s ,  f i b e r g l a s s  f i l l e d  Teflon,  and Eulon which i s  
a p r o p r i e t a r y  Teflon-based substance,* i n  a d d i t i o n  t o  sev- 
eral combinations of these wi th  va r ious  c l ea rances  and con- 
f i g u r a t i o n s .  Nine of t e n  seals m e r i t i n g  cons ide ra t ion  w e r e  
t hen  tested i n  dynamometer engines .  Typical  t e s t  r e s u l t s  
are shown i n  t h e  curves  which oompare f o u r  types  a g a i n s t  
t h e  base l i n e  GT r i n g  of Buna-N. A t  t h a t  t h e  t h e  Rulon 
c l e a r a n c e  seal had opera ted  112 hours  w i t h  no loss i n  

* A l l  Rulon referred t o  i n  t h i s  report  i s  Rulcln LD, a 
f luorocarbon r e s i n  sold by Dbcon Corporation of Br is to l ,  
Rhode I s l and .  



performance. The one factor which tended to cloud the pic- 
ture at that period was the slight oil leakage. Until the 
new materials and ring designs could be tested in a totally 
oil free atmosphere, there was always s o m e  question about 
the validity of the comparison. 
that the new rolling or "sock" seals for the piston rods 
would soon be ready for engine installation. These were 

It was the great hope in 1963 
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"absolute" seals which would permit realistic piston ring evalua- 
tion. Philips was optimistic that the rolling seal could soon be 
developed for the piston seal itself, but this was never realized 
by 1970. Detailed discussion of rod seals is found in the next 
section . 
In 1964 the Army Ground Power Unit designated GPU 2-1 completed 
its 500 hour test program at ERDL, Ft. Belvoir. Design studies 
were also completed for the new GFU 3 ,  which was delivered in 1966. 
The target objective for the GPU Rackages was 500 hours operation 
between major overhauls. The only engine component which prevented 
this attainment was the GT piston seal which had to be replaced at 
250 hour intervals on the GPU 2-1, 
consideration of the Rulon type rjngs for  all future engines. 

This result forced even stronger 

The 9 rings which had been engine tested in 1963 (reported above) 
were re-tested in a special seal test fixture in l964, which per- 
mitted a more basic study of all Sealing effects. It was rioted that 
fixture ower differences were the same as in the engine, showing 
that the 5 7  ixture was a suitable analog of an engine for developing 
seals. Three fundamental properties of Stirling engine piston seals 
were studied: Power loss due to leakage, power loss due to friction 
and "pumping characteristic." 
to leak more in one direction than another which causes a higher 
mean pressure in either the working space or buffer space, 
Figure I) This phenomenon occurs in Stirling engines because the 
direction of the pressure gradient across the piston reverses dur- 
ing the cycle, similar to a double acting steam engine piston, 

The latter is the -tendency of a seal 

(See p9.3 

The seal test fixture was motored by a dynamometer which permitted 
measurement of the total seal friction power, the seal leakage 
power, and !.he test fixture friction losses. In order to separate 
the seal power losses, an analytical investigatioii was made of the 
relation between seal 1eakage.and pumping power loss associated 
with that leakage. Then a method was developed to measure seal 
leakage as it was actually operating in the test €ixture or an 
engine. 
piston sealed with a GT ring (zero leakage) and tnen comparing the 
calculated and observed power differences from the fixture dynamo- 
meter. The power loss changes correlated within about 10% as can 
be seen in the graph. 

The method was checked by inserting knowa leaks in a 

A manual was then written containing step-by-step procedures and 
the necessary calculation charts fo r  application to any Stirling 
engine, as an aid to other GM Divisions. The dif€erences in total 
power loss could now be separated into an absolute leakage power 
and a quantitative difference in friction power between seals. 
Testing of the seals previously screened in the engine showed the 
greatest potential gain in performance would be realized by reduc- 
tions in seal friction. 
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CAPILLARY TUBE LEAKAQ POWER LOSS CORREUTION 

CALCUUTEO LEAKAGE POWER LOSS - HORSEPOWER 

1.20 

1.00 

.80 

.60 

.40 

.20 

0.00 

PRESSURIZED EXPERIMENTAL 
PISTON RINGS I G f  RING 

STANDARD 

The bar chart compares relative friction and leakage power losses 
for 6 experimental seals against a standard GT ring. The GT ring 
has zero leakage loss while seal number 7 has essentially zero 
friction (piston does not touch cylinder wall) to provide a base 
line for the relative friction rating of the other seals. Seal 
number 6 was a balanced pressure, Rulon piston ring. Its total 
power consumption was 0 . 4 2  horsepower less than that of the GT 
ring, and it had run 2 5 0  hours without deterioration in the test 
fixture. 

In 1965 further intensive development of the Rulon type rings took 
place. Seven ring configurations were tested in a special test rig 
for a total of 5607  hours during the year. For the first time an 
evaluation of wear rates could be made. The best rings averaged 
about . 0 0 2  inches per 1000 hours and no sign of engine degradation 
due to wear particles was noted. While low ring leakage was vital, 
even more important was stabilization and control of leakage rate 
to maintain a nearly constant ratio of mean pressure above and 
below the power piston, i.e. the working space and buffer space. 

13 



The table shows 7 rings tested in 1965 and some of the results. 
Number 9, the "inward opposed pumping rings" showed great promise, 
with 8 rings having been tested to insure a life of at least 500 
hours -- the goal of the GPU 3 .  A sketch of this sealing arrange- 
ment is shown. It consisted of two Rulon rings designed to leak 
toward each other at a much higher rate than they leak away from 
each other. 

SEAL TYPE NUMBER STATUS AT END 
AND DESCRIPTION TEST CONDITIONS AND DATA OF 1965 

a. Wear Rate* 
b. Cylinder 

Mater is1 
C. Test Spqed-rpm 

3 - Two outward opposed, a. .0112 
pressure-balanced, b. Chromiuqr 
split rings with C. 3600 
back side O-ring 

6 - Two inward opposed, a. .0071 
pressure-balanced, b. Chromiurp 
split rings with C. 3600 
backside O-ring. 
Middle damper volume 

7 - Two inward opposed, a. .0048 
pressure-balanced, b. Chromium 
split rings without e. 3600 
backside O-ring. 
Middle damper volume. 

8 - Two inward opposed 
pumping rings with 
continuous metal 
back-up rings 

9 - Two inward opposed a. .0010 
pumping rings with b. Meehanite 
spring-loaded, split cast iron 
back-up ring. C. 3600 
Middle damper volume 

'10 - Floating clearance 
seal 

11 - Two outward opposed, a. .0008 
pumping rings with b. Meehanite 
spring-loaded, split cast iron 
back-up ring. Eight C. 3000 
420'' wide x .030" 
long grooves in 
cylinder .wall. 

a. No. of Samples 
b. Total Test Hrs. 
C. Longest single 

test -hrs . 
d. Power b a r ,  XP* 

a. 7 Testing stopped 
b. 501 because needed 
C. 286 external pressure 
d. .35 less control valve 

a. 2 Testing s topped 
b. 446 because of 
C. 286 pressure 
d. .20 more instability 

a. 3 Testing stopped 
b. 562 because of 
C. 478 pressure 
d. Equal instability 

a. 2 
b. 5 
C. 3 

Testing stopped 
because of 
temperature 
instability 

a. 8 Development 
b. 3273 continuing 
c. 587 
d. Equal 

a. 1 
b. 73 

a. 2 
b. 747 
C .  557 
d. .40 less 

Development 
continuing 

* Average radial wear of ring in inches per 500 hours oprtration. 

* Expressed with respect to power loss of Buna N pirton ueal 
which war rtandard seal at start of program. , . 

Development 
continuing 
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A small volume is provided between the seals in the form of a groove 
in the piston. The seals act to maintain the pressure in this 
space equal to the maximum pressure of both the buffer space and 
working space -- these spaces are thus stabilized at the same peak 
cyclic pressure. 

On the piston ring test machines, the following variables were 
investigated: Pumping ring seal width, pressure balancing, seal 
groove clearance, seal material, cylinder surface roughness, 
cylinder material, wear-in procedure, the effect of wear particles 
and the effect of oil. Chrome plate, pearlitic cast iron, Meehanite 
cast iron, and 310 stainless were tested as cylinder materials. 
Meehanite gave the lowest seal wear rates. 

Control of oil in the engines as well as the piston ring test fix- 
tures was still dependent on the GT type rod seal and scraper device. 
Marginal improvement in life and oil control had been realized 
since 1964. 

In 1966 t w o  of the opposed pumping rings had operated for nearly 
1000 hours in engines and one reached 1670 hours on a ring test 
fixture. With the conclusion of the GPU 3 program in 1966, the 
piston ring test fixtures were converted from GT oil seals to rol- 
ling type piston rod seals so as to eliminate all oil leakage to 
the Rulon piston rings. 

Further testing of cast iron cylinder liner material took place 
with 150 hour screening tests of 7 liner materials; unfortunately 
the results were inconclusive because of scatter of the data. The 
best combinations gave wear rates of about -001 inch per 1000 hours; 
the average wear rate was about .0015 per 1000 hours. Work con- 
tinued on the floating clearance piston ring seal (seal #10 of Pg14 ) 
This ring is loosly attached to the piston so it may center itself, 
regardless of piston eccentricity. 
tests of 380 and 851 hours indicated slightly lower friction power 
and an order of magnitude less wear. 
characteristics were erratic; and because of other priorities, 
no further work was done at GMR on this seal design. 

Preliminary results from t w o  

Unfortunately, its pumping 
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In 1967 GMR operated the GPU3-3, an improved copy of the package 
sold to the Army, for 1800 hours. Of 4 opposed pumping rings re- 
quired for the engine, two were operating satisfactorily after 
1800 hours and two others after 1434 hours. In addition, 4500 
hours of ring fixture testing, under "dry" conditions (rolling 
seals on the piston rods), confirmed last year's data, namely an 
average wear rate of .0015 inches per 1000 hours. 

In 1968 it became evident that future multi-cylinder Stirling 
engines might depart from the traditional two piston-displacer 
type toward the double-acting piston type with interconnected 
cylinders. This was because of the greater emphasis on reducing 
engine volume and weight, particularly for vehicle applications. 
The double acting engine piston operates under more severe tempera- 
ture conditions than a displacer engine. In addition, the vehicle 
type engines require higher mean pressures than the GPU engines 
to be competitive with internal combustion engines. 

In addition to environmental temperature, the two criteria to be 
considered for judging severity of piston ring operating conditions 
are (1) the PV factor, or mean product of rubbing velocity and 
pressure difference over the ring, and (2 )  the maximum pressure 
differential. 
into the clearance space, while the PV factor influences the wear 
rate. In 1968 Philips constructed a special ring testing machine 
called the "Hot Compressor" to simulate temperature, pressure and 
velocity in a double acting engine. 
h g  rings at much higher pressure. 
only a few hundred hours of operation. 

The pressure differential tends to extrude the rings 

GM Research also started test- 
Extrusion became evident after 

The following table presents piston ring operating conditions as 
seen by GMR. The 4 cylinder engine was the new model 4L23 double- 
acting, 4 cylinder, inline engine in the design stage at GMR in 1968. 
It was completed but never run before the program was canceled in 
February, 1970. 

PISTON RING OPERATING CONDITIONS 

GPU-3 Engine 
GMR T e s t  Rig 
Philips Hot Compressor 
Four-Cylinder Engine 

PV Pressure Difference 
(psi) (ft/min) (psi) 

115,000 650 
iio,oao 760 
156,000 1500 
214,000 1235 
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A test program was started in March, 1968, and completed in January, 
1969, to determine the maximum cold space temperature which the 
piston rod sealing system of the GPU3 engine could tolerate for a 
minimum of 500 hours between overhauls. This program accumulated 
3634 hours of dynamometer operation on one engine and established 
the maximum cold space temperature of 275OF. 
out was 160°F.*1 

Water temperature 

Piston ring wear based on 3583 hours of operation at the higher 
temperature ranged from -0015 to .0024 inches/1000 hours, which 
was only slightly greater than at the usual 125O water temperature. 

The general conclusion from all testing through 1969 of Rulon 
balanced pressure type piston ring:? was a predicted life of 10,000 
to 12,000 hours under running conditions encountered with the GPU 
series of engines -- namely, a pressure difference of about 750 psi, 
PV of about 110,000 and a maximum cold space temperature of 275'F.*2 

Late in 1969, a piston ring test fixture was converted to allow 
testing at conditions approximating those for the new 4L23 engine. 
In 1711 hours of testing, the rings were operated at gradually 
increasing PV values until reaching 156,000 (same as Dutch tests -- 
see table above.) Temperatures were held at 240"F, the estimated 
value expected for the 4L23 ring area. Wear rate was 3 to 4 times 
that encountered under GPU conditions; rings might be expected to 
last about 3000 hours, which was considered adequate for initial 
engine operation. 
but nothing significant was reported. 

Tests continued until the end of the program 

"1 
design, the space -to-water A T  could be less than 50°, or a water 
temperature of about 225OF. This would reduce vehicle radiator 
size. 

Coolers on the GPU engines were too short; with an optimized 

*2 
local Rulon sales representative switched jobs to another company, 
also making a proprietary Teflon-filled material. 
GMR Purchasing Department, unknown to the Mechanical Development 
Department, and sold them on buying his product instead of Rulon. 
It was used for rings with the belief it was Rulon -- wear rates 
went up an order of magnitude1 
Rulon was again purchased exclusively. Unfortunately, the exact 
formulation of either product was unknown to GMR at the e n d 7  
the program. 

One weakness of the ring program was uncovered in 1968. The 

He approached the 

When the trouble was finally traced, 
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P I S T O N  ROD SEALING 
A. - SLIDING SEALS 

In the first year of the program, 1959, GM Research constructed 6 
piston rod seal test fixtures. Each consisted of a crankcase and 
single crank assembly driven directly by 2 HP induction motor at 
3590 rpm. The connecting rod drove a 1" diameter reciprocating 
shaft with a stroke of about 1 3/8 inch to simulate the piston rod 
of the small 8-10 HP engines being developed at GMR, Allison Divi- 
sion and at Philips. The shaft wqs sealed at two locations with 
pressure gas admitted between the seal assemblies. Leakage was 
measured out of the top seal assembly only, by means of water 
displacement. 

In 1960 GMR tested 54 reciprocating shaft seals of 15 different 
kinds against helium at 1500 psi. One commercial seal, a GT ring 
(discussed in detail on page 8 )  proved superior to the original 
"0" ring seal. These were used by GMR, with slight modification, 
as seals for both the power piston rod and the smaller displacer 
rod throughout the entire engine program to 1970, except for the 
few engines equipped with the rolling or "sock" seals. Results . 
of leak tests on four kinds of commercial seals are shown in the 
graph. 

- &#- 

2 BUNA LATHE CUT RINGS. 
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The one major change i n  s l i d i n g  s e a l  technology took p l a c e  i n  1963. 
The q u a l i t y  of t h e  commercial Buna-N GT seals was so errat ic  t h a t  a 
request w a s  made t o  t h e  seal s e c t i o n  of t h e  department ( s p e c i a l i s t s  
i n  l i p  seal technology, "0" r i n g s ,  and elastomer compounding) to  
compression mold some cop ies  of t h e  G T  r i n g s ,  us ing  t h e i r  own Buna-N 
formula t ion  ( n i t r i l e )  of about 78 durometer. Molding w a s  done so 
as t o  e l i m i n a t e  a l l  f l a s h ,  which w a s  faund d e t r i m e n t a l  i n  t h e  com- 
mercial seals. Before t h i s ,  t h e  d i s p l a c e r  rod seal l i f e  averaged 
'20 - 30 hours  (h ighe r  temperature  than p i s t o n  rod  sea l ) ;  t h e  "new" 
GT r i n g  ope ra t ed  over  1 9 0  hours.  
s l i d i n g  rod  seals w e r e  made by General Motors. 

Beginning i n  1963 a l l  GT t y p e  

, 

To assist i n  prevent ing  o i l  from t h e  crankcase pas s ing  through t h e  
GT r i n g  seal, an o i l  "wiper" w a s  i n s t a l l e d  j u s t  below t h e  GT r i n g .  
It w a s  a commercial sharp  edge r i n g  device  made of polyurethane and 
known by t h e  trade name of Disogrin.  Each w a s  s e l e c t i v e l y  picked 
af ter  examining t h e  sha rp  edge under a magnifying g l a s s .  
o t h e r  wiper c r o s s e c t i o n s  had been t r i e d  w i t h  l i t t l e  success .  The 
l i f e  of t h e  Disogrin type was considered marginal because of t e m -  
p e r a t u r e  effects; however, by t h e  end of t h e  program they  would 
o p e r a t e  s u c c e s s f u l l y  as long as  t h e  G T  r i n g s .  N o  m e t a l  wiper 
material w a s  ever used. 

Numerous 

Another dev ice  a l so  helped t o  prevent  o i l  from pass ing  above t h e  
b u f f e r  space reg ion .  It w a s  a s imple 'me ta l  "sponge" made of M e t -  
N e t  (d i scussed  i n  r egene ra to r  s e c t i o n )  about 1 /8  i n c h  t h i c k  and 
p laced  i n  t h e  bottom of t h e  b u f f e r  space t o  absorb o i l .  Whenever 
in spec ted  it w a s  elways found t o  con ta in  some o i l ;  b u t  no quan- 
t i t a t i v e  tes t  of i t s  e f f e c t i v e n e s s  was eve r  made. S t r a i g h t  minera l  
o i l  w a s  always used i n  t h e  crankcase of t h e  GPU engines .  
ment w a s  made wi th  a s y n t h e t i c  o i l  (Ucon) which r e s u l t e d  i n  much 
greater s o l i d  r e s i d u e  than eve r  noted w i t h  mineral  o i l .  

One expe r i -  

The surface ' f i n i s h  of t h e  p i s t o n  rod o r  shaft was found t o  be 
impor tan t ,  w i t h  t h e  optimum between 6 t o  8 microinches.  I n i t i a l  
v a l u e s  under 3 microinches r e s u l t e d  i n  high leakage -- an order of 
magnitude greater i n  some cases .  Sur face  f i n i s h  a f t e r  running 
for  hundreds of hours o f t e n  decreased t o  about 4 microinches; b u t  
t h i s  appeared t o  have no e f f e c t  on l e a k  ra te .  
p r e f e r r e d .  S h a f t  out-of-roundness should n o t  exceed 50 microinches 
and a x i a l  wave l i m i t  should n o t  exceed 15 microinches i n  t h e  seal  
o p e r a t i n g  reg ion .  Hydros t a t i c  type  g r ind ing  s p i n d l e s  are p r e f e r -  
able; c e n t e r l e s s  g r i n d i n g  should be avoided. 

An a x i a l  l a p  was 

By 1965 s e v e r a l  rod s e a l s  had opera ted  s u c c e s s f u l l y  over  4 0 0  hours 
and one seal w a s  n o t  l eak ing  a f te r  987 hours ,  They w e r e  so tempera- 
t u r e  s e n s i t i v e ,  however, t h a t  a s p e c i a l  water cooled b u f f e r  space 
w a s  added to  t h e  GPU-3 t o  extend t h e i r  l i f e .  
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In 1966 two more seals achieved over 900 hours successfully. On 
the GPUZ-1 the power piston rod seal was replaced at 581 hours while 
the displacer rod seal ran 6 4 6  hours without leaking. Little basic 
study of these seals was made after 1966. 

In 1967 the GPU3-3 durability test was completed at GMR. A power 
piston rod sliding seal failed after 861 hours in the seal mount, 
but not in the elastomer element. The displacer rod seal was re- 
moved for inspection after 1172 hours, at which time it was not 
leaking. 

Leakage rate of hydrogen through the power piston rod seal was measured 
in the early 60's on the seal test machines. It amounted to abmt 
60 cu in/hr (STP); the smaller diameter displacer seal was never 
measured but was assumed proportional to the diameter. Total leak 
rate for both seals was estimated at 100 cu in/hr. This was con- 
sidered quite acceptable and would permit a 500 hour run with a 
storage reservoir of reasonable size. Later in the 1960ts, leakage 
rate was neasured for the GPU engine packages, which necessarily , 

included the sum of seal leakage, plumbing leaks and hydrogen dif- 
fusion through the high temperature heater tubes. Seven tests made 
in 1969 on the GPU3-3 showed leakage rates ranging from 71 to 191 
cu in/hr, for an overall average of 156 cu in/hr, including one stop. 
Static leakage was not usually included since it was the standard 
practice to shut off the main reservoir valve after stopping. The 
maximum gas lost then amounted to the hydrogen remaining in the engine 
at elevated pressure---about 4 5  cubic inches, or about 765 cubic 
inches at STP conditions. Therefore, each shutdown was equivalent 
to about 7 hours operation under dynamic conditions. The contributions 
of plumbing leaks and hydrogen diffusion were never determined. 
the equation and constants for hydrogen diffusion which Philips be- 
lieved valid, yielded a value of about 150 cu in/hr for the GPU 
conditions---higher than the rod seals alone for some tests! 

Using 

It was the conclusion that dynamic seal leakage of hydrogen was under  
"control", and would enable a commercial engine to be manufactured. 
Static leakage control might require a special expandible '10'1 ring 
device for clamping on the piston rod when it is stationary. 
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PISTON ROD SEALING 
B. - ROLLING SEALS 

The rolling or "sock" seal was invented by Philips in 1960. 
operation on test machines and some experimental cryogenerators was 
so encouraging that Philips expected it would finally solve the 
sealing problem on both the rods and pistons very soon. Unfoxtu- 
nately, the initial problem with quality control of the elastomer 
did not go away; also as temperature rose the life of the best 
seals dropped drastically. GM Research was first informed of the 
work in 1961 and began to convert some of their seal test machines 
in 1962 from sliding seals to rolling seals. A sketch of the seal 
is shown. 

