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PREFACE 

This Lecture Series is sponsored by the Propulsion and Energetics Panel and the 
Consultant and Exchange Program. 

In view of the increasing interest in Small Gas Turbines for the propulsion of surface 
vehicles, it was felt appropriate by AGARD Propulsion and Energetics Panel to set up a 
team of selected experts from various NATO nations to present a series of lectures on this 
subject. 

After a survey of the field of application for Small Gas Turbines, to replace reciprocat- 
ing engines for helicopters and surface vehicles propulsion, the present state-of-the-art will 
be reviewed together with problems related to reliability, life time, pollution regulation, 
weight and volume according to various applications. 

Conventional and advanced cycles (cycle of Nernst cycle with heat exchange) will be 
compared. A description of components (compressors, combustion chamber, turbines, 
nozzles, shafts with various configurations) will be followed by a review of industrial and 
technological problems. 

The use of Small Gas Turbines for power generation, auxiliary stand by or emergency 
power plant is then presented. The last paper will be a Survey of Future Possible Develop- 
ments and performance improvements (mixed diesel and turbines - use of high temperature 
materials). 

A round table discussion with the participation of all the speakers will conclude the 
Lecture Series which will be presented in four different NATO nations (France, UK, Canada 
and USA) from 21 June to 2 July 1971. 

Jean Fabri 
Lecture Series Director 
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SMALL GAS TURBINE3 FOR HEXICOPTERS AND SURFACE TRANSPORT 

WTRODUCTION 

by 

Jean FAHRI 

The performance increase of a i r c r a f t  engines during the l a s t  15  years i s  mainly due t o  the  
Small gas turbines  can however f i n d  a l s o  a broad development of la rge  or medium sized gas turbines .  

f i e l d  of appl icat ion and it i s  the aim of the  present Lecture Ser ies  t o  review the s t a t e  of the a r t  
of small gas turbines  f r o m t h e  various view points  of c i v i l i a n  and mi l i ta ry  appl icat ions,  present and 
fu ture  technology, cycle developments f o r  maxi" spec i f ic  power and minimum operating costs ,  analysis  
of component development, i n d u s t r i a l  appl icat ions or auxi l ia ry  power generation as wel l  as  the  estimated 
fu ture  developments. 

A s e t  of s p e c i a l i s t s  from various NATO countries has been inv i ted  t o  out l ine  these d i f fe ren t  
questions and this gives t o  t h i s  Lecture Ser ies  a new dimension, since it shows the i n t e r e s t  i n  small 
gas turbine development all around NATO countries.  

The survey of W i l i t a r y  and Civi l ian Needs f o r  Small Gas Turbines" by D.D. Weidhuner (USA) 
reviews the  expected f i e l d s  of appl icat ion of small gas turbine engines. Helicopter and small f ixed  
wing a i r c r a f t  propulsion a re  w e l l  known appl icat ions,  unmanned a i r c r a f t ,  combat vehicles such a s  heavy 
tanks and t ruck t r a c t o r  t r a i l e r s  a re  some important mi l i ta ry  appl icat ions from which c i v i l i a n  t ransport  
f a c i l i t i e s  such a s  smooth and dependable passenger carrying buses w i l l  be developed sooner or  l a t e r .  

The grea tes t  f i e l d  p o t e n t i a l  appl icat ion i s  cer ta in ly  t h a t  of automotive engines, but 
the  cost  b a r r i e r  w i l l  have t o  be broken before t h e  an t ipo l lu t ion  advantage of gas turbines  may become 
s igni f icant  on an i n d u s t r i a l  o r  economic basis .  

Further appl icat ions derive from some uses i n  which the la rge  gas turbines  have already 
found t h e i r  place : e l e c t r i c  power generation as  main o r  auxi l ia ry  power plant  and marine application. 
I n  a l l  these problems, the  cost  of small  gas turbines  against  t h a t  of d i e s e l  engines remains cer ta in ly  
the  main drawback, but the high r e l i a b i l i t y  and the long l i f e  of small gas turbines  w i l l  f i n a l l y  impose 
the  use of these engines. 

The "State of the A r t  of Gas Turbines f o r  Helicopters and Surface Transport" i s  given by 
H.H. Langshur and B.J. Palfreeman (Canada). 
a b i l i t y  of discussing thoroughly the present s t a t e  of the a r t  as  wel l  a s  the  development expected 
f o r  the  coming 10 years. 
f o r  many years.  
compression r a t i o s ,  higher turbine i n l e t  temperatures a re  expected, 
operat ional  miltispoon small gas turbines  as  w e l l  as  cooled blade turbines  and this progress w i l l  be 
continuously t ransfer red  t o  the  ground vehicle propulsion systems, f o r  which the  low pol lut ion characteri-  
s t i c s  of gas turbines  w i l l  be a source of development. 

standing of "Gas Turbine CyclesIT a s  shown by P. Alesi  and R. Laurens (France) w i l l  a l so  be a source 
of improvments. 

The i n d u s t r i a l  background of the  authors gives them the 

The main present appl icat ion i s  hel icopter  propulsion and t h i s  w i l l  p reva i l  
Actual t rend i s  towards small gas turbines  with s t i l l  higher performances, and higher 

Technological progress w i l l  br ing 

But gas turbine development i s  not only due t o  technological progress. A b e t t e r  under- 

A de ta i led  study of the  various p a r t s  of small gas turbines  i s  given i n  "Analysis of Small Gas 
Turbine Engine Components" by E, Schnell  (Germany). 
t i o n  chamber and shaf t  configuration are  reviewed. 
t h e  respective advantages of mult i - radial  and/or cent r i fuga l  compressors vs. s ing le  stage a x i a l  com- 
pressor areanalyzed. For the turbine,  the  t rend i s  toward high i n l e t  temperature operation and this 
requires  progress i n  blade cooling whenever possible or  i n  mater ia ls  : 
but much i s  expected from new techniques i n  blade cooling. 
e f f i c i e n t  and a choice e x i s t s  between the annular type of combustion chambers when compactness i s  
required and can type combustion chambers f o r  ground application. 
of ten desirable  
ground t ranspor ta t ion  engines a re  m e a n d  more recommended. 

R.M. Lucas (U.K) reviews the " Indus t r ia l  and Technological Proglems of Small Gas Turbines f o r  Heli- 
copters and Ground Transport". 
s ince many components can simply not be derived from a simple scal ing l a w .  
to lerances f o r  instance which require  b e t t e r  t o o l s  and more s k i l l e d  workers, t h a t  may increase manu- 
fac tur ing  costs.  
described artd c l e a r l y  solut ions f o r  all of them are ready i n  all cases. 

Successively compressor design, turbines,  combus- 
High pressure r a t i o  compressors a re  required,  and 

evidently,  both are  necessary 
Combustion chambers a re  usual ly  very 

Similar ly  heat exchangers, though 
are  d i f f i c u l t  t o  be placed i n  engines f o r  hel icopters  o r  a i r c r a f t ,  but t h e i r  use in 

A l l  t h i s  development became possible only as  a consequence of the  improvement of technology. 

Scaling down an e f f i c i e n t  la rge  engine i s  not an obvious operation 
This is the  case of 

The technological bott lenecks t h a t  the small gas turbine manufacturer encounters are  
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llPower Generation", which may be one of the main fu ture  appl icat ions of small  gas turbines  
The p o t e n t i a l  of la rge  gas turbines  as a standby power source i s  reviewed by A. Jaumotte (Belgium). 

i n  power generation p lan ts  i s  w e l l  known. 
These emergency o r  standby p lan ts  w i l l  be used f o r  s t a r t i n g  the  engines, but also f o r  air conditioning 
on ground, i n  f l i g h t  and a l s o  on space vehicles.  

Their scal ing down t o  auxi l ia ry  power p l a n b i s  very appealing 

To conclude, J. Melchior (France) analyzes the  "Future Developments" one can expect. 
Gas turbines  f o r  hel icopters  w i l l  s t i l l  be improved towards higher spec i f ic  power, higher eff ic iency.  
wlt the gas turbine f o r  ground t ransport  w i l l  also become more current.  
ponent design, but the  choice of new cycles, new concepts of gas turbines  (the r o t a t i n g  combustion 
chamber of the  Nernst Turbine f o r  instance)  w i l l  give t h e  high eff ic iency necessary f o r  s m a l l  gas 
turbines  t o  compete i n d u s t r i a l l y  and economically with the d i e s e l  engine f o r  ground t ransport .  

gas turbines.  

Not only improvements i n  com- 

It i s  hoped t h a t  the  present Lecture Ser ies  w i l l  help t o  promote the development of small 

V i i i  
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MILITARY AND CIVILIAN NEEDS FOR SMALL GAS TURBINES 
Donald D. Weidhuner 
Chief, Power Branch 

Ground Mobility Division 
Research, Development and Engineering Directorate 

Headquarters, US Army Maberiel Conunand 
Washington, D. C. 20315 

Summary 
The most important consideration in the selection of a power plant for any application is to maximize 

return on investment, or to maximize cost effectiveness. Whether for military application or commercial 
use, it must be indicated that the small gas turbine can yield more return or profit to the purchaser 
while satisfying operational requirements, than other engines, or its choice cannot be justified. The 
point of being cost effective is generally a more difficult task in the small turbine engine than in 
larger sizes because of the large production base of reliable, efficient, and low cost piston engines in 
the small horsepower category, and the greater difficulty of producing efficient small turbine components. 
This paper presents the critical requirements of the propulsion system for helicopters, vehicles, marine 
craft, electrical power generation, and total energy systems for buildings, and indicates the engine 
characteristics necessary for the turbine to be the preferred choice. Installation requirements and 
ancillary components are discussed, exhaust emission levels and certain other technical goals are 
specified. 
airflow. 

Small gas turbines are arbitrarily considered to be less than 2,000 HP or less than 10 lb/sec 

b e  helicopter will be the first application discussed. It is also probably the easiest area in 
which to justify the selection of gas turbine engines. virtually all new helicopters in the last ten 
years have been turbine powered. Only in small sizes, under 300 HP, can the aircraft piston engine 
approach being competitive. 
is the engine plus fuel weight per mission, which must be minimized. Figure 1 shows turbine vs. piston 
engines for mission propulsion weight. 
consumption shows considerable advantage. 
cost, inasmuch as one less pound of propulsion weight usually results in at least 4 pounds less airframe 
weight, which may cost approximately $60 per pound. Since aircraft piston engines above 300-400 HP are 
not generally in production, engine prices cannot be compared above these powers. 
believed that when compared on an equivalent production basis, there is not a significant difference in 
price, except in the small sizes. Experience in production of the Lycoming T-53 helicopter engine shows 
a 90% learning curve, based on dollars per HP through several models, and indicates that the cost of the 
one thousandth engine was approximately $50 per horsepower. small (under 300 HP) piston engines are 
generally less expensive than this, in the range of $20-30 per horsepower. The total system, mission and 
life must be carefully assessed to determine life cycle costs. Generally, experience indicates the 
turbine engine will average 2 to 3 times the life of the piston engine in a helicopter, partially because 
continuous high speed and high power level is detrimental to the piston engine. Since overhaul costs are 
usually 20-30% of engine acquisition costs, life is an important economic factor. 

should be a free-turbine or the fixed shaft (or coupled) configuration. 
multi-engine helicopters should utilize free-turbine engines, since coupling and control of the engine is 
simplified. Large single engine helicopters favor the free-turbine engine since a heavy, expensive, and 
often troublesome clutch can be eliminated. In small, single engine helicopters, either engine type is 
acceptable, and both have been successfully demonstrated. The fixed shaft engine, operating at constant 
speed, has the important advantage of very rapid power response time, and is generally less costly to 
manufacture, whereas the free-turbine permits elinination of the clutch, and provides some inherent rotor 
speed stability if overloaded, due to the torque curve characteristics. It was the general conclusion of 
the majority of technical experts at an AGARD Helicopter Propulsion meeting in 1968, that the fixed shaft 
engine was preferred for small, single engine helicopters, although the practice in the United States has 
been the opposite. 

plus fuel weight per mission favors the high pressure ratio, non-regenerative engine due to usually short 
mission times. 
somewhat higher maintenance requirements. 
the regenerative gas turbine has not been considered cost effective in helicopters. There could be 
advantages to a regenerative cycle engine if infrared suppression is required, or if the mission require- 
ments necessitated a large number of missions between refueling. 
advanced high pressure ratio and high temperature engines is now quite good, on the order of .45 lb fuel/HP 
hr, and the specific fuel consumption curve is quite flat in the upper 50% of the power range, it does not 
seem likely that the regenerative engine will become attractive in helicopters. 

While the gas turbine is the most cost effective selection for the helicopter today, further 
advancements in technology such as lower weight, lower fuel consumption, and longer life will increase the 
return on investment. A further return can be made by the use of diagnostic systems for inspection and 
maintenance. 
vibration pick-ups, etc., to enable automated diagnostic systems to be used, thus reducing the skill level 
required of maintenance personnel. 
almost any internal part without disassembly. 
desirable, with the use of proper diagnostic systems, to send the engine to overhaul based on observed 
condition, rather than at a scheduled operating time, which should increase the utilization of the 
engines owned. 

Since helicopters operate much of the time in the ground environment, sand, dust, and foreign object 
ingestion must be protected against, to preclude engine damage. US Army helicopter experience in Vietnam 
shows that approximately 2/3 of engines removed from service prematurely were due to ingestion damage, 

Probably the most significant parameter of the helicopter propulsion system 

The modern gas turbine with its very light weight and low fuel 
Low propulsion weight helps to reduce aircraft acquisition 

It is generally 

The other major consideration in turbine engine selection for helicopters is whether the engine 
It has been generally agreed that 

Regenerative or non-regenerative engines may be used in helicopters, but it appears that the engine 

The regenerative engine is expected to cost perhaps 20% more initially, and may have 
Therefore, even though the specific fuel consumption is less, 

However, since the fuel consumption of 

New helicopter engines being sponsored by the US Army will feature built-in sensors, 

Borescope ports provided in an engine will enable inspection of 
Thus maintenance costs should be reduced. It may be 
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before i n l e t  p a r t i c l e  separators  were in s t a l l ed .  
some type of  cen t r i fuga l  separator.  Since turbine engine output i s  q u i t e  s ens i t i ve  t o  i n l e t  losses ,  the 
pressure drop across  the p a r t i c l e  separator  must be minimized, a requirement which i s  normally 
incompatible with high f i l t e r  e f f i c i enc ie s .  Barr ier  f i l t e r s  have not  proven t o  be p rac t i ca l ,  end current  
cen t r i fuga l  separators  are not as e f f i c i e n t  as desired.  Other requirements of the p a r t i c l e  separator  are 
an t i - i c ing ,  means of v i sua l ly  inspecting the  compressor face,  and perhaps an in t eg ra l  water-wash manifold 
t o  c lean the  compressor a f t e r  operat ion i n  a sal t  atmosphere. 
HU-1 hel icopter  with p a r t i c l e  separator  i n s t a l l ed .  

s t a r t i n g  system which may o r  may not incorporate an aux i l i a ry  power un i t .  

t o  a somewhat lesser degree. 
a t  a low cos t ,  as mentioned before.  Life  of the  pis ton engine i n  f ixed wing a i r c r a f t  i s  acceptable 
because high power i s  used only f o r  short  periods a t  take-off, and c ru i se  power may be approximately 60% 
normal r a t ed  power. It i s  therefore  somewhat d i f f i c u l t  t o  convince a customer t h a t  he should pay perhaps 
twice the  i n i t i a l  cos t  of the p i s ton  engine f o r  the turbine i n  t h i s  power category, even though the  
turbine promises longer l i f e ,  and due t o  i t s  l i g h t e r  weight, a payload advantage. The turbine engine may 
o r  may not  be cos t  e f f ec t ive  i n  t h i s  case a t  t h i s  t i m e .  In s i zes  above 300-400 horsepower, modern pis ton 
engines are no longer avai lable ,  turbine performance i s  q u i t e  good, and the higher a i r c r a f t  cos t  makes an 
add i t iona l  increment of engine cos t  l e s s  s ign i f i can t  i n  ove ra l l  acqu i s i t i on  cos t .  Many of these a i r c r a f t  
are executive type where smoothness and quietness of operat ion of the tu rb ine  are des i r ab le  advantages. 
Nevertheless, s ign i f i can t  emphasis must s t i l l  be placed on reducing acqu i s i t i on  cos t ,  and maintaining 
long l i f e ,  without s ac r i f i c ing  engine performance, i n  order  t o  make the  small gas  turbine the c l e a r l y  
superior  choice. 
the  somewhat l a rge r  and higher performance executive type a i r c r a f t .  
they are usual ly  l a rge r  than the  10 lb/sec airf low l imi t a t ion  a r b i t r a r i l y  es tabl ished f o r  small engines 
i n  t h i s  paper, but the  same cr i te r ia  of cos t ,  r e l i a b i l i t y ,  and l i f e  is  appl icable .  

t a rge t  drones. 
a i r c r a f t ,  therefore  a j e t  engine o r  perhaps a turbo-fan engine i s  desired.  
performance requirements, but otherwise the most important cha rac t e r i s t i c  must be very low acqu i s i t i on  
c o s t  s ince the engine is  expendable. Normally, lower e f f i c i enc ie s  can be to l e ra t ed ,  and the design can 
be compromised toward low pressure r a t i o s .  
used and turbine materials can be u t i l i z e d  a t  higher temperature than i n  p i lo t ed  a i r c r a f t  s ince sa fe ty  
margins are not  as s ign i f i can t .  This type engine i s  q u i t e  special ized and normally de r iva t ives  of the 
engine are not as useful  i n  o the r  appl icat ions.  Therefore, the development c o s t s  usual ly  must be 
amortized over a s ing le  appl icat ion,  but development e f f o r t s  can be minimized s ince f l i g h t  s a fe ty  
requirements are minimal. 

The next appl icat ion category t o  be discussed i s  the combat vehicle,  pa r t i cu la r ly  the heavy tank. 
For many years  the d i e s e l  engine has been the preferred engine choice. The d i e s e l  engine i s  usual ly  a 
special ized engine f o r  the  appl icat ion,  may be a i r  cooled o r  l i qu id  cooled, and i s  usual ly  much higher 
i n  spec i f i c  output ( i . e . ,  smaller and l i g h t e r  per horsepower) than conventional i n d u s t r i a l  d i e s e l  engines. 
The d i e s e l  engine has been a t t r a c t i v e  due t o  i t s  low f u e l  consumption and good r e l i a b i l i t y .  The parameter 
of engine p lus  f u e l  weight per  mission which was paramount i n  the hel icopter  i s  of much lesser 
s ignif icance i n  a b a t t l e  tank. A more important parameter i s  engine p lus  f u e l  volume per  mission. It has 
been estimated tha t  each addi t ional  cubic foo t  of propulsion volume adds approximately 1000 pounds t o  
vehicle  weight, due t o  the  necessi ty  of providing thick and heavy armor around the power plant'compartment. 
Battle tanks have weight and width cons t r a in t s  due t o  the necessi ty  of using ex i s t ing  roads,  streets,  and 
bridges.  

plus  f u e l  volume no more than the  d i e s e l  engine. 
(although not  necessar i ly  48 hours of operation) f u e l  consumption i s  very important. The typ ica l  average 
duty cycle  of the tank engine may involve 40% i d l e  t i m e ,  40% low t o  medium power, and 20% of t i m e  a t  high 
power l eve l s .  Therefore, good fue l  consumption i s  required a t  low power l eve l s ,  which i s  not a 
c h a r a c t e r i s t i c  of the simple cycle  gas turbine.  The regenerative cycle gas  turbine i s  c l e a r l y  indicated,  
and it can be shown t h a t  the  e x t r a  volume of the  regenerative gas turbine,  which may be three times t h a t  
of the simple cycle ,  is o f f s e t  by the  difference i n  f u e l  volume over the  long mission times. 
shown i n  Figure 3 f o r  a typ ica l  modern b a t t l e  tank. 
mission propulsion package volume than modern d i e s e l  engines must be of r a the r  advanced technology. 
a modern d i e s e l  engine of .75-1 Hp per  cubic inch displacement i s  used as the standard of comparison, the 
regenerative gas turbine must have a maximum cycle  temperature of a t  least  2000°F, a pressure r a t i o  of 
approximately 10, and regenerator effect iveness  of  70%, with good component e f f i c i enc ie s ,  t o  compare 
favorably with the  d i e se l .  
.45 lb/HP h r .  
geometry, must be employed t o  achieve good f u e l  consumption a t  low power. 

engine described above. 
combustor cooling i s  a considerably g rea t e r  problem than i n  simple cycle  engines. 
temperature and high secondary a i r  o r  cooling a i r  temperature necess i t a t e s  very ca re fu l ly  designed 
convective cooling approaches, and very good qua l i ty  control  i n  manufacture. Due t o  the necessi ty  of 
maintaining high permperature a t  low power l eve l s ,  the percentage time a t  maximum temperature i s  much 
g r e a t e r  than the  time a t  maximum power, and therefore  the  thermal loading of the  engine hot sect ion i s  
much more severe than i n  typ ica l  simple cycle engines.  E f f i c i en t  turbine cooling systems are mandatory 
t o  achieve reasonable l i f e .  Variable turbine geometry must a l s o  operate r e l i a b l y  i n  the hot  gas stream. 
These differences from the simple cycle  engine require  pa r t i cu la r  a t t e n t i o n  during engine development so 
t h a t  engine r e l i a b i l i t y  i s  not  less than the d i e s e l  engine. 

po in t  t h a t  successful development of such an engine i s  q u i t e  p rac t i ca l ,  and a measure of r e l i a b i l i t y  and 
d u r a b i l i t y  g rea t e r  than the d i e s e l  i s  t o  be expected, although not ye t  proven. 

Power l eve l s  of armored, tracked vehicles  are now general ly  less than 20 HP per  ton, but the trend 
i s  upwards t o  obtain g rea t e r  maneuverability o r  a g i l i t y ,  and perhaps twice t h i s  power l eve l  might be 
desired i n  the  fu tu re .  Gas turbines  o f f e r  the promise of considerable growth po ten t i a l ,  whereas growth 

P a r t i c l e  separat ion may be the  b a r r i e r  f i l t e r  type o r  

Figure 2 shows the T53 engine used i n  the 

Other i n s t a l l a t i o n  needs may be an infrared suppressor, compressor bleed f o r  cabin heating, and a 

Small f ixed wing a i r c r a f t  can a l s o  show turbine engine advantages over the  p i s ton  engine, although 
In the 200-300 horsepower category, r e l i a b l e  p i s ton  engines are ava i l ab le  

Small turbo-fan and j e t  engines a r e  a t t r a c t i v e  f o r  f ixed wing a i r c r a f t ,  p a r t i c u l a r l y  
They are only mentioned b r i e f l y  s ince 

A fu r the r  f ly ing  appl icat ion f o r  small gas  turbines  i s  i n  expendable, unmanned a i r c r a f t ,  such as 
Speed and a l t i t u d e  requirements are generally representat ive of high performance manned 

It i s  necessary t o  meet 

Since expected l i f e  i s  short ,  high operat ing stresses can be 

The gas  turbine,  t o  be considered f o r  b a t t l e  tank appl icat ion,  must o f f e r  an i n s t a l l e d  power plant  
Since mission durations may be as much as 48  hours, 

This i s  
A regenerative gas turbine which w i l l  o f f e r  less 

I f  

This cycle  should y i e l d  a minimum spec i f i c  f u e l  consumption of a t  least 
Some means of maintaining high cycle temperatures a t  low power, such as va r i ab le  turbine 

Considerable a t t e n t i o n  must be paid t o  several  d i f f i c u l t  development problems i n  the regenerative 
Inasmuch as the  combustor i n l e t  temperature i s  high i n  a regenerative engine, 

The high turbine i n l e t  

While the  above goals  seem somewhat formidable, i t  i s  believed t h a t  technology has advanced t o  the 
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of the diesel engine is more limited, and will probably result in increased package size. 

filtration is quite important since a tank convoy results in very dusty conditions. 
required that the air filters be capable of operating 5 hours in zero visibility dust conditions without 
servicing. 
barrier filter. There are some development programs in the US on self-cleaning filters in order to meet 
the operational requirement. 
traverses the barrier filter to remove the imbedded dust particles. 
The air filter requirement is more stringent than helicopter requirements since dust concentrations are 
greater and exposure times are longer. 

Another unique requirement Ls for vehicle fording of streams. This necessitates inlet and exhaust 
snorkels, and either a sealed engine compartment or the ability of the engine to be immersed in water. 
It appears at this time that the sealed compartment with hydraulically telescoping and elevating 
snorkels is the preferred solution. 

The gas turbine engine must be installed with a suitable transmission providing steer, braking, and 
speed control. Controls compatibility for smooth operation is necessary. It has been demonstrated that 
a hydromechanical transmission (i.e., a split power path between a planetary gear train and a hydrostatic 
system) can accomplish the necessary control and operation functions, providing good acceleration, and 
also permitting the engine to operate on its optimum operating line for best fuel consumption. 

exhaust, good cold starting, and low vibration. 

devoted to production methodology during development, the cost may be enough more than the diesel engine 
that it will not be selected. 
twice per horsepower than that of normal production diesel engines for industrial and commercial 
application, or in the range of $30-35 per horsepower. 
can be competitive with this price, with proper design. 
helicopter engine in the HP category showed the production learning curve, through several models, to 
average 90% on a dollars per horsepower basis, with the average price over 5000 engines being $45 per 
horsepower. The use of industrial quality castings and industrial gearing will reduce costs, the fuel 
control cost will be half that of an aircraft fuel control, but the regenerator will increase basic 
engine costs by 10-20%. 
diesel. 

There may be large accessory loads, electrical or hydraulic, on a tank engine, and it is desirable 
that provision for this power be made on the vehicle transmission, or on the output of the engine. Rapid 
application of a 50 HP load on the gas producer section may cause overtemperature, compressor stall, or 
at very least preclude rapid engine acceleration if suddenly needed. 

regenerative gas turbine, properly developed and installed, can offer vehicle performance advantages 
over the piston engine vehicle, and by virtue of longer life expectation, offer the lowest life cycle 
costs. 

The next application to be discussed is the truck tractor-trailer which is primarily used 
commercially in highway, inter-city service. 
similar equipment. Since the usual application is in a commercial, profit making operation, total costs 
are very important. It is necessary that the acquisition cost be similar to the standard commercial 
diesel engine, as installed, and operating and maintenance costs must be lower in order to increase 
profit potential. 

Ford Motor Company, who will begin automotive or industrial type turbine engine production in 
August 1971 says that the production turbine will cost no more than comparably sized diesel engines. If 
a typical diesel engine installation rated at 450 horsepower were to cost $12,000 to $13,000 (for the 
basic engine and associated equipment such as radiator and cooling system) then Ford will offer a turbine 
engine of the same horsepower size for the diesel engine price. It is understood that Detroit Diesel 
Allison will price their turbine engines accordingly. Therefore, it is virtually established that 
acquisition cost for a turbine engine will be competitive. 
and maintenance costs will be lower, but extreme attention is being paid to this factor during development. 
Current diesel truck engines in highway service run 300,000 to 500,000 miles before removal for overhaul, 
although there may be mid point maintenance or partial overhaul performed in the truck. Maintenance 
comprises 10-11% of the revenue dollar, and fuel is 7-8% of the revenue dollar. 

highway truck-tractors are established. The type engine generally proposed to meet these requirements 
have characteristics as follows : single stage centrifugal compressor of 4-5 pressure ratio, 1700-1900°F 
turbine inlet temperature, rotary regenerator, and free turbine with a means, such as variable geometry, 
to maintain high turbine inlet temperatures at low power. Ford's design is shown in Figure 5 .  The 
engines must be designed for minimum production cost, very long life, and minimum maintenance with easily 
replaced components as modules. The cycle chosen appears to be quite conservative, but is now judged to 
be the best compromise between cost, reliability, and low fuel consumption. Typically, this type engine 
will weigh 
somewhat more payload can be carried for additional revenue. 

of double trailers on turnpikes, the power required for the truck-tractor will increase, further favoring 
the gas turbine, due to its excellent growth potential. If the above mentioned conservative gas turbine 
cycle can be shown to provide greater profits than the diesel, the future potential is indeed good, since 
all further technology gains should further increase profit, and considerable technology gains are fully 
expected. 

As in other applications, the installation and ancillary equipment is quite important. Good air 
filtration and inlet silencing must be provided. A transmission well matched to the engine and load must 
be used. The use of diagnostic equipment will provide for proper maintenance. An interesting, but 
important installation requirement is the necessity to avoid salt or salt water ingestion from streets 
where salt is applied to melt snow and ice. 
similar to marine practice, to remove the salt water. Salt ingestion can be deleterious to certain 
materials in the air path of the engine, and also promotes sulfidation in the turbine section. 

Gas turbine installation in a battle tank must also fulfill some unique requirements. Inlet air 
It is generally 

The preferred filter appears to be a combination of an inertial particle separator plus a 

These are usually based on a vacuum cleaner principle wherein a cleaner 
An example is shown in Figure 4 .  

Fringe benefits of the gas turbine engine in the battle tank include very low engine noise, smokeless 

Acquisition cost of this gas turbine engine is very important. Unless considerable attention is 

A typical diesel tank engine might be expected to cost approximately 

It is believed that a regenerative gas turbine 
As mentioned before, history of a simple cycle 

It is considered that regenerative engine costs can be competitive with the 

It appears, in summary of the tank engine considerations, that a modern, advanced technology 

Most factors are also applicable to military usage of 

It remains to be established that the overhaul 

Thus, the general requirements for a successful gas turbine to compete with the diesel engine in 

one half the diesel engine and occupy 2 / 3  the volume. Thus, with the same axle loadings, 

As state and federal laws change concerning minimum speed requirements on grades and the operation 

Ford has installed a de-mister in the inlet air stream, 
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Engines similar to those in highway truck-tractors will serve equally well in passenger carrying 

These engines could also be expected to serve well in military trucks, except that probably 
- buses, where the absence of noise and vibration will be an added benefit, contributing to passenger 
comfort. 
some militarization would be required, such as larger capacity air filter, and provisions for engine 
immersion in water or a water tight compartment to satisfy the requirement for fording streams or 
swimming. 

industry is of course the largest producer of engines, and while this industry in the past has not shown 
high interest in gas turbines, there is renewed interest at this time due to anti-emission requirements. 
Gas turbines have been evaluated in automobiles, and have demonstrated acceptable operational 
characteristics, acceleration and fuel consumption. Probably the greatest disadvantage today is production 
cost. While it appears that a gas turbine can be produced competitively with the diesel engine, the 
current spark ignition automobile engine is very much less costly to produce, being perhaps $3-4 per 
horsepower. 

perhaps future exhaust emission requirements can be met with the gas turbine. 
that unburned hydro-carbons and carbon monoxide emissions are very low, except at idle. Oxides of 
nitrogen are still too high to meet anticipated requirements, although there is promise of reducing them. 

engine described before, but about one half the size. 
of attaining desired performance. 
attain the desired part power fuel consumption, there may be other considerations which affect cycle choice. 
The anti-emission requirements for automobile engines have resulted in a decrease of efficiency of the 
spark ignition engine, and the part load specific fuel consumption is not now very good. 
simple cycle gas turbine may become competitive, particularly if further advances in small compressors are 
achieved. 
desirable. 
engine tends to increase NOx emissions. 

very high level of activity in every automobile manufacturer's laboratory at this time to select the next 
generation engine, which must meet emission requirements. 
engine are: 
fluids, the Wankel type engine, hybrid engine and battery systems, various versions of the piston engine 
such as stratified charge engines, and others. 
the automobile industry, there will be a profound impact on the small turbine industry, and on all users 
of power in the 100-300 horsepower range. 

Another use for the small gas turbine is electrical power generation. 
engines have been modified and power turbines added, to provide for topping or in some cases addition to 
base load in large electrical power generating stations. 
the small gas turbines (under 2000 HP) under discussion here are not usually suited to fixed installations 
since large amounts of power are required. 
portable electric power. 
approximately 1000 KW, with the majority of electrical power being produced in the 60-100 KW sizes, 
although the majority of units procured are less than 10 KW. 

Typically, engine generator sets under 20 KW are spark ignition piston engine driven. Over 20 KW, 
diesel engine driven sets are used, with the small gas turbine now being given more serious consideration. 
Like the other power plant areas, the desired engine is that one which will meet the requirement at the 
lowest cost, the cost in this case being c/KW hr, amortizing all costs of procurement, operation, 
maintenance, transportation, etc.. In the very small sizes, spark ignition engines are very inexpensive 
and perform generally satisfactorily, although reduced maintenance would be desired. Above 20 KW, 
acceptable diesel engines are available and their increased procurement cost is offset by longer life and 
lower maintenance. 

characteristics of primary importance. Figure 6 shows the regulation desired with load changes. It 
should be noted that two standards are listed, one for typical utility power, and another for the precise 
regulation required for powering sophisticated electronics systems. In piston engines, this control is 
obtained by an isochynous governor. If the generator is 
gear driven, the engine power control and isochynous governor controls speed. A more advanced concept is 
to drive an alternator at turbine speed, generating very high and uncontrolled frequency, and to utilize 
a solid state cycloconvertor to achieve the frequency and frequency control desired. 
still necessitates an engine power control which provides for the engine to pick up load rapidly, even 
though frequency is always controlled. 
shaft engines, rather than free turbine, because of the excellent load response characteristics at 
constant speed. 
turbine speed, design approaches integrating the alternator with the rotating turbine components can be 
used. 
providing a minimum of size, weight, and production cost. 

volume reduces portability, and most portable gas turbine generator sets have been simple cycle. There 
have been studies which indicate that the simple cycle gas turbine is more cost effective than 
regenerative gas turbines for generator sets, due to the higher cost and presumed higher maintenance of 
the regenerative cycle unit, but these studies are sensitive to the type utilization of the unit. For 
application where portability is important, the simple cycle will be favored. 
turbines developed and produced commercially for vehicles or other industrial uses can be utilized for 
generator drive, it is likely that they will be favored due to better fuel consumption, but more 
importantly, a significant production base will exist which will reduce costs. It could be expected that 
many military requirements will favor the simple cycle engine, and some military and most commercial 
applications will favor the regenerative engine. 

special attention to silencing may be necessary since generator sets may operate in the proximity of 
personnel for long periods. 

While on the subject of vehicles, the automotive gas turbine must be considered. The automobile 

A major reason for the renewed interest in automotive gas turbines by the manufacturer's is that 
It is currently indicated 

The gas turbine engine for automobiles is generally envisioned as being quite similar to the truck 
The smaller size further increases the difficulty 

While the regenerative engine is usually considered necessary to 

Therefore, the 

The lower production cost and much smaller volume of the simple cycle engine would be very 
There is also some indication that the higher combuster inlet temperature of the regenerative 

The subject of automobile engines is vast and cannot be covered in depth in this paper. There is a 

Competitors to the standard spark ignition 
regenerative and simple cycle gas turbines, closed Brayton cycle engines with various working 

If the gas turbine is selected for volume production by 

Several models of large jet 

These bave been generally quite successful, but 

The small gas turbine nicely fulfills the requirement for 
Portable military generator sets cover the spectrum from less than 1 KW to 

From the performance standpoint, frequency regulation and ,ability to pick up load rapidly are 

In turbine engines two approaches are possible. 