Initial 

I 

In 1963 GMR was studying polymer materials, EMD was studying mechan- 
ical design of the pumping devices and controls required, while 
Philips was returning to a more fundamental approach with analytical 
studies. According to their theory, failure was primarily due to 
creep rather than tensile load. Allison Division did not require 
seals, since their space engine incorporated a pressurized crank- 
case which enclosed twin alternators. 
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GM Research tested eleven polyurethane seals made by Philips for 
2235 hours; the longest single life was 549 hours. Temperatures 
ranged from 90°F to 125OF on the oil side, GMR materials tested 
were of three general classes of oil resistant polymers; nitrile 
(Hycar and Buna-N), polyurethane (Vibrathane and Genthane), and 
polybutadiene (Adflex). Vibrathane was the most successful, one 
seal achieving 372 hours, 

Work also began in 1963 on the hydrodynamic metal "pumping ring" 
which was used on all test machines to maintain the high oil pres- 
sure required to back up the rolling diaphragm. An oil pressure 
50-90 psi less than the working gas pressure was believed to be 
optimum. Considerable time was spent developing automatic controls 
to maintain this differential pressure, particularly during start 
up and shut down. 

By 1964 Philips had determined that seal life decreased one order 
of magnitude for every 45OF increase in operating temperature. 
testing had been done at around 100OF; GMR believed a life of at 
least 10,000 hours at Z O O O F  would be required for commercial success-- 
and this became the goal. 

Most 

All six GMR sliding seal test machines had been converted to rolling 
seal testing by 1964. The Polymer Department at GMR was responsible 
for molding the seals and the Mechanical Development Department for 
conducting the tests. It soon became evident that because of quality 
control problems, the Polymer ilepartment could not keep up with the 
demand. Furthermore, the first 6600 hours of'rolling seal testing 
showed it would be impossible to assign any level of significance 
to seal material or design detail changes. 
trol program was started. A detailed written procedure covered 
seal manufacture and a program to produce and test 6 batches of 
duplicate seals was instituted. 
by Polymers and turned over to Mechanical Development fo r  f u r t h e r  
inspection and static leak testing. 
installed in the test machines and operated at controlled conditions 
and a temperature of 100°F., until they either failed or ran for 300 
hours. A 300 hour seal was defined as a "good" seal. Results of 
this new program for 1964 were encouraging. Before this, only 7% of 
the seals which were believed to be good seals reached 300 hours, 
"Non-valid" failures were caused by machine breakdown, safety controls 
failure, or by seal installation errors. 

Finally, a quality con- 

Molded seals were screened initially 

Seals passing these steps were 

Polymers Department submitted eleven seals for high temperature 
testing at 200OF. Eight were of a refined polyurethane, two of 
epichlorohydrin and one of Neoprene. 
than one hour and thelongest, of polyurethane, lasted 46 hours. 

Five seals operated less 



At the "normal" l O O O F  temperature level, a new thin-walled seal 
operated for 2376 hours; the longest life of any seal at the end 
of 1964 was 3596 hours. Total test machine time was 24,263 hours. 

In 1965 test machine time was 43,163 hours, with about 100 seal 
t e s t s  conducted. Of the polyurethane tests at 100°F, 15 operated 
over 1000 hours. Average life of twelve that failed was 3074 hours 
and minimum life was 1386 hours. One ran 5849 hours and another 
3589 hours. These compared favorably with Philips results as to 
total cycles. Philips had several tests showing 8000 - 13,000 
hours life at 43% of GMR cylic rate. 

High temperature seal material tested included Viton A, caroxylic 
nitrile, silicone, propylene oxide, Hypalon, Neoprene, and epi- 
chlorohydrin. Only propylene oxide and Viton A appeared promising. 
This also checked Philips conclusions. The oxide elastomer operated 
524 hours at 130°F and 417 hours at 15OOF; however, it was not 
considered for further testing because of lack of availability in 
the future. Viton A had proved very difficult to mold. One seal 
ran 13.5 hours at 180OF. 

The quality control program begun in 1964 was completed in 1965. 
The last two batch tests achieved 100% to 300 hours, for an overall 
average of 81% of valid tests reaching 300. This was some progress; 
but the high temperature program was sevsrly limited as to quality 
seals. Five new test machines were added. Little time was available 
to improve the metal "pumping rings" used on the test machines to 
pressurize the seals with back-up oil. They consisted of a simple 
sharp edged ring usually of white bearing metal, with spring "fingers" 
around the perimeter to hoid the upper edge against the piston rod -- 
and consequently to allow oil on the rod to pass in one direction 
only, toward the rolling seal chamber. In 1965 a new aluminum ring 
was tested and was still operating after 1734 hours. 

In 1966 performance of low'temperature seals was nearly the same 
with 8 Vibrathane seals averaging 3033 hours' life; the minimum 
was 2116 hours and the maximum 4840 hours. Twenty-five seals opera- 
ted over 1000 hours. 

Results of high temperature testing showed 2 Viton seals operated 
3408 and 2255 hours at 16S°F, while another seal made by AC-Flint 
Division of GM was still running after 1930 hours at about 220OF. 
However, the test machine on which it ,was installed operated at 
1750 rpm to more closely duplicate Philips testing of Viton seals. 
Nevertheless, the Viton results were dramatically better than in 
1965. However, the quality of other seals being received from 
the Polymers Dept. had not improved since the previous year. 
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It was decided that instead of further searching for  new materials, 
the search would concantrate on finding a commercial source of high 
quality seals made of polyurethane and Viton only. EMD also empha- 
sized their need for larger diameter quality seals for their new 
t e s t  machine and 4 cylinder, 400 hp engine. It was estimated that 
at least 300 quality seals would be needed in the Corporate pro- 
gram each year, which was beyond the capacity of the Polymer group 
at GMR. 

Outside sources contacted were E.F, Houghton Co., Chicago Rawhide 
Mfg. Co., Vernay Laboratories, and Diaphragm Industries. Within 
the Corporation, AC-Flint and the Mechanical Development Seal Group 
were asked to help. By the end of the year, Vernay Laboratories of 
Yellow Springs, Ohio was the only outside source seriously interested, 
and they actually delivered 8 seals made fromaGMR compression 
mold. 
fer-mold the seals instead, in the future. 

From their experience,. they expressed the desire to trans- 

The AC-Flint Laboratory had consistantly been a high quality supplier 
of seals, having developed their own materials and molding tech- 
niques--unfortunately, it was a one - man operation -- which illustrates 
the importance of the "art" of elastomer 
understanding, diligence and concentrated interest. 

manufacturing, requiring 

The department seal group suggested use of liquid polymers instead 
of milled gums, to permit easier cleaning. They also suggested 
centrifugal molding and a simple mold was built. 
liquid polyurethane (both Adiprene and Vibrathane) was done by 
the Naugatuck Chemical Division of U . S .  Rubber, after discussions 
with them. The mold spins at several thousand rpm and is surrounded 
by an induction heating coil to assure initial setting of the polymer. 
Final curing is done in an oven. Seven of their seals passed the 
300 hour screening test by the end of 1966. While this appeared 
encouraging, by 1968 it was concluded that this process made the 
urethane more temperature sensitive, and therefore it was abandoned 
for the more conventional millable gums. 

The casting of 

In March, 1967, all development work on rolling seals and elastomer 
materials was transferred to the Seal Group of the Mechanical 
Development Department. The Seal Group had been gradually building 
U p  sufficient man power and facilities, including a new polymer 
laboratory, to assume full responsibility and thus all-ow the . 

Stirling Group to concentrate on other aspects of the program. 

For the first time, a dynamometer engine was assembled with rolling 
Seals on both piston rods and incorporating a semi-automatic con- 
trol system. 
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Results of low temperature seal testing were s imi lar  to the previous 
year with 8 representative polyurethane seals averaging 2966 hours. 
One high temperature Viton seal ran 3200 hours at 240OF. One pump- 
ing ring was still running after 16,500 hours. 

The most discouraging aspect of the rolling seal program by 1967 
was the poor correlation between seal life, failure type and the 
'conditions under which the seal operated -- this resulted from an 
analysis of hundreds of seals at GMR as well as at Philips, It 
was attributed to the wide array of random operating conditions 
and the difficulty of obtaining groups of seals which were uni- 
form in composition, homogeneity and wall thickness. 

The rolling seal program had made some definite progress by 1968 
under the control of the Seal Group. Approximately 49,000 hours 
were accumulated during the year with a total of 31 low temperature 
seal failures. In the previous year, 84 seals failed in the same 
number of test'hours. Creep rate (elongation) of all seals tested 
were measured every 200  hours. 
cent elongation was dependent on temperature and pressure differ- 
ential across the seal and was linear with time; it was independent 
of the absolute pressure level. 

It was established that the per- 

Based on these conclusions, a new four station axial seal tester 
was constructed, driven by a swash plate mechanism. The seals 
were pressurized with a gas on one side and had no oil support on 
the opposite side, thus greatly simplifying the mechanical details 
and control system. 
rolling seals, it facilitated testing of elastomer materials at 
a much greater rate. Seals were tested for 10 million cycles, ex- 
amined for elongation and defects, and based on the findings, 
accepted or rejected for further testing. 

While it did not simulate an engine with 

A new compression mold design was introduced which was self- 
aligning, which filtered the prep before it entered the mold 
cavity, and which utilized vacuum to scavenge the cavity. 
decided to concentrate on polyurethane for high temperature as 
well as for low temperature operation by improvements in the poly- 
mer and processing. 

It was 

In 1969, the last full year of the program, the operating life of 
polyurethane seals at 200°F had increased from 200 to 1400 hours. 
Only 4 seals ran over 180°F in 1968 while 59 seals were tested in 
excess of 180°F in 1969. 
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TWO non-destructive measurements were devised to describe the state 
of polyurethane seals. The first was Young's Modulus, determined 
by stretching the seals 10% on a commercial Instrcn machine. The 
second was seal elongation. Initial values of Young's Modulus 
for a given formulation were used to check seal manufacturing 
reproducibility. Monitoring both measurements during subsequent 
seal testing gave an indication of the rate of degradation. The 
graph shows the change in seal elongation of a particular urethane 
compound at 3 different temperatures. 
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Success in modifying urethane compounds to improve seal durability 
is shown in the curves below. Modifications included "moca" curing 
agents and a granular type of carbon black. 

Original 
Compound 

40 - 
- 

W 
Modified 

W 

0 
0 400 800 

Xoure 
1200 

_ .  

26 



Before the conclusion of the program 
in February, 1970, it was discovered 
that the primary limitations to the 
life of high temperature urethane seals 
was not pressure stresses, but degra- 
dation of the compound caused by ex- 
posure to hot oil which reduced the 
modulus. It was found that the useful 
life of a seal could be approximated 
by a simple oil soaking test, plotting 
the change of Young's Modulus over a 
time period, as seen in the curves at 
the right. 

Increasing the amount of carbon black 
and curing agent above the level found 
in commercial baseline urethane com- 
pounds was investigated. Increased 
carbon raised both brittleness and 
creep rate; but increased curing a- 
gent was beneficial, as can be seen 
in the curves below. 
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Comparing urethane seals of 3 different wall thicknesses, it was 
concluded at the end of a 1400 hour test that creep rate varied . 
directly with the average axial stress and was independent of 
bending stresses. Failure in all 3 occurred when the creep reached 
135% of original seal length. The last significant test of urethane 
rolling seals, from February, 1969, to February, 1970, operated 
2 6 5 4  test hours. The purpose was to determine the maximum gas 
temperature in the seal area for a 500-hour life -- the value was 
near 238OF. 
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Although good Viton seals were far superior to urethane seals at 
temperatures over 200°F, Viton was still plagued b:r early failures 
which were not understood. A few seals were made of a silicone- 
Viton composite formulation which showed good flex life and good 
flaw resistance, but no life testing WiAS done. 

The hydrodynamic pumping ring was always considered a vital accessory 
for the rolling seal because it eliminated the requirement for a 
separate high pressure oil pump. In 1970, quality control was im- 
proved by machining test rings using externally pr,?ssurized bearing 
spindles for precision boring. Rings were producefl which success- 
fully functioned over 5000 hours in a life test machine at 1000 psi 
back pressure and an oil temperature exceeding 180°F. 

In conclusion, it appeared in 1970 that while much progress had 
been maae in the development of high temperature rolling seals 
since 1963, the goal of 10,000 hours at 200°F was still far away. 
For temperatures under 150°F, polyurethene was unmatched and "good" 
seals were averaging about 3000 hours at 3600 rpm -- 648 million 
cycles -- several orders of magnitude better than were being realized 
by commercial "bellows" type reciprocating seals. 
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REGENERATOR COST STUDIES 

In 1961 Philips, GM Research and Allison Division measured flow 
losses in regenerators, which was a comparatively simple procedure. 
Determination of regenerator heat capacity is much more difficult 
and at that time, only Philips had built the complex apparatus re- 
quired for such measurements. GM decided not to duplicate Philips' 
heat capacity machine because of cost and time required. In 1962 
at a conference of General Motors' and Philips' engineers it was 
confirmed that some revision of the Philips regenerator analysis 
procedure was required. Real flow losses of the latest regenerators 
were found to be 5 0  - 100 per cent greater than those predicted by 
the original design procedures of 1958. Similarly, it was noted 
that measured heat capacities were from 7 0  to 85 percent of the 
predicted values. 
pating groups. Meetings of this type were common throughout the 
eleven years of GM activity, and GM Research Laboratories assumed 
the responsibility for coordinating the analysis efforts. 

Corrections were agreed upon by all the partici- 

In 1963 both Allison Division and the Electro-Motive Division 
(Cleveland Diesel was dissolved in 1962 and the Stirling project 
and personnel transferred to EMD) singled out the regenerator as the 
most serious expense item -- an order of magnitude too high for com- 
mercial engines. At that time regenerators were made exclusively 
of stacked layers of 200 mesh, .0015 inch diameter stainless steel 
screen or "cloth." It was determined that fabrication or weaving 
of the screen was the principal cost factor; the wire cost was 
about 30 percent of the total. 
detailed study of regenerator costs, and a survey of potential sub- 
stitutes for wire screen. Some materials examined included "Feltmetal," 
various foamed metals, electro-plated scree:is, photoetched thin 
sheet, sprayed porous metal sheet, polymer and metal powder matrix, 
aluminum oxide "whiskers," and single parallel lay wire screens. 
What was lacking at that time was the amount of performance loss 
which could be tolerated in exchange for reduction in cost. 

GM Research immediately began a 

In 1964 additional studies of wire cloth were made. Costs ranged 
from $11.70 per engine horsepower f o r  the best square weave to a 
low of only $1.00 per horsepower for twilled weave material. Curves 
are shown of the range of wire screen costs. It was estimated that 
regenerators built with the $1.00 material would result in a sacri- 
fice of between 4 and 5 percentage points in best efficiency and a 
slight reduction in maximum power. 

THE EFFECT Of WIRE DIAWETER 
UPON WIRE CLOTH 

MATRIX MATERIAL COSTS 
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A new punching method for standard wire cloth regenerators was devised 
which resulted in a 50 percent savings in manufact.iiring cost at GMR 
and which had the potential for automatic productj.on and assembly 
of regenerators. 

Studies continued of other matrix materials. The most encouraging 
was a foam metal (nickel) being developed at that time by the 
Metallurgical Dept. of GMR for filters, later terned "Met-Net.'' 
Costs were estimated to range frorp $0.15 to $0.30 per horsepower. 
Philips determined from samples tested that fluid friction losses 
were greater than for wire cloth while heat transfer characteristics 
were satisfactory. 

Considerable effort was made by the Electrochemistry Department of 
GMR to develop a very fine 60% porosity electroplated as well as a 
photo-etched screen matrix, but with little success. Their esti- 
mated costs ranged between $0.80 to $0.90 per horsepower. 

Regenerator calculations were performed with the aid of a computer 
program originally developed for gas turbine regenerator studies. 
The purpose was to determine the upper limit on longitudinal thermal 
conductivity for the new regenerator matrix materials. 
found that for certain conditions, the limitation must be based on 
direct conduction heat transfer losses, rather than on the influence 
of conductivity upon regenerator effectiveness. 

It was 

By the end of 1965 studies of alternate materials were complete on 
Lektromesh (C.O. Jelliff Mfg. Co.), and Feltmetal (Huyck Metals Co.), 
w1)ile studies continued on GMR Met-Net and a thin folded sheet 
material originally designed for gas turbine regeAerators, called 
GMR Surface. Still to be examined were Fiber Web by Brunswick Corp., 
metallic spheres, Cercor by Corning Glass, and ceramic spheres. 
Eight regenerators were constructed of Met-Net and 6 of GMR Surface. 
They were flow tested and then sent to Philips for heat transfer 
evaluation. 

In 1966 the GMR Met-Net manufacturing process was modified to in- 
crease the surface to volume ratio about 40 percent. In 1967, the 
first engines were tested with Met-Net regenerators. After a 100- 
hour run there was no loss of structural integrity in the matrix. 
Engine efficiency was 89% and the power 91% of that obtained with 
standard wire cloth regenerators. Since the engine was not optimized 
for Met-Net nor was tha regenerator filling facto;: optimum, it was 
believed that the efficiency and power would improve in future 
designs. 

A magnified view of 10 matrix materials is shown and results of 
the cost comparison is illustrated on the bar chart. 
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The original Met-Net was made by electroless nickel plating on a 
polymer sponge material, followed by burn-out of the sponge. The 
sheets produced were about 1/8 inch thick and had filling factors 
ranging from 0.05  to 0.15. By experiments, it was shown that higher 
filling factors were needed to reduce engine dead ;pace. This was 
achieved by compressing the Met-Net. Numerous combinations were 
tested; the one producing the least degradation of power and effi- 
ciency (see paragraph above) had an initial fillinq factor of 0.05 
and a final filling factor of 0.20. Its effective longitudinal ther- 
mal conduztivity as measured by Philips was 0.017 watts/OC cm. This 
is approximately three times that of 200  mesh wire cloth. 
i s o n  of eng ine  performance with 4 r egene ra to r  matr.ix ma te r i a l s  is 
shownon the next page. I 

Compar- 

By August, 1968, the dynamometer test engine reached 3200 hours, 
operating with Met-Net regenerators. There was no indication of 
fatigue failure nor structural change in the matrix nor was there 
any measurable change in engine efficiency over the entire run. 

In 1969 the same engine had operated over 4000 hours on a severe 
schedule to determine maximum hot space temperaturs for the piston 
rod sealing system. At the end, fuel consumption das within 2.6% 
of the initial fuel rate, and visual inspection verified that the 
regenerators were in good condition. This marked the successful 
end of a 6 year program. 
after 4101 hours is seen on page 9 4 .  

An enlarged picture of one of the regenerators 
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EXTERNAL COYBUSTION SYSTEM 

AIR PREHEATER STUDIES AND HEATER-CYLINDm HEAT TRKNSFER - 

The air preheater is the heat exchanger in the external combustion 
circuit for recovering surplus heat from the exhatst gases and 
transferring the heat to the incoming combustion qir. 

Testing of the first Ground Power Units in 1963 pchted to the 
combustion air preheaters as one of the more unreliable parts of 
the package, and an expensive one. At that time it was a sheet 
metal assembly consisting of spiral passages (rectangular crossection) 
conducting air from the outside inwardly, and alternate passages 
conducting hot exhaust gas from an inside header to the outside. 
The stainless steel sheet parts were brazed together; the spiral 
configuration was supposed to permit thermal expansion and con- 
traction without breaking the joints. 
failed after 614 hours from an accumulation of warpages and cracks 
which allowed cross leakage to become excessive. 

In 1963, oae GPU preheater 

In 1964 a series of preheater failures and engine heater-cylinder" 
failures occurred in the 360 hp 4-cylinder Philip;-built engine 
which had Seen sold by the Electro-Motive Divisioii to the U. S. Navy 
Engineering Laboratory. Pre-heater and heater tube parts were 
found to have melted. Also, the 80 hp single cylinder engine at 
EMD failed several combustion chambers from overh?ating; and two 
heater assemblies failed at GMR. 
led to the following conclusions: 

A careful study of these failures 

Examination of the thermal equilibrium conditions whichmust be 
satisfied by the heat flows and temperatures in the external cam- 
bustion system showed that the inherent regenerative nature of the 
system allowed it to establish temperature levels that would auto- 
matically correct lor low heat transfer coefficients into the 
engine heater. This self-correcting action simpl:{ raised the 
temperature level of the combustion air, combusti.:n products, and 

* The engine heater-cylinder assembly consists of t.he stainless 
steel displacer cylinder, the circular tube cage brazed into the 
cylinder head and the regenerator cups attached to alternate tubes 
by brazing. 
distinct from the air preheater. 

It will usually be referred to as thc "heater," as 
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exhaust gases u'ntil sufficient temperature difference prevailed 
between the engine heater tube walls and the combustion gases to 
force transfer of the amount of heat required by the engine. 
due to the high effectiveness of the preheater, the temperature 
level of the entire internal circuit could be raised significantly 
with hardly noticeable changes in the exterior temperatures or the 
fuel rate. 
characteristic was that an insufficiency of heat transfer capability 
in the engine heater, either from low unit area heat transfer 
coefficients or from low total surface area, would not result in 
a notable reduction in engine output; but rather it would result 
in an increase in combustion system temperature and overheating 
of the burner, heater, or preheater. It also became evident that 
the effectiveness of the preheater had to be matched to the heat 
transfer capability of the engine heater and to the temperature 
limitations of the burner, heater, and preheater. 
efficiency could not be improved simply by increasing the preheater 
effectiveness without regard to the mat.ching of all components. 

Also, 

The conclusion drawn fron knowledge of this system 

The system 

Additional tests were made in 1965 of heat transfer to the heater- 
cylinder. It included three procedures, (1) the insertion of 
baffles in the burner cage to direct the combustion gases to three 
passes across the heater tubes, (2) packing insulation on sections 
of the heater tubes to reduce heat transfer area, and (3 )  altering 
the air and fuel flow to cover all opsrating conditions. Twenty 
shielded thermocouples were installed to measure burner inlet and 
heater exhaust gas temperatures. During the investigation, a pre- 
heater burned out in the same manner as those in the 360 hp Navy 
engine . 
These general conclusions were drawn from results of the tests: 

1. 

2. 

3 .  

The insulation on the heater tubes had little or no 
influence on the engine performance. This can be in- 
terpreted to mean that either a unifom heat flux 
pattern w a s  not necessary for  good engine performance 
or that the normal heat flux pattern for this burner 
cage w a s  not greatly changed by the insulation. 

While the apparent heat flux per unit area was increased 
three-fold there was very little relative change in the 
burner exhaust temperature. 
transfer coefficient between the combustion gas and the 
tube surface was much higher than had been anticipated. 

Temperatures measured with the m i n i m u m  heat transfer 
surfaces exceeded 2000'F on the i n n e r  exhaust header 
of the preheater. If some carbon or other combustion 
products had accumulated on the preheater it was believed 
that combustion could be initiated with the resultant 
burnout and melting of stainless steel parts. 

This incicated that the heat 
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I n  1966, a h e a t e r  tube  f a i l e d  when a chunk of m e t . 3 1  (N-155) blew 
o u t  of  t h e  tube  w a l l .  
t h e  cause  w a s  found t o  be extreme ox ida t ion  due t o  presence  of 
copper on t h e  tube .  The copper source w a s  found t o  be a commercial 
an t i - se ize  compound recommended f o r  assembly of  h igh  temperature  
parts -- i n  t h i s  case, t h e  p rehea te r  t o p  t o  t h e  o:re s e c t i o n .  I t  
is brought  t o  a t t e n t i o n  he re  because of t h e  s u b t l e  n a t u r e  of this 
kind of f a i l u r e  and t h e  p o s s i b i l i t i e s  of its r e p e t i t i o n  i n  t h e  
f u t u r e .  

With he lp  of t h e  M e t a l l u r g i c a l  Department, 

In 1966 a s p e c i a l  h e a t  t r a n s f e r  appara-cus was desrgned t o  measure 
a c c u r a t e l y  t h e  n e t  h e a t  f low i n t o  t h e  h e a t e r  end 1 : ~  o b t a i n  an over- 
all h e a t  balance.  The a i r  p rehea te r  w a s  l oca t ed  s e p a r a t e  f r o m  t h e  
main engine  i n  o r d e r  t o  p l a c e  a d d i t i o n a l  thermocoiiples w i t h  r a d i a -  
t i o n  s h i e l d i n g  i n  t h e  h o t  a i r  and exhaus t  g a s  reg ions .  
i n  conjunct ion  wi th  an engine w a s  chosen a f t e r  numerous s t u d i e s  
had shown t h a t  o t h e r  k inds  of  h e a t  t r a n s f e r  appa ra tus ,  i nc lud ing  
a c losed  h igh  p r e s s s u r e  helium loop,  would r e q u i r e  longer  t o  con- 
s t r u c t  and s t i l l  n o t  d u p l i c a t e  r e a l  engine cond i t ions .  

Th i s  system 

The p r e h e a t e r  f o r  t h e  GPU-3 engine had been designed by Harr i son  
Radia tor  Div is ion  o f  GM. 
s h e e t  s t o c k  a s  i n  t h e  P h i l i p s  des ign ,  t hey  s e l e c t c d  s t a i n l e s s  steel 
tubes  for  c a r r y i n g  t h e  exhaust  gases  i n  an outward s p i r a l  (arc of 
about 180'); a i r  w a s  blown over t h e  t u b e s  whi le  confined w i t h i n  
s p i r a l  s h e e t  passages i n  close proximity t o  t h e  tube  bundles.  
Th i s  p r e h e a t e r  des ign  was plagued wi th  e a r l y  loss of e f f e c t i v e n e s s  
. i n  some models,  whi le  one,  a f t e r  9 0 0  hours ,  s,uffe;.:ed g r o s s  breakage 
of tubes; o t h e r s  e x h i b i t e d  severe  ox ida t ion .  I n  :.367, an ''hnproved" 
Harr ison s p i r a l  tube  type  was placed on tes t  f o r  ii30 hours.  During 
t h a t  pe r iod  t h e  exhaust  temperature  rose from 420"  t o  850°F, i n d i -  
c a t i n g  a s e r i o u s  loss  of e f f e c t i v e n e s s .  
f i n a l l y  abandoned fo r  mors convent ional  s h e l l  and tube des igns .  

In s t ead  of s p i r a l  passages formed by 

All s p i r i i l  t y p e s  w e r e  

I n  1967, Harrison and GMR began a program t o  stud:r lower cost 
p r e h e a t e r  des igns .  I t  was shown t h a t  s h e e t  rnater.:31 w a s  p r e f e r r e d  
t o  t u b e s  and t h a t  fo lded  s tock  or  "accordion" types  were t h e  m o s t  
promising wi th  p l a t e - f i n  types t h e  second choice.  

I n  1 9 6 6 ,  P h i l i p s  w a s  beginning t o  s tudy  r o t a r y  ce::mic prehea texs  
similar t o  those  being used i n  r e g e n e r a t i v e  gas  t u r b i n e s .  I n  1967, 
independent of P h i l i p s ,  EMD t e s t e d  a r o t a r y  Circo:: model on t h e i r  
80 hp engine.  I t  proved - t oo  e f f e c t i v e ,  r e s u l t i n g - ' i n  damaged burner  
p a r t s  from overhea t ing  -- i l l u s t r a t i n g  t h e  n e c e s s . t y  of c a r e f u l  
matching of t h e  e x t e r n a l  combustion system components. It w a s  
concluded by P h i l i p s  and GM t h a t  t h e  r o t a r y  type was best s u i t e d  
t o  mul t i -cy l inder  engines. 
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The new heat transfer apparatus designed in 1966 was fabricated and 
assembled in 1967 and testing was started. Before this was available, 
it was only possible to measure brake fuel consumption and power 
as well as heat rejection from the cooler;" but not heat input to 
the heater except by calculation. By the end of 1968, GMR had de- 
termined the first heat balance, the "true" engine thermal effi- 
ciency and the apparent heat transfer film coefficient for the out- 
side of the heater tubes. A sample heat balance is shown in Table 2 
of Reference #6. 

Approximately 96% of the heat which enters the engine was accounted 
for. The unaccounted loss was undoubtedly the result of thermo- 
metry errors in measuring the exhaust gas from the engine heater, 
which is in the range of 1500 -- 1703OF., and to a lesser extent, 
errors in measuring the heated inlet air in the range of 900° to 
1100OF. 

The "true" engine brake thermal efficiency based on net heat to 
the heater was equal to 33 percent. This is the value required for 
comparing computed engine efficiency YS. measured and is also use- 
ful for evaluating Stirling engines running from thermal energy 
storage, isotopic or nuclear reactor heat sources, or some other 
"closed" heat source such as lithium metal combustion. Reference # 6  
discusses these topics in detail. 

The primary purpose of the heat transfer experiments was to obtain 
data on the apparent heat transfer coefficient on the outside of 
the heater tubes. The correlation of these data on the basis of 
conventional Nusselt and Reynolds Numbers is shown in the graph. 
The fact that the Stirling data and the M c A d a m s  data are different 
is a reflection of the fact that there are significant differences 
in the conditions under which the data were determined. 
data are for pure convection heat flow from a bank of relatively 
widely spaced tubes to gases passing over the tubes. 
engine, the heat transfer is from reacting conbustion gases to 
relatively closely spaced tubes under circumstances where radiation, 
dissociation, molecular diffusion, and other boundary layer effects 
may influence the heat transfer. 

The McAdams 

In the Stirling 

* 
curacy achieved with the new heat transfer rig. 
rejection had not been measured before. 

Cooler heat flow had been measured before, but not with the ac- 
Buffer and oil heat 
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In 1968 the preheater cost reduction program was beginning to show 
some results with hardware under test. A cost comparison based on 
core material alone, without considering assembly and manufacturing 
costs, is shown in the table. The price for .01 thi:k stainless 
steel sheet for design I11 and IV was assumed at $0.30 per pound. 
Tubing costs were based on lot sizes of 1000 feet. 

PREHEATER CORE MATERIAL COST COMPARISOh 

I I1 IV I11 

Spiral Tube Straight Tube Plate Fin Accordion 

3 . 0  1.2 Heat Exchanger Surface 2.1 1.65 
per BHP - sq.ft./hp. 
lb. /hp. 

.48 Core Weight per BHP - .672 .53 1.20 

Core Material Cost - 34.40 
$/lb 

Core Material Cost per 23.10 
BHP - $/hp. 

34.40 

18.30 

2.00  

2.40 

. 80  
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The d a t a  c l e a r l y  i n d i c a t e  t h e  advantages of us ing  b a s i c  cores con- 
s t r u c t e d  of s h e e t  m a t e r i a l s .  The p l a t e  f i n  and accordion cores 
were designed so t h a t  manufacturing methods which would b e  used 
in q u a n t i t y  product ion would r e t a i n  t h e  basic p r i c e  advantage of 
t h e  core material. 

H e a t  exchanger s u r f a c e  a r e a  of number I11 is  h i g h e s t  because t h e  
extended s u r f a c e  of t h e  f i n s  i s  only  about 60% as  effective as 
t h e  primary s u r f a c e ;  a l l  t h e  s u r f a c e  on t h e  accordion des ign  is 
prime su r face .  

P i c t u r e s  of 4 d i f f e r e n t  p r e h e a t e r s  whichwexe Qperqted h 1968 
are inc luded .  

1) 
the l a s t  200 hours w e r e  wi th  n a t u r a l  g a s  f u e l ;  the first 1 4 1 2  
hours  on d i e s e l  f u e l  r e s u l t e d  i n  s i g n s  of severe co r ros ion  
from su lphur  i n  t h e  f u e l .  

One s p i r a l  t u b e  des ign  w a s  s t i l l  running a f t e r  1612 hours;  

2)  Seven s t r a i g h t  tube  p r e h e a t e r s  w e r e  b u i l t ,  on ly  as  an 
i n t e r i m  s o l u t i o n ,  whi le  Harr ison w a s  working on t h e  newer 
s h e e t  m e t a l  des igns .  
b raz ing;  a l l  o t h e r s  w e r e  running wi th  one a t  750 hours.  

One f a i l e d  a t  1 2 6 4  hours f r o m  poor 

3)  
before breaking a p a r t  a t  a header j o i n t .  

One plate f i n  type  w a s  b u i l t .  It  opera ted  for  209 hour 

4 )  
c y l i n d e r  engines .  Unfortunately,  t h e  f irst  one fa i led a f t e r  
25 hours  a t  a braze  j o i n t ;  i t  w a s  to he r e p a i r e d  f o r  f u r t h e r  
t e s t i n g .  However, r eco rds  i n d i c a t e  t h a t  it w a s  n o t  opera ted  
aga in  b e f o r e  t h e  program w a s  stopped. 

The accordion u n i t  appeared most a t t r a c t i v e  f o r  s i n g l e  

A t  t h e  conclus ion  of t h e  S t i r l i n g  program, one s t r a i g h t  t u b e  pre-  
h e a t e r  had opera ted  2475 hours without  f a i l u r e .  
t o  t h e  pe r iod  1 9 6 0  -‘61 when 3 p r e h e a t e r s  f a i l e d  i n  less than  
1 0  hours  and t h e  best one surv ived  less than  300 hours.  

T h i s  is i n  c o n t r a s t  

A t  t h e  conclus ion  of t h e  program, one hea te r - cy l inde r  assembly 
had opera ted  f o r  4803 hours and was s t i l l  usable .  
t w o  h e a t e r s  f a i l e d  i n  less than  80  hours.  

I n  1 9 6 0  -‘61 

A gene ra l  summary of engine component d u r a b i l i t y  i s  shown i n  a 
s e p a r a t e  s e c t i o n  of t h e  r e p o r t .  
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CORE I 
SPIRAL TUBE 

The primary s u r f a c e  is made of .125 
O.D. x .008 w a l l  t h i ckness  310 s t a i n -  
less steel. 
tubes  a t  t h e  inlier header and pass  
outward t o  t h e  o u t s i d e  header.  
Vertical p l a t e s  between t h e  tubes 
form s p i r a l  pa ths  on t h e  o u t s i d e  of 
t h e  tubes .  The a i r  e n t e r s  a t  t h e  
bottom o u t s i d e  and flows inward 
through t h e s e  patha and goes t o  t h e  
combustion chamber upward through 
a header  a t  the inside diameter.  

Exhaus t  gases  enter t h e  

CCkE I1 
GMR STRAIGHT TUBE 

The primary s u r f a c e  is .125 O.D. x 
.008 w a l l  t h i ckness  310 s t a i n l e s s  
steel  tube.  
ward through tho tubes  and t h e  in- 
coming a i r  makes s i x  passes  back and 
f o r t h  a c r o s s  the tubes  a8 i t  moves 
downward througk t h e  s h e l l .  

Exhaust gases  pas s  up- 



CORE I11 
PLATE FIN 

The pr imary surface i s  the  c y l i n d e r  

between the corrugated sect ions.  
The corrugat ions a r e  dimpled f i n s  
brazed t o  the  p r i v a r y  sur face .  
Exhaust gases pass upward over the 
inner f i n s  and the  a i r  passes down- 

ward,over the  o u t e r  fins. The core 
i s  made from .OlO N i c k e l  sheet .  
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CORE IV 
ACCORDION 

The corrugated s e c t i o n  i s  made from ,010 310 s t a i n l e s s  s teel  s h e e t  and 
i t  is t h e  primary s u r f a c e .  Passages on t h e  i n s i d e  and o u t s i d e  are 
formed by t h e  accordion and i n n e r  and o u t e r  cy l ind r i ca l .  su r f aces .  
Incoming a i r  e n t e r s  t h e  o u t e r  passages through t h e  opening a t  t h e  
bottom, pas ses  upward and r a d i a l l y  outward t o  a header .  Exhaust 
gases  s i m i l a r l y  pass downward through t h e  i n s i d e  passa; :es  t o  a 
collector and o u t  t h e  tube  a t  t h e  lower r i g h t .  
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EXTERNAL COMBUSTION SYSTEM 
BURNERS, NOZZLES & EXHAUST EMISSIONS 

The Philips built engines operated at GMR in 1959 and 1960 were 
equipped with vaporizor type burners and air pressure atomizing 
nozzles. Two fuels were required for start-up, a gaseous fuel 
such as propane or butane to preheat the "target" plate on which 
the liquid fuel was sprayed, and a distillate such as No. 1 or 
No. 2 diesel which was the normal running fuel. 

The department at GMR which had specialized in gas turbines and their 
burner systems was requested to assist in the development of a 
single-fuel gas turbine type burner for the GPU program. By the 
end of 1961, such a burner was successfully operating on the GPU. 
A distillate fuel was sprayed from an air-atomizing, water-cooled 
nozzle. The igniter plug was a separate assembly, but in the next 
model the plug was combined with the nozzle assembly. This im- 
proved starting reliability. 
"can" was designed similar to a gas turbine burner with typical 
slots and holes for admission of primary and secondary air. 

The combustion chamber or burner 

In 1960, six vaporizer burner "cans" failed in less than 30 hours; 
i n  1962 one of the new burners failed in 180 hours while 11 others 
were operating successfully, up to 275 hours. 

In 1962, the first automatic fuel controller, based on a high tem- 
perature (1200'F) bi-metallic rod-type thermostat immersed in the 
heater tube hydrogen circuit, was successfully tested. Also ac- 
complished was a new air-fuel controller which eliminated operator 
attention during starting, warm-up, and acceleration after cranking. 

A study was started to determine the reasons for non-uniform heater 
temperature distribution--variations as high as 180-200°F i n  some 
cases. The main cause was found to be variations in the rate of 
heat supply; i.e. the burner, rather than variations in the rate 
at which the engine takes away heat from the heater. A rotating 
fuel nozzle, driven by an electric motor, was constructed and tested. 
Temperature differences were reduced by as much as 70-80'F. Next, 
a study of combustion air leaks into the burner-heater-nozzle 
system was made -- these can cause deflections of fuel spray as 
well as having a cooling effect on some portions of the heater 
tube cage. The most critical fit was found between the fuel noz- 
zle and the burner. 

In 1964, at the conclusion of the 500-hour test of the GPU-2 by 
the Army at Ft. Belvoir, the combustion chamber was found to be 
still usable, but was distorted to such an extent that its life 
was considered marginal to 500 hours. 
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In 1967, the durability of burner parts as tested in the GPU-3 
series exceeded 900 hours. Success was achieved in reducing the 
height of the GPU-3 burner in preparation f o r  the 4L23 engine 
program. The pictures show the progress in cutting in half the 
height of the standard burner of 2 .57  inches to 1.28 inches. The 
lowest design of 0.63 inches was never tested. 

__. - _ _  ~ - -  _. _ _  _ _  - 

Above: Standard GPU Burner 
2.57 i n .  high 

Top Left: 1.76 in .  high 

Center Left: 1.28 in.  high 

Lower Left: .63 in. high 

The engine in the Stir-Lec hybrid car represented the best achieve- 
ment in automatic start-up and operation of any conbustion system 
which had been developed prior to 1969. In its final version, the 
engine required 45 seconds from key-on to full load running. 

In 1969, the combustion system in the GPU endurance test program 
achieved 2475 hours without failure. 
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In 1967, a GPU combustion system was modified to operate on natural 
gas. The project was initiated by a request from the Institute for 
Gas Technology in Chicago. It had operated about 500  hours by 1968, 
mostly for the purpose of developing and improving governor systems 
and the hydrogen compressor. 

Emissions from a GPU engine were first measured in 1967 as a result 
of the rising interest in vehicle applications. Results will not 
be presented here since the program was thoroughly covered in re- 
ference #4. This reference also discusses burner construction. 

In 1968, Philips began tests of exhaust gas recirculation as a means 
for reducing oxides of nitrogen. In 1971 and 1972 Wayne State 
University performed similar tests on a GPU engine, donated to them 
by GMR, and reported in references it 8 and 9. 

In 1970, the Stir-Lec I1 car was tested for closed cycle, true 
mass emission values, for the warmed-up condition, in accordance 
with the Federal 7 cycle test. The engine combustion system was 
not modified for the test in any way. Following the chassis dyna- 
mometer driving test, the Stirling engine was operated at full load 
for 26 minutes to return the batteries to their original state of 
charge. Approximately 58 percent of the total emissions, shown 
in the Table, were emitted during the recharging period. The 
inertia weight of the dynamometer was set at 3000 pounds. A road 
load setting of 3.5 horsepower at 50 mph was used. This setting 
was the result of matching motor current and voltage on the road 
at 30 and 40 mph to current and voltage obtained at equal speeds 
on the dynamometer. Because of the low range of exhaust pollutant 
concentrations expected, the long path Beckman Model 315L carbon 
monoxide and nitric oxide NDIRA's, the Beckman Model 315 carbon 
dioxide NDIRA and the Beckman Model 108 flame ionization detector 
were used for this test. Chart recorders were provided for all 
instruments. A GM Proving Ground fuel meter was connected im- 
mediately upstream of the burner fuel nozzle. No. 1 heating oil 
was burned throughout the emissions test. 

EMISSION RESULTS 

Unburned hydrocarbons 0.0045 gm/mile 
Carbon monoxide 0.57 gm/mile 
Oxides of nitrogen (as NO2) 3.94 gm/mile 
Air/fuel ration (range) 26:l - 30:l 
Fuel economy 15.6 mpg 

It should be added that the "transmission efficiency" from engine 
to rear axle was estimated at between 40 and 4 5  percent, because 
of losses through the generator, battery, speed control system, 
motor and motor speed reducer. With a Stirling engine driving 
through a mechanical transmission, emission values would be 
about half of those reported above. 
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GOVERNOR AND HYDROGEN SYSTEM 

The torque of a Stirling engine can be controlled by several me= 
thods. In most cases, it has been done by modulation of the 
working gas pressure. Other methods have included "dead space" 
control, by-pass control, parasitic control, and temperature 
control; the latter is perhaps the least effective and evidences 
the slowest response. 
Motors, the temperature and torque were always independently 
controlled, and this appears to be the best solution, 

During the 11 year activity at General 

The GPU series of engines required control of the speed to 
specified limits. 
at 3600 rpm; regulation was not to exceed a droop of YO rpm; 
surge limit was not to exceed 216 rpm and recovery time for 
100 percent load change was not to exceed 6 seconds. Discussion 
of the results of work at GMR is found in references 3 ,  5 and 
6 ,  while a general discussion of governing is found in several 
Philips'publications by R. J. Meijer. 
oscillograph was a vital tool for the governor development 
program. 

Stability was to be maintained at + 10 rpm 

The high speed recording 

A typical record is shown on the next pzige. 