This latter approach 

Turbine engines for electrical power generation are usually fixed 

In the modern turbo-alternator approach, where the alternator is driven directly at 

Figure 7 shows an example where only two bearings are required for the total rotating assembly, 

Regenerative gas turbines are favored where fuel consumption is paramount, but the extra weight and 

If regenerative gas 

As in other turbine engine installations, adequate inlet air filtration is required, and some 

Automated control for remote starting, operating, and shutdown may be 
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des i rab le  i n  a number of circumstances. 
power is not in te r rupted  i n  c e r t a i n  c r i t i c a l  operations.  

a r e  successfully employing gas  turbine power i n  ships .  
engines, which have been developed in to  qu i t e  mature, long l i f e  engines, and have been marinized t o  be 
compatible with the  sea-going environment. 
marinization are applicable t o  the  small engine case.  It is  of fundamental importance t o  provide 
pro tec t ion  aga ins t  t he  corrosive sal t  atmosphere. This involves se lec t ion  of materials which are 
corrosion r e s i s t a n t ,  and appl ica t ion  of pro tec t ive  coat ings.  
no t  des i rab le  s ince even pro tec t ive  coatings can be eroded away. 
wash manifold i n  the engine i n l e t  t o  f a c i l i t a t e  washing down the engine in t e rna l ly  with f r e sh  water a f t e r  
exposure t o  salt environment. This, inc identa l ly ,  is a l s o  good prac t ice  on he l icopter  engines which 
operate i n  sal t  water environments. Sa l t  ingestion promotes another problem i n  turbine engines, which is 
t h a t  of su l f ida t ion  i n  the turbine sec t ion .  The su l fu r  i n  fue l s  together with sal t  y ie lds  sodium su l f a t e  
which a t t acks  the turbine buckets. 
o r  de-mister i n  the induction system, t o  prevent the sal t  from entering the engine. 

s t rong contenders f o r  small boat o r  pleasure boat appl ica t ion .  Since these engines a r e  expected t o  be 
priced competitively with cur ren t  d i e se l  engines, and should s a t i s f y  the small boat requirements, 
o f fe r ing  low noise and v ibra t ion  together with long l i f e ,  it is t o  be expected tha t  they w i l l  be qu i t e  
a t t r a c t i v e  f o r  t h i s  use.  It is fu r the r  l i ke ly  tha t  the small boat market is not  su f f i c i en t ly  la rge  t o  
j u s t i f y  the development expense of a spec ia l  marine engine, which would not have an appreciably 
d i f f e ren t  cycle (pressure r a t i o ,  temperature, e tc . )  than the indus t r i a l  engines f o r  o ther  application. 
For the same reason, i n  the 500-2000 HP category, it seems l ike ly  tha t  marinized versions of a i r c r a f t  
engines o r  a b a t t l e  tank engine may be u t i l i z e d  r a the r  than a spec ia l ly  developed marine engine. 

u t i l i t y  se rv ices  of la rge  bui ldings,  schools, shopping centers ,  e t c . .  This system is usually termed the 
Total  Energy Concept. A schematic of one version of t h i s  system is shown i n  Figure 8. Essent ia l ly ,  a 
small gas turbine provides sha f t  power t o  dr ive  a generator for e l e c t r i c a l  power, and the exhaust heat  
energy is u t i l i z e d  i n  a bo i l e r  t o  provide steam f o r  space heating, and hot  water. 
provided by absorption ch i l l i ng ,  o r  a r e f r ige ra t ion  u n i t  can be driven by sha f t  o r  e l e c t r i c a l  power. 
Most of the heat energy of the f u e l  is u t i l i z e d  with f i n a l  exhaust temperature being very low, and 
therefore  overa l l  thermal e f f i c i enc ie s  of 60-80% a r e  possible.  Thus, the nomenclature of Total Energy 
Concept is derived. 

however, t ha t  i n i t i a l  c a p i t a l  expenditures are g rea t e r  f o r  t h i s  system than merely connecting t o  ex is t ing  
public u t i l i t i e s .  Therefore, an economic ana lys i s  must show operating savings such tha t  a c ross  over 
po in t  is reached within some reasonable time period,  probably f ive  years ,  a f t e r  which thissystem must 
show the lowest t o t a l  cos t .  This economic ana lys i s  depends on many fac tors ,  mostly non-technical, such 
as Total  Energy Concept e f f e c t  i n  building cos t ,  labor  cos ts ,  depreciation, tax e f f e c t s ,  loca l  u t i l i t y  
power cos t s ,  e t c . .  It a l s o  depends on the gas turbine l i f e  and r e l i a b i l i t y .  It is therefore des i rab le  
t o  choose gas  turbine design parameters which a r e  conservative and conducive t o  long l i f e .  Compressor 
s tage loadings may be low t o  reduce e f f e c t s  of compressor foul ing,  and cycle  temperature must be modest 
t o  permit clean combustion and long l i f e .  A conservative cycle is s t i l l  qu i t e  e f f i c i e n t  i n  t h i s  case due 
t o  the high u t i l i z a t i o n  of engine exhaust heat energy. 

Like many o ther  appl ica t ion  a reas ,  t h i s  market may not be su f f i c i en t ly  la rge  a t  t h i s  time t o  warrant 
development of a specialized engine. Therefore, adaptations of engines developed f o r  o ther  purposes may 
be u t i l i z e d .  Engine power r a t ings  of i n t e r e s t  are generally i n  the 500-1000 HP category. 
i ndus t r i a l  engines with conservative design o r  de-rated and modified a i r c r a f t  engines can be considered. 

There a r e  many o ther  appl ica t ion  a reas  f o r  the small gas turbine which have not  been discussed, and 
probably many more appl ica t ions  which have not ye t  been developed. It is  necessary t h a t  the gas turbine 
be analyzed f o r  any appl ica t ion  t o  determine whether it might be the most economic se lec t ion  over the l i f e  
cycle .  

It is  probable tha t  the biggest  market growth f o r  small gas turbines i n  the next few years w i l l  be 
tha t  where the d i e se l  engine is now u t i l i z e d .  The gas turbine is already firmly entrenched i n  the 
av ia t ion  f i e l d ,  and the  market r a the r  well  es tab l i shed .  Since the regenerative gas turbine now seems 
ab le  t o  compete with the d i e se l  i n  terms of acquis i t ion  cos t  and fue l  economy, there  appears t o  be market 
opportunity i n  the indus t r i a l  and t ruck area ,  and a l l  the o ther  widely varied appl ica t ions  of the d iese l .  
There are approximately 700,000 d i e se l  engines manufactured and so ld  commercially each year i n  the United 
S ta tes .  
severa l  r a the r  la rge  producers, and therefore ,  there  is  su f f i c i en t  market t o  sus ta in  some turbine 
producers. 
perhaps cur ren t  turbine engine manufacturers w i l l  develop indus t r i a l  type engines t o  gain a share of t h i s  
market. 
prove economic through longer l i f e ,  r e l i a b i l i t y ,  e t c . ,  and w i l l  a l so  necess i ta te  extensive market 
development and appl ica t ions  engineering t o  inform po ten t i a l  customers of operating advantages of gas 
turbines ,  and how a l l  the f r inge  benef i t s  can be u t i l i z e d ,  and t o t a l  cos t s  analyzed. 

There a r e  fundamental reasons why the small gas turbine faces  a more competitive s i t ua t ion  than d id  
la rge  turbine engines, pa r t i cu la r ly  j e t  a i r c r a f t  engines. The j e t  engine permitted such la rge  a i r c r a f t  
performance gains  tha t  the p is ton  engine was quickly non-competitive. The performance ga ins  possible 
with small shaf t  power gas turbines over t h e i r  competition a r e  much l e s s  spectacular ,  and i n  f a c t  the 
development of a high e f f ic iency  small engine presents technical d i f f i c u l t i e s  not encountered i n  la rge  
u n i t s .  This is  due t o  the  e f f e c t s  of r e l a t ive ly  la rger  compressor and turbine blade t i p  c learances,  the  
r e l a t i v e l y  la rger  boundary layer  i n  a l l  flow passages, smaller Reynolds Numbers, g rea te r  poss ib i l i t y  of 
leakage of a i r  from the cycle  through s e a l s ,  f langes,  e t c . ,  compromise of blade shapes and aspect r a t i o s  
t o  accomodate cooling passages and maintain s t ruc tu ra l  i n t eg r i ty ,  and many o ther  sca le  e f f ec t s .  Scaled 
l a rge  engine ax ia l  compressors cannot be used s ince the  r e s u l t  would be such small blade heights and 
sec t ions  as t o  be impractical  t o  manufacture and qu i t e  vulnerable to  foreign objec t  ingest ion.  This i n  
turn  of ten  causes design philosophies of small engines t o  be d i f f e ren t ,  such as the use of r a d i a l  r a the r  
than a x i a l  compressors and turbines .  
cur ren t  disadvantage tha t  by f a r  the g rea t e s t  expenditures i n  turbine technology have been i n  the la rge  
j e t  engine a rea  f o r  high performance mi l i ta ry  a i r c r a f t ,  and only r e l a t ive ly  smaller expenditures made t o  

Provision f o r  pa ra l l e l ing  sets may be necessary t o  assure tha t  

Another a rea  t o  consider f o r  small gas turbines  is marine appl ica t ion .  Throughout the world, Navies 
These engines are usually der iva t ives  of a i r c r a f t  

A number of the.lessons learned i n  i n s t a l l a t i o n  and 

Magnesium i n  the a i r  path of the engine is 
It is good prac t ice  t o  provide a water 

A reasonable so lu t ion  t o  the problem is t o  i n s t a l l  a water separator 

The indus t r i a l  gas turbines  of 2-400 HP being developed f o r  truck and o ther  uses w i l l  l i ke ly  be 

The small gas turbine is a l s o  a very competitive contender as a power source t o  provide a l l  the 

Refrigeration is 

This concept eliminates the dependency on la rge  cen t r a l  u t i l i t y  generating p l an t s .  It is apparent, 

Simple cycle 

The quan t i t i e s  are approximately as shown i n  Figure 9 .  This market is l a rge  enough t o  support 

It is t o  be expected t h a t  cur ren t  d i e se l  engine manufacturers w i l l  develop gas turbines ,  and 

Capturing the markets now held by the d i e se l  w i l l  necess i ta te  w e l l  developed turbines  which can 

Besides the fundamental pena l t ies  of small components, there  is the  
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advance small turbine component technology. Therefore, the technology bank is not as great to support 
small engines as large ones. 
diesel and spark ignition engines that the small gas turbine has not progressed more rapidly. 
indicated that component technology programs for small turbine engines should be supported and more 
extensive efforts devoted to producibility of the engine. 

last 7-8 years. Initial goals were rather ambitious, being directed towards 12-1 pressure ratio single 
stage radial compressors, and approximately 2300°F cooled turbines. 
detail, it can be reported that results were not outstanding, and that efficiencies were generally 5 or 
more percentage points below goals. While these results were disappointing, it did indicate the problems 
of attaining high efficiency small components, and where further efforts should be placed. 
technology is still being supported toward ambitious goals, some of which are outlined in Figure 10. 
This type program must continue, but also it is believed necessary to combine advanced components into a 
running engine or gas generator to evaluate them under engine conditions. 
engine development goals be established which can be achieved on a predictable schedule and cost, without 
undue risk. 

In covering the subject of this paper, Wilitary and Civilian Needs for Small Gas Turbines", 
quantity requirements of the military are omitted because of the security classification of inventory 
requirements. 
turbine surpassing its competition on an overall cost-effectiveness basis. 
one half the current diesel engine market is a reasonable potential. 
gas turbines are successful in automobiles, ten million or more gas turbines per year could be produced. 
Thus, the overall numerical requirements can be very great indeed. 

Technical requirements differ considerably with applications, as has been mentioned throughout this 
paper, but common requirements of improved component efficiencies, higher cycle pressure and temperature 
limits, and improved producibility are important to every application. 
cycle costs have been emphasized for every application. Particularly in the small gas turbine area, it is 
believed that the designer should consider costs with as much emphasis as the cycle parameters. 
doing, it is believed that the small gas turbine can capture a large share of the total market for power 
under 2000 horsepower, on the basis of providing the purchaser the greatest return on investment. 

It is for these reasons, plus the generally good experience and low wst of 
It is 

The US Army has supported a number of component programs in the 2-5 lb/sec air flow category in the 

Without reviewing these programs in 

Component 

Only after this is done can 

The civil quantity requirements depend only upon the technical progress made toward the 
It would appear that at least 

At the other end of the spectrum, if 

Engine acquisition costs and life 

By so 
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PHE STATE OF THE ART OF S U L  GAS TURT3IKl3 ENGINES FOR HELICOPTERS 
AND S W A C E  TRANSPORT 

H.H. Langshur, Chief Design Engineer, and 

B. J. Palfreeman, Supervisor, Advanced Performance, 

United Ai rc ra f t  of Canada Limited, 

P.O. Box 10, Longueuil, Quebec, Canada 

SUMMARY 

The paper reviews the  current technical and market s t a t u s  of below 1000 SIP turboshaft  engines, as applied 
t o  he l icopters  and surface transport .  
s a l i e n t  design f ea tu res  a r e  made. 
survey, advances t o  be expected i n  a 1980 he l icopter  engine a re  described and the expectations a r e  
c r i t i c a l l y  reviewed. 
de t a i l .  

Major data a r e  given f o r  the successful engines and comparisons of 
On the basis of an indus t ry  

1980 surface transportation engines a re  t r ea t ed  similarly,  though i n  l e s s  technical 
The main challenges f o r  t he  engine designer and m d a c t u r e r s  i n  the surface transport  f i e l d  a r e  

Engines now i n  development a r e  discussed. 

brought Out. 

Cet e s sa i  examjne lle'tat ac tue l  des techniques e t  des marche's pour l e s  turbo-moteurs installe's dans l e s  
h6licoptkres ou ve'hicules pour l e  t ranspor t  t e r r e s t r e .  On discute l e s  donne'es l e s  plus importantes des 
moteurs qui  ont r6uss i s  e t  on compare l eu r s  principaux avantages techniques. 
en voie de mise au  point. 
pre-dit ce que devra 6 t r e  l e  moteur pour he'licoptkre en 1980 e t ,  avec un o e i l  c r i t i que ,  ces p d d i c t i o n s  
sont pase6es en revue. 
1980, mais d'une manikre mine de'taille'e. 
confrontent l e e  bureaux d'e'tude e t  l e s  a t e l i e r s  de fabr ica t ion  des moteurs pour ve'hicules de t ranspor t  
t e r r e s t r e .  

3n de'cri t  aus s i  des moteurs 
A p a r t i r  dlune e'tude f a i t e  dans l ' i n d u s t r i e  pour ce genre de machines, on 

I1 en e s t  de m6me pour ce qui  concerne l e  moteur pour l e  t ranspor t  t e r r e s t r e  en 
On a eu soin auss i  de f a i r e  r e s s o r t i r  l e s  principaux de'fis qui 

INTRODUCTION 

The terms of reference given t o  us f o r  t h i s  paper suggested a review of thc present s t a t e  of the art, as 
The paper w i l l  accordingly be organised i n t o  two par t s ,  dealing 

w i t h  the present and the future. 
future" i s  defined as engines entering production in 1980. 

!Ch: def in i t ion  of a "small" engine is one of l e s s  than 1000 SHP, output power being the  most useful 
c r i te r ion .  'phis i s  a rb i t r a ry ,  but a convenient compromise f o r  the purpose of the  discussion. Rationally, 
one can say that engines below 1000 SHP m u s t  be configured technica l ly  w i t h  pr ice  prominent in the de- 
signers '  minds, whereas above this s i z e  there i s  not  qu i t e  the same pressure f o r  "um a t t en t ion  t o  
cost ,  in that pe r fo rmme ( l o w  SFC) and o ther  considerations t e n d  t o  assume r e l a t i v e l y  more importance. 
Another j u s t i f i c a t i o n  i s  t h a t  surface prime mover applications m y  occur in considerable numbers up t o  
this approximite s i z e  in fu ture ,  warranting mass production; 

The authors thank United Ai rc ra f t  of Canada Limited f o r  permission t o  produce this paper; Allison Division 
of General Motors and Pratt & Whitney Aircraf t  f o r  permission t o  quote service s t a t i s t i c s ;  and the follow- 
ing companies f o r  par t ic ipa t ing  i n  a survey r e l a t ed  t o  fu ture  developments: 
Leyland, Motoren und Turbinen Union of Munich, Rolls Royce, Solar,  Teledyne Continental and United Ai rc ra f t  
Corporation. 

We w i l l  now turn t u  the  present s t a t e  of the art, dealing first with he l icopter  powerplants and then with 
surface prime movers. 
though announced new developments a r e  included. 
the  paper t o  a " a g e a b l e  length. 
and mater ia l  from the technical press. 

*well a s  a forecas t  of fu ture  developments. 
By "present" s t a t e  of the  art  we mean engines now in production. "The 

beyond 1000 SHP the market w i l l  be smaller. 

Avco Lycoming, F i a t ,  Garrett ,  

In general the description emphasizes production engines r a the r  than prototypes, 
Auxiliary Power Units a r e  not included in order t o  keep 

Engine d e k  quoted a r e  taken f r o m  reference 1, supplemented by brochures 

PART I - CURREI?T STATUS 

Helicopter Engines 

The Al l i son  General Motors 250 or,  in mi l i t a ry  designation, 163, i s  one of the  most widely used he l icopter  
powerplants today. In the HP range discussed here, this engine, the k b o m e c a  Artouste and the Br i s to l  
Siddeley Nimbus, which i s  a derivative of  the  Artouste and going out of production (reference 2), a r e  the 
only ones flying in Western production helicopters.  The b l IL2  he l icopter  i s  powered by a Russian 400 SW 
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engine, similar i n  layout t o  the Allison, but considerably heavier  and poorer i n  f u e l  consumption. Fig. 1 
ehowe major data  of the All ison 250-C18 model which was type c e r t i f i c a t e d  i n  September 1965. 
engines have been produced f o r  both mi l i ta ry  and c i v i l i a n  usage. 

Fig. 2 shows major data of the Turbomeca Artouste 3s which i s  powering the Alouette I11 hel icopter .  
Reference 1 s t a t e s  that this model i s  derated from 870 S a .  (The 130 Kg weight i n  Fig. 2 i s  taken d i r e c t  
from a brochure; A smaller Artouste version powers the 
Alouette I1 and the Artouste 3N a t  592 SHP powers the SA 341 Gazelle. 
lower mass flow, i.e. i t  does not  appear t o  be a derated engine, it has G:l pressure r a t i o ,  and these 
combine t o  improve brochure SFC t o  ,627 lb/SHP-hr. (284 g r m - h r . ) .  These engines a re  a l l  f ixed shaft 
designs. 

The i s s u e  of f r e e  versus f ixed s h a f t  was hot ly  debated i n  the U.S.A. some years ago and resolved there  i n  
favour of the f r e e  shaft. 
speed s t a b i l i t y .  This i s  a fea ture  that enhances s a f e t y  i n  that i t  i s  more forgiving of p i l o t  e r ror ,  and 
this was the t e l l i n g  point  i n  the U.S. debate. I n  the l i g h t  of a recent analysis of f i s c a l  1970 U.S. 
m i l i t a r y  hel icopter  accidents  (reference 3) ,  which ascr ibed 5C$ of the  causes t o  crew er ror ,  this seems 
t o  have been a good decision. 

Fig. 3 shows major data of the UACL PT6B-16 cngine which has powered the Loclcheed 286 r i g i d  r o t o r  he l icopter  
and several  experimental hel icopters .  

The basic  design of the North American engines mentioned dates  back to  the l a t e  f i f t i e s .  (Purbomeca's 
concepts or iginated e a r l i e r .  The engines a l l  fea ture  compressors having a combination of one o r  more 
axial s tages  and a f i n a l  cen t r i fuga l  stage. A t  the time these engines were designed t h i s  was the pre- 
ferred way of achieving pressure ratios i n  the range of about 6, with adequate e f f ic iency  a t  lovi mass 
flows. The 800 SHP Garret t  TSE 331-3U-303, some of which have been used i n  Sikorslcy S-55 conversions, 
and the prototype 375 SHP LITU 6022 use tvio ceht r i fuga l  stages.  There i s  a wide d i v e r s i t y  i n  burner 
design, ranging from the  centr i fugal  f u e l  in jec t ion  Turbomeca s t y l e ,  t o  s ingle  i n j e c t o r  designs of the 
Allison type and BITU 6022 s c r o l l  type, and the mult i - injector ,  annular Garret t  and UACL PT6 design. 
engines use a x i a l  turbines  except f o r  the 240 SHP Garret t  TSE 36 which i s  derived f r o m  an A h l i a r y  Power 
U n i t ,  
'generators a s  well  as one and two stage power turbines.  The construction o f  the a x i a l  turbines  v a r i e s  
from al l -cast  wheels t o  one-piece forged and mchined wheels t o  c a s t  blades inser ted  i n t o  forged hubs. 
The layout of the tvio f r e e  shaft engines, the T63 and the P T G ,  i s  character ised by avoidance of coii- 
c e n t r i c  shaft- through the compressor, which in both cases necessi ta ted turning the  exhaust gases 
through 90° o r  more i n  a confined space. The Teledyne Continental 600 SKP T72 engine, which vias not  
taken through i n t o  production, did s t e p  up t o  concentric shaf t ing hovrever. 

The weights of the engines mentioned so  f a r  a r e  r e l a t i v e l y  high, i n  excess of .585 lb/SHP. 
an i n i t i a l  conservative design o r  rating approach. A s  an ind ica t ion  of progress i t  nay be pointed out 
that the All ison C-20 weight r a t i o  i s  1% b e t t e r  than the C-18's. 
by 2C$. This Allison 250 C-20 was c e r t i f i c a t e d  i n  1970. Pig. 4 gives major de ta i l s .  
e a r l i e r  C-18 engine, mass f low i s  up 2% and pressure r a t i o  up one r a t i o .  
fugal  stage compressor design of the c-18 has been retained. 

Before discuss ing more recent designs, some remarks w i l l  be made regarding costs .  
p r ice  l e v e l s  have not ye t  mater ia l ised so that turbines  marketed t o  date have remined s i g n i f i c a n t l y  more 
expensive than turbocharged pis ton engines. 
a t  N.A.S.A. where e f f o r t s  a r c  under way t o  evolve a low cost  small turbofan (reference 5) ,  the pis ton 
engine continues t o  s e t  a challenging standard. 

Factors contr ibut ing t o  the higher cost  of turbine engines a r e  several .  The turbine engine uses m r e  
expensive and d i f f i c u l t  t o  h i d l e  r a w  mater ia ls ,  so  that forging and cast ing costs ,  qu i te  a p a r t  from 
machinability cos ts ,  a re  higher. Production technology has not  t o  date solved the problem of producing 
a t  low cost  the various complicated high tempcraturc sheet metal vreldments that p r o l i f e r a t e  i n  the aero 
gas turbine.  &el  
pump, control  and f u e l  nozzles cost  two t o  three times the equivalent components of a typ ica l  350 SHP 
turbocharged f u e l  in jec t ion  pis ton engine. 
f o r  any given model a r e  a l s o  smaller. 

These, plus  amortization of high development and start-up expemes, a re  sone reasons why the cost  progress 
of small aero gas turbines  has been modest. 
the  United A i r c r a f t  of Canada PTGB-16 and f o r  quick comparison the correspondin;. veight  breakdow. 
interest-  that weight and cos t  percentages a re  similar, except, as one mi&t exqx?ct, f o r  the f u e l  ~ y s t e m  
group. 

It i s  useful t o  mention three developments which have contributed t o  cost  reduction. 
development of successful methods of cast ing i n t e g r a l  compressor a i d  turbine vrhcels, the second i s  cast ing 
of i n t e g r a l  turbine nozzle r ings  with and without provision f o r  cooling, and the t h i r d  i s  cent r i iuga l  
impeller machining based on methods which int imately conbine machine notion and c u t t e r  geometry with the 
generation of aerodynamically and s t r u c t u r a l l y  e f f i c i e n t  vane and hub prof i les .  Pig. 6 shovrs an impeller 
which i s  designed and mchined i n  this mnner  from a ti tanium forg%. 
t i tanium cast ing,  thus reducing o r  eliminating passage machining. 
wheels however e n t a i l s  weight and performance penal t ies .  
of f i l l i n g  the t h i n  t r a i l i n g  edges of the blades, which i n  turn implies viorkin~ with lower aspect  r a t i o ,  
longer chord designs. 
efficiency. 

About 5000 

it i s  24 Kg lower than given i n  reference 1).  
Compared with the 3B, the 3N has 

The f r e e  shaf t  engine's near ly  constant povrer as speed i s  reduced promotes r o t o r  

It has not t o  date been i n s t a l l e d  in any production hel icopters .  

A l l  

It uses a r a d i a l  turbine (reference 4). The f r e e  shaf t  engines use both one and two stage gas 

This r e f l e c t s  

Its volume / S H P  r a t i o  i s  a l s o  improved 

The s i x  a x i a l  plus  one centr i -  
Compared with the 

Early hopes f o r  lower 

Mhile work i s  eo% on t o  produce loner  cost  designs, notably 

Material ,  geometry and fabr ica t ion  considerations make qua l i ty  control  expensive. 

Compared with pis ton engines, t w b i n e  cngine production runs 
This i s  apparent from small a i r c r a f t  production s t a t i s t i c s .  

Pig. 5 shows a typ ica l  cost  bredidown by component group f o r  
It is  

Note that reduction gearing seems r e l a t i v e l y  inexpensivc. 

The f i r s t  i s  the 

It i s  hoped, one day, t o  use a 
C a s t i w  of compressor and turbine 

The cast ing process i s  l i n i t c d  by considerations 

The r e l a t i v e l y  thick t r a i l i n g  edges a r e  not compatible with maxim aerodynaclic 
Long chords e n t a i l  weight penal t ies .  
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Turning t o  more recent designs, Pig. 7 shows major data f o r  the Garre t t  TSE 231 475 SHP engine which i s  
cur ren t ly  i n  development. It fea tures  concentric shaf t ing ,  which necess i ta tes  bvo i n t e r sha f t  bearings, 
according t o  i l l u s t r a t i o n  i n  reference 4. 
two spool  turbofan engincs. T h i s  i s  the dynamics pr ice  f o r  small sca le  coupled vdth high t i p  speed, 
r ad ia l  components. 

A cha rac t e r i s t i c  of t he  nevi generation engines i s  higher compressor pressure ra t io .  
of the  Garre t t  231 engine i s  8.6:1, and it is  achieved by two stages of cent r i fuga l  compression following 
the exanple of the 331 turboprop e x i n e s .  
design here follows reccnt R o l l s  Royce prac t ice  by the adoption of multispooling. 
830 SHP take-off and a 900 SITP contingency rating, and i t  is  aiming a t  very low f u e l  consumption, namely 
.49 lb/SD/hr. (220 grams/PS/hr.). 
three concentric shafts, on this small dimensional scale. 
s e l f  out of development troubles i n  the b e a r ~ s h a f t i n g / o i l ~ s e a l i n g  functions,  and the  complexity 
must i nev i t ab ly  make i t s e l f  f e l t  i n  production cost. 

Another noteworthy f ea tu re  of t he  TSE 231 is  the s-le stage compressor turbine. It must have high stage 
loading by v i r tue  of t he  elevated engine pressure r a t i o ,  a i d  combining t h i s  with the  small s ize ,  4.3 lb/sec. 
(1.95 W s e c . ) ,  the r e su l t i ng  e f f ic iency  must be compromised. 
cost  and by shaft dynamics considerations. 
compressor spool a s  might be expected and two power turb ine  stages. Incidentally,  it is  the first small 
aero engine equipped with a vapourising f u e l  system. 

Although the  UACL PT6 T w i n  Pac which went i n t o  production i n  1970 i s  an 1800 SHP powerplant, each ba r re l  
of this engine has an output of 900 SHP and it  may thus qua l i fy  f o r  b r i e f  mention in this survey. 
i s  a p ic tu re  of this engine and Fig. 9 shows major data. Reference 1 lists a similar Turmastazou model 
of the same power. 

Snall engines so far have a l l  employed uncooled turbine blading and the  nevi generation engines a re  no 
exception. 
gines. 
qua l i t y  standards, w i l l  s e t  pa r t i cu la r ly  onerous tasks  f o r  the  designer of smll hardware. There a re  
minimum wall thicknesses and mini" passage widths limits which &re s e t  by these considerations, and 
these, plus the sheer lack  of space provide r e s t r i c t i o n s  which w i l l  inev i tab ly  make f o r  lower cooling 
e f fec t iveness  than i n  l a rge  s i z e  engines. 
same extent as its bigger brothers. 
(1311OK) temperature level.  
but cooled. 
trailing edge thiclmess of these vanes i s  .OG3" (1.6 m) vhich i s  12$ of the th roa t  opening. 

A s  a last item i n  this section, he l icopter  engine r e l i a b i l i t y  w i l l  be b r i e f ly  reviewed. 
&sum6 of the  serv ice  experience o f  the Allison 250. 
he l icopters  i s  1125 hours as of December 1970. 
Ai rcraf t  of Canada Limited has only turboprop s t a t i s t i c s ,  these ind ica te  that with continued develop- 
ment (5  mill ion flying hours) t yp ica l  a i r l i n e  r e l i a b i l i t y  achievements, such as .16 chargeable premature 
removals per I000 hours and .03 in- f l igh t  shutdowns per 1000 hours (1970 average f o r  the P r a t t  & Whitney 
Ai rc ra f t  JT3D) can be equalled. 
t o  r e l a t e  the arduousness of f ixed  versus ro ta ry  wing i n s t a l l a t i o n s ,  we have compared service s t a t i s t i c s  
for the P r a t t  & Vi-hi-imey Aircraf t  JT12 j e t  engine with i ts  JEym)l2 he l icopter  counterpart. T h i s  i s  one of 
the  few powerplants f o r  which such a comparison should be possible. 
of enzine f ly ing  hours i s  r a the r  l imi ted  (the JETD12 hours in the  Sikorsky Skycrane a r e  61,000 t o  da te ) ,  
thesc data 
vAng a i r c r a f t  and he l icopters  given appropriate product improvement e f fo r t s .  

Surface Engines 

Turning now t o  surface t ranspor ta t ion  use, a number of engines developed o r ig ina l ly  f o r  aeronautical  
appl ica t ions  have been applied t o  sundry surface uses, though these have t o  date not been l a rge  i n  terms 
of numbers of engines sold. 
in Pig. 11, which shows a PT6 engine powering a successful piece of snow removal equipment. 
a s ingle  example of such an i n s t a l l a t i o n  in sp i t e  of i t s  good record. 
way of high power density. 
brought about some t r a i n  appl ica t ions  of below 1000 SHP engines such as the STG powered Turbotrain shown in 
Fig. 12. 
A Japanese train i s  a l s o  in operation, using derated Lycoming T53 engines. Also in existence i s  an Astazou 
powered version of the  French Ber t in  tracked a i r  cushion t ra in .  

Small gas turbines a r e  a %aturaltf powerplant f o r  smll A i r  Cushion Vehicle l i f t  and/or propulsion power, 
a t  l e a s t  i n  non tracked designs. 
motor. 

The gas turb ine  has not penetrated s ign i f i can t ly  as a powerplant f o r  small marine c ra f t .  It must be con- 
cluded that pr ice  i s  the commercial obstacle sincc remarkable p e r f o m c e  has been demonstrated and since 
appreciable space i s  saved. 

There have been many prototype appl ica t ions  i n  mad and off-the-road vehicles. 
e f f o r t s  a r e  those by Ford. 
50 cars  with a "fourth generation" engine (reference 6).  
engines i s  s ta ted  t o  be going on (reference 7). 

Compare t h i s  with no i n t e r s h a f t  b e a r m s  on some la rge ,  modern 

The pressure r a t i o  

The pressure r a t i o  of the Rol l s  Royce Rs 360 i s  12:l and the  
The RS 360 has a 

It must have been a d i f f i c u l t  decision t o  adopt such a layout,  i.e. 
There i s  l i t t l e  space ava i lab le  t o  design one- 

The decision was probably influenced by 
The RS 360 fea tures  a t o t a l  of four  turbines,  one f o r  each 

Fig. 8 

Indeed, cooling in these small s i z e s  vAll be more d i f f i c u l t  than cooling i n  la rge  s i ze  en- 
The requirements of economic usc of cooling air ,  good durabi l i ty ,  plus manufacture t o  r e l i ab le  

Hence, the small engine w i l l  not benefit  from cooling t o  the  
The PT6 Twin Pac and the TSE 231 (reference 1 )  operate a t  the 1900OF 

The blade material  employed by the former is IIT 100 and the  vanes a r e  \VI 52 
To i l l u s t r a t e  the need f o r  th icker  than a e r o d p m i c a l l y  desirable geometry, the nominal 

Fig. 10 i s  a 
Its time between overhaul (TBO) i n  comerc ia l  

No data were received from Turbomeca. Thoueh United 

Admittedly the TBO of the a i r l i n e  engines i s  much higher. I n  an attempt 

Though the comparison bas is  i n  terms 

ind ica te  that there should be l i t t l e  engine-chargeable r e l i a b i l i t y  difference betvieen fixed 

Some of the  surface appl ica t ions  have been qui te  exotic,  such as i l l u s t r a t e d  
T h i s  remains 

The turbine engine here scores by 
T h i s  same reason, coupled with consequent vehicle desi@ innovations, has also 

An experimental train with a Garre t t  engine and using e l e c t r i c  drive i s  i n  operation i n  the  U.S.A. 

For tracked designs, the  long term objective is the  l i n e a r  induction 

The most extensive truck 
The most comprehensive automobile e f f o r t s  were probably Chrysler's who t e s t ed  

Special  mention must a l so  be made of IJr. Noel Penney and 
Some laboratory work on subsequent generation 
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h i s  Rover team who were the first t o  run a turbine powered c a r  and vho performed an important publicity 
semice  t o  the whole industry by successfully completing the vingt-quatre heures du Lkns. 

PART I1 - Tff;.: FUTUi?E 

Preamble 

In  projecting fu tu re  technical attainments two approaches a r e  possible. 
based on assembling advances i n  major individual components. This approach i s  not followed here since 
components a r e  the subject of subsequent specialised papers. The second and chosen approach cons is t s  of 
overa l l  predictions based on extrapolation of pas t  trends and on judpen t .  I n  order to  provide a more 
va l id  ove ra l l  perspective, we have canvassed the industry f o r  i t s  opinion, and not j u s t  r e l i e d  on a one 
conpany o r  author personal judgment. To t h i s  end, a questionnaire was sen t  t o  a l l  known na jor  turbine 
companies i n  Vestern Europe and i n  iiorth America ac t ive  i n  the sm11 engine f i e ld .  The nine companies 
named i n  the  Introduction and United Aircraf t  of Canada rep l ied  t o  this survey. It is  regre t ted  that 
Ford and General IJotors, whose r ep l i e s  would have been pa r t i cu la r ly  in t e re s t ing ,  did not respond. The 
views of any one pa r t i cu la r  company w i l l  not be divulged, a s  a n o n p i t y  was promised. 

I n  devising such a questionnaire i t  i s  imperative to  keep i t  simple, so as t o  ge t  a reasonable response. 
Pi&. 13 shows the questions asked i n  regard t o  he l icopter  engines. 
forecas ts  of power t o  weight r a t i o  a r e  secondary i n  importance t o  the questions asked. 
r a t i o  tends t o  be a function of the thennodpmnic design a t  which the questions a r e  ch ie f ly  directed. 
IJevertheless, some comments on weight a r e  included i n  the  tex t .  

Our requests were mostly addressed t o  the Directors of 3ngineerhg  of the companies, and we must presume 
that the answers r e f l e c t  an au thor i ta t ive  point of view. 
in s t ruc t ive  t o  quote from one reply: 
f o r  the pa r t i cu la r  problem. 
own views." 

The first cons is t s  of p red ic t iom 

Be did not question weight since 
Also, weight 

This i s  not intended t o  sound cynical; it i s  

In cases where opinions were a t  variance, I answered in accordance with my 
" In  some cases I have had t o  argue with company people competent 

The comments and opinions expressed i n  this p a r t  of the paper r e f l e c t  thc  authors' own views and not 
those of United Ai rc ra f t  of Canada LFtlited. 

Bollowing the previous order i n  t h i s  paper, he l icopter  engines w i l l  be discussed first, followed by the 
surface t ranspor ta t ion  scene. 

IIelicoptcr Znngines of 1900 

Results of the questioivlaire w i l l  first be presented with br ie f  remarks on the values shown. Overall 
technical comment w i l l  follovi a t  the encl. The s t a t i s t i c a l  ana lys i s  methods used a re  described in the  
appendix. 

Turning t o  the first question, namely spec i f i c  fue l  consumption t o  be expected in  a reasonably priced 
1980 production engine, we have the p ic ture  shown in Fig. 14. 
expected i s  from .63 lb/SHP-hr. t o  .52 (282 t o  233 g r m - h r . ) ,  o r  1% in the  300 - 500 SHP f i e l d ,  and 
from .60 t o  .48 (270 t o  215) o r  20% i n  the 700 - 1000 SHP f i e l d .  
numbers thc spread of the fo recas t s  was ra the r  large.  

The second question concerned turbine i n l e t  temperature. Results a r e  given i n  Fig. 15. Note a l so ,  by 
considering the standard deviation, the very high tem era tures  expected by some respondents. 
coating systems would require 150 - 250°F (65 - 120OCp improvement t o  enable these temperatures t o  be 
met without cooling. Up t o  100°F (38OC) is  t o  be expected with some cer ta in ty ,  a l b e i t  a t  a cost  penalty, 
but beyond t h i s  matters become problematical and cooling may have t o  be r e l i e d  on. 

The next question was designed t o  ascer ta in  probable compressor pressure ra t io .  Fig. 16 gives the fore- 
cast .  Judging by the  s m a l l  standard deviation f o r  t he  300 - 500 SIB value, there  was  remarkable ce r t a in ty  
here. However, this may be coincidence, considering the  degree of uncertainty associated with the 700 - 
1000 SHP value. 

Unanimity w a s  achieved on the question whether heat exchangers would be used. 
T h i s  question was included s ince  some years ago such a p o s s i b i l i t y  w a s  ac t ive ly  contemplated i n  the US. 
f o r  mi l i t a ry  applications.  

Fig. 17 i l l u s t r a t e s  the answers t o  the  pr ice  trend question. The questionnaire inv i t ed  chief reasons f o r  
the  pa r t i cu la r  reply,  but no one commented. In t e re s t ing ly  enough, though the percentage f u e l  consumption 
improvement was about the same f o r  the two s i ze  f i e l d s  considered, respondents were f a i r l y  a m  that the 
small s i z e  pr ice  would be s t a t i c ,  whereas, though the majority s t i l l  considered pr ices  would s t ay  the  same, 
they were more inc l ined  t o  pred ic t  a p r i ce  increase I n  the l a r g e r  s ize .  T h i s  apparent inconsistency may 
r e f l e c t  the  f ee l ing  that production r a t e s  i n  the lower SHP range would be higher. Perhaps a l so  respondents 
meant t o  say that p r i ce  w i l l  need t o  remain the same i n  the  small s ize ,  but that some pr ice  increase i n  the 
l a r g e r  s i z e s  may be more acceptable. 

F ina l ly ,  as t o  du rab i l i t y  and r e l i a b i l i t y ,  37$ of respondents consider it w i l l  s t ay  a t  current standards 
and the  remaining 63$ expected s ign i f i can t  improvements. 
s t a t i s t i c s ,  this appears a reasonable expectation. However, the increased engine complexity required t o  
lower f u e l  consumption w i l l  make this a more d i f f i c u l t  task. 

It w i l l  be seen that the improvement 

A s  shown by the  standard deviation 

Material/ 

Both bes t  numbers imply advanced multistage o r  multispool machinery. 

The c l ea r  answer i s  no. 

F u t h e r  comment on pr ice  w i l l  follow. 

I n  the  l i g h t  of the e a r l i e r  comments on senr ice  
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Back ca lcu la t ing  from the  most l i k e l y  values f o r  SE, pressure r a t i o  and temperature, and assuming a 
reasonable range of cycle pressure and cooling losses ,  expansion and gear  e f f i c i enc ie s ,  and allowLng 
a 3$ guarantee margin, the  .52 SFC fo r  t he  300 - 500 SHP s i z e  implies a t o t a l  t o  s t a t i c  ad iaba t i c  com- 
pressor e f f i c i ency  of 76% - 79% at  an a i r f low of j u s t  under 3 lbs/sec (.136 W s e c )  f o r  400 SHP,  and the 
.48 SFC f o r  700 - 1000 SHP engines implies an efficiency o f  7846 - 81% a t  an a i r f low of j u s t  over 
5.5 lbs/sec (2.5 Kg/sec) f o r  850 S H P .  Allowing f o r  Reynolds number e f f e c t s  due to  s ize ,  both power 
ranges thus  requi re  near ly  the  same compressor quali ty.  
the 7:l pressure r a t i o  compressors typ ica l  of today's production engines, i.e. compressors of 1960 
o r ig ina l  design vintage plus 10 years of development. 
formidable advance, namely doubling of prcssure r a t i o  a t  constant efficiency, while maintaining adequate 
surge margin and d i s to r t ion  tolerance. 

One of the new engines now being developed, the Garrett  TSE 231, has a f u e l  consumption of .605 lb/SHP-hr. 
(270 gr/PS-hr.). 
mentioned, but i ts  pressure r a t i o  a t  8.6:l is l e s s  than halfway betvteen today's 7 and the  expected 12 of 
1980. 
apparent trend i s  more modest than the  expected. 
combination of pressure r a t i o  and ef f ic iency  i s  8:l  with SO$ - 82% t o t a l  s t a t i c .  
t o  14:l per  Fig. 16, a t  nea r ly  constant c f f ic iency  but lower f low (due t o  higher spec i f i c  power) a l s o  
represents a l a rge  step.  

A s  regards turbines,  the  present day e f f ic iency  l eve l s  a r e  l i k e l y  within two points of the  bes t  that can 
be achieved with current s tage  loadings and mechanical and fabr ica t ion  r e s t r i c t i o n s ,  and using p rac t i ca l  
t i p  clearances. Efficiency improvements can therefore be expected ch ie f ly  from increasing the  number of 
stages. 
stages of the  s ing le  s h a f t  Astazou a r e  replaced by two gas generator p lus  two power turbine stages.  But 
e f f ic iency  decrements w i l l  again be incurred due t o  blade cooling. 

Gearbox and p a r a s i t i c  l o s ses  (bearings, f u e l  and o i l  pump drives,  etc.) w i l l  no t  be reduced. 
cycle pressure r a t i o  w i l l  r equi re  d e t a i l  design refinement t o  hold windage and leakage lo s ses  t o  today's 
value S. 

In  pred ic t ing  SFC f o r  the  700 - 1000 SHF range, respondents were possibly influenced by knowledge of the  
Rs 360 wi th  i ts  below .5 SFC objective a n d  1974 intended production date. 
fluenced by st i l l  lower SFC t a r g e t s  f o r  somewhat la rger ,  advanced technology engines. 
designs requi re  increased complexity and hence a higher p r i ce  which 58% of the  respondents did not expect. 
This contradiction would be overcome t o  a degree i f  one considered the  FiS 360 SFC as more representative 
of the bes t  t h a t  might be expected than of the  most probable. When discussing f u e l  consumption it  is  
a lso  necessary t o  define terms. The authors '  comments r e f l e c t  the Worth American connercial and mi l i t a ry  
meaning of SFC, which i s  that a l l  production cngines shipped must denonstrate no worse than the  spec- 
i f i c a t i o n  values. I n  prac t ice ,  this requi res  that engines must be developed t o  a b e t t e r  average standard 
so as t o  go smoothly through production acceptance tes t ing .  

" f a c t u r e r s  may not  only d i f f e r  i n  t h i s  sense with respec t  t o  the  fue l  consumption they quote i n  
brochures, o r  which they have in  mind when predicting fu tu re  attainments. 
brochure f igures ,  such as acce lera t ion  considerations, desired maximum c ru i se  r a t ing  a t  a l t i t u d e  (cer- 
t a i n l y  a consideration with turboprops) o r  p a r t  load f u e l  consumption. 
engines operating a t  constant speed can be matched near the  surge l i n e  vrhcre compressors genera l ly  ex- 
h i b i t  bes t  efficiency, it w i l l  be possible t o  quote lower SFC values than f o r  an equivalent f r e e  sha f t  
engine. 
he l icopter  engines, and high power SFC may be sacr i f iced  t o  this end. 

Let us  now examhe some p r i ce  implications. 
according t o  the technica l  press. 
have pertained t o  a spec ia l  s i tua t ion .  
500 SHP engines of r o w h l y  .6 SFC qua l i ty  (270 gr/PS-hr. ) i s  560/SHP. 
question indicated constant p r i ce  expectation, but the  answers t o  the  SFC question showed an expected 
reduction t o  .52 lb/SHF-hr. (234 &r/PS-hr.). 
sophis t ica t ion  required. 
and allowing f o r  amortization of the  l a r g e r  Xngineering development and tooling cos t ,  a required p r i ce  
of $80 - $9O/SHP in terms of 1970/71 5, lTorth American cos t s  would r e su l t .  
range may be s l i g h t l y  lover  due t o  economies of scale.  
s tud ie s  from the  he l icopter  indus t ry  as t o  whether an advanced technology engine warrants such high 
pr ices  i n  a commercial s i tua t ion .  
p r i ce  i s  higher than the  commercial market would bear. 
s e t  of an engine pro jec t  would encourage an engine manufacturer t o  embark on such a venture. 
indeed the  case wi th  the  RS 360. 
budgets a r e  shaved. 

The fo rccas t  technique chosen r e a l l y  required a second cycle whereby the  holders of the  most extreme 
opinions a r e  given a chance t o  modify t h e i r  views. 
would have moderated the degree of advance 

Although, as explained e a r l i e r ,  t he  questionnaire purposely did not  enquire i n t o  weight, some comments 
a r e  i n  order. 
o r  mi l i t a ry  ( ini?$gezj  power r a t i o  of .36 lbs/SHP (.161 w), which i s  a t  l e a s t  IO$ b e t t e r  than 
current engines in service.  

The required e f f ic iency  values correspond t o  

Thus i n  another 10 years  respondents expect a 

Its tvro s tage  cent r i fuga l  compressor w i l l  have e f f ic iency  i n  the ca lcu la ted  range 

And the  r e s t  of the  vmy w i l l  be technica l ly  a much tho rn ie r  road than the  f irst  half. Thus, the  
Similarly,  i n  today's 700 - 1000 SHP engines, a good 

Thus the  expected s t e p  

This appears t o  have been done t o  good e f f ec t  on the  Turmastazou f o r  example, where the three 

Increased 

They may a lso  have been in- 
However these 

Other choices a l s o  a f f e c t  

For example, since s ing le  sha f t  

Similarly,  good p a r t  load f u e l  consumption w i l l  remain a continuing requirement f o r  most 

One Xrorth American engine i s  offered f o r  about 875/SHP, 

Let  us  say then that a p rac t i ca l  competitive p r i ce  f o r  300 - Another has been of fered  f o r  approximately 550/SHP, though this nay 

IJov the  answers t o  the  pr ice  

T h i s  seems contradictory i n  view of the  g rea t e r  design 
Applying e s t i m t e d  increases  t o  the  ind iv idua l  component groups in Fig. 5, 

For 700 - 1000 SKP the  p r i ce  
It would be in t e re s t ing  t o  have some va l id  

The authors '  prejudgment of the  outcome of such a study i s  that this 
Only a firm mi l i t a ry  quant i ty  order at  the out- 

T h i s  w a s  
13ut t he  prospects of such orders a r e  l e s s  and less r e a l  as mklitary 

There w a s  no time f o r  this. Perhaps a second cycle 
expected. 

i nes  under development, such as the  RS 360 and TSE 231, have a weight/take-off 

The PT6B-30 model, which i s  no t  ye t  ce r t i f i ca t ed ,  but which i s  based on one 
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power sect ion of the production PT6 1800 SHP T w i n  Pac has a r a t i o  of .30 (.134). 
with more sophis t icated compressors a r e  not  l i g h t .  
but rad ica l  improvements a r e  not  t o  be expected. 
i n  small engines i s  questionable. 

One f i n e l  comment. 
To the end of 1970 there  were about 1150 s ingle  and twin commercial mackines powered by Allison i n  a l l  
Western countries (reference 8), and roughly half  this number of commercial he l icopters  powered by all 
other  engines ( reference 9). Given the continuously increasing surface congestion, it seema cer ta in  
that more use must be made of the air, par t icu lar ly  f o r  v i t a l  services ,  so that, by 1980, we should see 
many s ingle  and p a r t i c u l a r l y  twin engined hel icopters  i n  public and business service.  
good market opportuni t ies  f o r  the  company that makes the correct  t rade between engine qua l i ty  and cost- 
l iness .  

Thus the new engines 
The picture  w i l l  improve with higher turbine temperature, 

The cost  effect iveness  o f  l i g h t  weight, composite mater ia ls  

Today there  a r e  comparatively few small gas turbine powered commercial hel icopters .  

There should be 

Future Surface Transportation m i n e s  

The survey questions concerning t h i s  f i e l d  endeavoured not  t o  repeat  the technical  r i g o r  of the he l icopter  
questionnaire. 

Fig. 18 presents  the r e s u l t s  of the first question, concernhg the percentage of 1980 new vehicle pro- 
duction that would be turbine powered. The only comment here i s  that the  155 penetration i n  the 100 - 
250 SHP f i e l d  must represent  many hundred thousand engines, This pleasant  forecas t  must be sparked by 
pol lut ion considerations,  but a doubter may ask: "If the turbine i s  necessary f o r  pol lut ion,  why should 
i t  not have a much higher penetration? On the other  hand, i f  the pis ton engine can g e t  away with it, 
why will there  be any turbines  a t  a l l?"  A good question. Is the answer t h a t  regulat ions in some 
places w i l l  be so exceedingly tight as t o  force all vehicles  regis tered there  t o  be turbine pavered? But, 
a t  l e a s t  in the U.S.A., the present t rend appears t o  be towards uniform federa l  regulation, and away from 
l o c a l  regulat ion (reference 10). Pol lut ion,  and a trend towards l a r g e r  and f a s t e r  vehicles ,  will put the 
case f o r  the turbine on increasingly f i rm economic grounds, as evidenced by the higher penetrat ion per- 
centage expected i n  the l a r g e r  s izes .  We would l i k e  t o  r e f e r  t o  a comprehensive recent paper on the 
subject of turbine economics, reference 11. ( Incidental ly ,  economic s tudies  a re  a p t  t o  assume equal 
dr iver  hourly wages a s  between Diesels and the gas turbine.  
demands t o  innovation). 

Cost s tud ies  f o r  quant i ty  production turbines  a r e  being car r ied  out i n  many places. 
report  i s  one from Ford who w i l l  p r ice  t h e i r  l a t e s t  450 SHP model 707 turbine the same as an equivalent 
Diesel. 
nozzles. 
f u e l  consumption as .4 lb/SHP-hr. (179 gr/PS-hr.) uninstal led,  on a 60°F day. 
dynamometer tes t ing ,  the  turbine i s  t o  e n t e r  production i n  August a t  200 u n i t s  f o r  the last f i v e  =the 
of 1971 (reference 12). 

Fig. 19 shows the percent penetration in the off-highway f i e l d .  
f igures.  
why the turbine should have an addi t ional  advantage in this equipment compared with on-highway trucks. 
Volume and weight economies a r e  probably equally important i n  both types of equipment. 

The r e p l i e s  t o  the heat  exchanger question, as shown i n  Pig. 20, show complete uncertainty on this point 
in the small and the l a r g e  s i z e  range, but a firmer expectation of heat exchangers in the  mid-range. 
i t  be that the indef in i teness  of the r e p l i e s  suggestsserious doubts that a viable  heat  exchanger c8n be 
developed? 
the la rge  U.S. auto manufacturers who have most experience with this device). 
the r e p l i e s  in the 100 - 250 SHP light/medium bus and t ruck range suggest that heat exchanger engines 
m y  be too cos t ly  in this s ize?  
off-highway equipment f i e l d  suggest that pol lut ion control  may force the i ssue  here so that even higher 
SFC simple cycle engines w i l l  be acceptable? A t  any r a t e  respondents vote  2:l that the mid power range 
of 250 - 450 SHP engines w i l l  require  exchangers. 
a heat exchanger i s  e s s e n t i a l  f o r  economic v iab i l i ty .  

The responses a r e  not very consis tent  and i t  is  hoped that the discussion w i l l  be more enlightening. 
the meantime, and considering the r i s i n g  o i l  p r ices  which w i l l  r a i s e  f u e l  expense, a l ready the l a r g e s t  
element o f  operating costs ,  i t  would seem that poten t ia l  quant i ty  manufacturers of small turbines  f o r  
revenue vehicles  must devote more mil l ions t o  the continued development of heat  exchangers. 

Nanufacturers having extensive experience with rotary ceramic regenerators seem t o  keep this experience 
very much t o  themselves. 
topic on the agenda of this conference. 
cost  reduction achievements and matrix durabi l i ty .  
formation. 
accumulate, and when this has turned to  the cold s ide ,  these p a r t i c l e s  will be blasted back i n t o  the 
burner. Thus a carbon ( o r  dus t )  loop i s  s e t  up, with gradual accumulation even i n  a clean (and well  
f i l t e r e d )  engine, with consequent erosion. 

Fig. 21 again i l l u s t r a t e s  divided opinion in regard t o  mans of achieving extended turbine blade l i f e .  
Opinions a r e  equally divided between low i n l e t  temperature, b e t t e r  mater ia ls  and cooling. 
of an ac tua l  choice, the first production generation Det ro i t  Diesel (GM) turbines  a r e  s l a t e d  to w e  
170O0F (1200OK) rated i n l e t  temperature ( reference 14). 
objective i s  10,000 hours without engine removal. 

A broader approach was  chosen. 

But Unions have been known t o  gear  t h e i r  

The most d e f i n i t e  

This Ford turbine i s  a f r e e  shaft, ceramic regenerator engine, with var iable  power turbine 
It i s  not the e a r l i e r ,  more complex and very f la t  SFC design. The brochure g ives  f u l l  load 

After  30,000 hours of 

T h i s  w i l l  be followed shor t ly  by a 525 SHP engine (reference 13). 

The r e s u l t s  a r e  similar t o  the on-highway 
T h i s  would appear reasonable, as the power ranges a re  the same and there  i s  no spec ia l  reason 

Can 

(It should be noted however that the authors were unsuccessful i n  obtaining responses from 
Does the uncertainty of 

And does the  uncertainty i n  the above 450 SHP super truck and heavy 

Presumably they a r e  more cer ta in  that in this range 

In 

It is a p i t y  t h a t  they were not  lured i n t o  the open by inclusion of a s p e c i a l i s t  
There a r e  varying reports  on progress in the a rea  of s e a l  wear, 

One problem which i n t r i g u e s  ua is  long term carbon 
Small p a r t i c l e s  a r e  shot from the burner through the regenerator,  where some of them will 

One wonders whether this w i l l  be a s igni f icant  problem. 

A s  an e-le 

So far as we know, the North American d m b i l i t y  
In reference 11 i t  w a s  700,000 Ilm. Let  UB b r i e f l y  
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consider the challenge implied. Compared with aero engines, the truck, bus and off-highway turbine must 

- spend a l a rge r  proportion of i t s  l i f e  a t  elevated turbine temperatures, by v i r tue  of a high average 
power requirement and maintenance of high temperatures even a t  p a r t  load in flat  8PC engines; 

operate on f u e l  containing more sulphur; 

breathe high density and contaminated air; 

withstand frequent power s e t t i n g  changes; 

endure a r e l a t i v e l y  ind i f f e ren t  maintenance standard. 

- 
- 
- 
- 
Considering these fac tors ,  and the much l e s s  than 10,000 hours time between overhaul demonstrated by 
small aero engines t o  date, i t  seems hardly warranted t o  assume a longer "block" durabi l i ty  than f o r  
Diesel engines, as is sometimes done in economic studies. 
d r iver  and maintenance staff t r a in ing  will have t o  be thorough, othemise  the  turbine w i l l  qu idf ly  earn 
i t s e l f  a poor reputation. 
exchanger and the turbines w i l l  require the  most e f f o r t  t o  achieve a good f i e l d  record. 

Finally,  Fig. 23 shows the percent development costs that manufacturers expect t o  devote t o  the various 
main tasks  required t o  market a product that will uphold t h e i r  pre-turbine reputations. Those who have 
the best gasoline and Diesel engines can expect t o  spend the most development money. 
reputation difference a l s o  accounts f o r  the standard deviations shown in Fig. 23. 
half the Engineering investment w i l l  be devoted t o  du rab i l i t y  and r e l i a b i l i t y  development. 

The questionnaire did not address i t s e l f  t o  the  automobile f i e l d .  
dependent on the pollution s i tua t ion  and on whether o r  not Otto cycle powerplants can be developed c l e a r  
of the laws. A s  i s  well known, GE recently acquired r igh t s  t o  the Wankel engine so as t o  increase t h e i r  
Otto cycle options. A heat exchanger i s  questionable because of first cos t ,  so  t ha t ,  i f  po l lu t ion  
d i c t a t e s  it, the public w i l l  have t o  be prepared t o  buy considerably more fuel.  But the gasoline engine 
wi l l  not d i e  easily. If pol lu t ion  l eg i s l a t ion  looks too s t r ingen t  f o r  it, there  w i l l  be strong pressure 
t o  relax the l a w  t o  j u s t  f e a s i b l e  requirements. 

One l e s s  obvious problem with the auto gas turbine i s  high exhaust temperature. 
engines there w i l l  be l e s s  cooling in the exhaust pipe due t o  higher mass flow. 
design w i l l  thus have t o  take i n t o  account pedestrian hazards, e f f ec t s  on the  ground (melting of tarmac, 
s e t t i ng  f i r e  t o  grass )  and e f f e c t s  on garage equipment and in s t a l l a t ions .  
capped in these regards because of the g rea t e r  freedom of exhaust routing and treatment, and na tu ra l ly  
heat exchanger engines w i l l  have reduced exhaust gas temperatures. 

Marine appl ica t ions  will follow the lead of road vehicles. 
w i l l  continue t o  power those spec ia l  devices, such as ACV's, where the turbine scores f o r  much the 88me 
reasons as in a i r c r a f t .  

Re l i ab i l i t y  and du rab i l i t y  development, and 

Not surprisingly,  Fig. 22 shows that manufacturers a r e  agreed that the heat 

Perhaps this 
A t  any r a t e ,  nearly 

The appl ica t ion  of tu rb ines  here is 

Compared with gasoline 
The automobile exhaust 

Trucks should be l e s s  handi- 

Por the r e s t ,  der iva t ives  of a i r c r a f t  t u r b h e s  

CONCLUDING REnfAFiKS 

We have endeavoured t o  give a broad brush review of the cur ren t  s t a t e  of the  he l icopter  turbine art, and 
of the current degree of turbine usage f o r  surface transport .  
has t o  date been l a rge ly  confined to two turbine models. 
power sec t ion  have been introduced and these a r e  seeing service in at l e a s t  two l a r g e r  machines, the 
Bell  212 and S58T commercially. I J i l i t a ry  appl ica t ions  have been paramount. 

The survey forecas t  p red ic t s  iruprovement i n  he l icopter  engines SFC t o  .52 lb/SHP-hr. (233 gr/PS-hr.) by 
1980 f o r  the 300 - 500 SHP s i ze ,  and t o  .48 (215) f o r  the 700 - 1000 SW s ize .  However, apart from spec ia l  
and increasingly r a re  mi l i t a ry  s i tua t ions ,  p r i ce  considerations a re  l i k e l y  t o  d i c t a t e  more modest progress, 
since such low values imply too rapid and d r a s t i c  improvement i n  simple components. 
is a l so  indicated by extrapolating achieved fuel consumption improvement ra tes .  
r e su l t  primarily f r o m  turbine i n l e t  ternperature increase,  i . e .  spec i f i c  power. In <ery low fue l  con- 
sumption engines weight gains w i l l  however be o f f se t  by the  increasing compledty of the required aero- 
dynamic machinery. Further developmeilt of e l e c t r i c  and l a s e r  machining, casting, pressed powder, i n e r t i a l  
welding and similar processes w i l l  open up some new design p o s s i b i l i t i c s  and bring about d e t a i l  cost  
savings. 
duction technology so that i n t r i n s i c  manufacturing cos t  should not ge t  appreciably be t t e r .  

The l a t t e r  i s  meagre, and he l icopter  usage 
Lately, twinned engines of below 1000 SHP per  

More modest progress 
Weight improvements will 

But there a r c  no s igns  on the horizon that point t o  r e a l l y  s ign i f i can t  break.throughs i n  pro- 

Re l i ab i l i t y  i s  a function of many fac tors ,  some of which a r e  outside the  design 
jur i sd ic t ion .  From a purely tecbnical point o f  view, improvements a re  no doubt 
necessary t o  support p rac t i ca l  he l icopter  usage. 

The surface t ranspor ta t ion  fu tu re  f o r  the gas turbine w i l l  be heavily dependent 
except perhaps i n  the  above 450 SHP s i z e  range where economics a re  increasingly 
space considerations. The technical challenges a re  formidable, and, except f o r  

and development engineers' 
possible,  and indeed 

on pol lu t ion  considerations 
favoured by weight and 
the very l a rges t  manu- 

f ac tu re r s  with captive markets, one may see a trend towards corporate cooperation i n  the  development and 
manufacture of su i t ab le  engines. 
duction and the numerous e f f o r t s  generally undenvay t e s t i f y  t o  the indus t ry ' s  determination and expectation 
that the problems w i l l  be overcome. 

Insp i t e  of these d i f f i c u l t i e s ,  several  developments a r e  close t o  pro- 
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APP. 1 

APPEPTDIX 

CORRETIATIOIJ OF THE QUESTIOI~UIFtE MT.4 

Introduction 

A t o t a l  of ten  questionnaires vas completed and returned by various leading aero-engine manufacturers. 
In  addi t ion,  questionnaires were completed by several  persons within United Aircraf t  o f  Canada Limited. 
These i n t e r n a l  r e p l i e s  were processed independently and the resu l t ing  consensus was included with the 
other  rep l ies .  

Helicopter W i n e s  

For question 1.1, p a r t  ( a )  (see F l g u e  13) the "lovJest", "most probable" and tthighest'f values of predicted 
spec i f ic  f u e l  consumption given i n  each rep ly  were tabulated. 
"most probable" values and a. weighting f a c t o r  of'  one f o r  the others,  the mean spec i f ic  f u e l  consumption 
and the standard deviation vierk calculated.  

Using a weighting f a c t o r  of two f o r  the 

The mean was calculated according t o  the equation: 

The standard deviation was calculated according t o  the equation: 

- r  n -  I 
Figure 14 shows the projected spec i f ic  f u e l  consumption for the 300 - 500 SHP engine s i z e  range and f o r  
the 700 - 1000 SHP s i z e  range. 

The 6rojected turbine i n l e t  temperatures and compressor pressure r a t i o s  a r e  shown in Figures 15 and 16 
respect ively along with t h e i r  standard deviations.  
f a c t o r s  as those used f o r  p a r t  (a). 

For question 1.2, the percentage of r e p l i e s  predict ing each p a r t i c u l a r  pr ice  trend f o r  the  two engine s i z e  
c lasses  was calculated and shown i n  Figure 17. 

Surface Transportation Engin es 

For Figures 18 and 19, concerning an t ic ipa ted  turbine usage, the mean and standard deviation were cal-  
culated f o r  each power range using the  equations shown above. 

The manner of presenting r e s u l t s  f o r  Figures 20 and 21 i s  self explanatory. 

The method o f  analysis  concerning the order of d i f f i c u l t y  presented by various components, Mgure 22, I s  
i l l u s t r a t e d  by the fo l lowing  f i c t i t i o u s  example: 

The mans and standard deviations of the numbers representing the order of d i f f i c u l t y  were calculated and 
tabulated a s  shown: 

The s p e c i f i c  f u e l  consumption shown is  the mean value as calculated above. 

The calculat ions were done,using the same weighting 

Order Component - Mean Std. Deviation - 
1.21 

3.57 
2.50 

2.50 

4.71 

1.10 

2;37 
1.81 

3.71 
1.27 

From the 'lmeantt calumn it can be seen that component A ,  since i t s  mean is the lowest, i s  number one i n  the 
order. Also, components B and E w i l l  be order  number 4 and 5 respectively.  
equal mean. 
a s  t o  its d i f f i c u l t y .  

For Figure 23, the mean and the standard deviation were simply calculated f o r  each development category 
f rom the questionnaire repl ies .  

Components C and D show an 
However the standard deviation f o r  C i s  smaller,  thus ind ica t ing  a g r e a t e r  degree of cer ta in ty  

Iienoe it v d l l  be given a higher  order number than component D. 
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SHAFT HORSEPOWER 
TAKE-OFF RATING 317 HP 
MAXIMUM CONTINUOUS RATING 270 HP 

TAKE-OFF RATING 
MAXIMUM CONTINUOUS RATING 

SPECIFIC FUEL CONSUMPTION 
0.697 Ib/HP-hr. (312 g/PS-hr.) 
0.706 Ib/HP-hr. (316 g/PS-hr.) 

PRESSURE RATIO 6.2: 1 
TURBINE INLET TEMPERATURE 1825°F (1269°K) 

AIR MASS FLOW 
WEIGHT 139 Ib. (63 kg) 

DIMENSIONS 

3.0 Ib/sec (1.36 kg/sec) 

LENGTH 40.0 in. (1017 mm.) 
WIDTH 19.0 in. ( 483 mm.) 
HEIGHT 22.5 in. ( 572 mm.) 

Fig. 1 Allison 250 C-18 free turbine turboshaft characteristics 

SHAFT HORSEPOWER 
TAKE-OFF RATING 
MAXIMUM CONTINUOUS RATING 

TAKE-OFF RATING 
MAXIMUM .. CONTINUOUS RATING 

SPECIFIC FUEL CONSUMPTION 

PRESSURE RATIO 
AIR MASS FLOW 
WEIGHT 
DIMENSIONS 

550 HP 
550 HP 

0.72 Ib/HP-hr. (322 g/PS-hr.) 
0.72 Ib/HP-hr. (322 g/PS-hr.) 

5.2: 1 
9.5 Ib/sec (4.3 kg/sec) 

287 Ib (130 kg) 
LENGTH 71.5 (1815 mm.) 
WIDTH 19.9 ( 507 mm.) 
HEIGHT 24.7 ( 627 mm.) 

Fig.2 Turbomeca Artouste 3B single shaft turboshaft characteristics 

THERMODYNAMIC SHAFT HORSEPOWER 
TAKE-OFF RATING 
MAXIMUM CONTINUOUS RATING 

THERMODYNAMIC SPECl F IC FUEL CONSUMPTION 
TAKE-OFF RATING 
MAXIMUM CONTINUOUS RATING 

MECHANICAL SHAFT HORSEPOWER 
TAKE-OFF RATING 
MAXIMUM CONTINUOUS RATING 

SPECl F IC FUEL CONSUMPTION (MECHANICAL) 
TAKE-OFF RATING 
MAX MUM CONTINUOUS RATING 

PRESSURE RATIO 
AIR MASS FLOW 
TURBINE INLET TEMPERATURE 
WEIGHT 
DIMENSIONS 

732 HP 
732 HP 

0.610 IbMP-hr. (273 g/PS-hr.) 
0.610 IbMP-hr. (273 g/PS-hr.) 

690 HP 
690 HP 

0.618'tbMP-hr. (276 g/PS-hr.) 
0.618 IbMP-hr. (276 g/PShr.) 

7.0: 1 
6.5 I b/rec (3.1 kg/rec) 

1740OF (1222OK) 
269 Ib (122 kg) 

MAX. DIAMETER 19 in. ( 483 mm.) 
LENGTH 59.5 in. (1515 mm.) 

Fig.3 UACL PT6B-16 free turbine turboshaft characteristics 



SHAFT HORSEPOWER 
TAKE-OFF RATING 
MAXIMUM CONTINUOUS RATING 

TAKE-OFF RATING 
MAXIMUM CONTINUOUS RATING 

SPECIFIC FUEL CONSUMPTION 

PRESSURE RATIO 

AIR MASS FLOW 
WEIGHT 
DIMENSIONS 

2SC20 

400 HP 
346 HP 

0.630 Ib/HP-hr. (282 o/PShr.) 
0.645 Ib/HP-hr. (289 g/PShr.) 

7.21 

3.6 I b h c  (1.6 ko/rr) 
155 Ib (70 ks) 

LENGTH 40.3 iri. (1023 mm.) 
WIDTH 19.0 in. ( 483 rrm.) 
HEIGHT 22.5 in. ( 572 mn.) 

Fig.4 Allison 250 C-20 free turbine turboshaft characteristics 

%COST %WEIGHT 

INTAKE, COMPRESSOR AND DIFFUSER 35 36 

SYSTEMS 19 12 

SHAFT 26 26 

BURNER, FUEL SUPPLY AND IGNITION 

TURBINES, EXHAUST AND POWER TURBINE 

ACCESSORY GEARBOX 11 13 
REDUCTION GEARBOX 9 13 

Fig.S FT6B-16 costlweight breakdown 

Fg.6 FT6 impeller 
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SHAFT HORSEPOWER 
TAKE-OFF RATING 
MAX.CONTINUOUS/NORMAL RATING 

TAKE-OFF RATING 
MAX.CONTINUOUS/NORMAL RATING 

SPECIFIC FUEL CONSUMPTION 

PRESSURE RATIO 
TURBINE INLET TEMPERATURE 
AIR MASS FLOW 
WEIGHT 
DIMENSIONS 

474 HP 
403 HP 

0.605 Ib/HP-hr. (271 $PShr.) 
0.619 Ib/HP-hr. (277 $PShr.) 

8.6: 1 
1WO"F (1312°K) 

171 Ib (77 kg) 
4.3 Ib/sec (1.95 kg/rec) 

DIAMETER: 15.2 in. ( 386 mm.) 
LENGTH: 41.0 in. (1041 mm.) 

Fig.7 Garrett Airesearch TSE 23 1-1 free turbine turboshaft characteristics 

MAXIMUM CONTINUOUS RATING 
MPTION 

US RATING 
PRESSURE RAT1 

FLOW ( P r  POW* ktSM) 

WEIGHT 
DIMENSIONS 

617 Ib 
LENGTH 65.3 in. 
WIDTH 44.4 in. 
HElGHl 31.6 h. 



TOTAL FLIGHT HOURS 1,860,000 
PREMATURE REMOVAL RATE 0.8/1000 hrs. 

IN-FLIGHT SHUT-DOWNS (25o-Cl8 ONLY) 0.19/1000 hrr. 

NOTE: REMOVAL AND SHUT-DOWN RATES ARE BASED ON ENGINE RE- 
LATED EVENTS ONLY. 

Fig. 10 Allison 250C18/T63 operational experience in helicopter applications through December 1970 

Fig. 11  ST6 powered snowplow 

Fig.12 ST6 powered CNR Turbo Train 
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TECHNICAL FORECASTS: CONSIDERING NOT ONLY THE PROBABLE PROGRESS IN TECHNOLOGY, BUT ALSO 
PRACTICAL MARKET PRICE RESTRAINTS, PLEASE ANSWER THE FOLLOWING WESTIONS TO THE BEST OF 
YOUR JUDGMENT. 

1.1980 PRODUCTION TURBOSHAFT ENGINES FOR HELICOPTERS 
ENGINE POWER RANGE (SHP) 

(TAKE-OFF. SEA LEVEL. STATIC, 15°C) 

300 to MO 700 to IWO 

1.1 ENGINE CHARACTERISTIC 

a. SPECIFIC FUEL CONS. 

k TURBINE INLET TEMP. 

e. PRESSURE RATIO 

d. IS AN EXHAUST HEAT 
EXCHANGER LIKELY? 

1.2 

Y)JT LIKELY PRICE TREND 
(IN TERMS OF 1970 VHP) 

CHIEFLY WHY? 

1.3 

RELIABILITY AND DURABILITY 
TREND (RELATIVE TO CURRENT 
STANDARDS) 

Figure 13 

I 300-MOSHP I 700-1OOOSHP I 
0.52 Ib/HP-hr. 0.48 Ib/HP-hr. SPECIFIC FUEL 

CONSUMPTION (233 gr/PS-hr.) (215 gr/PS-hr.) 

OF REPLIES ( 36 gr/PS-hr.) ( 27 gr/PShr.) 

Projected specific fuel consumption for 1980 production helicopter turboshaft engines 

STANDARD DEVIATION 0.08 Ib/HP-hr. 0.W Ib/HP-hr. 

Fig. 14 
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t 
TURBINE INLET 
TEMPERATURE 

STANDARD DEVIATION 
OF REPLIES 

300 - 500 SHP 700 - 1000 SHP 
2048°F 2089°F 
1393 "K 1416°K 

195°F 219°F 
108 "K 122°K 

Fig. 15 Projected turbine inlet temperature for 1980 production helicopter turboshaft engines 

I PRESSURE RATIO 

300 - 500 SHP 700 - 1000 SHP 

12 14 
- 

STANDARD DEVIATION 0.7 3.8 
OF REPLIES 

Fig. 16 Projected compressor pressure ratio for 1980 production helicopter turboshaft engines 

TREND 

INCREASE 

REMAIN SAME 

DECREASE 

Fig. 17 

PERCENT OF REPLIES 

300 - 500 SHP 700 - 1000 SHP 

1 4% 36% 

65% 58% 

21% 6% 

100 - 250 SHP ENGINE POWER 
RANGE 

Projected price trend for 1980 production helicopter turboshaft engines referred to 1970 $/HP 

250 - 450 SHP 450 - 700 t SHP 
~~ 

VEHICLE 
APPLICATION 

BUS, HEAVY "SUPER" 
LIGHT a MEDIUM TRUCKS TRUCKS 

TRUCKS I 

1 5% PERCENT TURBINE 
POW ER ED 

Fig.18 Percent of 1980 production highway vehicles powered by gas turbine engines 

32% 59% 

STANDARD DEVI AT ION 
OF REPLIES 

VEHICLE 
AP P L  I CAT ION 

15.2% 2 1.8% 30.1% 

100 - 250 SHP 250 - 450 SHP 450 - 700 t SHP 
ENGINE POWER 

RANGE . 
HEAVY TRACTORS, 

LIGHT - MEDIUM 
DUMP TRUCKS 

Fig. 19 Percent of 1980 production off-highway vehicles powered by gas turbine engines 

HEAVY SCRAPERS HEAVY DUMP 
MEDIUM DUMP TRUCKS 

TRUCKS 

11% PERCENT 
TURBINE POWERED 

STANDARD DEVIATION 
OF REPLIES 7.9% 

24% 47% 

16.3% 26.3% 
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100 - 250 SHP 
ENGINE POWER 

RANGE 

47% 

53% 

REPLIES FOR 
HEAT EXCHANGERS 

REPLIES AGAINST 
HEAT EXCHANGERS 

250 - 450 SHP 450 - 700 t SHP 

63% 53% 

37% 47% 

Fig.20 1980 production land vehicle gas turbine engines equipped with heat exchangers 

METHOD % O F  REPLIES 

39% 

37% 

MODEST TURBINE 
INLET TEMPERATURE 
NOVEL MATERIALS 
AND COATINGS 
HIGH DEGREE OF 
VANE AND BLADE COOLING 24% 

27% ADEQUATE FUEL 
CONSUMPTION 

Fig.2 1 Most likely means of ensuring long-life turbine components 

12.0% 

COMPONENTS ARE LISTED IN DECREASING ORDER OF DIFFICULTY 

41% 18.2% RELIABILITY AND 
DURABl L I  TY 

LOW COST DESIGN 25% 12.7% 
FOR PRODUCTION 

r 

HEAT EXCHANGER 
TURBINE 
BURNER 
FUEL SYSTEM 
BEARINGS 
OTHERS 
COMP R ESSOR 

Fig.22 Order of technical difficulty in achieving a maintenance and reliability record equal to or better than the heavy 
truck diesel 

% OF DEVELOPMENT STANDARD DEVIATION I OF REPLIES 
I DEVELOPMENTGOAL 1 COST 

LOW EMISSION I AND NOISE I 7% 5.7% 

Fig.23 Development cost breakdown for A 200-500 SHP truck turbine engine 
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t i o n  du t aw  de compression pour p lus ieurs  va leurs  du rendement polytropique du compresseur. Les courbes 
1 rendement constant presentent un minimum pour une valeur du rapport  de pressions d 'autant p lus  grande 

I que le rendement est 6levl .  

C Y C L E S  D E  T U R B I N E S  A G A Z  

ge  donc du rendeauent en fonction d'un taux d e  compression croissant .  

GrZice 1 des l tudes  systLmatiques sur  les formes de  ve ine  des compresseurs et  des  turbines  
axiaux, il a l t L  poss ib le  de dBfinir  les p r o f i l s  gLomLtriques de  p lus ieurs  machines (slide 3). 

P. ALES1 - R. LAURENS 

Direction Technique 

S.N,E.C,M.A. - VILLAROCHE 

Chaque ve ine  a B t B  c a l c u l l e  en u t i l i s a n t  les c r i tP res  d e  dimensionnement en vigueur pour les 
compresseurs axiaux et  en supposant pour chaque Ltage une l lBvation de tempLrature t o t a l e  de  37OC 
( 67 OF). 