By 1967, the GPU-3 governor system was capable of holding the 
stability at + 5 rpm, the droop did not exceed 10 rpm, the 
surge limit fzr sudden increase in load was met, and the re- 
covery from surge for 100% sudden decrease was met in two 
seconds . 
From the standpoint of reliability, however, the entire speed 
governing system was a constant source of trouble until nearly 
the end of the program, 
the major problem in the beginning. It was incorporated into 
the base of the crankcase of the GPU-3 as an extension of the 
displacer piston rod in the form of a hydraulic plunger. Hy- 
draulic pressure activated a diaphragm compressor which elimi- 
nated the need of a sliding or rotating seal. This made ser- 
vicing more difficult. The hydraulic plunger required precision 
machining and was subject to binding. In retrospect, it would 
have been better to mount an experimental compressor outside of 
the engine and drive it from a gear, with a break-away coupling, 
or from a belt. 
requires a good seal to prevent hydrogen leakage, 

The hydrogen compressor was perhaps 

On the other hand, an outside conipressor 

Another item which often stopped endurance tests was failure 
of the small (4" dia.) hydrogen check valves and main control 
valve -- usually the seats were pounded out or distorted 
sufficiently to leak. 
by hydraulic pressure delivered by the speed sensing governor 
which was mounted on the crankcase and gear driven. 

The hydrogen control valve was actuated 
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In 1964, the governor system had 5 separate valvipg units and 10 
adjusting screws; by the end of 1965, it had 2 valving units and 
one adjusting screw. 

Results of endurance testing of the GPU3-3 at GMR in 1967 showed 
that the hydrogen compressor had failed twice in the 1537 hour 
run and the governor hydrogen valve had failed 4 times. A sum- 
mary of the various failures which ended service-free periods is 
included on the next page, extracted from a 1967 report. 

The hydrogen explosion mentioned was the only incident of its 
kind in the 11 years of activity at GMR. No such accident 
occurred at either Philips or EMD, so far as the author is aware. 

The GPU3-2 which had been delivered to the Army completed its 
500-hour test in 1967. The main item which caused shut-downs 
was the governor hydrogen valve, which failed 4 times, just as 
in the GMR test reported above. 

In 1969, the GPU3-3 at GMR was operated on a more rigorous 500- 
hour test, equaling a military qualification test. In order to 
meet military requirements, a "Certified Parts List" for the 
package was 'established so that all parts were like the engineer- 
ing drawings. This defined exactly what was being tested and 
prevented casual substitution of compcne;its which would have 
caused the test to lose significance. At the conclusion, the 
maximum overhaul life was extended slightly but under more 
rigorous conditions to 560 hours from the previous 553 hours. 

The longest run with no service was extended to 525 hours from 
the previous high of 196 hours. The longest run without stopping 
was extended from 159 hours in 1967 to 235 hours, In all, the 
engine was stopped 4 times, all caused by building safety in ter -  
locks and in no way connected with the GPU operation. The limit 
of 560 hours was caused by the hydrogen compressor--a small valve 
assembly failed to function properly. However, the hydrogen 
check valves and governor control valve were in excellent condi- 
tion. 

An alternate system for compressing hydrogen was investigated 
briefly in 1961. It was based on electrolytic generation of 
hydrogen and diffusion through palladium tubes. Pressures to 
1150 psi were maintained inside the tubes; but the concept was 
abandoned when piston rod seals were found to seal hydrogen 
better than expected. 
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1967 GPU 3-3 DURABILITY TEST 

Longest run without service 196 hrs. (one normal working 

Longest run without stopping 159 hrs.  (6.6 days) 
Longest run without removing 

month) 

cy1 inder 277 hours 

Fa i lures  Ending Service-Free Periods 

Fuel Pump Drive 
Governor Hydrogen Valve 
Nozzle A i r  Pump 
Accessory Belts 
wdrogen Compressor 
Alternator  Drive 
Cooler Tube Leak 
Pis ton Rod Seal 
mdrogen Explosion 
Unkn Own 

5 
4 
3 
2 
2 
2 
1 
1 
1 
1 

Some comments on the f a i lu re s  noted above are appropriate. F i r s t ,  as 
noted above the  governor hydrogen valve and the hydrogen cmpressor  have 
been constant ly  improved during the  t e s t  period. The hydrogen com- 
pressor is current ly  operating 335 hours s ince i t s  las t  modification, 
and the governor hydrogen valve has 
service. 

The fue l  pcmp dr ive  f a i lu re s ,  the  
a l t e rna to r  dr ive  f a i lu re s ,  and 
the nozzle a i r  pump f a i l u r e s  are 
probably r e l a t ed  t o  tors ional  
vibrat ions introduced in to  the 
accessory dr ive by the non- 
uniform angular motion a f  the 
single-cylinder GPU engine. 

The hydrogen explosion occurred 
during unattended operation, and 
is thought t o  have been caused 
by a s ta t ic  e l e c t r i c  spark jumping 
from an  ungrounded pulley t o  the 
engine frame. It caused rela- 
t i ve ly  l i t t l e  damage, and the 
engine eventually stopped because 
the crankcase f ront  cover was 
d is tor ted ,  preventing operation 
of  the water pump which in  turn 
actuated a water pressure sa fe ty  
switch and stopped the uni t .  The 
damaged cover can be seen i n  the 
photograph. 
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FRICTION STUDIES 

Motoring an engine is the procedure for determining friction power 
of an internal combustion engine. It is not a true picture since 
bearing loads are different from an engine in which combustion is 
taking place. In order to determiGe friction power of a Stirling 
engine, motoring in the IC engine sense is not possible since driv- 
ing a Stirling engine in the normal rotation results in a refrig- 
erator and absorbs power of the same magnitude as the engine power. 
Driving it in the reverse direction results in a heat pump which 
absorbs power. To properly motor a Stirling displacer type engine, 
it is necessary to replace the displacer piston with a dummy pis- 
ton of equal weight but having large clearance so as to produce 
negligible pumping effect. 
pressure and motoring, the bearings are loaded in a manner similar 
to, but not identical with, the normal engine; but, in any event, 
a close approximation to the true mechanical efficiency can be 
found by the procedure. 

Then by charging the engine to the normal 

In 1961 GMR was trying to determine b:y careful motoring tests why 
the Philips built engine required only 62 percent of the power 
required by the GMR built engine having nearly identical dimensions.* 
The one main difference was a floating bushing between the connec- 
ting rods and crankshaft of the Philips model. In discussions with 
the bearing experts in the department, it was brought out that the 
load reversals in a Stirling, quite unlike most IC engines, tend to 
center the bushing, resulting in greater total oil film thickness 
and reduced friction. Bearing friction calculations were made for 
the two cases, and the results are shown on the curves. The measured 
curves include wrist pin and vertical rod bearing losses which 
were not included in the calculations. The floating bushing is 
certainly tiseful, but the practical application requires a split 
crankshaft, as was employed by Philips. This drastically increases 
cost. The only other solution is some kind of cemented bushing, 
which, to the author's knowledge, has never been successfully 
applied. 

* 
- air bearings on the cradle -- a special arrangement for accurate 
measurement of small torques. 

The dynamometer used for this work was equipped with hydrostatic 

_ _  
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In 1968 some tests were made of the ability of the Stirling to 
quickly absorb power -- normal motoring as was pointed out, absorbs 
power, but not until the heater temperature has dropped below am- 
bient. By installing an extra large by-pass valve between the 
working space and the buffer space (larger than is used for normal 
engine governing), it was discovered that the engine could absorb 
power nearly equal to its full power output -- at the instant the 
valve was opened wide. This feature makes the engine attractive 
for vehicle braking. The curves below show the effect on the fuel 
rate and heat to coolant for the two conditions. 

-10 -5 0 5 4.0 

ABSORBLIIC DRIVING 
BICm SRAPT BOILS- 
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NOISE AND VIBEULTION 

Stirling engines are "quiet" engines for the following reasons: 

1) Intake of air and exhaust of combustion products are 
steady flow processes instead of periodic as in the IC engine. 
Consequently, there is little "coupling" to the atmosphere to 
produce air borne vibrations. In addition, the air preheater 
serves to muffle combustion noises. 

2) 
to the sharp changes in IC cylinders. 
walls are not excited into vilration. 

Cylinder pressure changes are very smooth in comparison 
Therefore the cylinder 

3) 

4)  No fuel injection system is present. 

No valve gear is present. 

5)  
balance, as in the rhombic drive. 

The drive mechanism can be designed to be in complete 

On the other hand, Stirling engines are not "silent" engines. Since 
they have bearing systems with finite clearances, gears for proper 
timing in the rhombic drive, and require accessories such as blower, 
fuel pump, nozzle air pump, water pump, generator, etc., there are 
numerous sources of noise which can be objectionable. Then, too, 
one source of vibration can excite other parts to vibrate, as for 
example if the engine is improperly balanced, or if torsional vibra- 
tion is severe enough to excite the fly wheels or other driven parts. 

Early in the program with the first Army GPU, it was obvious there 
was enough noise from the complete package to prevent achieving the 
A m y  goal of "inaudible at 100 feet." 

A thorough investigation of the noise sources was made by separate 
dynamometer tests of the GPU accessory package and of the engine 
itself. Some noise sources were found in the accessories, 
of the sounds arose as reverberations excited by vibrations from the 
engine. Surveys of the engine noises revealed a significant "rap" 
once per revolution. For some time, it was believed to be the re- 
sult of sudden movements of the crankshaft within the main bearing 
clearance spaces as the loads changed during each cycle. 

but most 

Beginning with the GPU, the noise study was expanded to include a 
Dutch 10 hp engine, the 30-15 Dutch engine on which structure-borne 
and air-borne recordings had been made in a Navy test in 1960, a 
4 cylinder, 300 hp Dutch engine on which Philips had made a sound 
tape, and fir,ally the Allison PD46 space power engine. 
showed the characteristic rap, with the 4 cylinder engine having 
4 per revolution. 

All engines 
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By 1963 it was believed that the rap was coming from the helical 
timing gears rather then from the bearings. A one-third octave 
band analysis of the GPU was made after vibration isolation mounts 
were installed and stiffer couplings used between the engine and 
generator. Two pure tones were prominent, one at the frequency of 
the fan blades and the other was believed to be the timing gears. 
A study was begun of the effects of different gear designs including 
nylon teeth, aluminum spur gears, extra fine steel teeth, and a set 
of herringbone with the two sides offset half a tooth. 
resonance at near the 3600 rpm operating speed was also discovered; 
it w a s  cured by building new ones of a laminated construction. 

A flywheel 

In 1964, a more extensive analysis of noise was made in the anachoic 
chamber at the GM Proving Ground with the help of their noise and 
vibration staff specialists. These tests confirmed the gears and 
fan as the predominent sources, with the nozzle air pump and com- 
bustion air blower as important if the others were eliminated. 
different gear sets were run in an engine; from these, only two 
looked promising, a pair with nylon teeth and a steel set with very 
fine teeth. 
bonding the nylon rim to an aluminum hub. A test fixture was built 
to load the teeth as in the engine; after 7 8 2  hours at elevated 
temperature, no failure occurred in the teeth or hub bond. 

Eight 

A relatively simple method was developed for mechanically 

A single crankshaft engine was designed and built in 1964 and tested 
in 1965, and a special rhombic drive engine was tested in 1965. The 
latter had a heavy-duty crosshead which enabled it to operate as a 
conventional rhombic drive either with t i m i n g  gears or without 
timing gears; also as a single crank half-rhombic drive. 
the variations was acceptable. The s i n g l e  crank engine was certainly 
quieter than the standard rhombic when all accessories were prevented 
from shaking; but because of the t i m e  r e q u i r e d  to find the optimum 
balancing and mounting and because accessories and instrunentation 
were subject to periodic breakage from rhe severe vibration, the 
Project was stopped. 

None of 

From a study of flywheel inertia distribution between the loailed 
and unloaded crankshafts, it was found t h a t  2 5 %  of the total inertia 
placed on the unloaded shaft was sufficient to reduce gear tooth 
noise to a minimum. A further test wzs made of torqye effects on 
gear noise by installing an AC generator with a sineL load curve and 
comparing to a constant load DC generator. 
nothing of consequence could be correlated with the nature of the 
load . 

Changes were noted but 

A cast iron crankcase was compared to the standard aluminum GPU 
crankcase for the first time in 1965. A reduction of overall sound 
level of 6 db (10 feet) at 2 4 0 0  rpm was significant, but the extra 
weight prohibited using cast iron. 
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The only noise a d  vibration study of any significance after 1966 
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car, in 1969, A change in flywheel inertia corrected the problem, 
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CYCLE ANALYSIS 
r 

The basic Stirling cycle analysis was developed by Philips during 
the late 1950’s and was constantly improved during the 1960:s 
until it was possible to optimize engine designs by 1967. The 
basic calculation procedure, loss analyses, and computer programs 
are highly confidential and proprietary to NV Philips. 

Early contributions from GM consisted of special programs, for 
example, to study applications of thermal storage and torpedos. 
In 1963, GMR programmed the Philips‘ calculation prodecure for 
the IBM 7094 computer. Subroutines were developed which genera- 
ted pressure, drive dynamics, drive forces, torques, and bearing 
loads as a function of crank angle; special drives were studied 
for Electro-Motive Division. Some interesting results for the 
case of variable phase-angle drive and reversible drive mechanism 
are shows on the graph below. EMD h i l t  a 4 cylinder 400 :hp 
variable phase-angle engine and tested it in 1965. 

. FORWARD AND REVERSE PERFORMAXE C M C T E R I S T I C S  
CALCULATED FOR A VARIABLE Pi:ASE ANGLE S T I R L I N G  ENGIKE 

-60 -40 -20 0 20 40 60 80 

DRIVE PHASE ANGLE - DEC. 



At GMR in 1965, the computer program was brought up-to-date and 
re-written in Fortran IV. Some effort went into reducing computer 
time per engine calculation -- the lowest time achieved was 0.3 
seconds, Analyses were made of 2 Stirling proposals outside of 
GM, the Stratos-Dinnen engine and a liquid-vapor engine proposed 
by Dr. G. Walker of I.I.T. The first was found to be incapable 
of producing the power hoped for: the second was found not to be 
a Stirling cycle at all and would not be able to achieve the 
efficiency predicted for it. 

In 1966 GMR discovered a basic error in the Philips procedure 
for predicting cooler performance. Philips used ideal cooler 
heat flux to establish cold end temperatures from the assumed 
cooler tube wall temperatures, The actual cooler heat flow was 
measured to be 40% higher than the ideal, With this and some 
other minor corrections the cold space temperature calculated was 
in close agreement with those measured. Using the new calculation 
procedure, the design of the GPU type engine coolers was re- 
examined. They were found to be too short and should be length- 
ened by at least 50 percent to improve both power, efficiency, 
and reduce cold space gas temperature. 

An improvement in kinematic analysis was made at GMR. Philips' 
analysis was based on sinusoidal piston motion; for the rhombic 
drive, so called "higher harmonic" corrections were introduced 
which are semi-empirical, but not accurate for the new (1966) 
EMD variable phase drive. The Philips analysis was therefore 
reprogrammed so that any drive system could be analyzed without 
simplification errors. 

Some typical comparisons between actual test data and calculated 
performance, as was analyzed in 1966, are given in the Table on 
the next page. 

Numerous studies were made for  Electro-Motive Division in 1967 
of their new "W" engine having one double-acting power piston 
and two separated displacer pistons. Cold end duct flow losses 
were predicted to be rather severe--amounting to 10 percent of 
the engine gross power. Additional thermodynamic studies were 
made to generate optimum engines, using Met-Net regenerators, 
to follow the "W" design. 

From 1967 to March, 1970, studies were made for the government 
(classified contracts) of a small, light weight, "V" engine of 
2 hp, at 5000 rpm; and a 9 hp, 4 cylinder swash plate engine. 
Both were to operate from non-combustion heat sources. 

In 1969, it was concluded that there was still too much deviation 
between actual and predicted engine performance, particularly for 
the 80 hp cylinder size. 
heat and produced less power than the analytical engine. 

The real engine always rejected more 
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DISPLACER (HEATER) CYLINDER STRESS STUDIES 

The Stirling engine displncer cylinder, of the type used from 1957 
through 1969 by Philips and GM, is a pressurized vessel whose walls 
act as a thermal barrier between the hot and cold rcgions of the 
engine. 
linder loading is simple in nature (internal pressure and an axially 
varying wall temperature), it produces a complex tri-axial stress 
state resulting from tangential (hoop), radial, longitudinal (axial) 
and radial shear stresses. Knowledge of these stresses, in conjunc- 
tion with the resulting cylinder wall deformation, was required for 
analyzing the designs at that time as well as proposed future de- 
signs. In the GPU engines, the texperature at the top of the cylin- 
der was about 1350OF while the bottom, only 3 inches away, was near 
200'F. Internal pressure at full load cycled between 700 and 1400 psi. 
Before the more general application of finite element analysis in the 
middle ~ O ' S ,  attempts had been nade at Philips and GM to solve the 
governing differential equations written for an infinitesimal ele- 
ment of the cylinder wall; an exact mathematical solution was not 
found . 

A typical cross section is shown below. Although the cy- 
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In 1965 the cylinder for the forthcoming GPU-3 was re-designed for 
a larger bore so as to produce more power for higher ambient con- 
ditions not encountered with GPU-2 testing. Because of strong doubts 
about the new cylinder's strength and :Lack of means for calculating 
the stresses, a test run was made of t'ne experimental cylinder. It 
was intended to last only 500 hours, but actually ran 1400 hours 
at 125% of GPU-3 rated load, with measurements of bore deflection 
being made every 100 hours. As can be seen in the curves of percent 
deformation, for the first 400 hours the distortion was rapid. 
Afterwards the creep rate stabilized, and the total change in cylin- 
der diameter remained in the 0 .4  to 0.5  percent region. 

The type of step-wise yielding exhibited by the displacer cylinder 
has been referred to in the literature as "cyclic-strain induced 
creep" or "cylinder ratcheting. 'I The stabilized creep rate shown 
in the curves may indicate a type of stress relief by yielding 
which reduces the possibility of failure by creep over a long per- 
iod of time. 

Improvements which were incorporated into the GPU-3 displacer-cylinder 
assembly and combustion system components were: Elimination of 
controls from the top of the heater by installation of all accesses 
to the hydrogen circuit at the bottom of the cooler where the 
mounting is more rigid; use of unit cooler-regenerator assemblies to 
reduce the number of parts to be handled in assembly; improvement 
of design details so that the entire assembly can be brazed in one 
furnace operation instead of the two previously required, and with a 
reduced number of brazing fixtures; installation of the optimum cy- 
linder material for best piston ring life; better flow passages for 
combustion gases to utilize more of the heater tube surface; revision 
of the burner-cylinder-preheater conplex to allow freer movement of 
the combustion chamber under thermal expansion forces while creating 
less opportunity for hot gas leaks in the combustion chamber zone, 
and also permitting proper mating of the parts with less strict manu- 
facturing tolerances; and arrangement of the cylinder exterior in- 
sulation for quicker assembly and a cleaner appearance. 
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I n  1967 a f i n i t e  element a n a l y s i s  w a s  made and a computer program 
w a s  made a v a i l a b l e  f o r  stress and deformation s t u d i e s  of t h e  d i s -  
placer cy l inde r .  The a n a l y t i c a l  r e s u l t s  w e r e  compared t o  known 
exact s o l u t i o n s  t o  s impler  cases with good success. A l s o ,  an ela- 
borate test program was proposed for  f u r t h e r  checking t h e  ca lcu la-  
t i o n  procedure,  b u t  it w a s  never done because of  l a c k  of manpower. 

A brief s tudy ,  i n  cooperat ion wi th  Pont iac  Motor, w a s  made i n  1967 
of  displacer c y l i n d e r  costs. Pont iac  was s tudying t h e  p o t e n t i a l  
of t h e  S t i r l i n g  i n  a small c a r  because of i t s  low emissions.  The 
f i n a l  h e a t e r  des ign  included s impl i f i ed  cy l inde r  and regenera tor  
cups,  s i m p l i f i e d  h e a t e r  tubes  and ex tens ive  use of cast  i ron .  An 
o u t s i d e  s u p p l i e r  of investment c a s t i n g s  provided a quo ta t ion  f o r  
t h e  c y l i n d e r  and r egene ra to r  cups of 347 s t a i n l e s s  steel ,  accu ra t e  
t o  0.005 inch/inch. The costs var ied  from $ 4 0 0  p e r  engine i n  quan- 
t i t ies  of 50, t o  $83 p e r  engine i n  q u a n t i t i e s  of one m i l l i o n  engines.  

I n  1968, t h e  f i n i t e  element a n a l y s i s  of d i s p l a c e r  c y l i n d e r s  w a s  
expanded t o  examine t h e  effects of a r b i t r a r y  design changes on 
stress l e v e l s .  S ix  of t hese  s t u d i e s  are summarized on t h e  next  
two pages. 
full load  ope ra t ing  cond i t ions  w a s  compared t o  the  stress wi th  t h e  
s p e c i a l  cond i t ion  under s tudy.  The cy l inde r  w a s  t h e  EMD, 80hp 
model. F u l l  load i n t e r n a l  mean pressure  w a s  1500 p s i ;  h o t  end 
temperature w a s  1200'F and cold end temperature w a s  200OF. 