De plus ,  pour apprLcier l ' e f f e t  d '6chelle en mSme temps que l ' e f f e t  de  cycle, t r o i s  valeurs 
du deb i t  d ' a i r  on t  L t l  envisagees : 10 ; 5 et  1 kgls. 

Le rendement d'une g r i l l e  est essentiellement fonction des per tes  de  p r o f i l  e t  des per tes  
d 'ex t r lmi t l .  Une p a r t  importante de  ces pe r t e s  peut t t re  LvaluBe en considGrant l ' in f luence  du nombre 
de Reynolds calculi5 sur  une dimension ca rac t l r i s t i que  de l a  g r i l l e ,  par exemple s a  corde ( s l i de  4). 

Dans ce  cas ,  nous Bcrirons que l e  nombre de  Reynolds est  l g a l  au produit  de  l a  v i t e s s e  
moyenne par l a  corde divisL par l a  v i scos i tL  dynamique. 

Chaque compresseur l t u d i l  l t a n t  parfaitement d l f i n i  g lodt r iquement  et thermodynamiquement, 
il a l t l  poss ib le  de  d e f i n i r  l e  nombre de Reynolds carac tgr i san t  chaque Btage. 

Pour c h i f f r e r  l ' in f luence  du nombre de Reynolds sur  l e  rendement d ' l t age ,  nous avons cho i s i  
une courbe de va r i a t ion  rlalisant un coapromis e n t r e  des Btudes thLoriques qu i  conse i l len t  une l o i  en 

I puissance 116 ou 117 et des  r l s u l t a t s  d 'essa is  qu i  prLsentent une va r i a t ion  beaucoup plus  f o r t e  ( s l i de  5). 

Cette courbe reprdsente les Bcarts de  rendement de  compression polytropique en fonction du 
1 
I nombre de  Reynolds calculi5 dans l a  roue mobile. C e t  lcar t  est  nul  pour une valeur du Reynolds correspon- 

dant au ler l t a g e  d'un compresseur a x i a l  de 10 kg/s de dBbit d ' a i r  cho i s i  c m e  rBfBrence et  dont l e  ren- 
dement mesure au banc p a r t i e l  se t r o w e  en p a r f a i t  accord avec les rendements des machines ex is tan tes  de 

a f i n  d 'obtenir  l a  valeur correspondant au nombre de  Reynolds de 1'Btage. 

I 
I 
t 

c e t t e  taille. Les &arts l u s  1 gauche de c e t t e  valeur de  base sont  1 deduire du rendement de  re f l rence  

Cependant, dans l ' lva lua t ion  des pe r t e s  d'extrBmitl, il e x i s t e  un phenomsne qui  n 'es t  pas 
l i e  1 l a  valeur du nombre de Reynolds, c ' e s t  l ' in f luence  sur  l e  rendement des pe r t e s  dues aux jeux en 
bout d'aube ( s l i de  6). 
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Cette planche pr l sen te  une s t a t i s t i q u e  de jeux en bout d'aube por tan t  sur  plusieurs  moteurs 
S.N.E.C.M.A. La to l l rance  est donnle en fonct ion de l a  hauteur de l'aube, 
t ions  donc des matlriaux,de l a  temperature de fonctionnement, de l a  forme de l a  veine e t  de l a  techno- 
logic du moteur. 

mais dlpend a u s s i  des d i l a t a -  

Ces considlrat ions expliquent l a  d i s p a r i t l  des poin ts  r e p r l s e n t a t i f s ,  mais il appara4t t o u t  
de &me que la  valeur  absolue du j e u  en bout d'auhe diminue quand l a  hauteur de l'aube diminue. Cepen- 
dant, il est clair  qu'on ne pourra descendre au-dessous d'une c e r t a i n e  l i m i t e  qui  semble sur  nos exemples 
se s i t u e r  autour de 0.5 mu. 

La combinaison de l ' e f f e t  de Reynolds e t  de l ' e f f e t  de jeu  au sommet a permis de mettre en 
lvidence les valeurs  r e l a t i v e s  des rendements des d i f f l r e n t s  compresseurs Btudils ( s l i d e  7). 

Quand le nombre d ' l t ages  augmente, le nombre de Reynolds v a r i e  peu car, bien que les dimen- 
s ions et  v i t e s s e s  c a r a c t l r i s t i q u e s  diminuent rapidement, l a  v i s c o s i t l  dynamique v a r i e  de l a  mzme facon 
e t  l q u i l i b r e  l ' e f f e t  d ' l che l le .  

La p e r t e  de rendement correspondante est pratiquement constante en fonct ion du nombre d ' l -  
tages, mais il f a u t  remarquer qu'un r l s u l t a t  un peu d i f f l r e n t  a u r a i t  pu Ztre enregis t re  s i  l a  longueur 
c a r a c t e r i s t i q u e  dgf in issant  l e  Reynolds a v a i t  ltl chois ie  autrement. Par exemple, en u t i l i s a n t  l a  hauteur 
de l'aube ou le rayon hydraulique, l ' inf luence du nombre d ' l t ages  a u r a i t  l t l  plus  marqule mais n 'aura i t  
pas t r a d u i t  a u s s i  bien les per tes  de prof i l .  

Cependant, en tenant compte de l ' e f f e t  des jeux en bout d'aube, on obt ien t  une v a r i a t i o n  sen- 
s i b l e  du rendeplent qu i  diminue de 3 poin ts  quand l e  compresseur passe de 5 B 11 etages. 

L'influence de l a  tolerance au sommet des aubes est lgalement n e t t e  s i  on compare e n t r e  eux 
3 compresseurs 1 5  l t a g e s  dimensionnls respectivement pour 10 - 5 et 1 kg/s de d l b i t  d ' a i r  ( s l i d e  8). 

I c i ,  l ' e f f e t  du nombre de Reynolds e t  l ' e f f e t  de jeu  viennent s ' a jou ter  pour abaisser  l e  ni-  
veau de rendement. 

D e  p lus ,  bien que l 'energie  specif ique n lcessa i re  B l ' en t rahement  des 3 compresseurs s o i t  
l a  &me, puisque l ' l l l v a t i o n  de temperature a ltl p r i s e  constante dans chaque l t a g e ,  l e  t a u  de compres- 
s ion  correspondant v a r i e  suivant  l a  valeur  du rendement, c'est-1-dire diminue quand le d l b i t  d ' a i r  dimi- 
nue , 

Un t r a v a i l  analogue de d l f i n i t i o n  thermodynamique et  de dimensionnement a e t 6  e f f e c t u l  sur  
les turbines  assoc i les  aux d i f f l r e n t s  compresseurs l t u d i l s  en les combinant B deux niveaux de templra- 
t u r e  e n t r l e  turbine 1 000 e t  1 200OC. 

Contrairement aux compresseurs, l e  nomhre de Reynolds c a l c u l l  dans une roue de turbine est 
peu s i g n i f i c a t i f  du rendement d e  l a  g r i l l e .  

Pour appr lc ie r  l ' e f f e t  de ta i l le ,  nous avons c h o i s i  d ' u t i l i s e r  une cor re la t ion  e n t r e  les ren- 
dements d e  compresseurs e t  de turbine b a s l e  sur  des l tudes  thlor iques de v a r i a t i o n  du rendement de tur- 
bine ( s l i d e  9 ) .  

La courbe est unique.pour deux temperatures d i f f l r e n t e s .  D'une p a r t ,  l 'augmentation de masse 
volumique qui  accompagne l'augmentation de temperature favor i se  l e  rendement 1 cause de l ' e f f e t  d ' lchel le .  
D'autre p a r t ,  l a  reintroduct ion dans l a  veine d'un d l b i t  de refroidissement d e  plus  en plus  grand v i e n t  
abaisser  l e  niveau de rendement. 

La  combinaison de ces deux e f f e t s  donne une c o r r l l a t i o n  unique pour 1 OOO°C et  1 20O0C, mais 
au-del l ,  l ' e f f e t  de d l t 6 r i o r a t i o n  du rendement dû  au refroidissement l 'emporterai t  sur l ' e f f e t  d e  taille. 

Les travaux pr lc ldents  ont  permis de calculer  une gamme de moteurs ent i l rement  d l f i n i s  par une 
geometric de veine et  des rendements l l lmenta i res  bien dlterminls. 

Les performances puissance e t  consomnation sp lc i f ique  r e f l s t e n t  l ' in f luence  des rendements e t  
du cycle  et  mettent par t icul i l rement  en lvidence l ' e f f e t  d e  l a  t a i l l e  de l a  machine ( s l i d e  10). 

On constate  une augmentation trls importante de l a  consonrmation specif ique quand l e  d l b i t  
d ' a i r ,  donc l a  ta i l le ,  dlminue. 
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La valeur  absolue de la  puissance est sur tout  sens ib le  au d e b i t  e t  1 la  temperature d ' e n t r l e  
turbine. Bien que l a  puissance specif ique presente  un optimum en fonct ion du taux de compression, donc 
du nombre d'etages, on s 'apercoi t  que l a  puissance reelle est peu sens ib le  au rapport  de pressions. En 
e f f e t ,  l 'augmentation du nombre d'etages s'accompagne d'une diminution de rendement q u i  v i e n t  a t tenuer  
l ' e f f e t  bLn6fique d'une haute valeur  du taux de compression, 

Les d i f f e r e n t s  moteurs BtudiLs couvrent une gamme de 200 kW 1 2 000 ou 2 500 kW suivant  l a  
temperature devant turbine, e t  il est in te ressant  de voi r  que l les  sont  les regions oii l e  mode de compres- 
sion par  compresseur cent r i fuge  serait preferab le  aux compresseurs axiaux. 

Dans ce but ,  nous avons porte ,  sur un reseau, les valeurs  des hauteurs d e  passage s o r t i e  
compresseur ( s l i d e  11). 

On constate  que les hauteurs augmentent avec l a  puissance mais qu 'e l les  dependent a u s s i  di-  
rectement du nombre d'etages de compression. Par exeniple, on s'apercevra qu'une machine 1 5 etages e t  
200 kW a m h e  hauteur de passage qu'une turbine 1 11 Btages produisant 2 000 ou 2 500 kW. 

On peut auss i ,  sur ce reseau, essayer d e  d e f i n i r  les domaines d'intLr^ets des compresseurs 
axiaux et  centr i fuges,  en determinant une hauteur au-dessous d e  laquel le  il serait p lus  in te ressant ,  du 
seu l  point  de vue rendement, d ' u t i l i s e r  un compresseur centr i fuge p lu t8 t  qu'un axial. D e  toute  facon, il 
semble que cette l i m i t e  e x i s t e  pu isqu ' i l  es t  rare de t r o w e r  des aubes de compresseurs d'une hauteur in- 
fBrieure 1 112 pouce, valeur  que nous avons indiquee 1 t i t r e  d'exemple sur  les courbes. 

I1 f a u t  cependant noter  q u ' i l  n ' es t  pas not re  intent ion de d i r e  q u ' i l  n'y a pas ou q u ' i l  ne 
devra i t  pas y avoir  de compresseurs centr i fuges au-dessus de c e t t e  l i m i t e  e t  de compresseurs axiaux en- 
dessous. Notre but est simplement d'essayer de d e f i n i r  une zone d ' int6rZt  pour chaque type de compresseurs 
en r e l a t i o n  avec leurs  valeurs  de rendement. 

Cependant, s i  l 'evaluat ion d e  la  hauteur de s o r t i e  du dernier  redresseur  donne des renseigne- 
ments in te ressants  sur les performances des p e t i t e s  turbines  1 gaz, il n 'es t  pas poss ib le  d ' u t i l i s e r  ce 
paramFtre pour separer les p e t i t e s  turbomachines des autres ,  car il ne f a i t  pas in te rveni r  l a  temperature 
devant turbine. Nous avons donc c h o i s i  comme paramstre carac te r i s t ique  l a  hauteur du d i s t r i b u t e u r  de tur- 
bine qui, en plus  du d e b i t  e t  de la pression, t i e n t  compte de l a  temperature maximale du cycle  ( s l i d e  12). 

Dans ces reseaux, d'une manisre analogue 1 ce q u i v i e n t  d ' t t r e  f a i t  pour les compresseurs, on 
p o u r r a i t  separer l ' i n t e r t t  des turbines  ax ia les  e t  c e n t r i p l t e s ,  e t  c'est pourquoi l 'on trouvera une limite 
f i x e e  i c i  1 1 6  nrm (518") q u i  semble representer  l a  hauteur minimum admise sur  un d is t r ibu teur  de turbine 
a x i a l e  . 

On peut Bgalement u t i l i s e r  ce paramltre pour essayer de dis t inguer  les p e t i t e s  turbines  1 gaz 
des au t res  turbomachines. On constate  a l o r s  que la puissance n 'es t  plus  un fac teur  s u f f i s a n t  pu isqu ' i l  
existe des machines 1 puissances Blevees d e  2 500 kW pour lesquel les  se posent des problsmes de p e t i t e s  
machines et puisque l 'on trouve des moteurs de 500 kW sans problsmes de tai l le par t icu l ie rs .  

En f a i t ,  il est c l a i r  que le dis t inguo p e t i t e s  turbines  1 gaz ne s a u r a i t  se f a i r e  en prenant 
come seul  critlre l e  niveau d e  puissance car il ne correspond pas 1 une l i m i t e  de  rendement n i  1 une 
limite de taille. On peut m-eme a jouter  que les problsmes rencontr ls  dans les r e a l i s a t i o n s  des p e t i t e s  
turbines  sont  les mhes que rencontrent les motoris tes  qu i  construisent  un moteur de 10 kg/s comprimiis 
1 1011 ou 20 kg/s comprimes 1 2011. 

Nous proposons donc d ' u t i l i s e r  un paramstre t e l  que l a  hauteur du d i s t r i b u t e u r  de turbine qui, 
directement dependant du d e b i t  rLduit B l ' e n t r e e  des turbines ,  donne une bonne appreciat ion de la  ver i -  
t a b l e  t a i l l e  du turbomoteur. 

Les  dimensionnements q u i  viennent d ' t t r e  f a i t s  l t a i e n t  bases sur  le cycle  nominal du moteur 
dormant les performances maximum. A charge p a r t i e l l e ,  l e  cycle  thermodynamique se deforme par une diminu- 
t i o n  conjointe  de l a  temperature en t ree  turb ine  du rapport  global de pressions e t  du d e b i t  d ' a i r  t raver-  
s a n t  l a  machine. 

La tempgrature en t ree  turbine est un fac teur  determinant de l a  t a i l l e  du turbomoteur. Au point  
nominal de dimensionnement, un accroissement de T.E.T. s'accompagne, 1 puissance egale, d'une diminution 
de l a  t a i l l e  car,malgre l a  diminution simultanee des rendements, l a  puissance spdcifique augmente. Par 
exemple, l e  d e b i t  d ' a i r  necessaire  2 une turb ine  de 1 5 0 0  kW est d e  l 'o rdre  de 5 kgls  5 1200' C de T.E.T. 
mais devient  de 7.5 kgls  1 1 OOO°C devant turbine. 
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! 

La consideration des regimes p a r t i e l s  va mettre en lumisre un a u t r e  avantage d'une f o r t e  
temperature devant tu rb ine  ( s l i d e  13). 

0 

Pour un turbomoteur assez fortement comprid,  sans echangeur, on constate que l a  temperature 
en t ree  turb ine  du poin t  nominal, a une influence importante su r  l e  comportement 1 regime p a r t i e l .  La 
consomation specifique reste d'autant p lus  basse que l a  temperature T.E.T. est plus  fo r t e .  Pour un mo- 
teur  dimensionne 1 80O0C,la consommation specifique double 1 25 % de l a  puissance maximum. Cette augmen- 
t a t ion  n 'es t  que de 50 X pour un moteur dimensionne 1 T.E.T. = 1 200'C e t  moins d e  40 X pour une temp+ 
r a t u r e  de 1 600'C. 

Cette influence reste du m*me ordre pour un turbomoteur moins comprime mais fonctionnant avec 
un Gchangeur recuperateur d e  l a  chaleur des  gaz d'echappement ( s l i de  14). Les augmentations de consomma- 
t i on  specifique 1 puissance p a r t i e l l e  sont  Ggalement t rPs  liees 1 l a  temperature nominale devant turbine. 
On peut re lever  qu ' l  25 % de  l a  puissance maximum, les accroissements de  consommation r edu i t e  sont  de 
100 X - 60 % e t  40 % pour respectivement 8OO0C - 1 200' C e t  1 6CQ°C de  T.E.T. nominal. 

I1 f a u t  egalement noter  que ces courbes demontrent qu'1 charge p a r t i e l l e ,  un turbomoteur 1 
cycle simple se comporte auss i  bien qu'un turbomoteur 1 cycle 1 echangeur, ou auss i  mal suivant l e  poin t  
de  vue oij 1'011 se place. On r e t i endra  cependant qu'une haute temperature en t ree  turb ine  permet d 'avoir 
une courbe de consommation assez p l a t e ,  avantage t rPs  recherche pour-tous les moteurs thermiques et  dans 
l e  domaine OB les carac te r i s t iques  des turbines  1 gaz sont  tradit ionnellement t rPs  c r i t iquees .  

AprPs avoir  vu l ' in f luence  du cycle thermodynamique sur  l e s  regimes p a r t i e l s ,  il paraz t  in- 
te ressant  d'apprecier l ' e f f e t  de  la  t a i l l e  de l a  machine. Cette influence a e t 6  in t rodui te  en considerant 
les performances 1 t r o i s  niveaux de rendement qui ,  come  on l ' a  vu p lus  haut, sont  directement lies 1 l a  
t a i l l e  du moteur ( s l i de  15). 

L'avantage d'un bon rendement apparaft  a lo r s  nettement mais son importance n 'es t  pas a u s s i  sen- 
s i b l e  que la  va r i a t ion  de temperature en t ree  turbine. L'influence du rendement peut se c h i f f r e r  1 10 % 
d'6cart  de  consommation specifique pour 3 poin ts  de  rendement au 114 de l a  puissance maxi". 

Pour un turbomoteur t r a v a i l l a n t  avec un echangeur, l e  r e s u l t a t  est pratiquement identique 
( s l i de  16). 

Come ces  courbes sont  assez rapprochees et  que les t r o i s  rendements couvrent pratiquement 
tou te  l a  plage de deb i t  des p e t i t e s  turbines 1 gaz, on peut conclure que l ' in f luence  de  la  t a i l l e  est 
f a i b l e  sur  las performances 1 puissance pa r t i e l l e .  En pa r t i cu l i e r ,  l 'avantage qu'on est en d r o i t  d 'at ten- 
d r e  d'une haute valeur de  l a  temperature en t ree  turb ine  sera  va lab le  egalement pour les p e t i t s  turbomo- 
teurs ,  e t  c ' e s t  de l ' a d l i o r a t i o n  des techniques de  refroidissement des turb ines  que viendront non seule- 
ment de bonnes carac te r i s t iques  de  compacite mais auss i  d 'excellentes performances 1 regime redui t .  
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SUMMARY 

Aircraf t  gas turb ines  are t o  be developed f o r  lowest weight 
and smallest volume; therefore  they are b u i l t  without u t i l i z a t i o n  of 
t h e  exhaust heat but f o r  high pressure r a t io s .  For vehicle gas turbines,  
however, t h e  spec i f i c  f u e l  consumption i s  t h e  determining f ac to r  and 
therefore  t h e  Heat exchanger i s  an  e s s e n t i a l  component of t h e  engine. 

For small gas turb ine  engines cqoled turb ine  blades can 
only be used t o  a l imi ted  extend. I n  c e r t a i n  cases higher e f f i c i enc ie s  
can be expected with r a d i a l  tu rh ines  than  with axial  turb ines  having 
unfavorable aspect r a t io s .  

Two-shaft engines (having a f r e e  power tu rb ine )  compete with 
single-shaft  engines ; auxiliary-attachments (hydraulic t w q u e  converter 
or hydros ta t ic  transmission) render t h e  single-shaft  engine f eas ib l e  t o  
be used f o r  t r a c t i m  purposes. 

ANALYSE DES COMPOSANPS D E S  PETITS TURBINES A GAZ 

la r ea l i s a t ion  de turb ines  B gaz destinkes B la propulsion a6rienne 
d o i t  &re guidke par un souci de poids e t  d'encombrement Ildnima; el les sont 
donc conques pour fonctionner sans r k c u g r a t e u r  de  chaleur, mis B des  
rapports de p r e s s i m  kleves. Dans l e  cas des  turb ines  B gaz pour v6hicules 
terrestres, cependant, la c o n s o m t i o n  sp4cifique est fac teur  d6terminant et ,  
par conskquent, l'echangeur de chaleur c m s t i t u e  un 816ment e s s e n t i e l  du 
moteur . 

Pour l e s  p e t i t e s  tu rb ines  b gaz, l f u t i l i s a t i o n  des aubes re f ro i -  
d i e s  est l imithe.  On p u t ,  dans certains cas,  ob ten i r  de  meilleurs rendements 
avec des  turb ines  r ad ia l e s  qu'avec des turb ines  &ales presentant un 
allongement defavorable. 

les moteurs B arbre  unique; ce r t a ins  d i s p o s i t i f s  auldliaires (conver t i ssew 
de couple hydraulique ou transmission hydrostatique) permettent d ' u t i l i s e r  
l e  moteur b a rb re  unique en t r ac t ion .  

Les moteurs b arbre  double (avec turb ine  l i b r e )  r i v a l i s e n t  avec 

STRUCTURE 

I. Survey on Cycle-Analysis 

11. Discussion of Engine Components 

1. Compressor 
2. Turbine 
3. Combustim Chamber 
4. Heat exchanger 
5. Design and output devices 

111. Conclusions 
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I. SURVEY ON CYCLE-ANALYSIS 
Small gas turbines for the propulsion of helicopters on the one hand and of 

vehicles on the other are subject to different requirements; these requirements sub- 
stantially determine the design of the gas turbines and their components: 

Aircraft turbines, 
whether used as turbomotors in helicopters or as turboprops in 
sports or executive planes, will primarily be designed for low 
weight and small volume, i.e. high specific power at favorable 
specific fuel consumption. 

Vehicle turbines, 
at least those in commercial trucks must be designed to achieve 
the lowest fuel consumption possible at low production costs. 
The fuel consumption should be in the range of competing Diesel 
engines. Weight and volume are of minor importance. 

From these different requirements great differences result in gas turbine 
design. Aircraft turbines are always built without waste-heat utilization in a heat 
exchanger, because during normal flight times (in general less than 2 - 4 hours) the 
reduction in fuel consumption does not compensate for the additional weight of a heat 
exchanger (plus additional airframe weight). In vehicle turbines, however, 
exchanger is an essential part of the gas turbine. 

the heat 

I P I  

I 
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Powr per Uri( d k F l o w  

Fig. 1 Performance-Diagram for small Gas Turbines 

Fig. 1 shows the results of cycle process calculations for gas turbines with- 
out and with heat exchanger. It shows the specific fuel consumption versus power out- 
put per kg/s air mass flow for various turbine inlet temperatures. Up to pressure ratios 
f =  6 the compressor as well as the compressor turbine are assumed to have a single 
stage; for higher pressure ratios, however, both are assumed to be of multistage design 
(see sketch in Fig. 1 above on the right). No turbine coosing is taken into account. 
It will be discussed later. Only a small amount of lost air for disc and casing cooling 
and for sealing is included. Assumed values for efficiencies and pressure losses, on 
which the calculations are based represent the to-day's standard and may be taken from 
Fig. la. 

Gas turbines without heat exchanger require high pressure ratios in order to 
achievean optimum specific fuel consumption, while gas turbines with heat exchanger 
achievean optimum fuel consumption at relatively low pressure ratios. With heat ex- 
changer the results are valuable for gas turbines with a recuperative heat exchanger 
of 80 $ effectiveness and with a regenerative heat exchanger of 90 $ effectiveness; 
the latter also has an assumed leakage rate proportional to the compressor pressure 
ratio. 
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constant parameters 

Pressure loeeee AP/P 
Inlet 0.04 
combustion chamber 0.035 
heat exchanger air side 0.035 
heat exchanger gas side 0.06 

with a heat exchanger) 0.02 
without a heat exchanger) 0.04 

1) Efficiencies 
mechanical efficiency gas generator 0.99 
gearing efficiency power turbine 0.96 

1: 
1: INA eea level 
I- 

Fig. la Assumed values for efficiencies and pressure loeses 

The specific power and with it the engine size are primarily determined by 
the turbine inlet temperature T3. The influence of T3 on the specific fuel consumption, 
however, is merely amall at temperatures above 1400 to 1500'K. 

In Fig. 1 you can also see (on the right) the specific fuel consumption of 
present reciprocating engines, both the Otto gaeolimengine and the Diesel engine. The 
specific fuel consumption of an Otto gasoline engins can already be matched by a gas 
turbine with T3 of approximately 127308 at a high preeeure ratio without a heat ex- 
changer. However, in order to approach the e.pecific fuel consumption of a Diesel engine, 
the application of e heat exchanger as well as turbine inlet temperatures above 1273OK 
are absoluay necessary. 

The above calculatione are based on component efficienciee to be expected in 
500 to 600 hp range gas turbines. Small gas turbines are considerably more influenced 
by absolute engine size than large engines. With decreasing power the Reynolds numbmrs 
of blading- decreasa. i.e. the lossee increase; in addition, the relative roughnesm 
and especially the clearance l0sSes increase. In a calculation it im very difficult to 
coneider these effects in their entirety. 

Fig. 2. therefora, shows the depen- 
dency on the specific fuel consumption of 
present emall gas turbines. The upper curve 
pertains to aircraft engines without haat ex- 
changer, the lower curve pertains to eome 
vehicle engines with heat exchanger. Although 

sentsd engines. the specific fuel consumption 

there are differencea in pressure ratio and 
turbine inlet temperature between the repre- 

can readily be seen as a function of the 
power output. In the power range above 600 hp 
the curve for aircraft turbines is considerab- 
ly less sloped, i.e. the influence of the 
absolute structural size decreases more and 
more. Below 600 hp, however, the specific 
fuel consumption increaees considerably with Fig. 2 Influmncm of Power Output 
decreasing power output. At 200 hp the apeci- on 8pmcific F u m l  Consumtion 
fie fuel consumption is about 50 $ higher 
than at 600 hp. The same applies to turbinea 
with heat exchanger. However, it muet be noted that small turbines with an output of 
about 150 to 250 hp are generally competing with Otto carburator engines only, whils 
turbines with higher output must compete with the more economical Diesel engines. 
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11. DISCUSSION OF ENGINE COMPONENTS 

1. Comnreesore 

are about lr = 8-12 according to Fig. 1. These values are below the optimum values of 
large gas turbines and jet engines (lr> 20) because of the lower component efficiencies. 
The compressor drraign is determined by the small air mass flows dimcussed here 
( rh-1 - 2.5 kg/s) and the small geometric flow areas at the compressor outlet, which 
result from the above mentioned preseure ratios. Therefore multistage axial compressors, 
generally found in large engines, cannot bs expected to have higher efficiencies than 
centrifugal compressors. Moreover, the production of multistage axial compressors is 
more sxpensive because of the close tolerances. The following compressor designs are 
therefore suitable: 

The optimum compressor ratios for small gas turbines without heat exchanger 



TURROMECA-Aetasou (Fig. 38) U ? C , L p T 6  (Fig. 3c) 

GARRETT / AIRESEARCH T 76 MTU 6022-A 3 

Fig. 4 Turbo Engines with t w o  s tage Radial Compressor 



G*RRET/AIRESEARCH T 76 (Fig. 4a) and the turbo engine MTU 6022-A1 (Fig. 4b) 
Compressor data: & = 2.77 kg/s 

Design R2 
r E 8.6 

Compr. data: oh = 1.95 kg/s 

Design r =  R2 
6.6 

Which of the two designs finally will be applied depends primarily on the 
know-how of the company with regard to a certain compressor design. The two stage 
centrifugal compressor generally has a greater structural weight than the mixed com- 
pressor and above all it requires good control of the flow conditions in the duct be- 
tween the two stages. The combined axial-radial compressor. however. is of a relatively 
complicated design and probably more expensive than the two-stage radial, as long as 
the axial LP-compressor cannot be limited to one transonic compressor stage. If axial 
and centrifugal compressors are designed to optimum conditions (for example to optimum 
epecifio speed) then, in general, a S-shaped duct between the compressors becomes 
essential see Fig. 3b). However. if axial- and centrifugal compressors are directly 
connected I as for exmple, in turbo engine UACL-PT6, Fig. 3c). the design of both 
compressors must include certain compromises. The axial part of the compressor rotates 
with lower than optimum circumferential speed and therefore requires more stagem. the 
Centrifugal part will have an unfavorable hub and/or diameter ratio both affecting the 
efficiency. 

Fig. 5 gives the estimated efficiencies for the 
particular compressor types. In case of the 

1 centrifugal compressor it is distinguished be- 
tween the single stage and a EP- or final stage, 
ainoe the latter will always undsr less 
favorable intake conditions and therefore will 
have a slightly lower efficiency. The reversing 
blades required for a two stage centrifugal com- 
pressor has been taken into consideration by a 
loss of 2 % of the total pressure behind the 

I t 3 1  6 I IO 12 I 16 a B first stage. 
I- -" mlD I. 

Fig. 5 Compreasor isentropic 
Efficienciem versus 
Total Pressure Ratio 

The figure shows that specific ranges can be assigned to each type . At low 
pressure ratios. which are of no interest in this context, the single- and multistage 
tranmonic compressor reveals the best efficiencies. At pressure ratios up to about 
%-= 5 , a single atage centrifugal compressor would be chosen. At higher pressure 
ratios the combined compresaor appears to be most efficient. At pressure ratios beyond 
lT= 9 - 10 the combined axial-radial compressor is finally surpassed in efficiency by 
the two stage centrifugal compressor. In the range of l r=  8 - 12, which is of most 
interest here, the combined compressor and the two stage centrifugal compressor are of 
practically equal efficiency. A t r =  8 the single stage centrifugal compressor has al- 
ready a 2 to 2 1/2 points lower efficiency and it continues to drop rapidly as 
pressure ratio increases. 

In comparison to the state of art in compressor design the efficiencies for 
the single stage centrifugal compresaor, represented here, may appear somewhat low. 
However, theae values are presumably closer to values attainable in an engine than 
mere test stand values. 

Since the mid-sixties great efforta have been made in developing the single 
stage centrifugal compressor for pressure ratios ofr= 10 and more. Extremely high 
pressure ratios cause high Mach numbers in the outer area of the inducer inlet (relati= 
velocity) as well as at the impeller discharge or the vaned diffuser inlet respectively. 
By means of inlet guide vanes the inlet relative Mach number may be reduced by pre- 
whirl in direction of rotation, butsimultaneouslyfor a given pressure ratio the abso- 
lute Mach number of the impeller discharge velocity increases. but in less proportions. 

Fig. 6 shows the dependency of these two velocities on prewhirl angle 
for pressure ratios 3 ./. 10. In order to simplify calculations not the Mach numbers 
of the velocities but the Laval numbers (with corresponding total temperatures i.e. 
relative total temperature at the inlet and absoluts total temperature at the dis- 
charge) have been chosen to stand for ordinate and abscissa respectively. Included ia 
the mass flow parameter. The Laval number of the relative inlet velocity decreases 
rapidly at already amall prewhirl angles (de= 100 - ZOO) without increasing the Laval 
number of the impeller discharge velocity too much. At very high flow parameters there 
is a minimum of the inlet velocity at .(.= 10'. Greater prewhirl angles will increase 
both (again in case of the relative inlet. velocity and further in case of the absolute 
discharge velocity). 

The optimum prewhirl angle for minimum inlet relative velocity therefore is 
a function of pressure ratio and air mass f l o w  respectively. High Mach numbers at the 
vaned diffuser inlet require special Considerations in the design of the entry part of 



Fig. 6 Inlet relative Laval 
Number versua Exit absolute 
Laval Number having Brawhirl 
Angle as Parameter 

Iil = masa flow [ k d s  ] 
TO = total temperature [ OK 3 
po = total pressure [ N/m2 1 
F = flow area I c [ m2 3 

R = gas constant [ k*] 
e'c = product (densitymvelocity) 

(e.cl,.; product (dens.xve1.) at La=l 

c* = /- 
La = c / d  

the diffuser vanes. V-shaped and U-shaped lea- 
ding edges were examined but without the desired 
success. The UACL achieved good results with the 
design of the pipe diffuser in connection with 
impellers having an extremely large number of 
blades at the impeller discharge. The diffuser 
channels are formedby cylindrical and conical 
bores (see Fig. 7) 1 the leading edges result 
from the bores intersecting at a certain angle. 
For good operation of the diffuser a uniform 
influx i a  of utmost importance; it can be 
achieved by a low aerodynamic load on the 
blades. Especially near the impeller discharge 
additional splitter-blades are required, which, 
however, will be subject to high centrifugal 
stresses. 

Fig. 8 Perforranee 
Characteristic. of a 
Radial Compres6or with 
Pipe Diffuser 

Fig. 7 UACL Pipe Diffuser 

Fig. 8 shows the Characteristics of a UACL-compressor, 
which has been deaigned for a pressure ratio of about 
ii-= 6. 
determined by use of total pressure probes at the pipe 
diffuser outlet. i.e. M-0.15; therefore approximatsly 
2.0 point. must be subtracted compared with the ConImon 
definition.) 

(It must be noted that the efficiencies were 

Single stage centrifugal Compressors with very high 
presaure ratios certainly do have advantages in con- 
struction and in weight. but for high pressure ratios 
they offer relatively steep and narrow characteristic8 
as compared with two stag4 compressors (see Fig. 9 ) .  
Because of the narrow diffuser caused by the high pre.8- 
ratio the charaoterimtics of the single stage compres8or 
are narrowed down especially at lower speeds1 in doing 
so the single stage compresnor chokes at considerably 
lower air mase flow. The operating line. which has been 
included in Fig. 9 .  is therofore entering the area of 
poor efficiencies, which in turn incrmames the fie1 oon- 
sumption at low part load as well as the required idling 
speed. These effects can be corrected only to some 
extend by meens of variable inlet guide vanes. A diffuner 
with variable cross section would be more efficient. 
however, it seems technically unfeaaible in case of the 
pipe diffuser. 

Rotor and blades for the U-compressor - the axial as w e l l  M the radial 
compressor - are generally made from &-forgings. The rotor of the J.i€'-stage will have 
to be made from Titanium because of temperatures above 550 to 600OK. Since the EP-stage 
requires a very small discharge width metal-cutting rill be necesBary. 
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The compressor presmure ratios for gas turbines 
with heat exchanger (vehicle turbines) are about 
r =  4 ./. 51 these values apply to optimum and 
generally realized compressor pressure ratios. In 
this range the single stage centrifugal compressor 
is dominant. Despite the very small output of theme 
realized turbines (150 - 350 hp. in a special case 
600 hp) compressor efficiencies of about 80 $ and 
more are preaent state of art. The small pressure 
ratio requires a relatively small number of blades 
and allows more simple blade configurations, thus 
permitting a less expensive production. 

x) 

E: 
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2. Turbine 

a multi-stage axial turbine1 This applies also to 
h.Wh.F=.M, small engines, with the exception of gas turbines 

with extremely small output (below 150 hp) where 
single atage radial turbines are used. Gas turbines 

The dominating turbine design is that of i: 

with a free power turbine will generally have.a 
single stage gas producer turbine for pressure ratios 
up to about T =  6 (in exceptional cases even up to 
r =  8 ) .  Bevond this value the Eaa Droducer turbine 

Fig. 9 Comparison of the 
Characteristics of a One- 
and a Tvo Stage Radial Compr. -~ 

will have two stages. because of efficiency and 
strength. The number of stages of the free power turbine depends on the turbine inlet 
temperature T3 and the specific power N/ m . Up to values of about ti/& = 350 [PS/kg/s] 
the power turbine may have a single stage. For higher specific power two stages will 
have to be used. In turboprop engines for long flight times a two stage power turbine 
may already be appropriate even at a smaller specific power. In this case, efficiency 
i.e. fuel consumption and engine weight must be correlated. Single-shaft engines with 
the above mentioned pressure ratios have in general, three stage turbines. 

The epecifio power and with it the 
cross section of a gas turbine depend pri- 
marily on the turbine inlet temperature. Fig. 
10 shows the chronological development of 
the maximum turbine inlet temperature for 
large aircraft engines since 1950. The 
temperature increase can partly be attributed 
to the development of better materials - 
however at 10°K/year it is relatively small - and partly be attributed 60 the introduction 
and improvement of blade-cooling by which 
einoe 1960 a temmerature increase of about ~~ 

20°K/year was achieved. The big leap forward 2 gml 1 I I I I 
was therefore achieved by the development of Iys 1950 18% RM 885 RXI 8n 
blade-cooling. The following cooling methods WdcFunpUmc 

are primarily applied (Fig. 11): 

CDNYECTlm. EFFUSION 

Fig. 10 Development of Turbine 
Inlet Temperatures for Aircraft 
Gas Turbines (according to Rolls-Royce 

Convectioncooling: Cooling channels are 
within the blade. Cooling air is supplied 
at the blade root, passes through these 
cooling channels and is bled at the blade 
tip (rotor blades) or in the area.of the 
trailing edge (nozzle blades) respectively. 

Effusion cooling: A grooved blade core 
is covered with a porous skin ( f o r  example 
a high temperature wire gauze). The cooling 
air is bled at the entire surface. thus 
covering the blade with an air film. 8 L A D E  COOLlNG 

Fig. 1 1  Scheme of Convection- and 
Effusion cooling 

The convection cooling already applied in German jet engines during WW 11. 
has reached since then quite a very advanced state of art technology, Effusion cooling 
is more efficient, i.e. it requires less cooling air, but it is still in the experi- 
mental stage. In both cooling systems the cooling air is flowing back into the main 
gas stream; however, the mixing creates a loss, which rapidly increases with the 
fraction of cooling air of the total air flow. 
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Fig. 12 Influence of Blade-Cooling 
on the specific Power 

In Fig. 12 YOU can see the in- 
fluence of blade-cooling on the specific 
power of the engine. The curves "without 
cooling air" correepond to the curve- in 
Fig. 1. Needed cooling air depends on 
the cooling ayetem and - in connection 
with Convection cooling on the configura- 
tion of the cooling channels - the admitted 
material temperature and the cooling air 
temperature1 Primarily, however, it depends 
on the turbine inlet temperature. Only the 
latter ham been considered in the calcu- 
lations. With blade-cooling the specific 
power decreases and the specific fuel con- 
sumption increases as compared to the "un- 
cooled turbine"i minimum consumption in 
obtained at a turbine inlet temperature of 
about T3 = 1450OK for convection cooling 
(at about T3 = 16000~ for effusion cooling 
respectively . But effusion coolinrr is not 
discussed here. It will be amrcely-applied 
because of manufacturing problems). These 

temperatures constitute the economical limite for the cooling methods. at least with 
the ansumptione for the component efficiencies and needed cooling air, etc. of this 
discussion. With a further increase of turbine inlet temperatures the specific fuel 
consumption starts to increame again. Deepite thin fact, aircraft engines are often 
designed for higher inlet temperaturee, i.e. above the economical minimum fuel  con- 
sumption, eince the specific power still increases and thus structural size and weight 
decreaee as the temperature increases. 

However. the emall gee turbine gains only very little by the development of 
cooling techniques. Application of convection cooling requiree at least a turbine 
having an output of about 500 hp. But even above this limit the effect expected is 
smaller than in large engines. The smaller the blade then not only the arrangement of 
cooling channelm becomes more difficult, but ale0 the ratio of cooling inner surface 
to heat absorbing outer surface becomes more and more unfavorable. 

Fig. 13 shows. for example, the 
ratio of the radial coolant flow area to 

chord length for P certain profile (acoor- 
ding to an analyeis of McBridge. N o r r i s  and 

thickness between cooling hole. or between 
cooling hole and profile contour is quite 
optimistically assumed to be 0.28 min. Below 
a certain profile length, which depends on 
the profile shape and the thickness ratio , 
the cross section for the cooling air will 

imposeible. The relatively long uncooled 
trailing edge area muet also be coneidered, 
at least in the case of the here given pro- 
file shape with its aerodynamically favorable Fig. 13 Possible Radial Coolant Flow 
€hin trailing edge. Thick trailing edges vereue Profile Chord Length 
improve the pomeibilities of cooling the (according to Mc Bridge, 
rear mart of the blade. but because of tho Norris and Peru&) 

I l n P C -  
profile area as a function of the profile 

Perugi) . In the Figure, the smallest wall 0 

$U 

--- 1- 
i: t, 

become zero and therefore cooling will be I "  1" f 
--d"4- 

c i o  
111- r M  - 

- .  
mixin& and i m p u l m l o s k  thick trailing 
edges have greater losmee in the wakem 
behind the blade.. 

Small gas turbines, which are ueed at the prement time, do generally etill 
have uncooled turbine blades. Their maximum turbine inlet temperaturm in about 
T3 = 1325OK. Uodern manufacturing techniques even pemit production of relatively 
small uncooled blades with satisfactory profile accuracy. 

Fig. 14 The next ganeration of 
Secondary emill gas turbines, however, is to La 
Flora in designed for turbine inlet tmrpera- 
a Camcad. tures of about T3 - 1425 - lk?5OX 

and will therefore need cooled 
b1ad.m. Rslativmly large profile 
length and thickness will be re- 
quired for arranging the cooling 
channels, am already h a m  been said. 
Bowever, in connection vith the 
short blrde height this will remult 
in an unfavorable aspect ratio h/l 
rith considerable esconduy lossem. 
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In a flow through a curved blade channel (Fig. 14) there 
is a preseure difference between the preseure side and the 
suction side of the channel. The poor energy boundary- 
layer flow near hub and casing is thereby forced towards 

The intensity of theee eecondary vortexes depend on 

015 

aco the suction side of the channel causing secondary vortexes. 

bQ35 

[: and profile length. 

profile curvature and/or flow deflection, 
thickness of boundary layer at the cascade inlet 

410 In case of relatively slender but long blades. secondary 
flown have an influence on the outer bordersof the blade 
channel only (Fig. 15). At a blade aspect ratio of h/l 
the secondary flow areas meet each other and eecondary 
flow losses form the largeet portion of the total losses 

1 
g a15 

3 010 
e a05 
% of a cascade. I n 0  O a 5 W L 5 2 D P W  

ZIC 
IIELATIVE BLADE HnCHl Fig. 15 Influence of Aspect Ratio on Secondary Flows 

c=ELdDEUO?Q (according to SMLTCHTI~ and DAS) 
h i BLADE HEIGHT 

Fig. 1 6  shows the great dependency of the cascade 
loss coefficient according to measuremente by 
SCELICETINO and LIAS. 

M 

t? 
With a favorable design of the bordering 

walls (hub and casing) - see Fig. 17 - the intensi- 
ty of the secondary flow can be influenced by a 
built up of a radial pressure gradient pnd by flow 
acceleration in axial direction 
section). In addition careful profiling is required 
rrnder consideration of the boundary layer built up 
along the profile contour. If both measures are 
considered, a coneiderable improvement in efficien- 
cy can be anticipated, even for small aspect ratios 
(and relatively low Reynolds numbers). 

(reduction of cross 

w 
r,w InM 
C.(115lWl 

OaRn 

o o w 2 0 M  
Fig. 16 Cascade Loss Coefficient Versus A S P E U R A ~ ~ ~ . ~ E H E T O M I ~ U ~ E L K Y I O )  

Blade Aspect Ratio 

Fig. 17 Influence of Shroud Contour 
on Pressure Loss in a Cascade 
(rccording to R u s s i a n  Inveetigatione) 

seems very difficult, because of the 
high temperatures and the different 
expansion of outer and inner casing 
etc. On the other hand thin solution 
prmssnts aerodpamically coneiderable 
advantages. Pig. 20 shown the effi- 
ciency and the rslativs air mass flow 
v.rsus angular position of variable 
power turbine n0ZZles. In order to 
mccslsrate the ga. producer. ths 
power turbine nozzles are opened by 
about 20 degrees, thus increasing 
the specific gas flow by almost 20%. 
Simultaneously the head split 
change. in favor of the gas producer 
turbine and therefore acceleration of 
the gas producer Improve.. In the part 
load range the cross eection of the 

Fig. 18 gives a survey on the distribution 
of the lossee of a conventional turbine stage 
and the losmee which can be anticipated in 
an *advanced stage”. 
(According to estimates of the YON &u(M*N 

INSTITUTE) 

The same - above mentioned - 
design considerations apply to the turbine 
part of vehicle  as turbines. Because of 
the smaller pressure ratios in gas turbines 
with heat exchanger the gaa producer turbine 
as well an the power turbine. in general. do 
have one stage only. Variable nozzlee in 
front of the power turbine (Fig. 19) offer 
an efficient meane for improving the past 
load behavior. The practical solution. 
however, in designing euch variable nozzles 

mL -9m -- 
Pig. 18 Partition of Losses for 

Small Turbine Stages 
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Fig. 19 Scheme of variable 
No!&ales for a Power Turbine 

Fig. 20 Efficiency and relative Air 
Mas. Flow versus Angular Position of 
the Nozzlss 

nozalea is mads smaller, airflow in reduced and turbine inlet temperature increased; 
the thermal efficiency improves conaiderably despite a reduction of the power turbine 
efficiency caused by increasing incidence loeses. If the position of the noaales in 
over 90°. the rotor blades are subject to a strong negative incidence and thus the 
rotor is decelerated by the gas flow1 if necessary a reverse movement will be possible. 

Radial turbine 

Hitherto radial turbines have been applied at 
low power and relatively low pressure ratios only. The 
new generation of small gas turbines with high pressure 
ratios and increasing inlet temperatures will lead to a 
very short blade height in an axial turbine having con- 
siderable decreases in efficiency, at least in the first 
turbine stage. This opens a new range of application for 
the radial turbine, the more as new aerodynamic achieve- 
menta permit the design of radial turbines with good 
efficiencies up to high preasure ratios. Fig. 21. for 
example, shows the relative characteristics of such a 
radial turbine for high pressure ratio and small air mass 
flow.The radial turbine combines small cross sections at 

a the turbine inlet and large outlet crone sections and its 
efficiency is less sensitive to clearances between roeor 
and casing. At high pressure ratio. radial blades are 
common and necessary and an increasing blade thiclmese 
towards the hub does not cause any aerodynamic losses. In 
general the rotor outlet with its long blades done not 
require cooling. The rotor inlet, however. with its high 

1 

0 

& '  
$ 
f.  

l2 o m 9 1 1  
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Fig. 21 High Preseure temperatures, is not subject to high mechanical streemen. 
Ratio Radial Turbine The maximum stress concentration in normally found near 
Perfomance Map the rotor hub - similar to the centrifugal compremsor 

rotor - where excellent cooling is poseible. Therefore 
radial turbine rotors permit very high circumferential apseds. The UACL developed a 
radial turbine rotor with cooled blades (Fig. 22)1 in this case cooling air is fed in- 
to the rotor at the hub pasees through the hollow blade and is bled at the suction aids 

Fig. 22 Sketch of a Radial 
Turbine Impeller with 
Convection Cooling (UACL) 

Fis. 23 Comparison beheen a 
Radial Turbine and a h o  Stage 
Axial Turbine of same Output 



deeigned t o  a turbine in le t  temperature of l!j3O% Lnd a 
; in addition, air cooled turbine nozzle8 are wed. However, 
eu l te  have been pub 

hwe a larger outer diameter tli.n axial Wrbines of the same 

as well as to a mingle can type combuat 
w i l l  be ehorter than the perhape nece*esl.y too e t u p  axia l  turbine of the enme outpat. 
But if there i a  a powr turbine behind the radial turbine, then a relatively long duct 
is required between theee turbines and the radial turbine offer8 no longer an idvanha(* 
in etructurrl weight. The (uncoeled) radial turbine. however, i 8  not only cheaper th.n 
*he t w o  atage axial turbine but al8o l ighter in weight and often monefricient. There- 
fore an increasing attention to-day 

ey w i l l  have a d dpct t o  a revaree flow combustion &ember 
CBUber; in -7 case8 t h o  radial w i n e  

w i l l  be paid to the radial t9riglne in the des*@ 
Of O m E L l  -8 tIWbMU8. 

Material. 
For the hot parte of ga8 turbine* generally material8 on tha base of high- 

temperature Nickel- and Cobalt alloy8 a-e u8ed. In z m r l l  g8z turb i t  i s  8triV.d 
for the uee of in of 008t reaeoa8, even ugh rotore with 
forged di8W and ilf down t o  a power OS hp. %e increue 
in turbine in le t  elopment of better Ia ter ia ls  w i t h i n  the lut 
decade ' I Im about been msntioned. The material temperatures 
of modern aircraft ensinee arm already up t o  SO$ of the melting temperabe. Nickel- 
and Colbalt ailoys therefox's w i l l  not allow - without coo - too much further in- 
crease in permitted material m e l t & -  refals.  suck 
ne Niobium and Tungaten and tion is not p t  aolved. 
An additional draw-back for a l e  for ro tor8  I8 the high 
epecific weight and the e terring length, reapectively. 

Ceramic materials offer new poszibilitiee. De8pite a re8earch werk of more 
than CM decade Aluminium-oxide proved to be too 8en8it!lve cn the- 8hackn. Better 

4n.ibilit%ee ehow Silicon crrbide and Silieon nitride. V i t h  thoee materialz furbin. 
t temperaturee of more fllllr 150O01[. can be expected. Other advantages are the rela- 
low raw-materia€ co8ts. Harever. a p tion method for eerie. prodtzction h 8  

c materials for ttubines is mainly done to be developed. Ro8earch work on c 
a t  big automobile 
price ne well a8 l e  Fig. 24a ahowe ne nozzle. made of 

experiments are known t o  be made a t  the English Company LEYLAND 8)61 TQRB- LTD. 

o a vehicle gas t being reraonable in 

ia le t  houeing m a d s  of Silicon carbide. These 
Department a t  IIWlwR CO- 

Fig. 24a Turbine IPo551ee made of 
Silicon Nitride ( a c e e r d a  to  
FOBD ZIOTOB Company) 

Fig. 24b TUrbip. Inlet HOU8ing 
made of Silicon Dmbide 
(according t o  F O ~  MmBg company) 

3. COMBUSTTON CBlwBEB 

chamber Of a mall gas turb 
lwgth ne short M e in o&r to get a moat c rezsor end 
-b%ne close tog.  d with a short Lnd sturdy gas generator in conmideration of 
it. high epeed. The outer d i u e  of the combu8tion chamber on the o t h e r  hand i s  of 
"or importance since a t  l e u t  final stage of the compreseor ie built ne a radial 
type, and thenYore a snWicient front surfaoe for the combustion chamber i e  avdlable. 

There are three m a i n  type8 of modem cwbuwtion Che~berat - Eeverze-Flow-Annular Combuwtor - iel/&sal &mu.hr Combustor - Type Combu8tor  
The co.pon Straigh*-Through e19 used with 

onptne8 require8 r larg al vv8r-all 1 ahul the types 
d above, rad i 8  er s u l l  g u  turbinw. 

e W-TgB with i t s  s tor  8.-s to be an 
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exception to the rule but with its power output of 1200 to 1800 hp it is 
already beyond the power range of the small gas turbines being under con- 
sideration. 

The Reverse-Flow-Annular Combuetoc 
is the most commonly used type for aircraft 
engines of small power output (Fig. 2 5 ) .  
Owing to the 180" reverse flow before entry 
into the turbine a sufficient mixing zone 
length in spite of the short axial over-a11 
dimension is available1 this is favorable, 
in view of a good temperature distribution 
but it increamem the pressure loss in 
comparison with a straight through flow. It 
should be noted, however, that the combustion 
or burning process must be completed prior 
to the entry of the gases into the elbow. 
A further prerequimite im a good miring with 
the dilution air in order to avoid local 
overheating on the elbow outer wall. 

- -  
--.I T 

Fig. 25 Reverse Flow Annular Combustion The thermal combustion chamber 
load is generally low with reverse-annular 
chambers because of the relatively large 

Chamber in UACL PT6 Engine 

structural volumei nevertheless, there are problems especially in cooling of the inner 
wall of the flame tube because the cooling air flows along the flame tube outer wall 
and around the dome and is heated up as well as dropped in preaaure. The duct boundary 
oppomite to the flame tube inner wall is the turbine casing and it also radiates heat 
to the incoming air. 

When the turbine is of the axial type there i s  
oftsn - in smite of the relativelv laree flame tube ~ - 
volume - only a small flame tube height with an unfavorable 
i.e. large ratio of the flame tube surface to the flame 
tube volume. Hore favorable in this case would be a radial 
turbine with regard to the design of the combustor which 
permits a larger flame tube height. Furthermore, the flow 
at the flame tube exit would have to be bent by only 900 
whereas the second YO0 bend would be within the radial 
turbine rotor. 

An OplT convective cooling of the flame tube 
walls is - beside other pointa also because of the l o r  
air velocities in the outer and inner air-duct -momtly 
not satimfying, therefore the flame tube walls must be 
protected by means of an air flow or "veil". Fig. 26 
illumtrates design versions for the aupply of cooling 
air. The distance between the individual metal sheets 
to-day is commonly provided by means of fins or corru- 
gated material. With increasing turbine inlet tempera- 
ture not only the combustors but also the cooling air 
proportion is getting smaller. Therefore. a l s o  with 
small gas turbines it seems necessary to turn to 
machined distance rings (Fig. 26) because they permit 
a very accurate calibration of the cooling air supply 

l. 

i- -- 
Fig. 26 Examples for 
Cooling Air Inlets at 
Flame Tubes 

- independent of temperature deviations. The development is heading to an effusion 
cooling system whereby the flame tube is made of ceramic or metallic porous material. 

Similar to the blade cooling the necessary 
cooling air consvmption for the effusion 
cooling is approximately 1/3 of the film 
cooling. At present, however, the develop- [.I [%] Fig. 27 

Dietribution ment testaare still in the first phase. 
of Air Flow 
in a Com- In the primary i.e. in the actually 

burning zone of the combustor a nearly 
stoichiometric combustion occurs. In the 
adjacent miring zone cooling and dilution 
air are added in order to lower the tempera- 
ture to the mcheduled turbine inlet tempera- 
ture. Vith increasing turbine inlet tempera- 
ture the proportion of the primary air with 
respect to the whole air flow is also rising 
(Fig. 27) and this results in a shortage of 
air for cooling and dilution purposes. The 
designs of combustor dome and combustion 
zone respectively, are gaining more and more 
importance. Moreover, great efforts should 
be made to design the cooling faces as small 
as possible. Turbine inlet temperatures 
above T3-155OoK will make necessary the use 
of effusion cooling - as is necessary for 
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Fig. 28 Combustion Chamber of 
ILAD T112 Small Engine 

reverse 

blade cooling - because the needed cooling 
air supply for film cooling i m  no longer 
sufficient. 

The fuel supply into the combustion 
zone can take place both by means of fuel 
pressure atomization - this method still being 
economical with the pressure ratios of small 
gas turbines - and by atomization by means of 
pressurized air, whereby it is difficult, how- 
ever, to build correspondingly amall air ato- 
mizer nozzles.(The only known use of this type 
is with the AF'W Solar T-G2T-12 "Titan"). With 
regard to fuel pressure atomization both Simplex 
Swirl Atomizers and Dual Orifice Swirl Atomize- 
are in use whereby the last type has two sepa- 
rate suvvlv lines and durine idlinc and low ~ _ _  - - - 
load operates as Simpler Atomizer. For a suffi- 
cient uniform temperature distribution with 

annular combuators 10 to 12 orifices are necessary. The fuel Bpray or mist 
should leave the orifice in the shape of a cone angle ae large as possible. However, 
it should be noted that at a small flame tube height the danger of wetting the inner 
wall by fuel is given which might cauee local overheating and sooting. 

An alternative method therefore is the pre-vaporization of the fuel in vapo- 
rizer tubes. located in the combustion zone of the flame tube whereby the fuel is 
already heated. Fig. 28 illustrates the fuel vapour combustor of a small gas turbine 
of only 150 hp rated power. Provided are 1 2  rectangular bent vaporizer tubes with 
tangential fuel flow exit. The maximum fuel mass flow is %.Okg/h, the idle or no- 
load flow is 8.0 kg/h. Notice should be taken of the very small flame tube height; 
it would be VBN difficult to develov a fuel nressure atomization system for these 
conditions. 

m 

Fig. 29 Combustion Efficiencies of different 
Types of Combustion Chambers 
(according to B. Eckert) 

The fuel is supplied through the 
hollow engine shaft whereby only small injec- 
tion pressures are necessary. Owing to centri- 
fugal forces the injection pressure rises up 
to 140 kg/em2 on its way to the exit holes on 
the atomizer wheel whereby a good atomization 
is granted. The holea in the atomizer wheel 
generally are not filled with fuel, and there- 
fore can be designed relatively big so that no 
danger exists for clogging by fuel pollution. 

Thermically endangered with this 
combustor type again is the flame tube inner 
wall. because the total required air supply 
passes through the hollow turbine vanem where- 
by it is heavily heated up. At the meme timw. 
however, these vanes are intensively cooled 
so that a good temperature distribution in 
circumferential direction is not of great im- 
portance and relatively high turbine inlet 

temperatures can be permitted. 

Vaporizer combuators more- 
ever have a broader operation range 
between the w e e  and rich extinc- 
tion limits then combustors with 
fuel pressure atomization. Fig. 29 
delineates a comparison between the 
combustion efficiency of a vaporizer 
combustor with fuel preasure atomi- 
zation. However, one should not o v e ~  
look the drawback of the vaporizer 
with regard to the poor ignition 
capacity at low temperatures i.e. vhm 
practically no vaporizing sxists. 

The Radial-Axial Combustor with rota- 
ting injection has been developed 
primarily by TURBOMECA for their 
small gas turbinem (Fig. 30) and has 
been licence built and improved by 
CONTINENT&. It also ia used with 
the Mini-Jet engine MTU 6012. This 
type has a short axial over-all 
length too and CM be well matched 
with the outer diameter of a radial 
compremsor. 

Fig. 30 Radial-Axial Combustion 
Chamber with rotating In- 
jection (System TUREOMZCA) 
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The load factor of the TURBOKCCA combuetion 
chamber is (relatively) high for emall gas 
turbines. nevertheless with the engines known 
as yet only convection cooling of the combustor 
walls in provided. With rising turbine inlet 
temperature, however, it rill not be possible 
to do rithont a film cooling or a similar 
msthod. A critical point furthermore is the 
aealing between combustor walls and the shaft 
in the area of *e aPomieer wheel. As this 
sealing is located in the primary 20ne. the 
stability of the flame can be affected by 
uncontrollable leakage losses. 

Can-tne combustors present the smnllest flame- 
Fig. 31 (iae Turbine WlQ 602P with tube surface to be cooled at a given combustor 

tangential mounted Can Type volume thus being the most favorable type with 
C o m b t i o n  Chamber regard to eoolirig. B u t  the tangentially moun- 

ted can-type combustor requires a - mostly 
voluminous - turbine inlet spiral w u c h  requires cooling too. The flow from the com- 
pressor to the flame tube is mostly asymetric and thersfore is the source of local 
thstral and aerodynamic problems. This type of tangentially mounted combustors fhere- 
fors is loosing i&ortan& for aircraft &qlnes. Fig. 31 shows the small gas turbine 
m 6022 as an example. 

A really interesting 
application of the can-type com- 
bustor you o a n  ees in tho ALLISON 
engine T63 (Fig. 32). In this case 
tho combustor, a so-called "cup" 
combustor. is arranged in longi- 
tudinal direction of the engine. 
The gae flow is not bent after 
entrance to the flame tube. In- 
and outgoing flows are nearly 
axis-symmetric and the combustor 
is easily accesmible for inspec- 
tionpurposel and removable with- 
out dieassembling of the engine. 
The fuel supply is provided by 
a single, centrally located 
fuel nozzle, therefore no prob- 
lems by clogging or during mas- 
flow control arise. 

These adventage8 in the 
demign of the combustor, however, 
have their price: 

Fig. 33 Arrangement of the Com- 
bustion Chamber in the Vehicle 
Qam Turbine FORD 707 

Fig. 32 U L I S O N  T 63 with Single C a n  "Pe 
C o m b t i o n  Chamber 

- the missing thrush compensation between 
compressor and turbine. (For both therefore 
thrust bearing. of high load capacity are 
neceseary.) 

- an unfnvorable exhaust gas exit in the middle 
of the engine and there is no residual thrust 
to be utilized. 

- and a relatively expensive power output 4.n 
the middle of the engine which certainly 
permits pover output shafts to €he front as 
well 8.a to the rear side of the engine but 
in any case loeg driven shafts are necessary. 

Combustion chambers for vehicle turbines are 
excluaivelv designed as can-type combumtors 
whereby in-most &ea a single can combumtion 
chamber is used. Its arrangement with regard to 
compressor and turbine mainly depends on type 
and design of the heat exchanger. Uostly a 
central arrangement above the engine shaft is 
used. Fig. 33 shows the arrangement of the 
combustion chamber of a vehicle gas turbine 
FORD 707. The cooling of the flame tube wall in 
vehicle gas turbine- is particularly difficult 
bscause only pre-heated air from the heat exchan- 
ger is available for cooling purposes. The heat 
resistaswe especially because of the many load 
changes in a vehicle gas turbine is therefore a 
vital factor for its life. 



Fig. 34 Specific Fuel 
Consumption versus 
Pressure Ratio. 
ParameterrHeat Exchanger 
Effectiveness 

- 4. HEAT EXCHANGER 
The specific fuel consumption of a gas turbine 

can decisively be reduced by applying heat energy from the 
exhaust gas to preheat the compressed air, thus reducing 
the temperature rise in the combustion chamber. So far 
heat exchangers have not been used in aircraft encines 
because they would increase the engine weight by 3 or 4 
times and would considerably enlarge the assembly apace. 
Individual trials to develop heat exchangers which by no 
means enlarge the front surface of the engine have been 
initiated but did not get further than testbed experiments. 
Especially for small gas turbines for helicopters the flight 
times are not long enough so that the reduction in fuel 
consumption would compensate for the weight increase of 
the engine (including the frame part). 

For vehicle gas turbines the heat exchanger is 
an essential if not the most important element of the power 
plant. Weight &volume of the engine are less important 
than the fuel conaumption. Fig. 34 shows the dependency of 
the specific fuel consumption on the heat excharrger effec- 
tivenessIWA and the compressor pressure ratioll-compr. 

There are two types existing (refer to Fig. 34) 
recurrerators in which air and exhaust gas is lead 

in separate channels whereby a convective heat transfer 
takes place, and 

recenerators in which a porous disc (or drum) is alternatively flown through 
by hot gas and by compressed air thus absorbing heat from the hot gas and delivering it 
to the oompressed air. respectively. 

The two types are bound to certain limitations. Height and volume of a recu- 
perator rise decisively (with it also the price) with increasing heat exchanger effec- 
tiveness and therefore an effectiveness of 9 -0.75-0.80 should represent approximately 
the highest limit. Regenerators c a n  be builtWkking a reasonable pressure loss and 
reasonable dimensions with an effectiveness of Twp0.9O. With increasing power, how- 
eveqbig diac or drum sizes would reault so that the range of application in respect to 
gas turbine installation into a vehicle is restricted to about 350 - 400 hp. The air and 
gas sides of the regenerahor are separated 
from each other on the rotating disc by 
sealing elements whereby - irrespective of 
existing pressure losses which also occur 
in the recuperator - additional leakage 
losses will result by overflowing of com- 
pressed air to the exhaust gas-side. The 
leakage losses are nearly proportional to 
the compressor pressure ratio and limitate 
the applicable compressor pressure ratio to 
values helowc= 6. Thanks to Messrs. 
CORNING GLASS WORK a ceramic d i s c  material 
has been developed. called "Cercor'. Fig. 
35 gives an example of a Cercor heat 
exchanger d i s c  for a vehicle gas turbine. 

A 

Fig. 

Fig. 36 
Temperature 
and 
Pressure 
Boundaries 
for 
different 
Types Of 
Heat 
Exchangers 
(according 
to Gas 
Turbines) 

3 , C B I - G Y I  neat hxc-...s-A "am.. 1 

a Vehicle Gas Turbine 

If you add also the tempera- 
ture ranges for which the various heat 
exchanger types can be applied, then 
you get Fig. 36, the front page of 
the journal "Gasturbine" published 
in September/October 1966. Very 
high turbine inlet temperatures can 
only be governed by using ceramic 
materials as regenerators whereby 
the compressor pressure ratio is 
limited to values belowr= $1  The 
heat exchanger casing and the drive 
of the rotating disc still represent 
some unsolved cooling problems. 
Recuperators made of metal are re- 
stricted to turbine exhaust tempera- 
tures below 11000K, however, they 
allow high power output and high 
compressor rahios. 

Most vehicle gas turbines 
are deaigned for a power output be- 
low 400 hp (with the exception of 
one US Army contract, where a power 
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of 600 hp was required). In vehicle gas turbines 
the Cercor-Regnerator is prevailing almost with- 
out exception; in some cases the metallic regen- 
erator ia used. In Fig. 37 you can see the 150 
hp vehicle gas turbine with Cercor-Regenerator 
of Messrs. Rover-Leyland. Because of the very 
low power a radial compressor turbine is used 
in this caae,too. A subsequent veraion having 
350 hp. however. is equipped with an axial 
compressor-turbine (and axial power turbine). 
An outsider among the modern vehicle turbines 
the 300 hp turbine SOLAR-B from INTERNATIONAL 
HAFXESTER CO. is shown in Fig. 38. It ia 
designed with an annular combustion chamber 
and with a mouprator having an effectiveness 

Fig. 37 150 hp Vehicle Gas Turbine of 78 8;  The used annular heat exchanger deaign 
with Cercor Reganerator (ROVER-LEYLAND) presents space savings and favorable flow con- 

ditions. This gas turbine ham - regardless the 
higher performance - a radial com- 
pressor turbine. too. 

5. DESIGNS AND OUTPUT DEVICES 
For aircraft gas turbines 

there are available both the single 
shaft engine and the multi-shaft 
engine with free power turbine. 

The single-shaft engine 
having the load mechanically rigid 
connected to the gas turbine shaft 
during operation is especially 
suited for conatant speed drives 
(e.g. helicopter rotor or industrial 
application: electric generator). 
Load variations are only obtained 
by changing the turbine inlet 
temperature, the engine thus 
immediately reacts to load changes. 
The engine in its design is simpler 
than the multi-shaft engine. Fig. 38 300 hp Vehicle Gas Turbine SOLAR-B 

with Annular Recuperator 
(International Iiarveeter) 

The gas turbine rotor in most cases has two 
bearings only and compared to the multi-shaft gas turbine 
one turbine stage often can be saved. 

These advantages nevertheleas are confronted with 
disadvantages in operation: The single-shaft engine delivem 
almost no torque below 50 $ of the rated apead (full load 
apeed) . 

Fig. 39 gives an illustration of the torque 
characteristica versus drive apeed for a single-shaft engine 
as well as for a gas turbine with free power turbine. 

To start the single-ahaft engine a clutch must be 
operated between the load and the gas turbine. This can be 
done by using centrifugal clutches as well as hydraulically 
controlled clutches. Otherwise the load of the driven engine 
must be reduced to a large extent. (as e.g. by switching off 
the induction current of electric generators or bv thrott- 

Fig. 39 Comparison of ling at the inlet of pumps and com&esaors). 
Torque Characteristics of 
Single-Shaft and Two- The range of speed changea under load conditionm 
Shaft Gas Turbines ia very limited (approximately 80 to 100 $ of the rated 

speed). Fig. 40 demonstrates the performance map, i.e. the 
power range versus the output speed for a gas turbine with and without free power turblne 
respectively. In case of a single-ahaft engine the available power drops rapidly with 
decreasing speed. T h e  limits are given by the max. turbine inlet temperature and - in 
many cases at lower speed - by the compressor surge line. Perfomance higher than full 
load can be obtained without a rise of the turbine inlet temperature in the speed range 
above 100 $. Thus the engine can be overloaded without increasing strain due to tempera- 
ture. Overspeeds at constant power lead to lower turbine inlet temperatures. BO that 
less thermal strain is favorable for the additional mechanical mtress. 

For the gaa turbine with free power turbine a connection between the gas 
generator and the free power turbine only exists by gas forces. The load is mechanical- 
ly COMeCted only to the power turbine. Gas generator speed and pover turbine speed are 
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Fig. 40 Comparison of PDlrsr 
Characterisitics and specific Fuel 
Consumption of a Two-Shaft and a 
Single-Shaft Gas Turbine 

independant from each other. Torque output and 
output speed can freely be selected between 
zero and full load. In the performance map 
(Fig. 40) the lines of constant gas generator 
speeds and constant turbine inlet temperatures 
are in first approach parabolas having the ver- 
texes at the speeds of best efficiencies of the 
power turbine (U/Co..rconstant). Along each of 
the indicated parabolas T /(T3 10+)=oonstant 
the power delivered from ?he gas generator to 
the power turbine is constant and the variable 
output results from the speed dependent effi- 
ciency of the power turbine. 

Load changes - also at constant out- 
put speed - result in a speed change (and 
temperature change) of the gas generator and 
therefore take place with a certain delay in 
time. The gas generator is to be designed with 
lowest possible momenta of inertia i.e. small 
wheel radii - this specially applies to vehicle 
turbines which are subjected to very frequent 
and quick load changes. Where aerodynamic 
aspects (for instance optimum efficienciea) 
require larger diameters, the efficiency and 
the fuel consumption, respectively and the 
acceleration behavior should carefully be 
balanced. 

For vehicle pas turbines the two- 
shaft version with free-nower turbine can 
currently be considered to be the standard 
type. The l o w  pressure ratio meets conveniently 
the requirement for a low moment of inertia 
for the gas generator. A heat exchanger of the 

regenerative or recuperative type *E used to improve the specific fuel consumption. A 
variable head split between compressor turbine and power turbine by means of varaiable 
nozzles in front of the power turbine results in a more economical fuel consumption in 
the part load range, and a very smooth consumption curve versus load can be attained. 
Fig. 41a demonstrates the compariaon of the specific fuel consumption for a vehicle 
turbine with and without variable nozzles. It should be noted that the improvement in 
fuel consumption in the part load range is due to the interaction of nozzle variation - and heat exchanger. Due to the reduction of the flow area in the power turbine nozzles 
both the turbine inlet temperature as well as the turbine exhaust temperaturei.e. heat 
changer inlet temperature are increased and thus the heat recovery in the heat exchan- 
ger is improved. In an engine without heat exchanger the variable nozzles are aignifi- 
cantly less effective with regard to the part load fuel consumption. 

An enlargement of the throat area of the power turbine nozzles changes the 
head split in favor of the compressor turbine so that more power for acceleration of 
the gas generator is available. 

Fig. 41b shows the gas gsnerator speed characteristic versus the time for a 
turbine with and without variable nozzles. For a turbine of 250/350 hp-class using 
variable nozzles the acceleration timee of the gas generator c a n  be expected to be 
only 0.8 - 1.2 sec. from idle to rated speed. Adjuating the nozzles beyond 90° the 
blades of the power turbine are subject to a strong negative incidence and thus a 
retardation - if necessary a reverse rotation - is possible (Fig. 414. A limitation 
of the power for braking in some 
cases is given by the heat exchan- 
ger, since in the case o f  braking 
there is hardly a temperature 
drop in the power turbine; there- 
fore, when braking, the permissible & m  
turbine inlet temperature is 
governed by the temperature 
resistance of the heat exchanger - in case of a regenerator the 
temperature reaistance of the 

results in additional fuel con- 
sumption. 

Fig. 41 Improvement of the 

I W * I o = F * U U ( U I I I r P I A F I  s=cSO 

-,OFI*Ur-LEw E161*EBPI**c -o=--oyayIE sealing strips. However. braking -m€ 

.~ Behavior of a 
Vehicle Gas Turbine 
by Meana of vari- 
able Nozzles 
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Fig. 42 Vehicle Gas Turbine GMC-GT309 
and Clutch Components 

this case braking does not cost any fuel; the 
braking effect could be increased by using a 
by-pass downstream the compressor, however, 
in any case is very dependant on the speed 
and sufficient at higher speeds only. 

The steady slip of the clutch 
during operation means wear and increase of 
the evolving heat due to the power lose. 
Since, (according to Turunen and Collman) 
in the common operation range only relative 
small power at small speed differences will 
be transferred there should not be any 
mechanical problems. 

The gas turbine with free power 
turbine meets the requirements of motive 
power for vehicles having an increasing 
toroue at decreasina mused. Contrarv to the 

The variable n05zles for 
the power turbine are used to-day by 
most; Of the vehicle turbine manu- 
facturers as e.g. ROmR/LEYIUUTD - 
FORD - CIIRYSLER - SOLAR etc. Instead 
of variable nozzles GENERAL MOTORS 
CORP. (G.M.C.) uses a clutch with 
controlled contact pressure(Fig. 42) 
between compressor turbine and power 
turbine. Thus a scheduled epeed- 
dependant part-load is transferred 
from compressor turbine to the power 
turbine aiming for keeping the turbine 
inlet temperature ala0 in the part- 
load range as high as possible. 
Clutch and turbine- are designed in 
such a way that even at full load 
a certain torque is still trans- 
ferred. To accelerate the gas genera- 
tor the clutch is disengaged and the 
total compressor turbine power is 
available. For brsking and at over- 
speed of the power turbine the clutch 
will be engaged and the compressor 
input (less the cold turbine power) 
is used for braking purpomea. In 

Fig. 43 Sche-~e of VOLVO Vehicle 
Gas Turbine and its 
Torque Characteristic piscon engine the vihicle can start-moving 

without using a clutch and a high stall torque 
reduces the necessary number of transmission gears. Two other designs should be con- 
ddered here, that are used to increase the stall torque above the already 
mentioned value of approximately twice the rated torque. 

The VOLVO Vehicle gas turbine (Fig. 43) in its design is a two-shaft gas 
turbine. The power turbine has - due to experiences with hydraulic torque convertsrs - two rotors in line which are connected to each other through a freewheel planetary 
gear. In the high output speed range ( >  50 $ epeed) the second rotor is running free 
without any power output. At lower output speeds the freewheeling blocks and the 
second rotor is engaged, now deviates the flow and reduces the exit swirl of rotor I. 
The torque of rotor I1 increases the output torque (Fig. 43). Since the full-spbed 
point is already in the range of decreasing efficiency of the power turbine - the 
power turbine at full speed therefore aerodynamically runs at overspeed - a stall 
torque of 6 times the full-speed torque was expected. If referred to point B, in other 
words referred to the point of best efficiency of the power turbine the torque ratio 
to stall is only 4 times1 the disadvantage is that in the normal operation range 

(n/n,,,- = 60-100$) the second, free running rot= 
represents a considerable drag and thus reducing 
the total efficiency of the power turbine. 