I n  each case  t h e  stress i n  a standard-'cylinder under 

The r e l a t i v e  stresses are p l o t t e d  with a cross s e c t i o n  of  one-half 
of t h e  c y l i n d e r  t o  o r i e n t  t h e  stress p a t t e r n .  The water j a c k e t  
surrounds t h e  cy l inde r  t o  t h e  r i g h t  of t h e  o f f s e t  (I.D.). The 
p l o t t e d  stress i s  t h e  Von Mises equiva len t  stress on t h e  i n s i d e  of  
t h e  cy l inde r  wa l l .  The c a l c u l a t i o n  i s  based upon an a d i a b a t i c  t e m -  
p e r a t u r e  p r o f i l e  which w a s  computed f o r  each case  using a c t u a l  w a l l  
areas, and t h e  temperature dependent p r o p e r t i e s  of 316 s t a i n l e s s  
steel .  

A somewhat puzz l ing  b u t  g r a t i f y i n g  a spec t  of t h e  d i s p l a c e r  cy l inde r  
hardware at P h i l i p s  and GM was t h e  f a c t  t h a t  n o t  one cy l inde r  ever  
ruptured  -- it w a s  hard t o  expla in  because GM and P h i l i p s  bel ieved 
t h e  stress i n  t h e  ho t  s e c t i o n  was near  t h e  stress r u p t u r e  l i m i t .  
Twenty-four c y l i n d e r s  w e r e  b u i l t  a t  GMR, about 1 0  w e r e  b u i l t  by END 
and a t  l eas t  50 b u i l t  a t  P h i l i p s  over  a 15-year per iod.  A l l  GMFI 
c y l i n d e r s  were made of 310 s t a i n l e s s  and t h e  tubes w e r e  o r i g i n a l l y  
310 s teel ;  b u t  even tua l ly  a l l  tubes  w e r e  made of M u l t i m e t  (N-155) .* 
The accompanying f i g u r e  for t h e  GPU-3 cy l inde r  shows t h e  maximum 
h o t  stress ( r ega rd le s s  o f  p re s su re )  t o  be about 3 t i m e s  t he  1 0 0 0 -  
hour s t r e s s - r u p t u r e  va lve  for 310 s t a i n l e s s 1  
opera ted  over 4000 hours  and t w o  over  2500 hours without f a i l u r e .  

Two GPU cy l inde r s  

* N-155, a n icke l -cobal t  a l l o y ,  was selected because experience 
had shown t h a t  tub ing  of t h i s  m a t e r i a l  w a s  p r a c t i c a l l y  1 0 0 %  rel iable---  
f r e e  of i nc lus ions  and o t h e r  defects---and was manufactured according 
t o  ASM Spec i f i ca t ion .  The consequence of f a i l u r e  of one tube i n  a 
h e a t e r  assembly a f t e r  f i n a l  brazing w a s  t h e  scrap ing  of t h e  e n t i r e  
u n i t ,  which w a s  t h e  most expensive p a r t  of t h e  engine. 
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Of t h e  des ign  changes s t u d i e d ,  
t h e  b i g g e s t  i n f l u e n c e  on stress 
r e s u l t s  from making t h e  co ld  end 
of  t h e  c y l i n d e r  t h i c k e r  and 
s t i f f e r .  This  reduces t h e  f l e x i -  
b i l i t y  of t h e  c y l i n d e r  and imposes 
high  bending stresses i n  t h e  reg ion  
where deformations are normally 
found i n  test  engine c y l i n d e r s .  

The next  l a r g e s t  e f f e c t  comes 
from i n c r e a s i n g  t h e  temperature  
g r a d i e n t .  I n  t h e  exampie, t h i s  
was accomplished by r a i s i n g  t h e  
temperature  of t h e  h o t  end of 
t h e  c y l i n d e r  t o  1400'F. 

Increas ing  t h e  i n t e r n a l  p r e s s u r e  
r a i s e s  the  g e n e r a l  stress leve l  
as might be expected,  b u t  pro- 
duces no sharp  stress concentra- 
t i o n s  o r  l a r g e  v a r i a t i o n s  i n  t h e  
p a t t e r n .  It is a l s o  noted t h a t  
t h e  stress l e v e l  is less than 
doubled f o r  a four-fold i n c r e a s e  
i n  p r e s s u r e .  
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The shape of t h e  c y l i n d e r  w a l l  is 
f r e q u e n t l y  under s c r u t i n y  when 
manufactur ing c o s t s  are be ing  
cons idered ,  and t h e s e  t h r e e  ex- 
amples would i n d i c a t e  t h a t  t h e  w a l l  
contour  is not  too c r i t i c a l .  Here 
t h e  t a p e r  s e c t i o n  has  been extended 
so t h a t  t h e  uniform th i ckness  p a r t  
of t h e  w a l l  is e l imina ted .  This  
causes  a stress i n c r e a s e  a t  t h e  
cold end as a r e s u l t  of t h e  w a l l  
t h i ckness  being sma l l e r  a t  t h a t  
p o i n t .  This  long t a p e r  s e c t i o n  
was a c t u a l l y  t h e  o r i g i n a l  des ign  
of t h e  8015 c y l i n d e r ,  bu t  i t  was 
changed to t h e  c u r r e n t  s t anda rd  
shape when l a r g e  deformations were 
noted a t  t h e  po in t  where the  h igh  
stress is i n d i c a t e d  i n  t h e  graph,  

A uniform w a l l  is  e a s i e r  t o  make 
and has  the  e f f e c t  of i nc reas ing  
t h e  stress somewhat a t  t h e  h o t  
end where t h e  material has  t h e  
lowest  c r eep  s t r e n g t h .  

Mul t ip ly ing  t h e  w a l l  t h i ckness  
by 1 . 5  uniformly reduces t h e  
stresses as might be  expected. 
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COMPACT ENGINE 'STUDIES 
SWASH PLATE DRIVE AND DOUBLE ACTING PISTONS 

Reference P6 d i s c u s s e s  compact engines  i n  g e n e r a l  and some of  t h e  
swash p l a t e  d r i v e  work a t  GMR. 
of swash p l a t e  d r i v e s  and covers t h e  a n a l y s i s  and test exper ience  
a t  GMR i n  greater de ta i l .  

Reference #7 goes i n t o  t h e  h i s t o r y  

The swash p l a t e  dr ive concept for  S t i r l i n g  engines  w a s  i n i t i a t e d  by 
t h e  P h i l i p s  Laboratory i n  t h e  1 9 4 0 ' s ;  it was abandoned f o r  unknown 
reasons. It  w a s  revived by GMR i n  1 9 6 5  f o r  t h e  purpose of o b t a i n i n g  
U . S .  Navy i n t e r e s t  i n  advanced torpedo d r i v e s .  The bear ing  group 
of t h e  Mechanical Development Department was asked t o  analyze t h e  
bea r ing  and swash p l a t e  f r i c t i o n  losses. This  was accomplished i n  
1966 fo r  a 6 c y l i n d e r  500hp engine design.  The a n a l y s i s  showed t h a t  
t h e  t o t a l  power consumed by a l l  t h e  slider bea r ings ,  cross head 
bea r ings ,  main bea r ings ,  and t h r u s t  bear ings  w a s  under 15  horse- 
power; a lso t h e  bea r ing  loads ,  temperature  rise, and f i l m  t h i c k n e s s e s  
w e r e  a l l  w i t h i n  s tandard  des ign  l i m i t s .  The only  ques t ion  remaining 
w a s  t h e  e f f e c t  of t h e  r e l a t i v e l y  high s u r f a c e  speed of t h e  slider 
bea r ings  which bear on t h e  swash p l a t e .  

I n  1967 it w a s  e s t a b l i s h e d  t h a t  t h e  agreement between measured and 
p r e d i c t e d  s l i d e r  bea r ing  c h a r a c t e r i s t i c s  w a s  e x c e l l e n t ;  t h i s  can be 
noted i n  t h e  curves.  
is also shown. 

The view of t h e  s l i d e r  and amount of convexi ty  

0.005 

0 

0 

S l i d e r  convexi ty  w a s  va r i ed  from 
0.0001 i n .  t o  0.0036 in .  It w a s  
e s t a b l i s h e d  t h a t  a convexi ty  l e s e  
than 0.00025 i n .  would r e s u l t  i n  

2.s increased  f r i c t i o n .  An upper 
limit on the mount of convexi ty  
was n o t  found within the range 
iav e8 t i g a t e d . 
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In 1967 great interest in compact Stirling engines was expressed 
by EMD, who began construction of a double acting version of a dis- 
placer engine called the "W" model; also by Pontiac, Oldsmobile, 
Truck and Coach, and Engineering Staff -- the last 4 were stimulated 
by possibilities of low emissions and low noise. 

Engineering Staff considered the Stirling for a series of golf-cart 
like vehicles for shopper's cars. A full scale plastic model of a 
25hp swash plate Stirling engine with accessories, transmission and 
vehicle drive line was constructed for study. Oldsmobile and GMR 
cooperated in a study of a 250hp Stirling swash plate engine in a 
Toronado. The Truck and Coach Division requested information on a 
150 hp Stirling engine for a new bus for New York City. It was 
alleged that city officials gave management assurances they would 
pay up to $15,000 more per bus for a replacement for the diesel 
engine. The Stirling's advantages over the diesel were less noise, 
less smoke, less odor, lower emission of hydrocarbons and NO,, and, 
essentially, no oil consumption: also a ?hemal energy storage heat 
source had been considered. GMR undertook a short study of matching 
a Stirling engine to a vehicle -- not a hybrid such as the Stir-Lec. 
In 1968, the compact engine study was expanded to include five funda- 
mental arrangements of multi-cylinder engines. The preliminary sur- 
vey indicated that double-acting swash plate, in-line, and opposed- 
piston ("Boxer" in European parlance) engines would be about the same 
size, and that double-acting engines would be near one-half the size 
of either rhombic in-line or rhombic Boxer engines. 

A more detailed design study of the three small double-acting con- 
figurations was then undertaken. The study involved the virtually 
complete design of each engine, and was aibitrarily based upon four- 
cylinder engines of 120 horsepower total outpit. 

After some work was done, it was seen that the single-crank Boxer 
engine would be about the same overall volume as the single-crank 
in-line engine; and in the size selected, the Boxer introduced 
balancing and other mechanical complexities. The Boxer was, there- 
fore, set aside and a Scotch Yoke in-line study carried through in 
its place. 

The results of both parts of the compact engine study are shown on 
the following pages. The size of the GMR standard engine is added 
as a final basis for comparison. 

From the results of the study, it can be concluded that double acting 
engines are more compact than rhombic drive engines; but that the 
swash plate drive engine is not necessarily the most compact of the 
double acting designs, particularly if "packing-crate'' volumes are 
compared. This is quite different than a comparison for a torpedo 
drive engine, for example. It must be remembered, however, that 
the study was made in 1968 and may not hold true today. 
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RHOMBIC DISK-  ENGINES DOUBLE ACTING ENGiNES 

Preliminary S i z e  Survey Results  

L e f t  to Right: 1. Rhombic In-Line; 2. Rhombic Boxer; 3 .  Single 
Crank In-Line; 4.  Swash Plate; 5 .  Single Crank Boxer. 
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Final S i z e  Survey Results 
Relative Total Volumes of Equal Horsepower Doubledcting Engines 
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COMPACT E N G ~ N E  STUDIES 
FOUR CYLINDER COACH ENGINE 

A four-cylinder double-acting engine design was started in 1968 for 
the purpose of eventually demonstrating an advanced Stirling engine 
of about 150 horsepower. In the beginning it was by no means certain 
as to what kind of demonstration -- in fact, GMR management first 
decided it should be only a research engine; later it was to be in- 
stalled in a boat, but early in 1969 they switched to a passenger 
coach. It was to be a part of GMC Truck & Coach Division's new 
demonstration program which included gas turbines as well as new 
diesel engine powerplants. 

The engine became known as the 4L23 because of the piston displacement 
of 23 cubic inches. A single crankshaft was used, with crossheads, 
and only one piston per cylinder was needed. The crankcase incor- 
porated bzlancing shafts to eliminate the inherent pitching moment. 
The initial full load design point was 2000 rpm and 1500 psi mean 
working pressure cjf hydrogen. Helium had been considered but the 
penalty was considered too great. In order to provide for future 
progress on the engine "hot parts" and combustion system, the crank- 
case, crankshaft and hearingswere designed to accept 3000 psi mean 
pressure. The 4L23 was GMR's first computer designed (optimized) engine. 

Some other features included a hollow -- sealed - piston dome in place 
Of a piston having a small bleed hole, which was standard with all 
engines built before. This required a careful comFromise between 
sufficient internal ribbing to prevent buckling and excess weight. 
The final design was tested with external pressure and found to be 
satisfactory for the standard 1 5 0 0  psi; b u t  not "double"  pressure 
operation. Eliminating the b l e e d  h o l e  rcC!:ccd the total inventory 
of hydrogen, which otherwise ~ c i l l d  h v g ?  f~(:..i: required to fill each 
piston at maxinun wor:-:incj pressure. ~ i ;  i 5 . ~ . s  -.-t.lire reduced the danger 
associated w i t h  hyci;o:;en - -  i t  w,. -; ; 2 : -  .; I .  . -... .+ - l.5~;:; ~ r o b l z r n ,  but in 
discussions with management, the qri,?sLion 0:: z a f e t y  was often asked. * 
(See Appendix E) ) 

- 

- 

The 4L23 was the first  engine to be optimized f o r  use with Met-Net 
regenerator material. Twenty-four assw.blLes were built and a 
special procedure for flame-spray hondl:ig "_he edges of the Met-Net 
discs was established. 

The connecting rod and crosshead w e r e  f e k i c , u c  tested in the GMR 
hydraulic fatigue test machine for 12 xil:.2..m cycles at full simulated 
load without failure. 

* 
economy" proposa1.s became so popular, a f t e r  which the fear of hydrogen 
was considerably mitigated. 

It should be remembered that this occurred before the "hydrogen 
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The 4L23 was equipped with rolling seals. 
was required instead of two in the rhombic drive designs: but the 
pressure was higher than for the GPU and the cyclic pressure varia- 
tion was computed to be 2 to 1 compared with the 1.2 to 1 in the GPU 
engines. A test apparatus simulating these conditions was built and 
used to design the control system and seal support hydraulic circuit. 

Only one seal per cylinder 

The next page gives the calculated performance of the 4L23. 
followed by a table comparing the new Stirling with the 4-53N and 
6-71N GM diesel engines. 

This is 

In 1969, initial studies of the use of stainless steel and super 
alloys, specified for the first test engine, showed that about half 
of the cost of these critical materials could be eliminated by sub- 
stitution of other materials--all metals; no ceramic materials were 
considered. 

Approximately 95 percent of the ba’sic engine parts were on hand early 
in 1970, and the engine was being motored on the dynamometer as a 
part of the balancing procedure when the program was halted on Feb- 
ruary 27, 1970. 
been May 1, 1970. 

Target date for start of the coach installation had 
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Model 

Bore 

Stroke 

Cylinders 

Displacement 

Heater Temperature 
Water Temperature 

Working Gas 

Length 
Width 

Height 
Volume 
Weight 

Working Gas Pressure 
Rated BHP/F@M 

Min. BSFC/RPM 

Working Gas Pressure 

Rated BHP/RPM 
Mine BSFC/RPM 

in .  

in .  

CU. in. 

OF 

O F  

i n  . 
in .  

in .  
CU. f t .  

lb  

. .  

. . .  

. .  

. .  . 

. GMR 
S t i r l ing  

4L23 . 

4 .OO 
1.83 
4 
92 

1400 
135 

H2 

52 . 75 
23.75 
39.25 
28.50 
1600 

1500 
130/2100* 

e 425/f400* 

3000 
225/2100* 
,415/1;500* 

DDAD DDAD 
Diesel Diesel 

4-53N 6-71N 

3.875 4.25 
4.50 5.0 
4 6 
212 426 

40 
29 
34 
22.8 
1190 

56 
33 
44 
47 
19 60 

130/2800 
. 4012300 

218/2100 

.37 /1800 

*Net  values af ter  combustion blower and water pump power have been deducted. 
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I 

ENGINE PERFORMANCE 

Two tables of engine data are shown on the following pages, the 
first presenting test data on ten engines operated by GMR and EMD, 
the second presenting design data on seven engines. The only 
"design" engine actually operated was the VEE-1, in early 1969. 
It is described in reference #6. 
about 90% complemted before being set aside for work on swash- 
plate designs. 
possibility (1968) of a Stirling engine designed for limited 
life (5 hours). 
molten lithium and a Freon gas. 
which occupy the same volume as the reactants. In the list of 
10 test engines, the EMD variable phase drive V-8 engine is missing. 
However, it used the 1-S1050 cylinder assembly; and only 4 cy- 
linders of the engine were actually tested. Numerous bearing 
and vibration problems were encountered. Several EMD engines 
are shown in reference # 3 ,  including the 4 cylinder Navy engine. 
The 3015 engine was installed in the Calvair car in 1964 and 
operated from thermal energy storage. 
in the Appendix in the Search report from GMR. 

The Philips boxer engine was 

The torpedo powerplant illustrated the extreme 

Heat was to be supplied from combustion of 
Combustion products are liquids 

It is described briefly 

Following the two tables are two sets of curves for the "best" 
GPU-3 engine, tested in late 1969. Both m a x h u m  power and ef- 
ficiency were improved over the results shown for the GPU-3 in 
the previous table, which were based on 1966 tests. 
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GPU-3 STIRLING THERMAL ENGINE PERFORMANCE - SPEED R U  
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SUMMARY OF COMPONENT D U R A B I L I T Y  

A running time summary extracted from a 1970 report is shown on 
the next page. Following this are nine tables which document the tota 
running time in excess of 1000 hours accumulated by more than 326 
critical parts of the experimental 10 hp Stirling engines operated 
by GMR between 1959 and 1970. Records of each part were kept on 
"historyo1 cards. 

Certain parts such as buffers, fuel nozzles, and pistons were not 
included either because they never failed, or failed for reasons 
which did not reflect on their basic design merit. It must also 
be noted that most of the parts listed were still in use or usable 
and would have continued to accumulate running t h e  had the project 
not ended. It is therefore impossible to project ultimate life- 
times for any parts except the piston rings which appear to have 
predictable wear rates. Piston rod seals were certainly critical 
parts but were not included because history cards were not kept 
on each piece; because their lives rarely exceeded 1000 hours; 
and because their lives were not predictable. However, a photo- 
graph is included of two seals which attained 2469 hours of opera- 
tion and were still usable. It does seem justifiable to conclude 
that all other major components have useful lives in excess of 2000 
hours . 
Full load design conditions for the 10 hp engine were 3000rpm, 
1000 psi mean working pressure, 1300OF heater gas temperature and 
125OF coolant temperature. Only a limited amount of running was 
done at genuine full load conditions. The GPU engines could not 
be loaded to capacity due to the limit3tions of the generator, while 
the two dynamometer engines which accumulated a large part of the 
the, operated at either lower speed or lower heater temperature. 
For some parts, this distinction would be important while for others 
it would be insignificant. Assessing the differences was probably 
not feasible anyway due to the variation in test conditions and the 
statistically small sample. Some indication of the type of opera- 
tion experienced by each part is given in the "Remarkso' column. 

Final condition was noted mainly to distinguish between parts which 
had actually failed and those which were still usable. Except for 
a few parts, no more exact description was attempted beyond "good" 
if a part was still serviceable. 

Photographs of some parts are included after the tables. 

Durability runs of 500 hours or longer included the GPU-2 in 1964 
and GPU-3 in 1967 at Ft. Belvoir; also 3 runs at GMR of which two 
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in 1969 were complete GPU packages operated on a rigorous schedule 
approximating a Military Standard Test, while the third run was a 
dynamometer test in 1967. 
achieved a record 503.5 hours out of 504 hours of elapsed time -- 
only two shut-downs occured, the result of faulty building safety 
interlocks. As a matter of fact, 5y 1969 the reliability of the 
Stirling test engines was becoming proverbial -- in the numerous 
runs of a hundred hours or more the engine had always shown better 
continuity than had the building facilities. Electrical failures 
were the most common, occurring in the dynamometers, instrumentation, 
laboratory switch gear (often accidental shut-downs by electricians), 
and Detroit  Edison stations due to lightning. 

The latter was remarkable in that it 
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History No. 

152 

134 

150 

153 

140 

15 7 

139 

I 

Hour 8 

2475 

- 

2277 

2191 

159 7 

1535 

1385 

1266+ 

P a r t  No. 

RX-3051934 

RX-3653344 

RX-312111-C 

RX-305 19 l-D 

RX-265334-C 

FUZ-312111-C 

RX-265334-C 

TABLE I 

Remarks and F ina l  Condition 

Ran i n  eng. 121R (GPU 3 3 )  e n t i r e  time, never 
at f u l l  load. F ina l  condi t ion:  Good (see Fig.  1) 

Ran i n  several engines a t  a l l  loads.  
condi t ion uncer ta in  but  bel ieved t o  be Good. 

F ina l  

One piece design, ran  i n  eng. 1 1 7 R  ent i re  time 
a t  less than f u l l  load. F i n a l  condition: No 
Good due t o  acc identa l  overtemperature (see 
Fig. 2) 

Dome only; ran  i n  eng. 116R e n t i r e  time, mostly 
a t  2400 rpm f u l l  load. 
fac tory ;  d i s t o r t e d ,  eroded, oxidized. 

F i n a l  condition: Unsatie- 

Ran i n  several engines a t  a l l  loads.  F ina l  coa- 
d i t i o n :  No Good; d i s t o r t e d ,  cracked when re- 
s t r u c k  i n  d i e .  S k i r t  ran 4487 hours and was i n  
Good condi t ion.  

One piece design, ran  i n  engine 117R e n t i r e  t i m e  
a t  less than f u l l  load. Ffna l  condi t ion:  Fair; 
bottom of burner d i s t o r t e d  (see Fig. 2 ) .  