An other possibility to increase the 
ratio of stall torque to rated torque to the 
factor 4 is given by the differential gas turbino 
with split compressor (Fig. 44). In this engine 
the gas generator is connected with the sun whed 

the outer wheel of a planetary gear. Tho planet 
carrier is connected with ths output shaft. At 
n o m a 1  working conditions the augmenting compressm 
produces only a relatively low pressure ratio. 
Kith docreasing output speed (speed of the planet 
carrier) the speed of the augmenting CoPpmssor 
increases (at the 0-e tima an increasing Part 
of the gas generator powsr is transforred to the 

and the supmh¶rgi~ O o m p r e S S O r  is O O U p s d  rith 

~ ~ ~ ~ ~ i n e s ~ ~ : ~ s ~ ~ i ~ ~ ~ ~ ~ : ~ ~ ~ ~ ~ -  
(according to Hrynis5ak urd 
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Npmbri#ng compressor) thus mass flow and total preamure ratio increases. The gas 
generator therefore is being super-charged. Under normal conditions for the differen- 
tial gear and with possible speed limits for the augmenting compressor torque ratios 
of approximately 4 can be expected. The tests have shown. however, that for matching 
the augmenting compressor and the main compreasorvariable diffusor vanes would be 
necessary for both compreseorsl this would result in lower efficiencies for both com- 
pressors and in a remarkable increase in price for the power plant. The gas turbine 
with free power turbine to-day is predominant in the application for vehicle traction, 
notwithstanding the more sophisticated deaign compared to the single-shaft turbine andthe 
necessary variable parts being highly strained due to temperature and wear. A similar 
operation range as is possible with a free power turbine could be attained by coupling 
a hydraulic torque converter to the simpler single-shaft engine. The single-shaft 
engine works as a generator w i t h  mechanical power output for the hydraulic torque con- 
verter. For extending the operation range and for improving the part-load consumption 
a torque converbr with variable guide vanes would have to be used. The vane geometry 
of the torque converter should be varied in such a way that the pump driving torque 
does not essentially increase with decreasing output speed i.e. decreasing ratio 
r =  nT/np because only a narrow speed range [0.90<(n/no)~~ <I.lO] of the gas turbine is 
available; thwrefore. a speed?eduction" of the prime mover should be avoided. Fig. 45 

ehows the characteristics of a torque converter with vari- 
able guide vane-, these points of view being considered in 
its design. To have an efficiency as high as posmible in 
the most frequently used operation ranges (e.g. of a heavy 
truck) the design point should not be located in the mesh- 
point w/Mp = 1.0 
position S/So = 100 $ - the increase in pump torque with 
decreasing output speed would not be permissible anyhow - but in the mesh point w/Mp = 1.25. With a stall/design 

with the guide vanes having normal 

-mp-&?2 Isy.al 

Y torque ratio of approximately 2.95 / 1.25 = 2.36 the 
U hydraulic torque converter in any c a m  would need the 

application of an additional multistage variable gear in 
order to attain aufficient stall torque. 

In the discussed horsepower range hydraulic 
torque converters with variable guide vanes have maximum 
efficiencies of approximately 82 - 84 $. Taking into 
account the additional loss of vagiable nozzles in a two- 
shaft gas turbine (approx. 2 - 4 $) then the single-shaft 

@ @ m 0 engine being coupled with a variable torque converter will 
have a worme consumption by about 14 - 16 $ over the total 
operation range i.e. with present turbine inlet temperatures 
approximately 25 - 30 g/hp h. 

* a? O1 @ (I 

SmED" 

Fig. 45 Characteristics 
of Hydraulic Torque Con- 
verter with Variable Guide 
Vanes 

Hydrostatic gears in general do 
have lower efficiencies than hydraulic torque 
converters. Good efficiencies over a wide 
speed range can be achieved according to a 
proposal of Messrs. JONSSON Corp. by a use- 
ful combining of mechanical power gears 
(planetary gear) with a hydrostatic pump/ 
motor set; the stall/rated torque ratios are 
thereby about 4 I 1 .  The proposed gear is a 
version of the Dual Mode Hydromechanical 
Transmission for gas turbines as described 
by R.H. Guedet and J.E. Louis. Fig. 46 Hydro-Differential Trans- 

mission JONSSON Corp. 

Fig. 47 
Basic Perfor- 
mance Characte- 
ristics of 
hydrodi f f eren- 
tis1 Trans- 
mission 

Fig. 46 illustrates in a scheme 
the design of the hydrostatic gear according 
to JONSSON. The units A and B are identical 
and coaxially arranged hydr. swash plate 
displacement pumps (piston pumps) which 
operated alternately as pump or motor. 

The pumps are mounted back to back 
on the control pad 2 therefore minimal mass 
flow ways exiBt. The driven Shaft coupled 
with the gas turbine is connected w i t h  the 
sun wheel 5 of a two-stage planetary gear. 
The planet carrier 6 on the other hand is 
coupled with the output shaft 7. 

D and C are controllable clutches. 
D permite to directly connect the shaft of 
the unit B with the driven ehaft 1 .  C fixes 
or releases the outer wheel 9. With the 
planetary gears through gear wheel 8 the 
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unit A is connected. 3 and 4 are controllable swash-plates which can be operated in the 
range Of 18'. 

By shifting thg swash-plates 3 and 4 and alternately engaging the clutchem D and 
C all operation phases of Poutput = 0 or reversal run, respectively, up to noutput 
= "driven CM be demonstrated. The practical realizable ratio of stall output torque 
to input torque is approximately 4 : 1. Fig. 47a illustrates the combination of the 
output torque (at OOnstMt input torque). Since only a part of the power is trans- 
mitted by the hydrostatic drive (max. approximately 55 $ - in average approximately 
25 - 30 $) the relative low efficiency of the hydraulic unit is not of decisive 
importance and as demonatrated in Fig. 47b total efficienciem of more than 90 $ over 
a broad speed range can be expected. 

111. CONCLUSIONS 
The development of small gas turbines calla for the solution of a series of 

special problems. High turbine inlet temperatures are in this case tooaf vital impor- 
tance. Cooled turbine blades. however. can only be applied to a limited extent. Even 
at higher horse-power output higher efficiencies can be expected in certain cases for 
radial turbines, than with axial turbines having unfavorable aspect ratios. 

weight and volume. High compressor pressure ratios are necessary to attain favorable 
specific fuel consumption and therefore multi-stags compressors or combined compreaaon 
become necessary. In vehicle gas turbines heat exchangers will be used because of the 
demand for lowest fuel consumption possible. Recuperators and regenerators have their 
special range of application whereby for outputs up to approximately 400 hp the regene- 
rator - specially the ceramic regenerator will shov better data. To improve the part- 
load consumption a variable head split between compressor turbine and power turbine 
will be necessary. This CM be achieved by a mechanical power transmission between the 
two turbines (clutch) or by changing the nozzle geometry (variable nozzles). 

Aircraft gas turbines are built without heat recovery for reasons of saving 

Two-shaft engines have an increasing torque at decreasing output speed and 
an output speed being independant of the gas generator; but at load changes it will 
react with a certain delay. 

Single-shaft engines Operate in a narrow speed range only and therefore are 
especially suited for driving purposes at constant speeds. Load changes are obtained 
by temperature changes only and practically without time delay. By using suitable 
amessory units i.e. hydraulic torque converters or hydro differential gears the single- 
shaft engine will get characterietica similar to those of the two-shaft engine and 
therefore will be applicable for similar purposes. 
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INDUSTRIAL AND TECHNOLOGICAL PROBLEMS O F  
SMALL GAS TURBINES FOR IIELICOPTERS AND GROUND TRANSPORT 

R M LUCAS 
Chief Engineer  
Rolls-Royce Limited 
Small  Engine Div i s ion  
Watf ord.  

SUMMARY. 

A f t e r  cons ide r ing  why a smal l  engine needs t o  r o t a t e  f a s t ,  and be made o f  
i n t e g r a l  r a t h e r  than  b u i l t  up p a r t s ,  some o f  t h e  consequent v i b r a t o r y  problems a r e  
d i scussed  wi th  t h e  conclus ion  t h a t  methods of i n t roduc ing  damping i n t o  t h e  system a r e  
r equ i r ed .  

engines  l i m i t  t he  use of s ca l ed  down l a r g e  engine des igns .  Contamination of compressors 
by f o r e i g n  o b j e c t s  is s i m i l a r l y  more  pronounced. 

Fuel  system l i m i t a t i o n s  due t o  d i r t  being t h e  same s i z e  f o r  b i g  and smal l  

A number of workshop problems s p e c i a l  t o  smal l  e i z e  a r e  considered and shown 
t o  respond t o  t h e  use  of s u i t a b l e  techniques.  

F i n a l l y  a g lance  a t  some o f  t he  c o s t s  which don ' t  s c a l e  i n d i c a t e  p r o p o r t i o n a t e l y  
h igh  launching  cos t s .  

It was not  a l t o g e t h e r  by acc iden t  t h a t  gas t u r b i n e s  evolved d u r i n g  the  e a r l y  
phases  of t h e i r  development a t  t he  s i z e  they  did.  Undoubtedly, i t  was because a i r c r a f t  
were t h e  s i z e  they  were,  and had the  d r a g  they  had, t h a t  t he  requirement  e x i s t e d  t o  
develop the  e a r l y  gas  t u r b i n e s  a t  a c e r t a i n  s i z e .  Fo r tuna te ly ,  t h i s  was a good s i z e  
from which t o  develop the  l a t e r  engines  and some problems were e a s i e r  t o  overcome 
because o f  t h e  s i z e .  Had the  requirement  been f o r  what w e  now c a l l  smal l  engines ,  and 
sma l l  engines  which run wel l  t h r o t t l e d  back, gas t u r b i n e s  would not  have been s o  success-  
f u l .  

- GENERAL CONSIDMtATIONS. 

The most s i g n i f i c a n t  parameter i n  a t u rb ine  engine is Mach Number, f o r  i t  is 
t h i s  which is t he  bas i s  of compressor and tu rb ine  ope ra t ing  c h a r a c t e r i s t i c s .  The speed 
o f  sound through a gas is not  i n  the  l e a s t  a f f e c t e d  by the  s i z e  of the  engine ,  s o  Mach 
Number doesn ' t  s c a l e .  (Diagram 1) This  means i n  t u r n  t h a t  blade speeds must be kept  t he  
same i n  t e r m s  of v e l o c i t y  and s o  a small  engine must r o t a t e  as much f a s t e r  a s  t he  l i n e a r  
s c a l e  o f  t he  mean he ight  of t h e  blading.  (Diagram 2). 

The thermodynamic cyc le  a l s o  does not  s ca l e .  For  a given thermodynamic 
e f f i c i e n c y  p res su re  r a t i o  and temperature  a r e  f ixed .  

If one took a 10,000 l b .  t h r u s t  engine and s a i d  l e t s  make i t  a 1,000 l b .  
t h r u s t  engine ,  one could merely take  a s l i c e  of t he  engine such t h a t  one had one t e n t h  
of the  annulus  he ight  a l l  t h e  way through. (Diagram 3) .  This  would g ive  s a t i s f a c t o r y  
Mach Numbers and c l e a r l y  t h e  b lad ing  has adequate  l eng th  t o  genera te  and expand the  
p re s su re  r a t i o .  The r e s u l t a n t  smal l  annulus is almost a l l  l o s s e s  boundary l a y e r s  e t c .  
w i th  p r o p o r t i o n a t e l y  more hea t  and mechanical l o s s e s .  (Diagram 4 . j  
t o  improve upon this s i t u a t i o n  which makes the  small  enc ine  a p a r t i c u l a r  t echno log ica l  
cha l lenge .  

To r e s t o r e  the  hub t i p  r a t i o  o f  t h e  annulus ,  or the  r a t i o  o f  t he  he ight  o f  t h e  
b lad ing  t o  i t s  d iameter ,  we must reduce t h e  mean he igh t ,  which f o r c e s  us  i n t o  h igher  
r o t a t i o n a l  speeds.  (Diagram 5) Higher r o t a t i o n a l  speeds produce more w h i r l i n g  problems, 
which can most r e a d i l y  be a t t acked  by reducing a x i a l  l ength .  Although t h i s  would come 
au tomat i ca l ly  from s c a l i n g  l e n g t h  a s  we11 a s  d iameter ,  m o s t  processes  used i n  t h e  gas 
t u r b i n e  r e q u i r e  the  same l eng th .  (Diagram 6)  Burning f u e l  i n  l e s s  a x i a l  l e n g t h  is a 
p a r t i c u l a r  problem, because of course flame speed doesn ' t  s c a l e ,  t he  v e l o c i t y  o f  a i r  i n  
t h e  combustion space must be the  same s o  t h a t  t he  time t o  burn and the  l e n g t h  of the 
flame tend t o  be non-scaleable .  I n  o rde r  t o  reduce l e n g t h  between bear ings  of t h i s  high 
speed s h a f t i n g  one can a l t e r  t h e  l ayou t  and t h e  flame tube  is one of the  most convenient  
t o  move, and one can see  widely d ive rgen t  s o l u t i o n s  t o  the  problem of r e - s i t i n g  t h e  
flame tube,  (Diagram 7.) 

It i s  t h e  at tempt  

One has a r r i v e d  a t  a des ign  from these  cons ide ra t ions  which r o t a t e s  f a s t ,  has 
probably somewhat less favourable  hub t i p  r a t i o  i n  i t s  b lad ing  but is e s s e n t i a l l y  
sma l l e r  i n  a l l  dimensions looked a t  on a c r o s s  s e c t i o n .  (Diagram 8) 

TOLERANCES. 

O f  course ,  t o l e r a n c e s  on dimensions don ' t  s c a l e ,  and one f i n d s  t h a t  t h e  
v a r i a t i o n s  on blade p r o f i l e s  and annulus he igh t s  a r e  a b igger  propor t ion  on smal l  engines  
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so t h a t  one has a s e r i e s  of op t ions  from us ing  d i f f e r e n t  techniques ,  a s  watchmakers do 
(expens ive)  t o  down grading  the  nominal or average o v e r a l l  engine performance. If  one 
has  sca l ed  l e n g t h  then a x i a l  t o l e r a n c e s  a r e  a l s o  p ropor t iona te ly  more c r i t i c a l .  But 
a x i a l  l e n g t h  f o r  t h e  bas i c  processes  has probably no t  been changed, and a x i a l  
t o l e r a n c e s  w i l l  be unchanged. The s tandard  of t o o l i n g  used f o r  making the  p a r t s  has a 
d i r e c t  impact on t h e  cons i s t ency  of shape t h a t  can be maintained,  and s o  t h e  sma l l  high 
e f f i c i e n c y  engine  demands a r e l a t i v e l y  high t o o l i n g  expendi ture .  This ,  s u r p r i s i n g l y ,  
may no t  i n c r e a s e  the  product p r i c e  because the  b e t t e r  t o o l s  can produce more cheaply 
a s  w e l l  a s  more c o n s i s t e n t l y .  But the  t o o l i n g  cos t  adds t o  the  c a p i t a l  a t  r i s k  i n  the  
launching  c o s t .  

D i s t o r t i o n  of some degree occurs  i n  p r a c t i c a l l y  any engine p a r t  a f t e r  i t  has 
r u n ,  and it i s ,  of  course ,  u s e l e s s  t o  make a p a r t  more a c c u r a t e l y ,  o f f  expensive 
t o o l i n g  i f  i t  d i s t o r t s  t o  a s i g n i f i c a n t  e x t e n t  i n  the  engine.  Turbine c l ea rances  a r e  
always p a r t i c u l a r l y  important  i n  high pressure  r a t i o  engines  and ca re  must be taken  a t  
t h e  des ign  s t a g e  t o  ensure  t h a t  c i r c u l a r i t y ,  p l a n a r i t y ,  c o n c e n t r i c i t y  w i l l  be maintained 
when ho t ,  even a t  t h e  expense of some o t h e r  d e s i r a b l e  f e a t u r e  l i k e  weight.  

INTEGRAL COMPONENTS. 

The most obvious technique t o  t r y  t o  use t o  minimise c o s t  and to l e rance  
p e n a l t i e s  is t o  make components i n t e g r a l  r a t h e r  than b u i l t  up out  of a number of  
s e p a r a t e l y  made p ieces .  Th i s  can be done e i t h e r  by machining from lumps or c a s t i n g .  
Typ ica l  examples a r e  the  c a s t  cornpressor on the  Al l i son  250 engine or t h e  i n t e g r a l  
t u r b i n e  b lades  and d i s c  on Nimbus. A fundamental  problem o f  t h i s  type of c o n s t r u c t i o n  
i s  t h e  very h igh  Q or response t o  e x c i t a t i o n .  A b e l l  which g ives  a decent  r i n g  is 
i n v a r i a b l y  made from one p i ece ,  because too  much damping is in t roduced  a t  an i n t e r -  
f a c e  (Diagram 9 ) .  
f r equenc ie s  which can r i n g  any b e l l  l i k e  s t r u c t u r e .  The i n t e g r a l  component is, 
t h e r e f o r e ,  ve ry  s u s c e p t i b l e  t o  f a t i g u e  f a i l u r e s  un le s s  t hese  sources  a r e  completely 
understood.  I n  my exper ience  w e  a r e  a long  way from unders tanding  a l l  t hese  sources .  
A compl ica t ion  of an i n t e g r a l  s t r u c t u r e  i s  t h a t  i t  has mechanical coupl ing  between 
b lades  and d i s c  which can produce a whole range of resonant  f r equenc ie s  of equal  
s i g n i f i c a n c e  because t h e  i n d i v i d u a l  blades a r e  not  f requency matched due t o  smal l  
v a r i a t i o n s  i n  s i z e .  
blade f r equenc ie s  but  a t  a complex permutat ion of t h e  i n d i v i d u a l  blade f r equenc ie s  
dependent upon the  mechanical coupl ing.  This  can occur i n  the  f i r s t ,  second e t c .  
f a m i l i e s  of d i s c  modes and b e l l  modes. Mathematical  models o f  these  complex p a t t e r n s  can 
now be cons t ruc t ed ,  and t h e i r  re levance  can be confirmed by t h e  use of l a s e r  opera ted  
holograms. Although these  techniques  a r e  not  ye t  f a r  enough developed t o  be used by t h e  
d e s i g n e r ,  they  have a l r eady  expla ined  t h e  l a c k  of success  i n  us ing  s t r a i n  gauge 
techniques  f o r  t r o u b l e  shoo t ing  on development engines .  Although one can take  s t e p s  t o  
reduce the  impor tan t  i n t e r f e r e n c e s ,  t o  reduce the  band of f r equenc ie s ,  a b e t t e r  l i n e  is, 
i n  my view, t o  put  damping i n t o  the  system, and I would expect  t o  see  b i g  progress  i n  
t h i s  a r e a  du r ing  the  for thcoming decade. (Diagrams 12 ,13  and 1 4 ) .  

There i s  p l e n t y  o f  energy i n  a t u rb ine  engine a t  a l l  s o r t s  of 

(Diagrams 10  and 11.) Resonances occur not  j u s t  a t  t he  i n d i v i d u a l  

A n  impor tan t  a r e a  t o  g ive  d e t a i l  a t t e n t i o n  is t he  mechanical coupl ing  between 
a known source of e x c i t a t i o n  such a s  a gear  mesh and an i n t e g r a l  component. I n  t h i s  
c a s e  the  s o l u t i o n  must i s o l a t e  t he  source a x i a l l y  a s  we l l  a s  t o r s i o n a l l y  i f  t h e r e  is 
any susp ic ion  of an umbrel la  mode. Allowing ad jacen t  p a r t s  t o  r a t t l e  a s  a means of  
absorb ing  energy has t o  be t r e a t e d  wi th  c a r e ,  f o r  wear due t o  f r e t t i n g  can be dangerous.  
The t h i n  s e c t i o n  of t h e  smal l  engine can t o l e r a t e  l e s s  wear than  b i g  ones. The usua l  
a n t i - f r e t  t r ea tmen t s  can be used,  but i t  is important  no t  t o  remove the  damping 
c h a r a c t e r i s t i c s  i n  overcoming a wear problem. 

W e  saw why smal l  enc ines  have t o  r o t a t e  f a s t ,  t h i s  means t h a t  e x c i t a t i o n  
f r equenc ie s  a r e  s i m i l a r l y  high. Some f a t i g u e  problems can be cons idered  i n  terms of  
ampl i tude  x f requency  = cons tan t  f o r  a given l i f e .  
a much sma l l e r  ampli tude i s  important .  I f  t h e  ampli tude i s  governed a t  a l l  by 
machining imper fec t ions ,  boundary l a y e r  t h i ckness ,  aerodynamic or mechanical damping 
then  t h e  problem i s  more d i f f i c u l t  i n  t he  smal l  ampli tude,  high frequency case.  If  one 
is r e l y i n g  on s t i c k - s l i p  f r i c t i o n  damping, i t  may be very  d i f f i c u l t  t o  g e t  enough 
ampli tude t o  be i n  t h e  s l i p  regime before  a dangerous resonance has evolved. 

(Diagram 15). S o  w e  can see  t h a t  

FASTENERS 

Fas t ene r s  a r e  a l i m i t a t i o n  t o  t he  des ign  both  be'bause of t h e  human s k i l l s  
involved  (one i s  u s i n g  engine f i t t e r s  and no t  watch makers) and t h e  s t anda rd  workshop 
equipment and techniques  a r e  not  r e a d i l y  adapted t o  u s i n g  screw th reads  much below 
10 W. This  is no t  a fundamental  law of  n a t u r e ,  but a p r a c t i c a l  po in t .  One is b e t t e r  
compromising t h e  des ign  s l i g h t l y  t o  use  l a r g e r  b o l t s  i n  wider  f l a n g e s ,  than  t o  involve  
your own workshops, but more impor t an t ly  your oustomere ' ,  i n  s p e c i a l i s t  techniques.  
Th i s  could w e l l  change. I have seen a smal l  a g r i c u l t u r a l  engine us ing  screw s i z e s  
conven t iona l ly  cons idered  only s u i t a b l e  f o r  model or ins t rument  makers, and it  works. 

But t he  b igges t  ga in  comes from t r y i n g  no t  t o  have f a s t e n e r s .  I have , j u s t  
d i s c u s s e d  some of  t h e  problems of major components which a r e  made i n t e g r a l l y ,  never the-  
l ess  us ing  brazes ,  spo t  welds,  beamwelds or bonding must be -exp lo i t ed  on the  smal l  
engine  a s  much as poss ib l e  even a t  t h e  expense of some compl ica t ion  i n  overhaul  shop 
techniques.  
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FUEL SYSTEM 
The s i z e  of  d i r t  p a r t i c l e s  i n  the  f u e l  taken  i n t o  the  tanks or genera ted  by 

t h e  t anks ,  p i p e s ,  pumps e t c .  is no d i f f e r e n t  f o r  b i g  and smal l  engines.  The p r a c t i c a l  
f i l t r a t i o n  pass  s i z e  cannot  be lowered without  making t h e  f u e l  f i l t e r  d i s p r o p o r t i o n a t e  
t o  t h e  engine.  Thus t h e  sma l l e s t  t o l e r a b l e  hole  is f ixed .  I n  t h e  passages f eed ing  
f u e l  i n t o  t h e  engine,one can e i t h e r  have a sma l l e r  number of admission p o i n t s , o r  use 
lower p re s su res .  V i s c o s i t y  is j u s t  t h e  same and p res su re  needed t o  break up the  flow 
i n t o  a sp ray  is no d i f f e r e n t ,  so t he  p re s su re  c a n ' t  be lower.  (Diagram 16)  A s o l u t i o n  
t o  t h i s  is t o  use  a d i f f e r e n t  s o r t  of system, and w e  have been f o r t u n a t e  i n  the  RS.360 
i n  having had the  v a p o r i s e r  system a l r eady  developed elsewhere.  (Diagram 17)  
system doesn ' t  depend upon pressure  t o  b reak  up the  je t .  Other  s o l u t i o n s  have been t o  
f e e d  f u e l  i n t o  the  main s h a f t  and use r o t a t i o n a l  e f f e c t s  t o  produce t h e  spray ,  which 
is a ve ry  e f f e c t i v e  way of making a spray.  (Diagram 18). This  is a common f e a t u r e  on 
Turbomeca engines .  S t a r t i n g  up e i t h e r  of t hese  t w o  systems has t o  be done by a t o r c h  
s p r a y e r ,  and t h e  smal l  engine approaches the  po in t  where more than  one to rch  provides  
enough f u e l  t o  overhea t  t h e  engine du r ing  a s t a r t .  With a s i n g l e  t o r c h  
one has more d i f f i c u l t y  i n  g e t t i n g  propogat ion,  and i n  ach iev ing  h igh  r e l i a b i l i t y  of 
first time s t a r t s  than  i n  a 10,000 lb .  t h r u s t  engine where one can a f f o r d  t o  have 5-10 
t o r c h e s ,  s t a r t i n g  combustion a t  s e v e r a l  p a r t s  around t h e  can. (Diagram 20) A convenient  
s o l u t i o n  f o r  t h e  very  smal l  s i z e  is t o  use an e x t e r n a l  combustion chamber. (Diagram 21) 

I n  t h e  c o n t r o l  system of  a hydro-mechanically c o n t r o l l e d  engine,  t he  l i m i t i n g  

This  

(Diagram 19) 

ho le  s i z e  and c l ea rance  r e s u l t  i n  s u b s t a n t i a l l y  a s  l a r g e  a system, i r r e s p e c t i v e  of en- 
g i n e  s i ze ,  wi th  t h e  a s s o c i a t e d  weight and c o s t  pena l ty .  

CONTAMINATION 

I mentioned t h e  problem of f u e l  f i l t r a t i o n .  The same bas i c  problem exis t s  
f o r  a l l  o t h e r  contaminants  whether i t  be g r a s s ,  h a i l s t o n e s ,  g r a v e l ,  b r i c k s ,  spanners ,  
or any of t h e  cu r ious  t h i n g s  which ope ra to r s  manage t o  feed  t o  engines ,  they  a r e  a s  b i g  
i n  a b s o l u t e  s i z e  and, t h e r e f o r e ,  p ropor t iona te ly  b igger  f o r  smal l  engines .  Some th ings ,  
l i k e  l a r g e  b i r d s ,  j u s t  c a n ' t  g e t  i n t o  smal l  engines  because they  won't g e t  down t h e  
d u c t i n g ,  but  t h i s  is not  much consola t ion .  The smal l  engine maker must recognise  t h a t  
f o r e i g n  o b j e c t  damage is going t o  h u r t  him more than  h i s  b i g  bro ther .  Eros ion  
p r o t e c t i o n  o f  b lad ing  wi th  todays techniques i s  more dependent on contaminant s i z e ,  
such  t h a t  one needs t h e  same th i ckness  of coa t ing .  On a l a r g e  f a n  blade t h i s  t h i ckness  
w i l l  n o t  a f f e c t  i t s  aerodynamics,  whereas i t  might r e p r e s e n t  ha l f  t h e  th i ckness  of a 
sma l l  blade.  Typica l  a p p l i c a t i o n s  o f  t h e  sma l l  engine has  one compensating advantage 
h e r e ,  i n  t h a t  i t  i s  not  i m p r a c t i c a l  t o  f i l t e r  t h e  whole engine flow o f  a smal l  s h a f t  
engine.  There a r e  some l o s s e s ,  and some weight pena l ty .  It can be and has been done, 
and t h e  Donaldson Tube is a p a r t i c u l a r l y  convenient  t o o l  for doing t h i s ,  and wi th  
today ' s  techniques  f i l t r a t i o n  of t h e  whole engine flow when i n  p a r t i c u l a r l y  bad 
environments i s  t h e  b e s t  way t o  go. (D iag ram 22) Small engines  a r e  i n c l i n e d  t o  go i n t o  
v e h i c l e s  which g e t  i n t o  ve ry  in t ima te  con tac t  with d i r t y  environments and have e x c e l l e n t  
s t i r r i n g  dev ices  l i k e  h e l i c o p t e r  r o t o r s  or tank t r a c k s .  High performance s o p h i s t i c a t e d  
equipment needs p r o t e c t i o n  i n  these  cond i t ions .  I f  one must match t o  such an environment 
a s  t h e  most impor tan t  c r i t e r i o n  of t h e  des ign ,  then c l e a r l y  one would choose a l e s s  
e f f i c i e n t ,  t h i c k e r ,  more rugged des ign  of aerodynamic component than  when one i s  
l o o k i n g  f o r  t h e  b e s t  h a l f  power f u e l  consumption or lowest  weight p e r  horse  power. The 
customer and des igne r  must work c l o s e l y  toge the r  t o  ensure t h a t  t he  s t a t e d  requirements  
a r e  r e a l l y  what is needed. 

MECHANICAL LOSSES. 
Mechanical l o s s e s  i n  s h a f t i n g ' b e a r i n g s  and windage a r e  almost i n s i g n i f i c a n t  i n  

a l a r g e  engine.  The des igne r  need hard ly  cons ider  t h e  number of bear ings  etc. a s  having 
a d i r e c t  impact on power output.  
h ighe r  speeds,  and must no te  t h a t  churn ing  l o s s e s  go up a s  N , a t  t h e  same time a s  
t h e  output  power is made sma l l e r  f o r  t h e  sma l l e r  engine.  Tolerances  of dimensions on 
bea r ings  c a n ' t  be much d i f f e r e n t ,  which r e s t r a i n s  one from s c a l i n g  r o l l i n g  element 
s i z e s  down a s  f a r  a s  one would l i k e  or e l s e  one l o s e s  capac i ty  due t o  mismatch of  
e lements  and s u r f a c e  f i n i s h .  These combine t o  g ive  p ropor t iona te ly  much h ighe r ,  and 
now s i g n i f i c a n t ,  l o s s e s  which l i m i t  the  advantages which can be taken of more complex 
c y c l e s  or one achieves  less than the  expected ga in  i n  thermodynamic e f f i c i e n c y .  

We have seen  the  need f o r  g p l l  engines  t o  go t o  

The r e s t r a i n t s  mentioned e a r l i e r  u s u a l l y  r e s u l t  i n  the  d iameter  no t  being 
s c a l e d  down f u l l y  and the  annulus  he ight  f o r  the  working f l u i d  being narrower and 
f u r t h e r  out  than  i d e a l l y ,  which i n  t u r n  means t h a t  windage is becoming s i g n i f i c a n t ,  and 
must be considered a s  p a r t  of t h e  compromise i n  reaching  the  design.  

POWER O F F  TAKE. 

Some s e r v i c e s  a r e  s c a l e a b l e .  A bigger  passenger  a i r c r a f t  r e q u i r e s  more a i r  
f o r  cab in  cond i t ion ing  than  a smal l  one, the  energy f o r  ope ra t ing  c o n t r o l  s u r f a c e s  a r e  
h i g h e r ,  a n t i - i c i n g  i s  over  a bigger su r face .  But t he  e l e c t r i c a l  load t o  opera te  p i l o t s  
i n s t rumeh t s ,  r a d i o  a i d s  and so on a r e  the  same and t h e  power o f f  take  looks d i sp ro -  
p o r t i o n a t e l y  l a r g e  on t h e  small  engine.  This  i s  no p a r t i c u l a r  d i f f i c u l t y  except  t h a t  
t h e  accessory  d r i v e  mechanism i s  not  d u l l y  sca led  down and imposes some weight and 
s i z e  l i m i t a t i o n s ,  and the  a b s t r a c t i o % / s i g n i f i c a n t  power has an e f f e c t  on the  gas 
g e n e r a t o r  s e c t i o n  which must be watched p a r t i c u l a r l y  on mul t i - sha f t  engines .  As power 
o f f  t akes  r o t a t e  a t  t he  same speed e.g. a gene ra to r ,  the  gea r ing  down f r o m  the  high 



5-4 

speed ,  s m a l l  s h a f t  is more complex. I f  as much l o a d  as  p o s s i b l e  is put  on t o  t h e  power 
t u r b i n e  stages of a s h a f t  power engine ,  t h e  problem w i l l  be t h a t  much smaller .  

ACCESSORIES. 

Accessor ies  a r e  s i m i l a r  t o  power o f f  takes .  They d o n ' t  have t o  be any b i g g e r  
on a 30,000 l b .  engine than  on a 1 , O O O l b e n g l n e .  I f  accesso ry  development can produce 
smal le r  l i g h t e r  u n i t s ,  b i g  engines  w i l l  t a k e  advantage of them as. qu ick ly  a s  smal l  ones. 
The need f o r  s m a l l e r  a c c e s s o r i e s ,  perhaps us ing  q u i t e  d i f f e r e n t  techniques ,  i s  greater  
on s m a l l  engines  because they  may c u r r e n t l y  c o s t  and weigh a s  much a s  lW$ of t h e  s m a l l  
enc ine  and t h e  r e s t r a i n t  which they  a r e  imposing today is, t h e r e f o r e ,  very  s i g n i f i c a n t .  
The c u r r e n t  expansion i n  s m a l l  engine a c t i v i t y  w i l l ,  undoubtedly,  pu t  p r e s s u r e  on 
accesso ry  development. The evo lu t ion  of  t h e  h e l i c o p t e r  from a v e h i c l e  which one man 
j u s t  had enough a r m s  and legs  t o  f l y  towards one where t h e  p i l o t  has  t i m e  t o  do  some- 
t h i n g  e l se  as w e l l ,  and be mult i -engined,  produces a demand f o r  much more s o p h i s t i c a t e d  
c o n t r o l  systems which w i l l  do  some of t h e  work f o r  him. These c o n t r o l  systems are  
l a r g e r  t h a n  r equ i r ed  on s imple r  but  l a r g e r  f i x e d  wing engines .  Tremendous advances 
have been, and are  being,  made i n  e l e c t r o n i c s  such t h a t  an  engine mounted e l e c t r o n i c  
c o n t r o l  system is now q u i t e  p r a c t i c a l .  The r e l i a b i l i t y  of f i r s t  gene ra t ion  e l e c t r o n i c  
systems w a s  a p p a l l i n g ,  r e s u l t i n g  i n  t h e  movement of t h e  c o n t r o l  system away from t h e  
engine  and t h e  p l a c i n g  o f  more r e l i a n c e  upon mechanical systems. T h i s  t r e n d  must 
r e v e r s e ,  and I ' m  s u r e  t h a t  w e  w i l l  s e e  more and more of t h e  engine  c o n t r o l  and 
moni tor ing  moved from t h e  p i l o t  t o  e l e c t r o n i c s .  

INSTRUMENTATION. 

One c l e a r l y  cannot  use  l a r g e  ins t ruments  when developing  s m a l l  engines  
because t h e y  w i l l .  a d f e c t  the  answer one is t r y i n g  t o  f i n d .  For i n s t a n c e  p u t t i n g  a 
l a r g e  engine p r e s s u r e  rake i n t o  t h e  a i r  f low w i l l  produce s i g n i f i c a n t  blockage. 
Hanging large v i b r a t i o n  t r a n s d u c e r s  on a smal l  component w i l l  a l t e r  i t s  resonance 
c h a r a c t e r i s t i c s .  The only  s o l u t i o n  here  i s  t o  u s e  watchmalcers techniques  and f a c e  up 
t o  t h e  need t o  have s p e c i a l i s t  s k i l l s  capable  of handl ing  d e l i c a t e  equipment. 
F o r t u n a t e l y ,  g r e a t  s t e p s  forward i n  m i n i a t u r i s i n g  t h i s  type  of  equipment have been 
made and, a p a r t  from being expensive,  t h i s  has  s u b s t a n t i a l l y  overcome t h e  t e c h n i c a l  
problems. The h igh  f r e q u e n c i e s  involved make a l o t  of s tandard  equipment u n s u i t a b l e  
and one m u s t  be prepared t o  make up o n e ' s  own, or i n v e s t  t in new equipment. 

ACCELERATION HATES 

These need n o t  be a problem. The l i g h t  r o t o r s  of  t he  s m a l l  engine g i v e  a 
b a s i c a l l y  qu ick  response engine.  He l i cop te r  a p p l i c a t i o n s  demand qu ick  response and a s  
l o n g  as adequate  s u r g e  and f u e l  margins are  provided,  two s m a l l e r  engines  should be 
b e t t e r  than one equ iva len t  l a r g e r  one. 

MATLRIALS 

Although b a s i c a l l y  t h e  same m a t e r i a l s  can be used,  t h e  very  t h i n  s e c t i o n s  
demanded on s m a l l  components mean t h a t  i n  some m a t e r i a l s  t h e  g r a i n  s i z e  is of  t h e  same 
o r d e r  a s  t he  s e c t i o n ,  and then  t h e  p r o p e r t i e s  a r e  adve r se ly  a f f e c t e d .  The techniques  
o f  c a s t i n g  t h i n  s e c t i o n s  demand s p e c i a l  a t t e n t i o n ,  and almost always t h i s  has been 
s u c c e s s f u l .  Small  engine a c t i v i t y  will put pressure  on c a s t i n g  technology and w e  can  
e x p e c t  t o  see progress  here.  

MANUFACTURING A N 0  HANOLING DANAGE. 

Although one t r i e s  t o  avoid making d e l i c a t e  p i e c e s ,  t h e  o t h e r  r e s t r a i n t s  make 
i t  i n e v i t a b l e  t h a t  s m a l l  engine components w i l l  be more s e n s i t i v e  t o  damage both d u r i n g  
manufacture and when t h e y  are be ing  handled i n  s t o r e s  and supply  c i r c u i t s .  With t h e  
advent  of  cheap s o f t  p l a s t i c s  t h i s  damage can be avoided wi thout  much c o s t ,  but  i t  does 
take conscious a c t i o n  t o  produce t h e  necessary  d i s c i p l i n e  amongst people used t o  d e a l i n g  
w i t h  l a r g e r  components. 