Tota l  h i s t o r y  uncer ta in ,  dome ran on engine 116R 
a l l  of recorded time a t  2400 rpm f u l l  load. F ina l  
condi t ion:  No Good; d i s to r t ed .  

Two p iece  burners  were general ly  i n s t a l l e d  aa sets with the same h i s t o r y  number, 
i n s t a l l e d ,  however, i t  wae usua l ly  impossible t o  see the  number on the  lower port ion.  
I n  use, no d e t e r i o r a t i o n  of t he  lower o r  support  s ec t ion  was ever  noted. 

Once 

Most common problem were c los ing  of t h e  a i r  i n l e t  gape through d i s t o r t i o n ,  and high 
temperature oxidat ion.  
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TABLE I1 

COOLER TUBE ASSEMBLIES 

i 

Hie t o ry  No. 

112-119 

165-171,173 

157,158,161 
163,164 

159,160 , 163 

97-104 

65.66 

19-26 

Hours 

4063 

- 

2472 

2230 

1385 

2173 

P a r t  No. 

RX- 30 3 7 46 -C 

RX-30 3 746-C 

RX-303746-C 

RX-3028864 

2063 RX-302886-C 

1081 RX-28483C-C 

Remarks and F i n a l  Condition 

Spec ia l  set made f o r  use  w i th  MetNet r e g e n e r a t o r s ;  
a f t e r  4008 hours ,  1112 w a s  found t o  be leaking 
hydrogen i n t o  water and w a s  r ep laced ;  r an  much 
of t h e  time a t  2400 rpm f u l l  load. F i n a l  condi- 
t i o n :  Apparently Good ( see  Fig.  3) 

Ran i n  engine 121R (GPU 3-3) a t  less than f u l l  
load e n t i r e  t ime ;  one u n i t  leaked a f t e r  2 . 5  hours  
and was replaced.  F i n a l  aond i t ion :  Good. 

Ran i n  engine 117R e n t i r e  t i m e  a t  l e s e  than f u l l  
load;  t h r e e  l e a k e r s  replaced a t  1385 hours ,  
F i n a l  cond i t ion  bel ieved t o  b e  Good. 

Ran i n  engine 1 1 7 R  most of t i m e  a t  l eee  than f u l l  
l oad ,  F i n a l  condi t ion:  Good. 

Ran i n  engine 115R (GPU 3-3) most of t h e  t i m e  a t  
l e e s  than  f u l l  l oad ;  remainder of se t  developed 
l e a k s  a t  963 nours and 1 1 2 7  hours .  F i n a l  condi- 
t i o n :  Leaked. 

Ran i n  prototype GPU-3 h e a t e r  a t  f u l l  load.  F i n a l  
cond i t ion  bel ieved t o  be Good. 

Cooler tube assemblies  d i d  not wear ou t  i n  the  u s u a l  sense.  The only mode of f a i l u r e  
was the  development of l eaks  which allowed working gas t o  e n t e r  t he  coolant .  The 
cause of l e a k s  was never f i rmly  e s t a b l i s h e d ,  bu t  i t  appeared tha t  a t t a c k  by the b raz ing  
material reduced tube w a l l  t h i ckness  to a dangerous degree on some occasions and 
c h l o r i n e  i o n  a t t a c k  of t h e  s t a i n l e s s  s t e e l  g r a i n  boundaries may have been r e spons ib l e  
f o r  o t h e r  f a i l u r e e .  
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TABLE I11 
CRANKCASE AND O I L  PAN ASSEMBLIES 

Hours - 
112(Engine) 

15,117(Fixture)  

Remarks and F i n a l  Condition Hiatory No. 

l O l R  

Part No. 

RX- 146 5 54-D 
RX-146667-D 

F i r s t  GMR adap ta t ion  of P h i l i p s  10-30 des ign;  
a f t e r  i n i t i a l  use  as an engine was converted t o  
p i s t o n  e e a l  f i x t u r e ;  same p a r t s  be l ieved  t o  have 
been I n  assembly e n t i r e  t i m e .  F i n a l  condi t ion :  
Good. 

1,237 (Engine) 
11,412(Fixture)  

10 2R RX-146554-D 
RX-14666 7-D 

E s s e n t i a l l y  same des ign  as 101R; was converted 
t o  rod seal test r i g ;  same p a r t s  be l ieved  t o  
have been i n  assembly e n t i r e  time. F i n a l  con- 
d i t i o n :  Good. 

117R 4,746 RX-302432-R 
RX- 30 2568-E 

F i r s t  r o l l i n g  sen1 engine;  GPU-3 des ign;  ran  a t  
less than f u l l  load due t o  dynamometer capac i ty ;  
moat p a r t s  i n  assembly e n t i r e  time, F i n a l  con- 
d i t i o n :  Good. 

l l l R  4,177 RX-284 73 7-R 
RX-284738-E 

GPU-2 des ign ,  cast i r o n ;  used f o r  genera l  dyna- 
mometer tests; one s e t  of p a r t s  r an  3,900 hours  
be fo re  r ebu i ld  as r o l l i n g  seal  engine.  F i n a l  
condi t ion :  Good. 

116R 

121R 

3 , 704 RX- 30 24 32-R 
RX-302568-E 

Same design as 117R but  used s l i d i n g  rod seals ;  
r a n  most of t i m e  a t  2400 rpm f u l l  l oad ;  same 
p a r t s  r an  e n t i r e  t i m e .  F i n a l  condi t ion :  Good. 

RX-302432-R 
RX-304492-E 

Most r ecen t  GPU-3 des ign;  w a s  used i n  GPU 3-3 
e n t i r e  t i m e  and never ran a t  f u l l  load due t o  
l imi t ed  genera tor  capac i ty ;  same p a r t s  through- 
o u t ,  F i n a l  condi t ion :  Good. 

2,475 

RX-302432-R 
RX- 30 25 68-E 

Or ig ina l  GPU-3 des ign;  w a s  used I n  GPU 3-3 and 
never ran  a t  f u l l  load due t o  l i m i t e d  gene ra to r  
capac i ty ;  most p a r t s  ran  e n t i r e  t i m e .  F i n a l  con- 
d i t i o n :  Scrap-as a r e s u l t  of loose  screw. 

GPU-2 design;  ran on dynamometer f o r  906 hours ;  
a l s o  used as a t es t  r i g  (GPU 2-3) t o  eva lua te  
ball speed increaser f o r  1387 hours; total his- 
t o ry  of p a r t s  unce r t a in .  F i n a l  condi t ion:  Good. 

1 1 5 R  2,328 

2,293 RX-284737-R 
RX-284 7 3 8 4  

109R 

103R 

108R 

1 , 084 RX-147925-R 
RX-147926-E 

GPU-1 des lgn;  ran  on dynamometer f o r  eva lua t ion  
of t iming gear  des igns ;  many p a r t s  changed. 
F i n a l  condi t ion :  Cracked when power yoke f a i l e d .  

334 (Engine) 
1 ,038(Fix ture)  

RX-284737-R 
RX- 284 7 38-E 

GPU -2 des ign;  r an  as an engine f o r  334 hours  
and then converted t o  a p i s t o n  rod s e a l  t es t  
f i x t u r e ;  p a r t s  h i s t o r y  uncer ta in .  F i n a l  con- 
d i t i o n :  Good. 

104 167 (Engine) 
4 ,768(Fixture)  

RX-14 79 25-R 
RX-147926-E 

Same a s  103R; ran  i n  GPU 1-1 e n t i r e  time as an  
engine ,  then converted t o  gear t es t  f i x t u r e  
wi th  c ranksha f t s  only.  F i n a l  condi t ion :  Good. 

All crankcaeea were aluminum unleas  o t h e r w i s e  noted. No f a i l u r e s  ever  occurred s o l e l y  
due t o  lack of s t r e n g t h  bu t  t h e r e  w a ~  some evidence of i n s u f f i c i e n t  r i g i d i t y ,  
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TABLE IV 

CRANKSHAFTS 

10 7 

114 

111 

Hours - History No. 

115 4746 

4323 

3703 

2712 

118 

10 9 

101 

110 

2475 

2293 

1046 

1000 

Part No. 

RX-302590-D 
RX-302591-D 

RX-14 7 76 3-C 
RX-147764-C 

RX- 3 02590-D 
RX- 30 2 59 1-D 

RX-302590-D 
RX- 302591-D 

RX-30 25 90-D 
RX-304 70 3-D 

RX-282060-C 
RX-282OCl-C 

RX-147 76 3-C 
RX-ll. 7764-C 

RX- 282060-C 
RX- 28206 1-C 

Remarks and Final Condition 

Ran in eng. 117R entire time; never at full 
load, Final condition: Good (aee Fig. 4). 

Ran in engines 108R and lllR at all loads. 
Final condition: Good. 

Ran in engine 116R entire time, mostly at 
2400 rpm.ful1 load, Final condition: Good. 

Ran in engine 112R (GPU 3-1) until compressor 
failure, then ran in 115R (GPU 3-3) until 
crankcase was destroyed; never ran at full 
load. Final condition: Inspected and OK. 

Ran in engine 121R (GPU 3-3) entire time, 
never at full load. Final condition: Good. 

Ran in engine 109R entire time; probably little 
full load operation. Final condition: Good. 

For first GPU-1 engine, were reworked twice; 
left hand jhaft. broke due to a manufacturing 
defect. Right hand shaft: OK. 

Ran in crankcase 108R as a test fixture entire 
time; not highly loaded. Final condition: 
Good. 

Two additional sets of cranks exist which were never numbered. 
engines lOlR and 102R and, subsequently, in the test fixture utilizing the same 
crankcases. 
of time as the crankcasee ( i .e .  15,229 hours and 12,649 hours, respectively) but 
no detailed histories exist for the parts. 

They were used in 

Since theee were unique parte, they undoubtedly ran the same length 

Only one shaft ever failed (#lOl). 
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158 , 159 

160,161 

156,157 

166,167 

Hour8 - 

4746 

3703 

2712 

2475 

TABLE V 

GEARS - TIMING 

Part No . Remarks and Final Condition 

RX-363020-C 
RX- 30 30214 time at less than full load. Final condition: * 

Fine pitch steel; ran in engine 117R entire 

Good. 

RX-303020-C Fine pitch steel; ran in engine 116R entire 
RX-3030214 time, mostly at 2400 rpm full load, Final 

condition: Good. 

RX-3026814 
RX-302682-C 112R and 115R (GPU 3-1 and 3-3), never at 

Nylon trieth on aluminum hub; ran in engines 

full load; survived one compressor seizure 
in 112R but were destroyed when massive 
failure occurred in crank mechanism.of 115R. 

RX-3026814 Nylon teeth on aluminum hub: ran in engine 
RX-302682-C 121R (GPU 3-3) entire time, never' at full 

load; same as 156,157. Final condition: 
Good (eee Fig. 5) e 

Two additional sets of gears exiet for which there are incomplete histories. 
were used in engines lOlR and 102R and, subsequently, in the test fixtures utilizing 
t h e  8ame crankcases, Since there were only two such sets of gears, they undoubtedly 
r a n  the same length of time aa the crankcases (i.e. 15,229 hours and 12,649 hours, 
respectively). 

They 
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His tory  No. 

130 

134 

132 

135 

125 

123 

TABLE VI 

HEATER AND DISPLACER CYLINDERS 

Hours P a r t  No. - Remarks and F i n a l  Condi t ion 

4803 RX-302188-E Ran on engines 1 1 5 R  and 12lR (GPU 3-3) e n t i r e  
time, never a t  f u l l  load. F i n a l  condi t ion :  
Good (see Fig. 6) .  

4064 

289 2 

RX-302188-E Ran on engine 116R f o r  2640 hours mostly a t  
2400 rpm f u l l  load ,  remainder on 1 1 7 R  a t  
less than f u l l  load.  F i n a l  condi t ion:  Braze 
j o i n t  l e a k  due t o  a c c i d e n t a l  overtemperature.  

RX-302188-E Ran on engine 117R f o r  2230 hours a t  less 
than f u l l  load. F i n a l  condi t ion :  apparent ly  
Good although was overheated t o  1700'F on 
one occasion. 

2490 RXe-302188-E Ran on engine 1 1 7 R  f o r  2092 hours a t  less than 
f u l l  load. F i n a l  condi t ion:  Good. 

1775+ RX- 302 188-E Ran on several .  engines;  used as a s tandard  f o r  
thermodynamic tests a t  a l l  loads .  F i n a l  
condi t ion:  Good. 

1419 RX-284880-D F i r s t  GPU-3 prototype;  ran  on engines 108R and 
lllR mostly at full load for durability. 
condi t ion:  Good. 

Final 

f a i l u r e s  ever  occurred although t h e  t h e o r e t i c a l  a n a l y s i s  suggested t h a t  No c y l i n d e r  
t he  des ign  waa marginal a t  bes t .  
tubing q u a l i t y  a t  f i r s t ,  i n t e rg rannu la r  a t t a c k  la ter ,  and poor brazing technique. 

The f a i l u r e s  which d i d  occur were due t o  poor 
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His to ry  No. 

130 

133 

134 

125 

128  

1 1 7  

115 

118 

TABLE VI1 

PREHEATERS 

Houre P a r t  No - Remarks and F i n a l  Condi t ion 

4410 RX-311711-D GMR s t r a i g h t  tube  des ign ;  5 rows of .008 i n .  
wa l l ,  310 SS tubes  w i t h  i n t e r n a l  f i n ;  r a n  on 
engine  1 1 7 R  a t  less than  f u l l  load .  F i n a l  
cond i t ion :  Good, s e c t i o n e d  f o r  s tudy  ( see  F ig .  7) 

3084 RX-311711-D Same c o n s t r u c t i o n  as #130; r a n  on engine  116R 
almost  e n t i r e  time, most ly  a t  2400 rpm f u l l  load .  
F i n a l  cond i t ion :  Good. 

24 75 RX-314187-D GMR s t r a i g h t  t ube  des ign ;  6 row0 of ,012 i n .  w a l l ,  
310 SS t ubes  wi th  no i n t e r n a l  f i n ;  r a n  on eng ine  
121R (GPU 3-3) e n t i r e  time a t  l e e s  than  f u l l  l oad .  
F i n a l  cond i t ion :  Good. 

166 2 7533-1 

1274 

1160 

1074 

1049 

RX- 30 5550 

Har r i son -bu i l t  u p i r a l  tube  des ign ;  .006 i n .  w a l l  
316 SS t ubes ;  r a n  on engine  115R (GPU 3-3) f o r  
1427 hours  a t  less than  f u l l  l o a d ,  t hen  153 hours  
on engine  118R (GAS 1-1) on n a t u r a l  gas .  F i n a l  
cond i t ion :  Sadly  corroded bu t  no leakage.  

GMR s t r a i g h t  tube  des ign ;  5 rows of ,008 i n .  w a l l  
310 SS t ubes  wi th  no i n t e r n a l  f i n ;  r a n  on s e v e r a l  
engines  a t  va ry ing  loads .  F i n a l  cond i t ion :  
Brazed j o i n t  on exhaus t  s i d e  f a i l e d .  

NE-1275-0-3 Har r i son -bu i l t  s p i r a l  tube  d e s i g n ;  .006 i n .  w a l l  
304 SS t u b e s ;  r a n  on engines  109R and l l O R  a t  
less than  f u l l  load.  F i n a l  cond i t ion :  Uncer ta in .  

NE-127 5-0-4 Har r i son -bu i l t  s p i r a l  tube  d e s i g n ;  ,006 i n .  wa l l  
304 5 s  t ubes ;  r a n  on engines  108R and l l l R  a t  
various loads. Final condition: Bad Leakage, 
c u t  up f o r  s tudy .  

7480-1 Har r i son -bu i l t  s p i r a l  tube  des ign ;  .006 i n .  w a l l  
304 SS tubes  ex :ens ive ly  modi f ied ;  ran on engines  
l l O R  and lllR a t  v a r i o u s  loads .  F i n a l  cond i t ion :  
Poor bu t  usable .  

F a i l u r e s  were g e n e r a l l y  due t o  c o r r o s i o n  of t h e  tub ing  on e a r l y  u n i t s  and thermal ly  
induced cracke on later ones.  P lugging  was encountered  on some u n i t e .  
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History NO. 

I-VI11 

404-411 

348 , 349,350, 
35 4 

510 , 511 , 513- 
516,518 ,519 

477-484 

286- 29 3 

i 

Hours 

4101 

- 

2173 

2064 

2063 

1385 

1081 

P a r t  No. 

RX-314665-A 

Rx-3028874 

RX- 30 2887-C 

Rx-303 750-B 

RX-311785-B 

RX-284827-C 

TABLE V I 1 1  

REGENERATORS 

Remarks and F ina l  Condition 

Special  MetNet material, 5% densi ty  squeezed t o  
20%; r an  i n  engine 116R f o r  3640 hours mostly a t  
2400 rpm f u l l  load,  then i n  117R a t  l e s e  than 
f u l l  load (see Figs.  8 and 10). 

I n t e g r a l  cooler-regenerator design, 308 l a y e r s ,  
ran most of time i n  engine 1 1 7 R  a t  l e s s  than f u l l  
load. F ina l  condition: Good, were removed t o  
permit new engine build-up, 

I n t e g r a l  cooler-regenerator design, 308 l a y e r s ,  
ran i n  GPU engines a t  l e s s  than f u l l  load; ha l f  
of set  removed a t  l e s s e r  unning time due t o  leak1 
in coolers.  F ina l  Condition: Good, 

Separate regenerator design, 320 l a y e r s ,  ran i n  
engine 12lR (GPU 3-3) e n t i r e  t i m e  a t  less than 
f u l l  load. F ina l  condition: Good. 

Separate regenerator design, 320 l aye r s ,  ran i n  
engine 1 1 7 R  e n t i r e  t i m e  a t  less than f u l l  load. 
F ina l  condition: P a r t i a l l y  Plugged. 

I n t e g r a l  cooler-regenerator design, 308 l aye r s ;  
r an  i n  prototype CPU-3 heater  (11123) en t i re  time, 
mostly a t  f u l l  load. F ina l  condition: Good, b u t  
two deetroyed i n  removal. 
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TABLE IX 

RINGS - PISTON 

Hietory No. 

111,112 

133,134 

None Asolgned 

115,116 

Hours - 
4374 

24 75 

2153 

1641 

P a r t  No. 

RX-302639-A 
RX-3026 38-A 

RX- 3026 39-A 
RX-302638-A 

SK-83167 

RX-3026 39-A 
RX- 302638-A 

Remarks and F i n a l  Condi t ion 

Lap-gap des ign ,  r a n  most of time i n  engine 116R 
a t  2400 rpm f u l l  load  and h ighe r  than  normal 
temperature;  p ro j ec t ed  l i f e  based on average 
wear rate in 116R - 12,500 houre.  F i n a l  con- 
d i t i o n :  Good ( see  Fig.  11). 

Lap-gap des ign ,  r a n  entire time i n  engine 121R 
(GPU 3-3) a t  lese than f u l l  l oad ;  p ro jec t ed  
l i f e  based on average wear rate - 11,000 hours .  
F i n a l  condi t ion :  Good. 

S p e c i a l  3-piece p l a i n  gap deeign,  r a n  i n  engine 
1 1 7 R  e n t i r e  t i m e  a t  less than f u l l  load;  pro- 
j e c t e d  l i f e  based on average wear rate = 8,140 
hours .  
d i c t a b l e  performance. 

F i n a l  condi t ion :  No longer  gave pre- 

Lap-gap des ign ,  r an  e n t i r e  time i n  engine 1 1 7 R  
a t  lese than  f u l l  load;  p ro jec t ed  l i f e  baaed on 
average wear r a t e  = 17,700 houre. F i n a l  condi- 
t i o n :  Damaged by metal p a r t i c l e s .  

Only power p i s t o n  r i n g s  have been l i u t e d  s i n c e  d i s p l a c e r  r i n g s  t y p i c a l l y  e x h i b i t  much 
lower wear r a t e s .  I n  a d d i t i o n ,  t h e  wear r a t e  f o r  the  top r i n g  only was used f o r  calcu-  
l a t i o n  of p ro jec t ed  l i f e  because i t  wears t h e  f a s t e s t  unde r  t he  condi t ions  whi:h pre- 
v a i l e d  dur ing  these  tests. 
radial  dimension of t h e  s e a l i n g  r i n g .  All of the  a c t u a l  s e a l i n g  r ing8  were Rulon LD 
m a t e r i a l .  

The p ro jec t ed  l i f e  i s  based upon loss of 30% of t h e  o r i g i n a l  

Typica l  mode of f a i l u r e  was e r r a t i c  pumping, o f t e n  f o r  no apparent  reason.  D i s t o r t i o n  
of t h e  l a p  j o i n t  was cause f o r  replacement a l though t h e  s e a l i n g  may no t  have been a f f e c t e d .  
It proved very  d i f f i c u l t  t o  photograph t h e  s e a l i n g  s u r f a c e ,  bu t  i n  F igure  11 i t  can be 
seen  t h a t  t h e r e  were no s c r a t c h e s ,  n i cks  o r  o t h e r  gross d e f e c t s .  A s l i g h t  d i e t o r t i o n  of 
t h e  lap-gap i e  v i s i b l e  on t h e  upper r i n g .  
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Technical Problems Remaininq to be Solved for the Stirlinq Enqine 
Automotive Applications and Potential Solutions to these ProbEems 

The author has endeavored to partially answer these questions in 
the historical sections of the report. The author is also not 
fully informed at this time of the progress which has been made 
by Philips and its licensees in Sweden and Germany since 1970 in 
solving these problems. 