INSPECTION PROBLEMS. 

These a r e  n o t  a major l i m i t a t i o n .  Some s p e c i a l  equipment is needed 
p a r t i c u l a r l y  t o  d e a l  w i th  p a r t s  made by i n t e g r a l  techniques.  One example, pioneered 
by G.E. a s  f a r  as I know, is t h e  use  of w a t e r  f low a s  a means of e s t a b l i s h i n g  n o z z l e  
gu ide  vane c a p a c i t y  more cheaply and a c c u r a t e l y  than  dimensional  measurements. A 
common smal l  engine problem is t h a t  t h e  i n s p e c t o r  cannot get  h i s  f i n g e r s  i n s i d e  a bore. 
Not ve ry  expensive a i r  gauge equipment can be i n s e r t e d ,  or expensive l i g h t  or even 
l a s e r  r e f l e c t i o n  techniques  may be j u s t i f i e d  f o r  product ion runs.  For many such 
problems a re - th ink  of  the fundamental o b j e c t i v e  throws up  a number of  unconvent ional  
ways of achiev ing  t h e  s a m e  end ,  o f t e n  b e t t e r ,  which become p r a c t i c a l  i n  t h e  s m a l l  s i z e  
a p p l i c a t i o n .  

BENCH TESTING. 

The s m a l l  engine i n  i t s e l f  r e q u i r e s  no more or less  t e s t i n g  hours t o  prove 
i t s  i n t e g r i t y .  The amount of  t e s t i n g  w i l l  be determined more by t h e  e x t e n t  t o  which 
i t  d e p a r t s  from a l r e a d y  proven des ign  concepts  and t h e  demands of t h e  i n s t a l l a t i o n .  
We have noted  t h e  t r e n d  t o  more s o p h i s t i c a t e d  c o n t r o l  systems and t h e s e  w i l l  obvious ly  
add t o  t h e  d i f f i c u l t y  of  t e s t i n g  and a l s o  t o  t h e  s o p h i s t i c a t i o n  of t h e  t e s t  bed i t s e l f .  
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In the case of the RS.360 in the WG.13, the engine has been designed to be an integral 
part of the mass system coupled to the rotor, in order to ease the rotor design problems. 
This has added a further complication to the test bed design in order to simulate the 
nodding motion which will be imposed by the rotor. 

MODULARITY. 

small engines show an additional advantage. As the fitters are the same size only fro 
men may be able to work on a complete engine at any one time without getting in each 
other's way. A small engine which con be stripped quickly into a numbr of major units. 
can then be worked on by a large number of men thua escaping from a penalty of increased 
turn round times and even showing an advantage if taken far enough. 'In Service' 
modularity depends not just upon the physical design capability. but the wrformanae 
margins available for mismatch of Components, and the degree of variability of 
components. The remarks about the need for more sophistipated tooling are even more 
applicable when one is looking for trouble free interchangeability of major module 
assembliea. Even a small discontinuity in annulus line which would he inconsequential 
to a large engine will be important for the small modular engine. 

COSTS WIIICH DON'T SCALE. 

small engine manufacturer has done a good job it is as well to remember some of the 
costs which don't scale. 

Although in service modularity is equally advantageous to any size of engine, 

When considering the parameters like cost per horse power to see whether the 

Xarketing. - Eairly obviously, you can't produce smaller sales brochures. do less 
market research, go on shorter trips. You can afford to carry fewer people, which 
is probably o good thing. and/or you must sell in larger numbers to spread the 
costs, which is, undoubtedly, a good thing to do. 

Performance. - The caleulation of engine cycles, analysis of results, optimiaation 
trouble ahooting are. alas, no easier because of small size. 

Drawinps. - Although the total length of lines drawn does scale, the difficulty 
and time of drawing them i s  independent of size. Some small components have to be 
drawn 2 times or 5 times full size to be intellieible. as well as full size, which 
makes it more difficult rather than less so. 

Testing observations and analvsis. - The small encine is much easier to put on a 
teat bed, and won't use as much fuel, but for a given technological standard. the 
number of observations and extent of analysis occupy just aa much time. We havs 
been unable to find a breed of small engineers who will agree to small salariea to 
go with small engine. 

Product SuDDort. - Service ststistics, spares. supplies, t3eld service engineers, 
all the supporting services are unaffected by size itaelf. 

Launching Costs. - Add to thew the remarks about better tooling, aophiaticated 
instrumentation and inspection and one can see that there are a number of factor. 
preventing the scale down of coats. 

Despite these disadvantage@, the small cost small size turbine engine is 
needed, and industry will provide it when given time to adapt. 
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Diagram 1 

U 

e 
VELOCITY TRIANGLES DON'T SCALE 

Diagram 2 

\ 
\ 

U-CONSTANT- nR 

ROTATIONAL SPEEDGOES UI P AS RADIUS DECREASES 

Diaaram 3 

TAKING A SLICE THROUGH A 10000 Ib  ENGINE 
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Diagram 4 

CROSS SECTION OF A 10% SLICE 

Diagram 5 

PRESERVING @ ANNULUS HEIGHT/DIAMETER R A T I O  

Diagram 6 

TRUE SCALE D O W N  



Diagram 7 

--- --- 
DIVERSE SOLUTIONS TO FLAME TUBE PROBLEM 

Diagram 8 

.. ACTUAL 

IDEAL I 

EQUAL ANNULUS AREAS 

Diagram 9 

LARGE BELL 
Low frequency 

S M A L L  BELL 
H igh  frequency 
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Diagram 1 0  

Blade 
INTEGRALLY BLADED DISCS 

Blade 1 has frequency f 1 

Blade 2 has  frequency f 
Blade 3 h a s  frequency f, etc. 

Diagram 

IC 2D.IC 

11 

D IAMETRAL MODES 
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n 
Diagram 12 

D A M P E R  PLATE ON 
A N  INTEGRALLY 
BLADED DISC 

SMALL MOVEMENTS 
DAMPING 10 MODE 

Diaaram 13 

KEYHOLE DAMPER RELATIVE MOVEMENT 
BETWEEN BLADES IN FIRST FLAP 

TENSION. Diagram 14 

n 

T R A M  WHEEL DAMPER 
UNDER DISC RING DAMPING IN A BELL MODE 



AMPLITUDE 
A 
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Diagram 15 

10000 50000 REV/MIN 
FREQUENCY f 

10000 50000 REV/MIN 
FREQUENCY f 

Diagram 16 

AREA 

10 20 30 
NO. OF HOLES 

SPRAY BURNER FEED LIMITATIONS 
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Diagram 17 

SPRAY BURNER 

f I 

MAX. No. 
OF TORCH 
SPRAYERS 

n Diagram 18 

J- 
FUEL- 

FUEC FEED INSIDE A SHAFT 

Diagram 19 

ENGINE SIZE 
LIMITING NUMBER OF TORCH SPRAYERS 

U 1  

0 2,000 5,000 1o.boo 20,000 
ENGINE SIZE 

LIMITING NUMBER OF TORCH SPRAYERS 
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Diagram 20 

SINGLE TORCH 
TO PROPOGATE THE 
F L A M E  18O0 

Diagram 21 

S I N G L E  C O M B U S T I O N  C H A M B E R  

Diagram 22 

D O N A L D S O N  TUBE 
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APPLICATION TO POWER GENERATION 

Andre L. JAUMOTTE, Recteur  de l ' U n i v e r s i t 6  de B r u x e l l e s  

S o m i r e  : L ' a r t i c l e  p rgsente  un apergu des a p p l i c a t i o n s  des t u r b i n e s  B gaz de P a i b l e  
f e r i e u r e  a 500 kW1 t a n t  dans les domaines aeronaut ique q u ' i n d u s t r i e l  e t  s p a t i a l .  Le premier  c h a p i t r e  
envisage l e s  avantages e t  i nconvbn ien ts  des t u r b i n e s  a gaz p a r  r a p p o r t  au moteur Diesel. 

Le deuxihme c h a p i t r e  t r a i t e  de l ' u t i l i s a t i o n  des p e t i t e s  t u r b i n e s  pour  la p r o d u c t i o n  combinbe d'Bner-  
g i e  B l e c t r i q u e  e t  d ' l n e r g i e  thermique; o u t r e  l e s  c a r a c t e r i s t i q u e s  thermodynamiques, quelques exemples 
d ' a p p l i c a t i o n s  i n d u s t r i e l l e s  i l l u s t r e n t  l e  systhme B Bnerg ie  t o t a l e .  

Le t r o i s i h m  c h a p i t r e  e n f i n  donne un apergu des p o s s i b i l i t e s  o f f e r t e s  p a r  l ' e m p l o i  des t u r b i n e s  B gaz 
dans la recherche s p a t i a l e ,  notanment en ce q u i  concerne l a  p roduc t i on  de l ' l n e r g i e  necessa i re  B b o r d  
des eng ins  d ' e x p l o r a t i o n .  

puissance [ i n -  

1. La p r o d u c t i o n  de puissance a u x i l i a i r e  e t  de secours 

Les t u r b i n e s  a gaz de f a i b l e  puissance son t  de p l u s  en p l u s  u t i l i s e e s  comme sources d 'Qnerg ie  a u x i -  
l i a i r e  ou de secours mais Bgalement comme source d '6ne rg ie  de base dans de norrbreuses a p p l i c a t i o n s  
ob e l l e s  remplacent avantageusement les moteurs Diesel ou mtme l e s  moteurs B l e c t r i q u e s .  Le premier  
domaine d ' a p p l i c a t i o n  e s t  gvidemment l ' a b r o n a u t i q u e  : 
- demarreurs embarques pour les r b c t e u r s ,  permet tan t  aux av ions  d ' d t r e  independants de l a  puissance 

- a l i m e n t a t i o n  B l e c t r l q u e  e t  condi t ionnement d ' a i r  des avions, s o i t  uniquement au s o l ,  s o i t  c o n t i n u e l -  

- a l i m e n t a t i o n  en h u i l e  des commandes p e r m t t a n t  d ' e f f e c t u e r  l e s  v 6 r i f i c a t i o n e  avant  v o l  des servo- 

Un avantage p a r t i c u l i e r  des A.P.U 
pes de puissance au sol u t i l i s e s  hab i tue l l emen t ,  e t  c o l a  t a n t  pour  l e  personne l  au s o l  que pour  les 
passagers de l ' a v i o n  ( 7 1 .  

A t i t r e  d'exemple pour  le Lockheed T r i s t a r ,  1'A.P.U. amorce avant  chaque d6co l l age  l e  demarrage des 
moteurs e t  f onc t i onne  en permanence pendant chaque vo l :  l ' a l t e r n a t e u r  de secours q u ' i l  e n t r a f n e  e s t  
coup16 avec l e s  t r o i s  a l t e r n a t e u r s  montes s u r  chacun des moteurs p r i n c i p a u x  LR B 211-221. 

Parmi l e s  a u t r e s  domaines d ' a p p l i c a t i o n ,  on t r o u v e  : 
- p r o p u l s i o n  de camions, engins de t ravaux  p u b l i c s ,  v o i t u r e s ,  t r a i n s ,  nav i res ,  a6 rog l i sseu rs ;  
- groupe 

- genera teur  6 l e c t r i q u e  de p r e c i s i o n  assurant  une grande f k a b i l i t 6  e t  s t a b i l i t 6 ,  u t i l i s e  pou r  a l imen-  

t e r  les o r d i n a t e u r s  de l a  t r o i s i h m e  g h 6 r a t i o n .  l e  groupe assure dgalement l e  condi t ionnement d ' a i r  de 
l ' i n s t a l l a t i o n  ( 2 ) :  

- en t ra lnement  de pompe de chargement de rese rve  pour  l e s  n a v i r e s  p 6 t r o l i e r s .  j u s t i f i 6  p a r  un f a i b l e  

- p r o d u c t i o n  de fo rce  m o t r i c e  pour  l e s  cabines de te lgpher iques  automobi les u t i l i s 6 e s  pour l a  cons t ruc-  

I1 e x i s t e  Qgelement des p r o j e t s  de t u r b i n e s  a gaz en c y c l e  ferm6 couplees a un r e a c t e u r  n u c l h i r e  cons- 
t i t u a n t  des groupes B l e c t r i q u e s  autonomes [ 4 1 .  

Les p r i n c i p a u x  avantages de la t u r b i n e  3 gaz q u i  j u s t i f l e n t  ces u t i l i s a t i o n s  son t  : 
- sa masse s p e c i f i q u e  e t  son encombremnt nettement i n f 6 r i e u r s  B CRUX des moteurs D i e s e l  ( c f .  f i g .  11 

- ses p o s s i b i l i t 6 s  d ' a d a p t a t i o n  B des a p p l i c a t i o n s  t r & s  d i ve rses  : 

d i s p o n i b l e  au s o l ,  ce q u i  se j u s t i f i e  p a r  l e  nombre c r o i s s a n t  d 'a6 ropor t s  v i s i t 6 s :  

lement; 

commandesi d ' a s s i s t e r  l,e p i l o t a g e  e t  d 'assu re r  la descente de l ' a v i o n  en cas de panne des reac teu rs .  
X embarques e s t  leur n iveau  sonore n e t t e m n t  p l u s  f a i b l e  que l e s  grou- 

de p r o d u c t i o n  d ' Q n e r g i e  Q l e c t r i q u e  de campagne, en genera l  t r a n s p o r t a b l e  p a r  un ou deux hom- 
ines, u t i l i s e  pou r  l e s  hop i taux  mobi les,  les t616communications e t  les commandes de tir: 

t a u x  d ' u t i l i s a t i o n ;  

t i o n  de digues dans le cadre du p l a n  D e l t a  (Ho l lande)  (3). 

ce q u i  permet una grande m o b i l i t 6  ou des f r a i s  d ' i n s t a l l a t i o n  t r h s  r 6 d u i t s ;  

- p roduc t i on  de puissance a l ' a r b r e ,  B v i t e s s e  v a r i a b l e  ou constante:  
- p roduc t i on  d ' a i r  sous press ion :  
- p roduc t i on  d ' a i r  e t  de gaz chauds [cond i t ionnement  d ' a l r l ;  

- l ' u t i l i s a t i o n  d 'une g a m  de carburants  p l u s  l a rge  que les moteurs Diesel correspondants (gaz n a t u r e l ,  
butane, propane, D i e s e l  o i l ]  e t  p o s s i b i l i t e  de changer de ca rbu ran t  en f o n c t i o n n e m n t  en cas de ne- 
cess i t6 ,  pour  au tan t  que l ' i n j e c t i o n  a i t  e t 6  pr6vue pour  la s u b s t i t u t i o n  d 'un  combust ib le  B l ' a u t r e i  

- une dur6e de v i e  impor tan te  combinee avec une s i m p l i c i t 6  de fonct ionnement e t  des f r a i s  d ' e n t r e t i e n  
r e d u i  t s : 

- l 'absence de c i r c u i t  de r e f r o i d i s s e m e n t  ce q u i  r e d u i t  l es  i n s t a l l a t i o n s  a u x i l l a i r e s :  
- l e  n i veau  de v i b r a t i o n  f a i b l e  

Les c a r a c t e r i s t i q u e s  de la t u r b i n e  q u i  l u i  son t  moins favo rab les  son t  : 
- sa consommation s p 6 c i f i q u e  sup6r ieu re  B c e l l e  des moteurs + p i s t o n  pour  l e s  f a i b l e s  puissances ( c f .  

f i g .  2)  mais q u i  t end  B s 'en  rapprocher  [61;  
- sa s e n s i b i l i t g  a l a  temperature ambiante q u i  r g d u i t  sa puissance e t  son rendement l o rsque  l a  temp6ra- 

t u r e  augmente: 
- son n i veau  sonore assez Qlev6 e t  q u i  ac tue l lement  ne peu t  d t r e  r e d u i t  que p a r  des s i l e n c i e u x  a 1"- 

p i r a t i o n  e t  B l ' e c h a p p e m n t  avec r e d u c t i o n  du rendemnt :  
- son p r i x  d 'achat  encore r e l a t i v e m e n t  6 lev6  mais q u i  d iminue progressivement g r k e  a l ' augmen ta t i on  de 

la produc t ion :  
- sa v i t e s s e  de r o t a t i o n  Qlevee q u i  n6cess i te  souvent un reduc teu r  de v i t e s s e  pour  l ' a d a p t e r  aux machi- 

nes r 6 c e p t r i c e g  e x i s t a n t e s .  Le deve loppemnt  des conver t i sseu rs  de fr6quence s t a t i q u e  p e r m t  d ' e n v l -  

x A u x i l i a r y  Power U n i t  
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74 
21 2600 t r /min 
du d h a r r e u r  

sager de p r o d u i r e  de 1 ' B l e c t r i c i t Q  a f r6quence Qlev6e e t  donc de coup le r  l ' a l t e r n a t e u r  d i rec tement  
B l a  t u r b i n e  en suppr imant l e  r6duc teu r  de v i t e s s e .  

On t r o u v e r a  au t a b l e a u  1 les va leu rs  c a r a c t e r i s t i q u e s  pour  quelques machines. 

La t u r b i n e  a gaz. malgr6 son rendement i n f 6 r i e u r .  p resente  des avantages, q u i  f i na lemen t  l a  rendent corn- 
p 6 t i t i v e  v i s - a - v i s  du moteur Diesel dans de nombreuses a p p l i c a t i o n s  e t  mdme dans c e r t a i n s  cas v i s - a - v i s  
du moteur 6 l e c t r i q u e .  

L 'augmentat ion de l a  p r o d u c t i o n  e t  l e  d6veloppement de machines r e c e p t r i c e s  mieux adapt6es Q l a r g i s s e n t  
encose ses p o s s i b i l i t 6 s .  

T A B L E A U  1 

Nota  : 1 ~ = 3600 kJ  comb/kWh = 860 kcal/kWh = 2546 B.T.U/H.P.h kJ comb 
kJ  u t  

20,6 

Exemple 

[ N  = v i t e s s e  nominale en t r / m i n l  

38.3 
B 6000 t r / m i n  
du d h a r r e u r  

M ic ro tu rbo  

. -  - NoglLe-Og 
groupe de demarrage embarque 
N = 50.000 

16.2 

- Emeraude ---- . dQmarrage au sol du r 6 a c t e u r  de 
l ' a v i o n  Concorde . entrafnement du r e l a i s  d 'accesso i res  
s o i t  au sol s o i t  en v o l  l o rsque  l e  
moteur p r i n c i p a l  e s t  en panne . a l i m e n t a t i o n  en h u i l e  de l a  commande 
d'embrayage 
N = 47.000 

- Athos I V  ---- . demarrage des reac teu rs  . a p p l i c a t i o n s  i n d u s t r i e l l e s  [puissance 
B l ' a r b r e  ou a i r  comprim6l 
N = 53.000 

- - J a g ~ z  . d6marrage d ' a v i o n  oar a i r  comorime 
[ p l u s i e k  d6marreurs a l imen t&  p a r  un 
t u r b o  g6n6ra teu r l  
N 54.000 

- QElgng . Prouoe de s e r v i t u d e  au so l  Dour dbmar- - .  
rage Q l e c t r i q u e  des reac teu rs  
N =.50.000 

- Gevaudan ---- . genera teur  B l e c t r i q u e  embarque . f o u r n i t u r e  B v e n t u e l l e  d ' a i r  cornprim6 
, a u t r e  fo rmu le  : d h a r r a g e  du R o l l s -  

Royce V i p e r t t  e t  g6n6ra teur  de cou- 
r a n t  c o n t i n u  
N = 50.000 

Sermel 
- LuLbErnEtguL T M S 60 

N = 45.000 

- 1TLttn"- So la r  . h6lico-s i n d i v i d u e l s  . groupe B lec t rogQne 

- Motoren and t u r b i n e n  Union, 
Munchen GmbH 
fl 1 U 6022 - A S --------- 

Consonunation 
s p e c i f i q u e  

kJ  combust ib le-  
IkW1 I c kJ  u t i l e s  - 

Puissance 
nominale 

59 
3 1800 t r / m i n  
du demarreur 

13 

110 8.55 

184 I 5.58 

Masse s p g c i f i q u e  

[ kg machine/kW nominaux 

0,407 sans demarreur 
0,583 avec demarreur 

0,455 avec d h a r r e u r  

0,414 sans demarreur 

0,606 avec demarreur 

0.888 sans demarreur 

1,2 avec demarreur 

5.1 sans accesso i res  
n i  c h a r i o t  

1,2 avec g e n e r a t r i c e  

0.19 t u r b i n e  seule 
0,3 avec reduc teu r  de 

45.000 - 8000 t r /m in  
v i t e s s e  

0.27 t u r b i n e  seule 
0,435 avec reduc teu r  

55.000 - 8000 t r / m i n  
de v i t e s s e  

0,570 avec reduc teu r  
de v i t e s s e  

,53 t u r b i n e  seule 
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2. Concept d'Energie Tota le  

Nous l i m i t a n t  aux tubines de f a i b l e  puissance, nous t r a i t o n s  l e  cas ob l e  combustible es t  l e  gaz natu- 
eel .  La tu rb ine  B gaz peut fonct ionner  f u e l  o i l  l ou rd  mais B des condi t ions r e s t r i c t I v e s  : 
- s o i t  ne pas dgpasser une temperature maximale de 650'C; 
- s o i t  u t i l i s e r  des f u e l  o i l s  lourds repondant B des condi t ions l i m i t e s  quant au contenu Ues cendres en 

Oans les deux cas. l e  f u e l  o i l  d o l t  6 t r e  rechauffe jusqu 'h l a  temperature q u i  l u i  assure l a  v i s c o s i t 6  
l a  p lus  appropriee B l ' i n j e c t i o n  e t  l a  tu rb ine  d o l t  l t r e  pbriodiquement nettoybe. Pendant l e  fonction- 
nement, l a  puissance e t  l e  rendement diminuent. L'ensemble de ces condi t ions r e s t r i c t i v e s  es t  accepta- 
b l e  dans ce r ta ins  cas p a r t i c u l i e r s ;  11 ne l ' e s t  pas pour des i n s t a l l a t i o n s  i n d u s t r i e l l e s  de puissance 
modeste. 

Ce l l es -c i  deviennent competit ives dans l a  mesure 00 l e  combustlble Oiesel O i l  ou gaz n a t u r e l  peut l e u r  
l t r e  f o u r d  B un p r i x  q u i  n ' e s t  pas t r o p  Bloigne de c e l u i  de l a  c a l o r i e  f u e l  oil lourd.  Cette c i rcons-  
tance se presente p a r f o i s  pour l a  c a l o r i e  gaz nature l .  

_ - _ _ _ - _  2.2. Product ion simultanBe-d'Bnergie_et Ge-cLaLeE 

2.1. I n t r o d u c t i o n  - -__-----  

cer ta ins  blements comrne l e  vanadium, bventuellement avec des a d d i t i f s .  

2 1 1 1 1 1 _ F o n _ c t l o n n s m e n t - ~ ~ - ~ ~ i n ~ - n ~ ~ i ~ ~ ~  
L ' u t i l i s a t i o n  consideree a e t 6  caracter isbe par  l e  rappor t  en t re  l a  puissance 21 l ' a r b r e  p rodu i te  e t  l a  
puissance c a l o r i f i q u e  u t i l e  s o i t  P /P 

a t ' 

AST 3 21,5 19.9 
AST 12 24.2 ' 22.3 
BAST 6 37 33.6 

Pour representer 19s aspects thermiques de l a  product ion combinbe d 'bnerg ie e t  de chaleur, on a employe: 
- l e  taux d ' u t i l i s a t i o n  de 1 'Qnerg ie du combustible T, d e f i n i e  come l e  rappor t  ent re les sommes d ' l n e r -  

giembcadque e t  thermiqoe u t i l e s .  e t  1'Qnergie contenue dans l e  combustible : 
P + P  

- l a  consommation d'bnergie c a l o r i f i q u e  par  u n i t 6  d'energie mecanique p rodu i te  x . 
La consommation de chaleur e f fec tbe  B l a  product ion d'Bnergie mecanique es t  d e f i n i e  par l a  d i f f e rence  
en t re  l a  consommation t o t a l e  d'bnergie venant du combustible P e t  l a  consommation qui s e r a i t  requise 
pour produi re l a  mlme puispance c a l o r i f i q u e  u t i l e  Pt dans une Ehaudibre normale, s o i t  Pco. 

On a donc x 0 .  

pc CO 

'a 

A t i t r e  d'exemple. nous prendrons l a  cen t ra le  de 1'Usine Turbomeca de Bordes [Basses Pyrenees - France1 
avec t r o i s  turb ines Turbodca [ASTAGAZ 3. ASTAGAZ 12 e t  BASTANGAZ 61 allmentees au gaz n a t u r e l  [ f i g .  31. 
Les ca rac t6 r i s i i ques  de ces tu rb ines  au p o i n t  de fonctionnement nominal sont les suivantes : 

T A B L E A U  2 

Pa [kWl 

Consommation speci f ique 
[kcal/kWhl 

OBbit d ' a i r  [kg/s l  

Temperature d'bchappement 
T4 [ " C l  

ASTAGAZ 3 

350 

4200 

2.55 

450 

ASTAGAZ 12 

400 

38 30 

2.87 

4 50 

BASTANGAZ 6 

550 

4350 

4,69 

425 

Nous effectuons l e  c a l c u l  de P dans quelques hypotheses de temperatures B l a  s o r t i e  de 1'Qchangeur 
(T51 : 24OoC, 180'C. 1 5 0 " ~  e t  b0"C.  On a : 

[ T  - T51 

'p eau L T 7  - T61 

P t  ;air '14 - 151 = 'air 'p a i r  4. 

eau = meau [I7 - i 6 1  = m 

Nous admettrons que l ' e a u  en t re  dans l 'bchangeur 
de 1'Bquation'ci-dessus. 

Pour l e  c a l c u l  de Pc , on a admis un rendemnt  de chaudibre de 0.8. On a donc : Pco c - 
Le tableau su ivant  rzsume les r e s u l t a t s  du c a l c u l  : 

78Ocet l e  q u i t t e  21 115OC. Le d e b i t  d'eau e s t  dedui t  

Pt 
0.8 

T A B L E A U  3 

I T5 I 120' 1 150" 

7 00 565 
785 I 635 

1160 930 

19.2 
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AST 3 1.74 2.08 2.38 
AST 12 1 BAST 6 1 I :::: 1 ;::: 

T AB L E A U 3 ( s u i t e l  

T5 

AST 3 
AST 12 
BAST 6 

AST 3 
AST 12 
BAST 6 

3 
Palpt  [kWh/m l 

1 20" 1 50" 180° 

16,3 17,6 20.5 
16,5 17.9 20,8 
14,9 16.4 19.4 

71 68 61 
70 73 66 
74 69 61 

X 

240" 

25,4 
25.8 
24.1 

53 
58 
53 

2.89 
2.47 
2.93 

I1 e s t  i l l u s t r 6  p a r  l a  fi'gure 4 02 l ' o ?  a p o r t 6  P en f o n c t i o n  de l a  tempera ture  B l a  chemin&, l a  f i -  
gure 5 oC l ' o n  a p o r t 6  l e  d e b i t  d 'eau m en f o n c t i h n  de c e t t e  mdme temperature.  

Les f i g u r e s  6 e t  7 donnent respec t ivement  l e  t aux  d ' u t i l i s a t i o n  de 1 'Bnerg ie  du combust ib le  a t  l a  con- 
sommation d 'Qnergie c a l b r i f i q u e  p a r  u n i t 6  d '6ne rg ie  mecanique en f o n c t i o n  du r a p p o r t  P /Pt. 
f i g u r e s  f o n t  c la i remen t  a p p a r a f t r e  l ' i n t 6 r d t  de l a  produc t ion  s imu l tanee d 'ene rg ie  mecgnique e t  de 
cha leu r  p a r  t u r b i n e  6 gaz de p e t i t e  puissance. 

Ces deux 

2-112-_Fo"crlonnerllent_en_nbarpe_partie~~~ 
On a t r a i t 6  l e  cas d 'une i n s t a l l a t i o n  avec chaud ihre  de recup6ra t i on  Bchappant B 150°C. g rdce  aux ca- 
r a c t e r i s t i q u e s  donn6es p a r  l e  c o n s t r u c t e u r  [TurbomBca - Bastangaz 61. Le d e b i t  de gaz e s t  quas i  cons- 
t a n t ,  mais l a  temp6rature d'6chappement diminue fo r tement .  La f i g u r e  8 donne l e  r a p p o r t  de l a  cha leu r  
r6cup6r6e B l a  cha leu r  recup6r6e au p o i n t  de fonct ionnement nominal  P /P , a i n s i  que l e  t aux  d ' u t i l i s a -  
t i o n  de 1 'Qnergie 'I, en f o n c t i o n  du r a p p o r t  de l a  puissance m6caniquetB 
nominal  Pa/PaN. On cons ta te  que l e  r a p p o r t  de l a  cha leu r  r6cup6rOe diminue p ropor t i onne l l emen t  au rap -  
p o r t  de l a  puissance B l ' a r b r e  p r o d u i t e .  

puissance mecanique au p o i n t  

Nous envisagerons l e  cas oh l a  cha leu r  contenue dans l es  gaz d'echappement s e r t  de source de chauf fage 
au b o u i l l e u r  d 'une machine f r i g o r i f i q u e  B absorp t ion .  Le c o e f f i c i e n t  d ' e f f e t  f r i g o r i f i q u e  p r a t i q u e  e s t  
l e  r a p p o r t  e n t r e  l a  q u a n t i t 6  de f r o i d  r e c u e i l l i e  B l ' g v a p o r a t e u r  e t  l a  quant i t i !  de cha leu r  f o u r n i s  peor 
c h a u f f e r  l e  b o u i l l e u r ;  dans l es  c o n d i t i o n s  ree l les  E = Q /Q . Le c o n s t r u c t e u r  amer ica in  York Corpo- 
r a t i o n  donne comme v a l e u r  E = 0.55 pour  une machine B abs%pt?on d'ammoniac dont  l a  temp6ra ture  de sour-  
ce chaude e s t  115'C [ E o u i l l e u r l ,  l a  temperature i n t e r m e d i a i r e  3OoC (Condenseurl e t  l a  source f r o i d e  O°C. 
[Evapora teur l .  En f i g u r e  9 on a p o r t 6  l a  q u a n t i t 6  de f r o i d  p r o d u i t e  P [en  f g / h l  en f o n c t i o n  de l a  tem- 
p e r a t u r e  21 l a  cheminee pour  les t r o i s  mdmes t u r b i n e s .  

2.4. P roduc t i on  s imu l tan6e d ' B l e c t r i c i t 6 .  de cha leu r  e t  de-ffoicJ . . . . . . . . . . . . . . . . . . . . .  - _ _ - _ _  
Prenons comme exemple l ' u s i n e  de 1'American Me te r ' s  F u l l e r t o n  [ C a l i f o r n i e l .  Quatre t u r b i n e s  p rodu isen t  
l ' Q l e c t r i c i t 6  requ ise ,  l a  cha leu r  des gaz b r i j l 6 s  e s t  r6cup6ree pour  a l i m e n t e r  l es  systhmes de cond i -  
t ionnement d ' a i r  e t  de chauffage. 

Deux des qua t re  t u r b i n e s  S o l a r  u t i l i s e n t  un c y c l e  r 6 g 6 n 6 r a t i f  [p rbchauf fage de l ' a i r  dans un r6cupGra- 
t e u r  de cha leu r ) ;  ce q u i  r e d u i t  de 12 % leur consommation en gaz n a t u r e l .  L'ensemble de 1'Qquipement 
B l e c t r i q u e  p r o d u i t  au maximum 728 kW. De j o u r ,  t r o i s  t u r b i n e s  fonc t i onnen t  normalement e t  p rodu isen t  
500 kW; de n u i t ,  une seule t u r b i n e  f o u r n i t  l es  100 kW necessa i res .  

Le systbme ZI 6ne rg ie  t o t a l e  d o i t  r e m p l i r  qua t re  c o n d i t i o n s  : 
- l e  systhme 6 l e c t r i q u e  d o i t  p r o d u i r e  700 kW 6 60 cs e t  sous 12 kV pour  d t r e  compat ib le ,avec  les  

3 i n s t a l l a t i o n s  e x i s t a n t  pr6alablement;  
l e  condi t ionnement d ' a i r  de l ' u s i n e  d o i t  pouvo i r  m a i n t e n i r  l a  temperature B 2" p res  dans 35.000 m 
de locaux. Une capac i te  de 270 tonnes d'eau f r o i d e  3 7°C e s t  s u f f i s a n t e  pour  l e s  beso ins  de l ' u s i -  
ne. y compris l e  pr6 re f ro id i ssemen t  de l ' a i r  B l ' e n t r 6 e  du compresseur; 

- il  f au t  p r o d u i r e  de l'eau chaude pour  c h a u f f e r  les locaux; l ' echangeur  l a  f o u r n i t  B 60°C; 
- il  e s t  necessa i re  de p r e v o i r  pour les developpements f u t u r s  une capac i t6  supp l6menta i re  en eau chaude 

e t  en eau f r o i d e .  

Pour s a t i s f a i r e  ces qua t re  cond i t i ons .  l ' i n s t a l l a t i o n  a 6ne rg ie  t o t a l e  e s t  d i v i s 6 e  en s i x  groupes p r i n -  
c ipaux  [ f i g u r e  101 : 
11 

21 

. 31 

4 )  

51 

& e r a t i o n  de puissance : qua t re  t u r b i n e s  Solar T-350 e n t r a f n e n t  des a l t e r n a t e u r s .  Le diagramme de 
charge B l e c t r i q u e  determine l e  nombre de t u r b i n e s  en fonct ionnement.  Les a l t e r n a t e u r s  son t  t r i p h a -  
s6s 480 V - 60 cs. 
d i s t r i b u t i o n  de l ' i n e r g i e  B l e c t r i q u e  : tous  les a l t e r n a t e u r s  son t  connectes B un seul t r ans fo rma teu r  
616vateur de t e n s i o n  480 V/12 kV. 
r6cup6rb teu r  de cha leu r  : tous  les gaz brGl6s  son t  condu i t s  v e r s  un Bchangeur Bes le r ,  avec p o s s i b i -  
l i t 6  de by-pass, e t  e n f i n  s '6chappent 6 l ' a tmosphhre  en t r a v e r s a n t  un s i l e n c i e u x .  L ' o r d i n a t e u r  r h g l e  
l es  d e b i t s  de chaud ibre  e t  de by-pass en f o n c t i o n  de l a  charge thermique. L'eau chaude e s t  stockf ie 
dans un r e s e r v o i r  sous press ion  e t  a l imen te  d 'une p a r t  l es  locaux. d ' a u t r e  p a r t  l a  machine B absorp- 
t i o n ,  l ' o r d i n a t e u r  r e g l a n t  l ' ensemble  au moyen de vannes e t  de thermosta ts .  
machine f r i E o r i f i q u e  : un modhle ZI abso rp t i on  York E-28 e s t  assoc i6  B une t o u r  de r e f r o i d i s s e m e n t  
q u i  r e j e t t e  2 l ' a tmosphbre  l a  cha leu r  d 'abso rp t i on  e t  de condensat ion.  L'eau f r o i d e  a l imen te  s i x  
u n i t e s  de condi t ionnement d ' a i r ,  deux p r b r e f r o i d i s s e u r s  de l ' a i r  B l ' e n t r 6 e  des compresseurs e t  les 
systhme de r e f r o i d i s s e m e n t  de t o u t e s  l e s  pompes B eau chaude. 
systbme de chauf fage e t  de r e f r o i d i s s e m e n t  de l ' u s i n e  : s i x  u n i t e s  de condi t ionnement d ' a i r  f o u r -  
n i s s e n t  l ' a i r  f r a i s  aux locaux .  Le chauf fage e s t  p r o d u i t  p a r  l'eau chaude provenant du recupera teu r  
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a i n s i  que par  des b r i l e u r s  gaz a u x i l i a i r e s .  

les sequences de synchronisation e t  de mise en p a r a l l e l e  des a l ternateurs.  l a  bonne marche des chau- 
di8re.s. de l a  machine f r i g o r i f i q u e .  de l a  t o u r  de refroidissement, des diverses pompes eau chaude. 
a eau f ro ide ,  a condensat, a i n s i  que des c i r c u i t s  de relais. 

6'1 l ' o r d i n a t e u r :  avec ses c i r c u i t s  de mesure, de con t re le  e t  de protect ion.  11 assure automatiquement 

Les ca rac t6 r i s t i ques  de l a  tu rb ine  S o l a r  T-350 au p o i n t  de &onctionnement nomina? sont l e s  suivantes : 

Les ca rac t6 r i s t i quss  thermiques 

T A B L E A U  4 

Pa = 190 kW 

Pc = 1350 kW 

Taux de compression = 3.8 

0 6 b i t  d ' a i r  5 1.82 kg/s 

Temperature d'6chappement = 54OoC 

l ' i n s t a l l a t i o n  combin6s sont les su /antes [pour une tu rb ine ] :  
Pt = 780 kW e t  Pco = 980 kW 

On en d6dui t  - = 0,244 pa 

t 
P 

T = 7 2 %  

x = 1.95 

3. Appl icat ions spa t ia les  

3.1. Sources de euissance a u x i l i a i r e g o u r  cabines g a t i d l e s  - ------- --------- ------ ---- 
?,I: I, -IntrodLJctlon 

Oans ce chapi t re ,  nous nous l i m i t e r o n s  a l a  conversion thermodynamique de 1'Qnergd.e par  turbomachines. 
O'autres systhmes sont envisageables, mais : 
- l ' e n e r g i e  chimique impose immediatement d'emporter des masses p r o h i b i t i v e s ;  
- l a  conversion thermoionique ou thermo6lectr ique nous donne du courant cont inu q u i  d o i t  t t r e  conver t i  

en courant a l t e r n a t i f .  Ceci s i g n i f i e  un poids supp l6mnta i re  e t  une d iminut ion du rendement. 