The following appear to be the major problems for automotive 
applications of the Stirling engine; 1) Sealing the piston rods 
and loss of hydrogen; 2) Piston rings in double acting engines; 
3)  Heat rejection in vehicle installations; 4 )  Engine cost and 
high temperature materials. 

1) Sealing the Piston Rods and Loss of Hydrogen. 

Philips has continued to work vigorously on the rolling seal 
problems while United Stirling, Sweden, has concentrated on sliding 
seal technology. It is believed that routine operation of both 
types of seals in excess of 1000 hours is being realized for ela- 
stomer temperatures below 200'F. This time period is satisfactory 
for passenger car applications and is probably superior to the 
lives of other elastomer parts such as lip seals and face seals 
in automobiles. However, for commercial vehicles, a minimum ser- 
vice life of 3000 hours appears necessary. Quality control of 
elastomer production and molding is considered just as important 
as was noted in programs at General Mocors'in the 1960's. The 
author has no recent information on Phf.:i;2s progress on rolling 
seals. 

The section on sliding seals discusses hydrogen leakage rates, and 
only briefly, hydrogen diffusion. It was concluded t h a t  a commer- 
cial engine could be built with an acceptable dynamic leakage rate; 
from brief discussions between the author and representatives of 
United Stirling, it is understood that U.S.S. a l s o  believes the 
present sliding seals are acceptable for commercial engines. 

The question of hydrogen diffusion was never settled by either 
GM or Philips. It is now understood that Philips has a special 
ceramic coating for the interior of heater tubes which, for all 
practical purposes, eliminates the diffusion prcblem. There con- 
tinues to be questiGns about hyclrocjen s d l c t y  and controls. The 
appendix includes a letter to GxR l,lanascri,ent which discusses the 
question of hydrogen safety, leakage and flmanability limits. 
While GM had problems with hydrogen pump and control valve relia- 
bility, it is believed that Philips has solved these problems by 
the incorporation of the system within the buffer space. 
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2)  Piston Rings in Double Acting Engines 

The historical section on piston rings concluded that wear rates 
for rings in displacer engines were very satisfactory and would 
permit running for 10,000 hours or more. There was some indica- 
tion from preliminary testing that wear rates for double acting 
engines might reach 3 to 4 times that for displacer engines; if this 
is true today it could severly limit the range of engine applica- 
tions. The author has no recent information on wear rates from 
Philips or their licensees. 

3 )  Heat Rejection in Vehicle Installations 

Some comparisons of heat rejection to the coolant for Stirling 
and internal combustion engines are of interest. The author had 
collected these data on IC engines in 1966 when interest in Stir- 
ling vehicle propulsion was just starting. 

The only measured Stirling heat rejection data available to the 
author are for the 10 hp model. Heat rejection to the cooler, 
buffer, and engine oil at full load is included. Accessory power 
was taken as 10% of the engine gross power. This is believed 
valid since the IC engine data do n o t  include radiator fan power. 
Engine efficiency, and therefore heat rejection, is based on 150°F 
water temperature to the engine and 16OOF out. Under these con- 
ditions, the 10 hp engine rejects about 5500 BTU per BHP hour. 

HEAT REJECTION---INTERNAL COl*’LBUSTION ENGINES 

Diesel Enaine Model BTU per BHP hour 

Gardner ( 4  stroke) 6 LX ( I n c l .  water + o i l )  II 1250 
1530 Cummins ( 4  stroke) V6-200 I’ 

2100 Gen Motors ( 2  stroke) 6-71 
3000 Gen Motors (2 stroke) 

I1 

n 11 n 
8-268A n II 

Spark Iqnition 

Average of 10 truck engines (excluding oil) 2050 

Water temperature was not given; but it is believed heat rejection 
values would not vary widely for a 2 50’ water temperature change. 

The ratio of heat rejection for the Stirling 10 hp and the larger 
IC engines ranges from 4 . 4  (Gardner) to 1.83 for the 8-268A diesel, 
and 2.68 for the spark ignition truck engines. 
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For a modern double acting Stirling of 150 gross hp (less 10% for 
accessories) operating at 1500'F heater temperature and 150°F water 
temperature, the calculated heat rejection amounts to 4230 BTU per 
BHP hr -- a considerable improvement over the smaller engine. Thus 
the ratio of Stirling to the spark ignition truck engines now be- 
comes 2 . 0 6 .  

There are several possible solutiohs to the radiator space problem 
in Stirling powered vehicles. For passenger cars, the Philips 
laminar-flow self-cleaning folded "V" design may be the best solu- 
tion. 
the conventional location up front. There is a trend for larger 
diesel tractor units to locate radiators on the roof or behind the 
cab in a special vertical cooling tunnel. 
feasable, the space and area for radiatcrs woald appear to be 
adequate for the additional Stirling cooling requirement. If 
elastomer seals are still temperature limited, then a separate 
seal cooler system operating at a lower temperature than the engine 
cooler would not be difficult to incorporate. Heat rejection would 
be a small fraction of the main cooling requirement. 

For trucks, it may be possible to move radiators away from 

If these methods are 

4 )  Stirling Cost and High Temperature Materials. 

Little was done at GMR in this area other than to discuss the ques- 
tion in numerous meetings. Several metalurgical specialists out- 
side the Mechanical Development Department believed that because 
of progress being attained in precision castings for gas turbines, 
the Stirling heater assembly could eventually be completely cast -- 
without porosity, which had been a serious limitation. Also dis- 
cussed were attachment of separate hester tubes to the cylinder 
and regenerator cups by a stud-welding process; and fabrication by 
spin-friction welding of the upper part of the displacer cylinder, 
made of a high nickel alloy, to a lower section of the cylinder, 
m a d e  of plain carbon steel. Design studies were made of heater 
assemblies not requiring separate tubes -- the m o s t  expensive unit 
of the assembly. 

It was also assumed that future air preheaters would be constructed 
of ceramic materials using the rotary regenerator principle for 
mnlti-cylinder engines, and a recuperative type heat exchanger for 
single cylinder engines. 

It is understood that Philips had contracted with Ricardo s( Co. 
of England to study heater costs, but the results are unknown to 
the author. 
ted by suppliers to both Philips and U.S.S. of ceramic heater 
assemblies. (Silicon carbide??) This method appears to offer 
the greatest possibilities for lower cost and higher temperature 
operation, if porosity can be eliminated. 

Studies are being made and hardware is being fabrica- 
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Poten t i a l  Suppl iers  and/or Developers f o r  C r i t i c a l  Engine Components 
and Materials 

A r e a l i s t i c  approach t o  t h i s  t a s k  r equ i r e s  a thorough d i s c u s s i o n  w i t h  
many individuals  and companies who art? p o t e n t i a l  supp l i e r s  and/or 
developers. Such a survey must a l s o  'De kept up-to-date. 
has prepared a p a r t i a l  l i s t  from personal  acquaintance and contacts  
w i t h  persons who are knowledgeable in t h e w  fields, 
t o  the accuracy of the information. 

The author  
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Allegheny Ludlum S t e e l  Corp. 
Research Center 
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Special  hletals Corp. 
(Div. of Alleghe Ludlum) 

Carpenter Technology Corp. 
Research and Dev. Center 
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APPENDIX B 

SUBJICI  Hyclrogcn i n  t h c  S t i r l i n g  Powcred Eus 

10 D r .  P .  F. Chenen 
Vice Yrcs idcnt :  
Res ear ch Lab ora t o r ies 

I n  a mcctinl:  on June 4 ,  1969 in Mr. Undci-wood's o f f i c e ,  concerning t h e  G:K 
Truck  & Coach bi** program, you r c q u c s t c d  L i in t  I investigate t h c  possible. 
r c s t r i c t i o n s  on t h e  LISC of hydrogen working f l u i d  i n  t h c  150 Ell? 4L23  
S t i r l i n g  c i ig ine  f o r  the bus i n s t a l l - n t i o n .  I Iiavc exarnincJ the> po:;sSl)lc 
r e s t r i c t i o n s  f o r  such  n bus  on p u b l i c  I r i l ; lwnys ,  tunnel:;, e t c .  I n  a d d i t i o n ,  
I b c l i c v e  i t  i s  of i n t c r c s t  t o  dctcrciinc thc  q u a n t i t y  of 1iyciro::c.n vliicli 
w i l l  bc contained and t o  co:nparc thc po tcn t i ; i l .  c i ~ ~ i g c i -  of Iiytl:-r);:ctn v i t h  
sonic of tlic i:iorc usual .  i1aiiunabl.c i i i n t c r i a l s  coc:lilon t o  our Iioincs and  iiidiis t . r ics .  

Our S a f e t y  D i r e c t o r ,  Jack Legga t ,  contnctxt l  +.hc blichiGaii S t a t ( :  P o l i c e  and 
D e t r o i t  P o l i c e  I l cndquar t e r s  f o r  i n f o r m a t i o n  on sucli v c l i i c l c s  i n  D e t r o i t .  
The Detroit C i t y  Code, A r t i c l e  ?NX, S e c t i o n  3C-16-1, which re fers  to "j tnul ing 
and Dist c i b u t i o n  i n  __ I3iiJIc of Comprcsscd, Oxidiziiii;, T o x i c ,  173 ai:iinaliI.c Gases 
or  FlnminabIc L i q u i d s  UIwn tlic Jnliii C . Lotlgc Frecw;iy," whew tltc w a l l s  a r c  
h igh  ;is we11 a s  undc r  Cobo 11n11, does  n o t  app ly  t o  our s i t u a t i o n  noy  t:o 
casua l  h a u l i n g  of a fcv b o t t l e s  of flailiinablc m a t c , r i a l s .  
trucks f o r  on-tlie-jol) \b,ork cnrryi .ng scve r r i l  b o t t l e s  o f  a c c t y l c n c ,  n:iyy,cii, 
Iiytlroy,cn, c t c . ,  as  w c l l  as t o u r i n g  t r n i l c r s  l iaul inp,  one  o r  two b o ~ t l ~ s  of 
LPC are n o t  r c s t r i c t cd  i n  tlicsc arc;is ,  n o r  arc sucli vcli iclc!;  rr.sti-ictc.cl i n  
pas s i ng  t 11 r oii G h t 11 e \J i 11 C I S  o r - I) c: t r o:i t Tu i i  n c 1 n o r  t 11 c: P c iins y 1.v i 111 i a Tu r n p i l i  o 
t u n n c l s .  I c o n t a c t e d  tlic Turnpi1 ;c  Aiit l iori . ty d i r e c t l y  i n  ortlcr t o  conf i i'in 

t h a t  sucli vcli i c l  c's are pe rmi t  t c t l  tliroiigli their  t u n n e l  sy:;tcril. 

For csnnipli! ,  vc l t l in : :  

, 
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Dr. 1'. F. Cltcnca 
July  25, 1363 
Pogc 2 

concludcd  t h a t  none of t l ic  r e g u l a t i o n s  of which h c  was awarc a p p l i e d .  
t h c n  vo1.untccred t o  d i s u c s s  i t  w i t h  c e r t a i n  Lega l  S t a f f  p e o p l e ,  s p c c i f i c n l l y  
Mr. W. D .  Brusstal- .  Tile e n c l o s e d  copy of t h e  l c t t c r  from Plr. Plalonc 's  
off i ce  is  t h e  r c s u l  t of t h i s  d i s c u s s i o n .  

IIc 

We have e s t i m a t e d  t h e  q u a n t i t y  of hydrogen which niny b e  c o n t a i n e d  i n  the 
4L23 S t i r l i n g  powerplan t  f o r  t h e  bus as f o l l o w s :  

F r e e  
Weight Volume 70°F 

Hydrogen i n  e n g i n e  only', exc lud ing  
e x t e r i o r  plumbing .03 1.bs. 5.77 cu.  f t .  

Plumbing, m a n i f o l d s ,  pumps, etc.  .012 l b s .  2.31 cu .  f t .  

.008 lbs. 1.54 cu.  f t .  Reserve - 
TOTAL ,050 l b s  . 9.62 CU. f t . .  

P r e v i o u s  t o  s t a r t i n g  up ,  and w i t h  o n l y  1 atmosphere of  hydrogen i n  t h c  e i ig inc  
and pluribing sys t em,  t h e  r e s e r v o i r  b o t t l e  vi11 c o n t a i n  the e n t i r e  .05 pounds.  
Our p r e s e n t  p l a n  c a l l s  f o r  a s torage b o t t l e  i n  t h e  form o f  a n  accumula to r ,  
having an  e l a s t o m e r  diaphragm w i t h  hydrogen on one s i d e  and a n  i n e r t  g a s  
such  as n i t r o g e n  o r  Freon 1 4  on t h e  o t h e r  s i d e .  The maximum s t o r a g e  p r e s s u r e  
w i l l  b e  aboLt 2000 p s i  a t  an o p e r a t i n g  t empera tu re  e s t i m a t e d  t o  be a r o u n d .  
200'F (warm weathcr and a f t e r  s e v c r a l  pumping c y c l e s ) .  
d i s c h a r g e s  t o  a m i n i m u m  p r e s s u r e  of abou t  1200 p s i ,  the diaphragm will be  
near i t s  ext reme pos i . t ion  and t h e  b o t t l e  w i l l  c o n t a i n  o n l y  a small amount of  
reserve hydrogen.  Tf ie  minimuin s t o r a g e  p r e s s u r e  needed t o  f i l l  t h e  e n g i n e  
t o  f u l l  load working p r e s s u r e  i s  about  1150 p s i .  
type  s t o r a g e  r e s e r v o i r  rcduccs  t h e  q u a n t i t y  of hydrogcn s t o r e d  t o  abou t  h a l f  
that r e q u i r e d  i f  a s i m p l e  n o n - p a r t i t i o n e d  type  co i i t a inc r  w r c  usccl. 

\ \hen t h e  b o t t l e  

The  u s e  of an accumula tor  

P r o p a g a t i o n  of a flninc i n  a hydrogcn-a i r  m i x t u r e  depends on thc? p c r c c n t  of 
hydrogen and t h e  d i r c c t i o i i  of propagat i .on . 2 For  conibustiou v c r t i c a l l y  u p ~ n i : c l ,  

A t  normal  l u l l  l oad  incnn pressure of 1500 psi.. 1 

Uurcnu of Idincis, B u l l c t i n  P503. 2 
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D r .  P. F. C l i e r ~ c a  
July 25, 1969 
P a p  3 

4% by voluinc of 112 i n  thc mixture  w i l l  just propagate ,  b u t  w i l l  on ly  
consurnc a p o r t i o n  of t h e  " fue l " .  

g u a r a n t e e  a i l  t h e  hydrogen w i l l  be  burncd. 
5 .6% mix tu rc ,  h a l f  t h e  hydrogen was consuinccl f o r ,  upward burning.  

It r e q u i r c s  a 6% ia ixturc  t o  propagate  
8 -- h o r i z o n t a l l p ,  and 3% f o r  v e r t i c a l l y  downward. About 10Z is r e q u i r e d  t o  

Tests have shown t h a t  f o r  

The volume of f r e e  hydrogen a t  70°F which might escape froiii tlie powerplant 
t o  t h e  atmosplicrc could rnngc froin about 7 cu .  f t .  i f  c e r t a i n  hardwarc on 
t h e  enginc f a i l e d  t o  about 9.6 cu. f t .  from a f a i l u r c  on bo th  the engine 
and t h c  s t o r n g c  b o t t l e .  
l eakage  of 9.6 cu.  f t . ,  a rooni haviiig a volume of a i r  i n  excess  of 1 9 2  
cu. f t . ,  ( 5 '  x 5 '  x 7-2 /3 ' ) ,  would assure n e g l i g i b l e  flame propagat ion 
in case o f  i g n i t i o n .  
sumed, which i s  h i g h l y  u n l i k e l y ,  t h e  h c a t  relcasc would b e  approximately 
1300 BTU. This i s  e q u i v a l e n t  t o  less than  1 / 1 4  111. of g a s o l i n e  o r  about 
1/6 the c o n t e n t s  of a "bantam" can of propane, thc s i n a l l e s t  normally s tocked  
i n  hardwarc s t o r c s .  Flame speed a t  t h i s  low hydrogen c o n c e n t r a t i o n  is no t  
known p r e c i s e l y ,  b u t  is less  than  1 f t .  p e r  sec. I n  c o n t r a s t  t o  hydrogen, 
the  lower f l a n n a b i l i t y  l i m i t  f o r  propane lies between 2.2 and 2 . 4 % ;  for  
methane, i t  lies hctwcen 5 . 5  and 6%; fox  butane,  bctween 1.6 and 2.2%; f o r  
gasoline,  about  1 . 4 % .  The l o v e r  flanunaGi.lity l i m i t  of hydrocarbon gascs 
is s u b s t a n t i a l l y  indepcndent o f  t h e  d i r c c t i o n  of p ropaga t ion ,  i n  c o n t r a s t  
t o  t h e  s t r o n g  dependence f o r  hydrogen. The re fo re ,  a t  t h e  lover  limit, 
hydrocarbon gases  arc more l i k e l y  t o  be  e n t i r e l y  consuined i f  ignition t a k e s  
p l a c e .  I t  i s  t r u e  tha t  t h e  upper flaiiunabili ty l i i n i t  i s  much g r e a t e r  f o r  
hydrogen than  f o r  t h e  o t h e r  gascs  ( 7 4 %  v s .  6 t o  1 4 % ) ,  b u t  on ly  i n  t h e  c a s c  
of non-hsb i t ab le  spaces  would t h i s  be of s e r i o u s  concern.  

Assuniing a uniform mix tu re  5% hydrogen-in-air  and 

I f ,  i g n i t i o n  occurrcd and h a l f  t h e  hydrogen was con- 

If a leak does occur, i t  is i n ipo r tnn t  to know how qu ick ly  t h e  hydrogen gas 
will d i s p c r s c  i n t o  t h e  susrounding a i r .  T h c  d i f f u s i o n  c o e f f i c i e n t  f o r  
hydrogcn r anges  from 4 t o  8 t imes t h a t  of most hydrocarbon g a s e s .  Humcrous 
tests concerned wi th  s p i l l a g e  of l i q u i d  hydrogen have sliow~i t h a t  t h e  cdgc of 
t h e  g a s  c loud iiiovcs away from the sourcc  a t  a rate roughly betvccn .3 and 6 
f t .  p e r  scc., dcpcnding somewhat on t h e  i n i t i a l  conccntrat ior i .  S i m i l a r  re- 
s u l t s  were found f o r  c loscd  rooiii and open a i r  cxperiincnts.  Thc rc fo re ,  i n  a 
l a r g e  roon, ;in i n s t an tnncous  ledcage of a l l  tlie hydrogen from a 150 BllP engine 
w o u l d  be d i s s i p a t c d  t o  a non-flammable mixture  i n  a fcw seconds.  
carbon gases clispcrse more s lowly and, bciny; h e a v i c r  than a i r ,  tcncl t o  rcmnin 
conccntrntc-d i n  low a r e a s .  I t  woultl appcar  t h a t  chances f o r  flamc propa- 
gation or cxpl.osion w i t 1 1  hydrocarbon ~ n ~ , c t ;  arc c c r t n i n l y  g r c a t c r  t l i n l i  f o r  
hydrogcn,  cvcn i f  tlic voluinc of an cnclosi i re  wcrc s u f f i c i e n t  t o  i1i.,tire 
lcss t l i a i i  miniintiiii coiiccntrntj.oii af l 'cr  unifoiriii niixing. 

1Iydro- 
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. 
vehicle s t o r a g e  i n  a garage  and s u b s t a n t i a l l y  nonc froin lenlcagc i n t o  tl1c 

passenger coiupartmcnt o r  evcn i n t o  the enginc  cornpnrtiricnt i t s e l f .  I f  a 
person smokj.ng a c i g a r c t t c  were stailcling vcry  nea r  the engine  when a leak 
occurred, aiid by chance thc hydrogen j e t  was concent ra ted  d i r e c t l y  i n  
h i s  face, then n f l a s h  of f i r e  could l i k e l y  occur .  T h e  chances of t h i s  
happening scem vcry  remotc. 
carbon f u e l  s o u r c e  would appear  t o  be a f a r  greater t h r e a t .  

The p o s s i b i l i t y  of fire from a l i q u i d  hydro- 

Worth H.  P e r c i v a l ,  l!ead 
Mechanical Development Dep t  . 

WHP : sdw 

Att . 
cc: A .  F. Undcrwood - GI43 

R. F. Thomson - GMR 
H. 0 .  Flynn - GMC T&C 
A .  T.  Baynes - DDED 
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APPENDIX C 

CONT2IBUTIONS TO THE S T I R L I X  ENGINE TECHNOLOGY 1959-1970 BY GENER4L MOTORS 
RESEARCH LABORATORIES AND OTHER CENElXAL NOTORS' DIVISIONS (WHERE NOTED) 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

8. 

9 .  

Developed smokeless,  tu rb ine- type  bu rne r s  and d i r e c t  i g n i t i o n  of  d i e s e l  
fue l .  

Developed complete se l f - con ta ined  S t i r l i n g  Ground Power gene ra to r  sets 
and in t roduced  t h e s e  t o  t h e  U.S. Army Research Labora to r i e s  for t h e i r  
e v a l u a t i o n .  These were t h e  only  modern low-noiseengine packages t o  
pass fo rma l ly  s p e c i f i e d  m i l i t a r y  performance tests. 

Developed t h e  f i r s t  p r e c i s i o n  c o n t r o l  c o n s t a n t  speed governor f o r  
S t i r l i n g  eng ines ,  which embodied e n t i r e l y  new concepts  t o  t h e  f i e l d  
of governing arid which accomplished t h e  fo l lowing:  

a. Speed v a r i a t i o n  a t  cons t an t  load  + 113%. 
b. No l oad  t o  f u l l  load  droop 114%. 
c .  

- 

100% sudden load change o f f  speed s u r g e  of 4% and 
recovery  i n  6 seconds.  

Developed t h e  f i r s t  au tomat ic  f u e l  c o n t r o l s  f o r  s t a r t i n g  a S t i r l i n g  engine  
over  a wide ambient temperature  range w i t h o u t  smoke emissions.  

Developed f i r s t  engine t o  be  manually s t a r t e d  and opera ted  e n t i r e l y  from 
h y d r a u l i c  c o n t r o l s .  

Developed two new hydrogen compressor systems having ze ro  leakage  
c a p a b i l i t y  . 
Developed t h e  f i r s t  mechanical temperature  c o n t r o l  of proven r e l i a b i l i t y  
fo r  many thousands of hour s .  

I n i t i a t e d  and ccmpleted a n a l y s i s  and tests of low c o s t  r egene ra to r  m a t e r i a l s  
p a r t i c u l a r l y  t h e  p r o p r i e t a r y  YetNet m a t e r i a l ,  which have shown a r educ t ion  
i n  cost  per  horsepower over 50 t o  1. 

Made d e t a i l e d  co: ; t  and des ign  s t u d i e s  wi th  s e v e r a l  General  Motors '  D iv i s ions  
of a 50 horsepower s i n g l e  c y l i n d e r  eng ine ,  which included c o s t  reduct i .on 
techniques  i n  cy l inde r  c o n s t r u c t i o n ,  p rehea te r  s h e e t  metal c o n s t r u c t i o n ,  
and s i m p l i f i e d  c : ankcase  c o n s t r u c t i o n .  
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10. Made t h e  following con t r ibu t ions  t o  the a n a l y s i s  of t he  S t i r l i n g  cycle:  

a. 

b. 

C. 

d. 

e. 

f .  

Correct ion of e r r o r  i n  coo le r  c a l c u l a t i o n  so t h a t  thermo- 
dynamic cyc le  hea t  r e j e c t i o n  and coo le r  hea t  t r a n s f e r  
rate were equal .  

Introduced r o u t i n e  flow measurements of h e a t e r ,  coo le r ,  
r egene ra to r s ,  and assemblies t o  provide c o r r e c t  d a t a  f o r  
c a l c u l a t i o n  of flow l o s s e s .  

Developed theory f o r  hea t  f l u x  d i s t r i b u t i o n  on t h e  S t i r l i n g  
h e a t e r  tubes and ran experiments t o  show e f f e c t  of radi-  
c a l l y  d i f f e r e n t  hea t  flow pa t t e rn .  

Made f i r s t  a n a l y t i c a l  and experimental  determinat ion of 
heat t s a n s f e r  f i l m  c o e f f i c i e n t s  on the h e a t e r  tubes and 
concluded they were 2 to 3 times g r e a t e r  than could be 
c o r r e l a t e d  from the l i t e r a t u r e .  

Developed o r i g i n a l  a n a l y s i s  of c0mbine.d thermal and 
pres su re  stresses i n  non-uniform wall  cy l inde r s .  

Added and r e f ined  c a l c u l a t i o n s  r e l a t e d  t o  d r i v e  mechanisms. 

11. Developed p i s t o n  s e a l i n g  technology which included t h e  following i tems: 

a. 

b. 

C. 

d.  

e. 

f .  

8 .  

I n i t i a t e d  sys t ema t i c  p i s t o n  s e a l  s t u d i e s  t o  e l imina te  white  
metal clearance seals which were P h i l i p s '  s tandard a t  t he  
beginning of program. 

Made first screening of Teflon and o t h e r  s e l f - l u b r i c a t e d  
materials (Al l i son ) .  

Developed method of measuring p i s t o n  leakage i n  ope ra t ing  
engine.  

Provided experimental  v e r i f i c a t i o n  of accuracy of p i s t o n  
seal  leakage power loss. 

Developed d a t a  i n d i c a t i n g  optimum combination of p i s t o n  
seal leakage and f r i c t i o n .  

Introduced concept of c o n t r o l l i n g  r e l a t i o n s h i p  between 
working spzce and b u f f e r  space p re s su res  by s l o t s  i n  
cy l inde r  w a l l s .  

Conceived b a s i c  i d e a  f o r  present  Rulon p i s t o n  r i n g s  inde- 
pendently and simultaneously with P h i l i p s .  
of t he  r i n g s  used i n  a l l  P h i l i p s  and GNR engines i s  a 
c l o s e l y  i n t e g r a t e d  r e s u l t  of con t r ibu t ions  from both 
sources .  

The development 

12. Developed new engine d r i v e  mechanisms and explored d i f f e r e n t  types of 
cy l inde r -p i s ton  arrangements, including the following: 

a. .Designed, b u i l t ,  and t e s t e d  the  f i r s t  modern, four-cyl inder ,  
350 HP phase angle  c o n t r o l  engine,  which could a l s o  be 
d i r e c t l y  reversed (Electro-Flotive Div i s ion ) .  

i i a  . 



b. Designed, b u i l t ,  and t e s t e d  t h e  f i r s t  ''W" configu- 
r a t i o n ,  double-act ing engine of 140 HP (Elec t ro-  
Motive D i v i s i o n ) .  

c.  In t roduzed  t h e  i d e a  of swash p l a t e  t y p e  a x i a l  S t i r l i n g  
engines  and provided a n a l y t i c a l  and exper imenta l  v e r i -  
f i c a t i o n  of low f r i c t i o n  c h a r a c t e r i s t i c s  of p rope r ly  
designed swash p l a t e  mechanisms wi th  hydrodynamtc type  
bea r ings .  

Designed, b u i l t ,  and t e s t e d  f i r s t  hermet ica l ly-sea led  
10 HP engine  w i t h  p r e s s u r i z e d  crankcase (Al l i son ) .  

Designed and t e s t e d  s i n g l e  crank d i s p l a c e r  engine of 
10 HP. 

type d i s p l a c e r  engine ,  w i t h  sepa ra t ed  c y l i n d e r s ,  which 
could be adapted t o  i s o t o p e  h e a t  sou rces .  

Designed and b u i l t  t h e  f i r s t  120 HP, fou r  c y l i n d e r ,  i n -  
l i n e ,  double-act ing S t i r l i n g  engine  f o r  a proposed bus 
i n s t a l l a t i o n .  The General  Motors program was cance l l ed  
as t e s t i n g  j u s t  s t a r t e d .  

d .  

e. 

f .  Designed and t e s t e d  f i r s t  minimum weight ,  2 HP "V" 

g. 

13. Developed s p e c i a l  f u e l s  and h e a t  sou rces  as fol lows:  

a .  Designed, b u i l t ,  and t e s t e d  t h e  o n l y  potassium-sodium 
(NU) heated  engine ,  under a Government c o n t r a c t  
(Al l i son) .  

w i t h  t h e  S t i r l i n g  engine ( i n i t i a l  work on h e a t  s t o r a g e  
-began a t  Gll'Research i n  t h e  e a r l y  1950s).  

b. Introduced t h e  concept of thermzl  energy (hea t )  s t o r a g e  

i. Designed, b u i l t ,  and opera ted  t h e  f i r s t  h e a t  
s t o r a g e  powerplant us ing  s p e c i a l  shaped 
aluminum oxide p e l l e t s  provided by AC 
Div i s ion .  

if. Operated t h e  f i rs t  S t i r l i n g  engine automobile 
( t h e  C a l v a i r )  w i th  h e a t  s u p p l i e d  from a n  
aluminum oxide h e a t  s t o r a g e  con ta ine r .  

iii. In t roduced  t h e  concept  and conducted tests t o  
e s t a b l i s h  s u i t a b i l i t y  of l i t h i u m - f l u o r i d e  and 
l i t h i u m  hydroxide as energy s t o r a g e  m a t e r i a l s ,  
i nc lud ing  a j o i n t  program wi th  Oak Ridge Nat iona l  
Laboratory which determined s u i t a b i l i t y  of 
v a r i o u s  a l l o y s  f o r  containment of l i t h i u m  
f lr x i d e  . 

c .  In t roduced  t h e  concept and performed f i r s t  tes ts  t o  demon- 
s t r a t e  c o n t r o l l e d  combustion of l i t h i u m  f u e l  wi th  Freon 
o x i d i z e r s ,  and opera ted  the  f i r s t  S t i r l i n g  engine from 
l i t h i u m  combus t i o n  h e a t .  

d .  'Operated t h e  f i r s t  S t i r l i n g  engine wi th  n a t u r a l  gas  f u e l .  

.. 
- _  
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14. Designed, b u i l t ,  and ope ra t ed  t h e  10 HP engine gene ra to r  sets f o r  t h e  
f irst  S t i r l i n g - e l e c t r i c  hybr id  passenger  cars, known as t h e  S t i r - L e c '  
I and 11. 
powered v e h i c l e .  

Also made t h e  f i r s t  exhaus t  emission tests of a S t i r l i n g  

15. Performed f i r s t  endurance tests approaching "Mil i ta ry  Standard" s e v e r i t y  
on a S t i r l i n g  gene ra to r  set .  / 

16. Made t h e  fo l lowing  a p p l i c a t i o n  and des ign  s t u d i e s :  

a. 

b. 

C .  

d.  

e. 

f. 

Designed complete S t i r l i n g  engine  submarine powerplant 
w i t h  L i F  h e a t  s t o r a g e  and submit ted proposa l  t o  t h e  
U.S.  Navy i n  1959. 

Made des ign  s tudy  of h igh  performance swash p l a t e  d r i v e  
to rpedo  engine  of 600 HP. 

Made des ign  s t u d i e s  of 10 and 30 HP S t i r l i n g - L i F  thermal  
energy s t o r a g e  p l a n t s  f o r  smal l  r e s e a r c h  submarines,  and 
1000-5000 HP p l a n t s  f o r  l a r g e r  m i l i t a r y  submarines in-  
c o r p o r a t i n g  aluminum oxide  h e a t  s t o r a g e .  

Designed rhombic engines  for i n s t a l l a t i o n  i n  buses .  

Made conceptua l  des ign  of swash p l a t e  automobile  engine 
for Oldsmobile. 

A t  t h e  A l l i s o n  D i v i s i o n ,  made conceptua l  des ign  s t u d i e s  
of a s o l a r  h e a t e r  powerplant ,  a chemical ly  fue l ed  space  
pcwerplan t ,  an  i s o t o p e  hea ted  space  powerplant ,  a rhombic 
-d r ive  torpedo eng ine ,  an  ASW powerpiant t o  o p e r a t e  from 
hydrogen peroxide ,  a r e s i d e n t i a l  a i r  cond i t ione r  engine ,  
and a back-pack powerplant t o  o p e r a t a  from indigenous f u e l s .  

17. Publ i shed  f o r  g e n e r a l  p u b l i c ,  e i g h t  engineer ing  p a p e r s  on S t i r l i n g  eng ines ,  
including the ir  heat  sources and applicazion s t u d i e s .  

18. Published i n t e r n a l l y ,  330 r e sea rch  r e p o r t s  and t e c h n i c a l  memoranda a t  
the Research L a b o r a t o r i e s .  
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APPENDIX D 
1 

The St i r l ing  external-combustion engine has now shown the  

h i g h  efficiency, quiet operation, and h igh  specific output long 

predicted for it. I t s  low exhaust emission characterist ics are 

cu r ren t l y  an added attraction. GM Research is  bui ld ing and 

designing a variety of experimental S t i r l ing  powerplants rang- 

i n g  f rom a few horsepower to  several hundred horsepwer ,  w i th  

an eye to commercial product applications. 

.re than 50 years after its invention, and 30 years 
since i t  was revitalized by modern technology, the 
Stirling engine has shown i t s  inherent capabilities. GM 
Research engineers have now bui l t  and extensively 
tested various configurations of this external combus- 
tion engine and demonstrated that i t  has 

0 High efficiency and output. Efficiencies are 
equal to or better than those of the best internal com- 
bustion engines. I t  has about twice the thermodynamic 
efficiency of steam or vapor engines, the other external 
combustion engines belng discussed these days. For 
engines of several hundred horsepower, the Stir1 ing 
w i l l  be about the size and weight of a similar diesel 
engine; in small sizes, of tens of horsepower, i t  w i l l  

be larger but more efficient than a gasoline engine; 

in special applications, i t  is capable of as much as 
200 hp per cubic foot of engine (more than 10 times 
the specific power of normal mobile gas turbines or 
turbocharged d iesels). 

0 Quiet operation. A three kilowatt engine-gen- 
erator set bui l t  by GM Research for the Army i s  vir- 
tually inaudible at a distance of 100 yards. 

0 Clean exhaust. With heat provided by a burner 
using diesel fuel, the Stirling engine has carbon mon- 
oxide and hydrocarbon exhaust emissions for below the 
limits set by federal standards. 

Fuel versatility, typical of external combustion engines, 
can be an added advantage. Actually, "heat source 
versatility" i s  more broadly descriptive, since the 

Published by Technical Information Department, General Motors Research Labcratories, Warren, Michigan 48090 
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I 
Stirling can use any high-temperature supply to heot 
the working fluid in  the engine. Thus stored heat, 
radioisotope heot, or other nonburning sources can 
operate the engine with no exhaust emissions at al l  
and keep it independent of conventional fuel supplies 
(for space or underwater application, for example). 

&iBURNER 

How It Began 

The "old" St'rling engine was invented in  1816 and 
was manufactured in small quantities for many years. 
I t  served i n  a variety of applications requiring simple, 
safe power sources. But then electric motors and gos- 
aline engines took over the market and the Stirling 
foded. Why? It was too inefficient and too bulky. 
A lack of knowledge of thermadynomics left the Stir- 
ling o victim of competition. 

Then in 1937 the Philips Co. of The Netherlonds 
(N. V. Philips' Gloeilompenfobrieken) revived the Stir- 
ling, with the help of modern technology. Over the 
next 20 yeors, Philips developed o Stirling cycle en- 
gine that could compete in efficiency and output with 

RHOMBIC DRIVE internal combustion engines. 

In the meantime, GM Research had begun an extensive 
study of external combustion engines, including bcth 

PISTON MOTIONS 

The displacer piston moves the gas back and forth. The displacer 
maybe in the same cylinder as the W e r  piston Or in a Separate 
cylinder (as in the VEE-1). or, in ? multicylinder engine the gas 

vapor and gas cycle engines. After some IO yeors of 
independent research, GMR made o formal agreement 
with Philips (in 1958) for an intensive cooperative re- 

motion can be handled by the power pistons in proper phase. search and development progrom m Stirling engines. 

The Stirl ing engine 
uses a working fluid -- 

Cycle usually hydrogen or 

The 

The "new" Stirling evolved from the opplicotion of 
modern thermodynamics and heat transfer principles 
and a new understondirg of how the engine really 
works - along with improvements in  materia!s, bzorings, 
lubriconts, ond seals, to increase output, efficiency, 
and durability. In the past IO years GM Research hos 

helium -- that i s  
contained in the engine. 

The compressed f lu id i s  
expanded i n  the hot space 
to drive the cower oiston 

. . . then is  moved temporarily 
to the cold space (through a 
regenerator to store left-over 

. . . is recompressed by 
the power piston.. . 

. . . and i s  returned to the 
hot space for the next cycle. 

dawn . . . heat). . 
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The Stirling-Electric Car 

To demonstrate how a low-emission Stirling engine 
might be w e d  in coojunction wi th an automotive elec- 
tric drive system, a small Stirling was installed in a 
1968 Ope1 Kadett. The vehicle user an ac electric 
drive system powered by botteries, with the :tiding 
engine driving on alternator for battery charging. This 
Stirling-Electric Hybrid, Stir-Lec I, was first revealed 
to the public lart spring and has since been demon- 
rtrated extensive1 y . 
The Stir-Lec car development features an a t  electric 
drive system that i s  a further refinement of the gen- 
eral type used in the GM Electrovair II. 

The Stirl ing engine for the battery-charging package 
i s  a modified GPU Stirling equipped -- for the first 
time -- with remote controls, 50 that i t  con be oper- 
ated from the driver‘s compartment. Controls were 
converted to electrical operation and an electric starter 
was added. 

developed, built, and tested efficient engines for a 
diversity of applications, and has brought the Stirling 
engine close to commercial usefulness. 

Like any heot engine, the Stirling produces power by 
compressing the working gas when i t  i s  cold and let- 
ting i t  expand -- do work -- when i t  i s  hot (see il- 
lustration). A metal mesh regenerator i s  the key to 
the modern engine’s efficiency. The heat i t  recovers 
would otherwise be dumped into the cooling system 
and lost. Years of experience in heat transfer and 
regenerator design were behind this development. 

Engines Built-or U n d e r w a y  
GM Research has bui l t  scme 25 experimental engines 
using the baric rhombic drive system. Mast of these 

The 7 hp Stirling engine drives a three-phase alterna- 
tor, which has the output rectif ied to charge the I4 
lead-acid batteries. Battery output then goes through 
a mcduloting inverter to provide vcriable frequency 
ac to the vehicle’s drive motor -- a 20 hp three- 
phase induction motor. 

Stir-Lec I, which weighs 1100 pounds more than a 
standard Ope1 Kadett, has a top speed of about 55 
mph and can accelerate from zero to 30 in 10 seconds. 

For completely emission-free operation, the car can 
run on batteries alone (range depends on the mode of 
operation and, thus, the battery discharge rate). How- 
ever, with the Stirling engine running, exhaust emis- 
sions are st i l l  very low. Carbon monoxide emission i s  
typically about 0.01% (federal standards l imi t  such 
emission to 1.5%): exhaust hydrocarbons typically are 
only 2 parts per mi l l ion (federal l imi t  i s  275 ppm); 
emission of oxides of nitrogen i 5  currently about half 
that of present gosoline engines. 

This vehicle was built primarily to demonstrate that 
such a general system war possible with existing tech- 
nology and equipment. I t  can serve as a test bed for 
further development. 

NURRNIlOR ‘ ‘CWSUSTIOI AIR D L M R  

have been used for research; however, several have 
served to demonstrate the Stirling in particular appli- 
cations. In 1966, the Army evaluated a three-kilowatt 
portable GMR Stirling engipe-generator set for f ield 
use. This Ground Power Unit, GPU-3, was preceded 
by earlier versions i n  1961 and 1963. Fuel economy, 
quiet operation, and durability have continued to im- 
prove with each model even though the 1966 model 
satisfied the requirements of the government contract. 

An adaptation of the GPU-3 engine i s  combined with 
an electric drive system i n  an experimental hybrid car, 
Stir-Lec I. 

This i s  the second Stirling engine installed in an auto- 
mobile by GM Research. In 1964 GMR installed a 

, 
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I ll 1 

. .  
' 'CAWAIR" Car 

under test at the 
,Technical Center in 

. .  

GM 
1964. 

30 hp Stirling in o Corvoir, supplying the heat energy 
to the engine from o tank of heated olumino. Such 
a system i s  too heovy ond expensive for o practical 
vehicle. 

The principle of running o Stirling from stored heat 
'has primarily been investigated for other applications -- 
current attention in  this pragrom i s  directed towoid 
a propulsion system for a small submorine. In this 
submarine application the combination of recharge- 
able heat storoge "batteries" plus the St i r l i rg engine 
con store at  least six times the useful energy of o 
Isad-ocid bottery-motor system c f  equal weight. 

GMR engineers have studied o number of possible 
multiple-cylinder Stirling engine configurations. A l l  
things considered -- egficiency, size and weight, c a t  
and ease of manufacture, vibration, etc. -- o single- 
crank in-l ine seems the most promising basic configura- 
t ion for a new line of compact engines in  o variety 
of horsepowers. This type of engine car! be made to 
deliver more pow r for its size than the rhombic en- 
gines ( i t  has about one third as much engine volume 
per horsepower os the GPU-3 engine). 

Although the G W  engines were designed for essen!iolly 
constant-speed operation for generators, the Stirling is 

The in-line eri- 
giner ore being explored far o variety of traction op- 
plicotions and would operate over o wide speed range. 
Engine output i s  controlled by changing the amount 
of the working f lu id in  the cylinder. I f  the engim. 

- output i s  increased, by adding fluid supplied from a 
reservoir, more fuel i s  automatically supplied to keep 

,not l imited to this type of operation. 

' I  the heater temperature constant. 

Where We Stand 
' A t  the present time the situation looks l ike this. The 
Philips Co. i s  working with German and Swedish mon- 
ufocturerr on Stirling engines for world morkets. Pbilipr 

, 

also i s  doing military sponsored engine research. GMR 
i s  continuing boric Stirling engine cnd comFonent re- 
search ond i s  concentrating on demonstration of poten- 
t ia l  engine products. Currently there i s  morket poten- 
t io l  for 

Compact 4 cylinder, in-line, commercial power- 
plants -- for quiet boat propulsion in the 120 to 300 
hp range; for low-smog intracity truck ond bur pro- 
pulsion i n  the 300 hp range; and far quiet engine- 
generator sets for the recreational vehicle market 
(boots, trailers) in the 15 to 20 hp range. 

L 

@ Mi l i tmy  specialty engines for torpedoes, sub- 
marines, ond other quiet and lightweight powerplapt 
uses. 

GM engineers have now accumulated some 22,000 hours 
of operating time on experimental Stirling powerplants 
ranging from 3 hp single-cylinder engines to 400 hp, 
four-cylinder engines. These tests hove shown the ef- 

engine. 

ficiency, etonomy, and rel iabi l i ty  of the new S&lingi I 

( -  
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