En f a i t ,  l a  conversion thermodynamique par turbomachines semble 6tre l e  seul bon systhme d8s que l ' o n  
a besoin de p lus  de quelques kW . Ce systeme de conversion pose deux problBms majeurs : l e  choix du 
cyc le  de t r a v a i l ,  e t  c e l u i  de l a  source de puissance. 

3-1,21-Cycle_de_trevnil 
Nous nous trouvons de prime abord devant deux syst8me d i f f e r e n t s  : le cyc le de Rankine e t  le cyc le de 
Brayton. Dans l'espace. le seul systeme de r e j e c t i o n  de l a  chaleur es t  de disposer d'une grande sur face 
t r a v a i l l a n t  par rayonnement. Plus l a  temperature a l a q u e l l e  on r e j e t t e  l a  chaleur non conver t i e  e s t  
6lev6e. p lus  p e t i t  pourra l t r e  le rad ia teu r  u t i l i s 6 ,  pour pou rvo i r  au m8m t r a n s f e r t  de chaleur. Le 
cyc le  de Rankine apparaft a i n s i  a premiere vue come l e  p lus  in teressant ,  car  11 permet un r e j e t  de l a  
chaleur b une temperature p lus  6lev6e que ne le permet le cyc le de Brayton. 

Cependant, une analyde d e t a i l l 6 e  nous montre d i f f b r e n t s  avantages du cyc le de Brayton [ 121, 151. Nous 
c i te rons  pour exemples : 
- l e  f l u i d e  de t r a v a i l  es t  un gaz i n e r t e  e t  ne nous f a i t  pas rencontrer  tous les p r o b l h " e  116s. dans 

le cyc le  de Rankine, 8 l'emploi des metaux l i qu ides r  
- l e  choix dbs pressions peut 6 t r e  f a i t  independemment de c e l u i  des temp6ratures; 
- de considerables progres ont  6 t6  r 6 a l i s 6 s  sur  l e s  turbomachines d 'av ia t ion,  00 l e e  machines composan- 

t e s  sont t r e s  semblables b c e l l e s  u t i l i s 6 e s  dans l e  cyc le  de Brayton. Ceci a condui t  b une ne'tte am& 
l i o r a t i o n  du rendement e t  21 une haute f i a b i l i t 6 ;  

- les progr8s technologiques incessants au to r i sen t  a Blever  continuel lement l a  temp6rature maximum du 
cycle, ce q u i  augmente l e  rendement; 

- des progres dans le dessin des compressours, des tu rb ines  e t  des Bchangeurs de cheleur conduisent 
auss i  a des am6l iorat ions de rendement; 

- l e  choix j u d i c i e u x  du f l u i d 6  de t r a v a i l  peut amel iorer  l u i  aussi  l ' e f f i c a c i t 6  g lobale de l a  conver- 
sion. A ce p o i n t  de VUE. 1'HBlium semble l t r e  l e  gaz le p lus  favorable b ien  que d 'exce l l en ts  r6su l -  
t a t s  a i e n t  e t6  obtenus avec de 1'Argon ou avec des melanges Helium-Xenon. 

3,1-P,-sources_de_eulssance 
G6nBralement, lorsque l ' o n  a a Q t u d i e r  un nouveau eyst&me d 'appor t  de puissance a u x l l i a i r e  pour una 
cabine spat ia le ,  t r o i s  buts  pr inc ipaux peuvent l t r e  vises : 
- l a  recherche du poids minimum; 
- l a  recherche du rendemnt  maximum; 
- l a  recherche d'une dire de r e j e t  de l a  chaleur minimum'. 

Ces facteurs sont mutuellement e x c l u s i f s .  Le premier es t  certainement l e  p lus  important mais le t r o i -  
s i b  l ' e s t  Qgalement, su r tou t  en ce qui concerne l ' a p p o r t  de puissance eux un i tes  de p e t i t e  t a i l l e .  

3.1.3.1. Energie so la ire  (131 
2 

L'Qnergie so la i r e  n ' e s t  pas t r h s  dense [ I 4 0  W/cm au voisinage de l a  Terre1 e t  ne peut pou rvo i r  dux be- 
soins de puissance d'une longue exp lo ra t i on  s,patiale l o i n  du S o l e i l .  O'autre pa r t ,  lee  m i S S i O n s C i r C O m -  

t e r r e s t r e s  imposent un passage cyc l i que  dans l'ombre de l a  Terre, ce q u i  n6cessite d'embarquer un moyen 
de stockage de 1'6nergie. Le poids du syst8me s'en troave considerablement augmnt6. O'un au t re  p o i n t  
de vue, l a  puissance Q l e c t r i q u e  maximum disponib le  a l a  s o r t i e  d'un s y s t 8 m  de conversion u t i l i s a n t  1'6-  
nerg ie so la ire  comme source de puissance es t  l i m i t 6 e  par l'aire des co l l ec teu rs  de c e t t e  6nergie. Pour 
a t t e i n d r e  un rappor t  poids/puissance acceptable, ces co l l ec teu rs  requierent  des miroirs  de concentra- 
t i o n .  Ceci conduit b des probl8mes technologiques suppl6mentaires. De plus, les c e l l u l e s  c o l l e c t r i c o s  98 
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degradent avec l e  temps, B cause de l 'espace env i ronnant .  

Nous voyons donc que 1 '6ne rg ie  s o l a i r e  ne nous p rocu re ra  l a  puissance a u x i l i a i r e  necessa i re  que dans 
une gamma l i m i t b e  A e n v i r o n  10 kWe 

Oeux p o s s i b i l i t e s  se p r6sen ten t  : 
- 1 ' 6 n e r g i e  n u c l f i e i r e  sous forme i s o t o p i q u e  q u i  ne pour ra  supb lber  qU'aUX t r h s  f a i b l e s  beso ins  de 

puissance; 
- l e  r f i ac teu r  n u c l f i e i r e  q u i  ne conna l t  p ra t iquement  pas de l i m i t e  en ce q u i  concerne l a  puissanae d ispo-  

n i b l e .  Le po ids  s p 6 c i f i q u e  d 'un  t e l  s y s t h m  de convers ion  e s t  approximat ivement independent de l a  
puissance. Le seu l  p r o b l h m ' l i 6  A l ' e m p l o i  d 'un  r e a c t e u r  n u c l 6 a i r e  e s t  l a  n6cess i t6  de b l i ndages  appro- 
p r i e s  des t i nes  B p r o t e g e r  des r a d i a t i o n s  dangereuses. mais q u i  augmentent l e  po ids  de l 'ensemble.  

, e t  sera essen t ie l l emen t  v a l a b l e  pour  les miss ions  de c o u r t e  dur6e. 

3.1.3.2. Energ ie  n u c l h i r e  131, [ 171 

3.1.3.3. Conclusion 

Chaque systhme e s t  b i e n  adapt6 B une game de puissance, comme l e  montre l a  f i g u r e  11. 

Nous examinerons deux p r o j e t s ,  l e  premier  u t i l i s a n t  1 '4ne rg ie  solaire comme source de puissance, l e  se- 
cond u t i l i s a n t  un r e a c t e u r  n u c l h i r e .  

3-z, l--ut l l lsat lon-de_ Ilgnergle-nolalre-oorllmp_source_de_euis~~~oe [ 181 

Le systeme que nous presentons  a 6 t 6  B tud i6  depu is  1963 au Lewis Research Center de l a  NASA, pour  pour -  
v o i r  aux beso ins  en Qnergie Q l e c t r i q u e  d'une s t a t i o n  s p a t i a l e  hab i tbe ,  en o r b i t e  t e r r e s t r e .  Cet eng in  
d e v r a i t  6 t r e  equip6 de trd modules du t ype  de c e l u i  dont  nous par lons .  La f i g u r e  
aperqu sch6matique du s y s t e m  de conversion. 

L'Argon. avec une masse m o l 6 c u l a i r ~  de 40, a 6 t 6  c h o i s i  c o m e  f l u i d e  de t r a v a i l .  L ' a i r e  du c o l l e c t e u r  
d 'Qnerg ie  solaire e s t  e n v i r o n  76 m . Le po ids  t o t a l  du systeme s ' 6 t a b l i t  a 790 kg. 

Pour a t t e i n d r e  ces performances. l a  temperature d ' e n t r 6 e  de t u r b i n e  a e t 6  f i x 6  a 1090'K. La s e l e c t i o n  
de c e t t e  temperature maximum a e t 6  f a i t e  en tenan t  compte des c a r a c t e r i s t i q u e s  du ma te r iau  c h o i s i  pour  
l e  stockage de 1 'Qnerg ie  thermique. Ce d e r n i e r  c h o i x  s ' e s t  e f f e c t &  de maniere 3 t r o u v e r  l e  m e i l l e u r  
compromis p o s s i b l e  e n t r e  un rendement 6 lev6  e t  les exigences de r e s i s t a n c e  du mat6r iau .  L ' u t i l i s a t i o n  
du f l u o r u r e  de l i t h i u m .  dont  l e  p o i n t  de f u s i o n  se s i t u e  aux a l e n t o u r s  de 1100'C. a 6 t 6  d6cid6e. Avec 
ces r6glages. l e  rendement de l a  convers ion  se s i t u e  B 0.25. 

12 nous donne un 

S , e , e - - u t i l L s a t l o n _ d l y n _ r 6 a p t g u r _ n y c l 6 a i r e - ~ ~ ~ ~ ~ - s ~ ~ r ~ ~ - ~ e - ~ ~ l s s a n ~ ~  [ 161 

Ce systhme e s t  B 1'Btude chez AiResearch. sous un c o n t r a t  de l a  N o r t h  American Rockwel l  Corpora t ion .  Son 
b u t  e s t  d ' a p p o r t e r  l a  puissance a u x i l i a i r e  n6cessa i re  B un grand l a b o r a t o i r e  s p a t i a l  h a b i t e .  Les con- 
t r a i n t e s  imposees Q t a i e n t  les su ivan tes  : 
- puissance : 100 kWe 
- source de cha leu r  : 
- su r face  maximum d i s p o n i b l e  pour  le r e j e t  de l a  cha leu r  : 655 m 
- dur6e de v i e  du systhme : 10 ans. 

La c o n f i g u r a t i o n  du s y 3 t e m  de convers ion  e s t  un peu compliquee : on d ispose de deux r6ac teu rs .  chacun 
d 'eux  e t a n t  couple 
seur. d'une t u r b i n e  e t  d 'un  a l t e r n a t e u r .  e t  e s t  capable de f o u r n i r  25 kWe 
d ' o b t e n i r  200 kWe 
f i a b i l i t 6 .  

Le f l u i d e  de t r a v a i l  u t i l i s e  dans les turbomachines de convers ion  e s t  un melange de x h o n  e t  d 'h4 l iUm 
de masse molecu la i re  40. Le d e b i t  massique e s t  de 1.60 kg/s. La temperature de s o r t i e  du r 6 a c t e u r  
-donc l a  temperature maximum de l ' i n s t a l l a t i o n -  e s t  env i ron  865'K. D 'au t res  essais on t  e t 6  f a i t s  B des 
temp6ratures d i f f g r e n t e s  [920°K e t  976'KI. mais 
Bga l  B 0.22. On p o u r r a i t  penser dhs l o r s  q u ' i l  v a u d r a i t  mieux s e l e c t i o n n e r  l a  tempera ture  l a  p l u s  haute  
p o s s i b l e  dans l e  b u t  de d iminuer  l'alre du r a d i a t e u r .  M i l s  11 f a u t  encore t e n i r  compte du d e r n i e r  c r i t h -  
re : l a  dur6e de v i e  r e q u i s e  de 10 ans. O i f f e r e n t e s  i n v e s t i g a t i o n s  sur l e  r 6 a c t e u r  o n t  p r o w 6  que 865'K 
n ' 6 t a i e n t  pas l o i n  d ' f t r e  l a  temp6ra turs  maximum compat ib le  avec c e t t e  exigence. 

Les p l u s  impor tan tes  p o s s i b i l i t e s  de d6veloppement sont  t r i b u t a i r e s  des nouve l l es  s o l u t i o n s  techno log i -  
ques que nous d6couvr i rons .  D iverses  exper iences  son t  en cours dans d i f f e r e n t s  domaines, t e l s  : 
- l ' u t i l i s a t i o n  de v i t e s s e s  de r o t a t i o n  Qlev6es; 
- l ' u t i l i s a t i o n  des p a l i e r s  B gaz; 
- l a  r e d u c t i o n  des impor tan tes  pe r tes  secondaires q u i  se man i fes ten t  s u r t o u t  B cause des dimensions t r e s  

r 6 d u i t e s  des machines. 

r e a c t e u r  n u c l f i a i r e  B hydru re  de Z i r con iuy ,  r e f r o i d i  au NaK 

B qua t re  modules de convers ion  independants.  Chaque module se compose d 'un  compres- 

si  l e  beso in  s 'en  f a i t  s e n t i r .  e t  p resente  de p l u s  une grande souplesse e t  une haute  
. C e t t e  d i s p o s i t i o n  permet 

l e  rendement de l a  convers ion  e s t  apparu cons tan t ,  

3.3. Perspec t i ves  d ' a v e n i r  _ _ -  _ _ - _  - - - - _ _  

Mais un p r o b l e m  peu t  6 t r e  cons ider6  c o m e  l e  p o i n t  l e  p l u s  impor tan t  des i n v e s t i g a t i o n s  a c t u e l l e s  : 
1 '616va t ion  de l a  temp6ra ture  maximum du cyc le .  De nos j o u r s ,  ce p r o b l h e  a son importance dans t o u t e  
t u r b i n e  3 gaz c a r  11 a une in f l uence  d i r e c t e  sur l e  rendement, mais 11 a p p a r a i t  comm p l u s  v i t a l  encore 
dans les a p p l i c a t i o n s  s p a t i a l e s  oh une temp6rature 6 lev6e permet en o u t r e  de r e d u i r e  l'aire de r 6 j e c -  
t i o n  de l a  cha leu r  non conver t i e .  

Deux nouve l l es  s o l u t i o n s  on t  6 t 6  proposees : 
- l a  premiere  c o n s i s t e  B u t i l i s e r  c e r t a i n s  mBtaux B l a  p l a c e  des supera l l i ages  t r a d i t i o n n e l s .  Nous pen- 

sons p a r  exemple au Molybdhne. dont  l a  tempera ture  de f u s i o n  e s t  de 2620'C. L 'emp lo i  de p a r e i l l e s  sub- 
stances e s t  permis p a r  l e  f a i t  que nous t r a v a i l l o n s  en atmosphere r e d u c t r i c e ,  de p a r  l ' usage  mime des 
f l u i d e s  de t r a v a i l  sb lec t i onn6s  (h6l ium. gaz i n e r t e s l .  Mais un problems majeur s'oppose B c e t t e  solu- 
t i o n  s6du isante  : les d i f f i c u l t 6 s  rencont r6es  l o r s  de l ' u s i n a g e  e t  de l a  mise en oeuvre de te l sn6 taux .  - l a  seconde s o l u t i o n  p r6 fh re  se t o u r n e r  ve rs  l ' e m p l o i  de c6ramiques pour  remplacer  les s u p e r a l l i a g e s  
[ 141. Au p o i n t  de vue r 6 s i s t a n c e  m6canique, l ' usage  de ces mat6r iaux  pose t r o i s  g ros  p r o b l e m s  : 
- l a  charge h c a n i q u e  s t a t i q u e  dont  les e f f e t s  peuvent 6 t r e  r e d u i t s  p a r  un dess in  adbquat, de fapon 

B f a i r e  t c - a v a i l l e r  les p a r t i e s  en c6ramiques en compression p l u t B t  qu'en t r a c t i o n ;  
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les chocs mecaniques. Heureusement, les c r i t k r e s  de r e s i s t a n c e  aux impacts pour  une p e t i t e  t u r b i n e  
ne son t  pas a u s s i  sevkres que pour  l e s  gros  turbomoteurs d 'av ions .  De p lus .  dans l e  cas p a r t i c u l i g  
des sources de puissance a u x i l i a i r e  pour a p p l i c a t i o n s  s p a t i a l e s ,  l e  f a i t  de t r a v a i l l e r  avec des 
cyc les  fermes nous premuni t  c o n t r a  l ' i n g e s t i o n  de corps Qtrangers.  Le s e u l  danger q u i  s u b s i s t e  e s t  
l e  detachement d'une p a r t i e  abimQe de l ' i n t 6 r b e u r  de l a  machibe. Ce t te  p o s s i b i l i t 6  e x i s t e  d ' a i l -  
leurs dans t o u t e  t u r b i n e .  
en f a i t ,  l e  seul c r i t h %  s6vkre  B a p p l i q u e r  aux met6r ieux  ceramiques e s t  c e l u i  de l a  charge cen- 
t r i f u g e  dans les r o t o r s .  Oans l e  cas de l ' e m p l o i  du metal ,  l es  r i s q u e s  de r u p t u r e s  prov iennent  de 
l a  charge c y c l i q u e  excurs ionnant  sous e t  au-dessus de l a  l i m i t e  B las t i que .  donc p a r  f a t i g u e .  Ce 
n ' e s t  pas l e  cas avec les ceramiques q u i  son t  des mater iaux  f r a g i l e s ,  n 'admet tan t  aucune deforma- 
t i o n .  En consgquence. l a  c o n t r a i n t e  d o i t  t o u j o u r s  s ' y  t r o u v e r  sous l a  l i m i t e  Q l a s t i q u e .  

En ce q u i  concerne les cgramiques. on cons ta te  une f o r t e  dependance e n t r e  l a  r e s i s t a n c e  e t  l a  
dens i te ,  comm il a p p a r a i t  B l a  f i g u r e  13 oh nous avons p o r t e  l e  r a p p o r t  e n t r e  l a  r e s i s t a n c e  B l a  
t r a c t i o n  e t  l a  d e n s i t 6  [ l a  r e s i s t a n c e  spQc i f ique1 en f o n c t i o n  de l a  tempQrature.  pour des super-  
a l l i a g e s  e t  pour  dessmater iaux ceramiques. C e t t e  f i g u r e  montre l ' avan tage  que l ' o n  peut  r e t i r e r  
de l ' e m p l o i  de ceramiques t r k s  denses, s u r t o u t  aux hautes tempQratures. Ces types  de c6ramiques 
son t  en  f a i t  las seules compat ib les  avec l e  c r i t e r e  de l a  charge c e n t r i f u g e .  A l ' h e u r e  a c t u e l l e ,  
e l l e s  ne peuvent 3 t r e  obtenues que p a r  compression ?I chaud, procede inaccep tab le  d 'un  p o i n t  de 
vue Qconomique. 

Une r e s i s t a n c e  acceptab le  B l ' env i ronnement  e t  aux chocs thermiques peut  s ' o b t e n i r  avec des ceramiques 
du systkme lithium-alumine-silicate. Ces mater iaux  peuvent B t r e  mis en oeuvre p a r  moulage, procede 
r e l a t i v e m e n t  bon marchQ. 

Pour conclure.  nous d i r o n s  que l ' e m p l o i  des ceramiques posskde un a v e n i r  prometteur,  en p a r t i c u l i e r  
pour  les p a r t i e s  f i x e s .  Mais dks q u ' i l  s ' a g i t  des r o t o r s .  nous devons nous t o u r n e r  ve rs  du carbure  
de s i l i c i u m  ou du n i t r u r e  de s i l i c i u m  B haute  densitQ, deux mater iaux  t r o p  chers  B l ' h e u r e  a c t u e l l e  
pour  t r o u v e r  une a p p l i c a t i o n  p r a t i q u e .  
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Y Tho application8 of gas turbines of low power (below 500 kW) in the  f i e lds  of aomnautice, 
iniumtv ud space are r e v i e d .  
wmprieon with Diosel engines a r e  discussed. 

In the first chapter, the advantages a d  drawbacks of gas turbines i n  

The second chapter deals with the use of smll turMnaa for  the cmbir.ed p d u c t i o n  of e l ec t r i c  a d  
them1 amrgp. 
examples of M u a t r i a l  applications given. 

The third chapter outlines tha pnssibi l i t ies  Iffered by tho use 3f gas turbines in space rasearch, 
eepcia- a8 regards the produetion of the energy required on b%rd exploration vehicles. 

1. 
l o w  powur gas turMMe a re  increasingly ut i l ized as auxiliary o r  emrgency energy aou~ces,  as w a l l  as main 
e ~ 9 ~  s3urces in many application8 where they adventageous4 raplacs Diosel er!&" or even e l sc t r i c  
mtom. 

- airborne s t a r t e n  fo r  jet engines. ambling aircraf t  t o  be ildeprdent of gmvrd power ouppliee: this is 
just i f ied by the increasing &er of aiqorts visited; 

- aircraft olectr ic  supply a d  air coniitioning, e i ther  on the  ground only, o r  continuously: 

- pwer ~ r a u l i c  control systems, thus permitting pro-flight seno-oontml checks assisted Filoting a d  
airoraft deecent in case of engine failure. 

The t h e d p a m i c  characterist ics o f  the t 7 t a l  energy spstem are described ani a fsW 

A& l i a n  and Wrzency Power Pmductiog 

The main field of application is, of cmrse. that of aeronautics: 

me of t h m  particular advantages of airborne Auxiliary P m r  Units is t h e i r  Mine level. markedly lower 
than ground based power unite i n  "t uae; this is an advantage both t o  ground p r e o m l  and the air- 
craft pssengera (7). 

As an example, in t h e  case of the Iackhesd Tristar. the Auxiliary P3wer U n i t  i n i t i a t e s  tho engine start 
@or t o  each fakwff ami oprates-throughout fliKht; the emergency a l t e m t o r  *ich it drives i o  
oonnszted with the three alternators m u t e d  on each of t he  main engines (R B 211-22). 

Amng tha other fields of application. o m  can msntion: 

- the p o p l a i o n  of trucks, haavy cinstmction mchines, cars, trains, s h i p ,  - eleotr ic  generation units, usually transpnrtable by ,M o r  two men. for  uae i n  m b i l e  hospitals, 
telsz"ication8 a d  f i r ing  control syutsms; - (Locurate olectr ic  gonnrator units insuring high r e l i ab i l i t y  ald staMli ty ,  used t o  sup- third g e m  
rat ion complters, providing also the air cmiit ioning ~f the f a c i l i t y  (2): 

pmsll- of reserve loading pump on bDard tanker ship just i f ied by the low uti l izat ion rate:  
production of proprlsive p e r  for  self-p~plled telapheric vehicles as used for  dike bIuFlding i n  
Holland (Delta programms) (3). 

cuahian vehiclae. etc. 

- - 
closed oycle gal turbinns powered by nuclear reactor, = k i n g  up self-contained ulectr ic  phur gemration 

The mnin advantages of the gas turbine which just i fy  these uses are : - 
Mitq are also planned. (4). 

i t s  low s p c i f i c  mas ard bulk, nvlrltsd4 lower than thosa of h s o l  engines (of. Fig. 1). which allow 
ei ther  high mobility o r  very reduced instal la t ion costa; - it0 p s s i b i l i t i o s  of adaptation t o  s x t n m s 4  varied applications: - production of shaft  pohur a t  variable or constant speed; - production of pes~urised air; - product3on of hot air a d  gases ( a i r  carditioning); - n o m  of a larger range of fuels than correspording Mesal  engiqinea (natural qas, butam. FOPM, 
Meael oil) and possibi l i tp  of fuel  switching i f  necessary while the engine i s  operating provided the 
injection epstnm was designed t o  allow this: - low l i f e  tip ase%iatBd with simple operation ald reduced maintenance m s t ;  - the abaemo of a cooling syatsa, which simplifien tho auxiliary cimpnents: 

- lor vibration leval. 

Tha lass favourable characterist ics of the turbine are the follovlng : - i t 0  i p c i f i c  fuel consumption, which i s  graatsr than that of piston engims a t  low power ratings 
(of fig. 2)  but which tenia towards being w m p t i t i v e  a8 the phur increases (6); - i t a  eonsi t i r i ty  t o  the ambient t a p r a t w e ,  d t h  pwer ani efficiency reducing as the t e m p r a t W O  
inereasas. - i t a  rather high mise lml. which can only be reduced, f o r  the tims being, by intake a d  exhauet 
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mufflers, r e s u l t i n g  i n  loss of e f f ic iency;  

- i t s  cos t ,  which i s  s t i l l  r a t h e r  high, but decreases  progressively as .the s c a l e  or production increases;  

- i t s  high speed of ro ta t ion ,  which o f t e n  necess i ta tes  a sped reducing gear  t o  adapt it t o  existing 
driven =chines. 
possible  t o  contemplate t h e  p r d u c t i o n  o f  high frequency e l e c t r i c i t y ,  ard therefore  to connect t h e  
a l t e r n a t o r  d i r e c t l y  with t h e  turb ine  and do without speed reducing gears. 

h e  t o  t h e  progress achieved i n  t h e  f i e l d  of s t a t i c  frequency converters, it is 

Table 1 shows c h a r a c t e r i s t i c  values f o r  a few =chines. 

I n  s p i t e  of i t s  lower e f f ic iency ,  t h e  gas turb ine  o f f e r s  advantages which, f i n a l l y ,  make it competitive 
with t h e  Diesel  engine f o r  many appl ica t ions  and even, i n  some cases, with the  e l e c t r i c  motor. 

Increased demand ard production, toge ther  with t h e  developnent gf  mchines  b e t t e r  adapted for dr ive  by gas 
turb ines ,  will extend t h e  range of  appl ica t ions  of t h e  gas turbine.  

TABLE 1 

Note : 1 kJ = 3600 kJ fuel/kWh = 860 kcal/kWh = 2546 B.T.U/H.P.h useful k J  

Specific Yaes 

(kg mchine/rated kW) 
j p c i f i c  Fuel 
:onsumption 
rJ fuel 
iseful kJ] 

Example 
( N  = rated speed expressed i n  rpm) 

Microturbo - Noelle 032 ------ . airborne starting unit 
N = 50,OOO 

- Rmraude . 
. 
. 

Starting on the grourd of Concorde 
je t  engine 
driving of  f a i l  safe devices i n  
case of failure of  the main engine 
o i l  suppky of clutch control 
N = 47.000 

13 0.407 without s tar ter  
0.583 with s tar ter  

r o m  59 t o  
800 rpm of 
he s tar ter  

~~~ 

0.455 with s tar ter  

125  

- Athos I V  . j e t  engine starting . industrial applications (power 
a t  the shaft or compressed air) 
N = 53,000 

20.6 0.414 without s tar ter  
0.606 with s ta r te r  

4 a t  2600 rpn 
f s tar ter  

- - Jaguar . aircraf t  starting by compressed 
a i r  (several s tar ters  supplied 
by a turbo-generator) 
N = 54,000 

8.3 a t  6000 rpm 
f the s tar ter  

16.2 0.888 without s tar ter  
1.2 with s ta r te r  

- Cyclone 
5 . l w i t h o u t  acces- 
sories or carriage 

. ancillary ground based unit for 
electric starting of engines 
N = 50,000 

9 51 

- Gevaudan . airborne electric generator . possible supply of compressed air . other concept: starting of Rolls- 
byce Vipertt and direct current 
generator 
N - 50.000 

30 19.8 1.2 wi th  dynamo 

Sermel - 
- Turbine-en@i T M S 60 

N = 45,000 
184 8 OJ9turbine alone 

0.3 with speed reducir 
gear 
45,OCO - 8030 rpn 

0.27 turbine alone 
0.435 with speed 

reducg. gear 
55,000 - 8000 rpn 

110 8.55 - Turbine-e- T M S 30 

N 55,000 

- "Titan" Solar -- . individual hellcopters . generating plant 

4 b  9 0.570 with s p e d  
reducing gear 

Motoren and Turbinen Union 
Munchen GmbH 

M 1 U 6ce2 - A> 184 5.58 0.53 turbine alone 
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i 
ASTAGAZ 2 

Pa (kW) 350 

Speci f ic  consumption 42 00 

A i r  flow rate (kg/s) 2r55 

(kcal/kWh) 

Exhaust temperature 
T4 (*C> 450 

2. Tota l  Energy GnceDt 

2.1. Introduct ion 

The discussion will be l imited t o  low power turbines ,  operat ing with n a t u r a l  gas  or fue l .  
The gas turb ine  can operate  on heavy f u e l  o i l ,  provided t h a t  : 
- e i t h e r  a mximum temperature of 6500~  be not exceeded; - or t h e  heavy o i l  f u e l s  used meet r e s t r i c t i v e  requirements as regards t h e  amount of some 

elements, such as vanadium, contained i n  t h e  ash, possibly with addi t ives .  

I n  both cases, t h e  f u e l  o i l  m u s t  be heated up t o  t h e  temperature ensuring t h e  most appropriate  
v i s c o s i t y  f o r  i n j e c t i o n  purposes and the  turbine must be per iodica l ly  cleaned. 
operation, t h e  power and the  e f f ic iency  decrease. These o v e r a l l  r e s t r i c t i v e  condi t ions a r e  
acceptable  i n  some s p e c i f i c  cases; they a r e  n3t i n  t h e  case of i n d u s t r i a l  f a c i l i t i e s  of modest 
power. 

The l a t t e r  become competitive i n  so far  as they can be supplied with Diesel  o i l  or natura l  gas 
f u e l  a t  a pr ice  r e l a t i v e l y  c lose  t o  t h a t  of t h e  heavy f u e l  o i l  per calory. 
i s  sometimes met by t h e  n a t u r a l  gas calory. 

During the  

This requirement 

2.2. Simultaneous Heat and Enerm Production 

2.2.1. ODeration under DesiPn Corditions 

The u t i l i z a t i o n  considered m y  be character ized by t h e  r a t i o  of the  shaft power 
produced t o  the  usefu l  t h e m 1  power, that i s  Pa/Pt. 

To represent t h e  thermal aspects  of t h e  combined p r ? d u c t i m  of heat and energy, one 
can use : 
- t h e  e n e r m  u t i l i z a t i o n  r a t e  of t h e  fuel?, defined as t h e  r a t i o  of t h e  usefu l  amounts 

of mechanical ard thermal energy t o  t h e  energy c-Jntained i n  t h e  fuel :  

ASTAGAZ 12 

400 

3830 

2987 

450 

P + P  T -  a t 

BASTANGAZ 6 
550 

4350 

4,69 

425 

- t h e  consumption of thermal energy D e r  u n i t  of mechanical e n e r m  produced x. 
The heat  consumption re la ted  t o  t h e  production of mechanical energy i s  defined by 
t h e  d i f fe rence  between the  o v e r a l l  consumption of the  energy derived from t h e  f u e l  P 
and the  consumption which would be required t o  produce t h e  same usefu l  thermal 
power P i n  a normal b o i l e r ,  t h a t  i s  Pco. 

'* 
t 

Theref ore  , pc - pco 

'a 
X'  

A s  a n  example, one can consider the  generating s t a t i o n  of  the  Turbomeca Plant  a t  
Bodes  (Basses Pyrenkes, France), with t h r e e  Turbomeca turb ines  (ASTAGAZ 3, 
ASTAGAZ 12 and BASTANGAZ 6) ,  supplied with na tura l  gas ( f i g .  3 ) .  The c h a r a c t e r i s t i c s  
of t h e s e  turb ines  when operating under design condi t ions are as fgllows: 

Calculating Pt f o r  a few assumed temperatures a t  t h e  exchanger o u t l e t  (T ): 
24OoC, 180°C, 1 5 0 o C  and 120°C, gives  

p t  = *air ('4 - '5) = 'air 

5 

cp a i r  ('4 - '5) 

Assuming t h a t  water g e t s  int-J t h e  exchanger a t  p ° C  and out a t  1 1 5 O C ,  the  water flow 
rate can be deduced f r o m t h e  above equation. 

To ca lcu la te  Pco, a b o i l e r  e f f ic iency  of 0.8 has been assumed. 

Therefore: Pco = 
0.8 



6-2 1 

The following t a b l e  sumnarises the r e s u l t s  of t h e  calculat ions.  

( % I  

X 

T5 

AST 3 
AST I2 
BAST 6 

AST 3 
AST l2 
BAST 6 

AST 3 
AST I2 
BAST 6 

AST 3 
AST I2 
BAST 6 

AST 3 
AST I 2  
BAST 6 

TABLE 3 

The r e s u l t s  a r e  i l l u s t r a t e d i n  f igure  4, where Pt has been p lo t ted  as a funct ion of 
temperature i n  t h e  o u t l e t  duct ,  and f i g u r e  5 where t h e  water flow rate m has been p lo t ted  
as a funct ion of t h e  same temperature. 

,Figures 6 ard 7 show respec t ive ly  t h e  u t i l i z a t i o n  rate of t h e  energy provided by t h e  fue l ,  
and t h e  t h e r m 1  energy consumption per  u n i t  of mechanical energy, as a funct ion of r a t i o  
Pa/%'t. 
production of  mechanical a d  thermal e n e r a  by a lorpower gas turbine. 

These two figures bring out c l e a r l y  t h e  advantage offered by t h e  simultaneous 

2.2.2. P a r t i a l  Load Operation 

The case has been cmsidered  of  a f a c i l i t y  equipped wlth a regenerating boi le r ,  w i t h  an 
exhaust temperature of  l 5 O O C ,  on t h e  b a s i s  of the c h a r a c t e r i s t i c s  provided by t h e  manu- 
f a c t u r e r  (Turbomeca - k s t a n g a z  6). The gas flow rate is almost constant ;  however, t h e  
exhaust temperature decreases considerably. Figure 8 shows t h e  r a t i o  of t h e  heat  reco- 
vered t o  the  heat  recovered when t h e  qperat ion takes  place urder  design conditions: 
Pt/PtN, as w e l l  as t h e  energy u t i l i z a t i o n  rate?, as a funct ion of t h e  r a t i o  o f  t h e  

mechanical power t o  t h e  mechanical power urder  design c o d i t i o n s  Pa/PaN. Note that t h e  

recovered heat  r a t i o  decreases  proport ionately t o  the  r a t i o  of the power del ivered a t  t h e  
shaf t .  

2.3 Simultaneous Production of E l e c t r i c i t y  and Cold 
Looking a t  t h e  case when t h e  heat  contained i n  t h e  exhaust gases  i s  used as a heat source f o r  the 
b o i l e r  of  a n  absorpt ion r e f r i g e r a t i n g  machine, t h e  p r a c t i c a l  r e f r i g e r a t i n g  e f f e c t  c o e f f i c i e n t  i s  
t h e  r a t i o  of t h e  quant i ty  of  cold co l lec ted  a t  the  evaporator t o  the  quant i ty  of heat  provided 
t o  heat  up t h e  b o i l e r ;  under r e a l  cord i t ionsf .=  %/QB. The American f i rm York Corporation g ives  

E= 0.55 f o r  a n  ammonia absorpt ion machine with a heat  source temperature of l l 5 O C  (Boi le r )  an 
intermediate  temperature of 30°C (Cordenser) ard a heat  s ink  of 0012 (Evaporator). On f i g u r e  9, 
t h e  quant i ty  of cold produced Po ( i n  f g / h )  has been p lo t ted  as a func t ion  of t h e  temperature i n  

t h e  o u t l e t  duct  f o r  t h e  same t h r e e  turbines .  

2.4 Simultaneous Production of E l e c t r i c i t y .  Heat and Cold 
Taking as a n  example t h e  American Meter's Ful le r ton  plant i n  Cal i fornia ,  four  tu rb ines  produce 
t h e  e l e c t r i c i t y  required and t h e  heat  of the  burnt gases  is recovered t o  supply t h e  a i r  cordi- 
t ion ing  ard heat ing s y s t e m .  

Out of the four  Solar  turbines ,  two use a regenerating cycle  (pre-heating of t h e  a i r  i n  a heat- 
recovery excharqer); this reduces t h e  na tura l  gas  cmsumption by l2$. The e l e c t r i c  equipment 
produces a mximum of 728 kW. I n  t h e  day-time, t h r e e  turb ines  operate  nornnlly and produce 500 kW; 
i n  t h o  night-time, a s i n g l e  t u r b i n e  pmduces the  necessarg 100 kW. 

The t o t a l  energy system must meet four  requirements: - t h e  e l e c t r i c  system must pr3duce 700 kW a t  60 CB and less than  I2 kV t o  be compatible with 
t h e  f a c i l i t i e s  previously existing. 
t h e  a i r  conditioning system of t h e  p lan t  m u s t  be capable of maintaining the same temperature, 
t o  within 2OC, throughout the  35,OW square metres of  t h e  premises. A capaci ty  of 270 tons  
of  cold water a t  3OC is s u f f i c i e n t  f o r  t h e  needs of the  plant ,  i n c l d i n g  t h e  pre-cooling of  
t h e  a i r  a t  t h e  compressor intake. 
hot water must be produced fqr t h e  p u r p s e  of heat ing up t h e  premises; t h e  exchanger 

- 

- provides 
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it a t  60oc. 

- f o r  f u t u r e  developments, a n  addi t iona l  hot and cold water capaci ty  i s  contemplated. 

To f u l f i l l  these  four  requirements, t h e  t o t a l  energy f a c i l i t y  i s  divided i n t o  six main g r o u p  
( f igure  10): 

w e r  rreneration : four  Solar  T-350 turb ines  d r i v e  a l t e r n a t o r s .  The’ e l e c t r i c  charge diagram 
%ermines t h e  number of tu rb ines  i n  operat isn.  The a l t e r n a t o r s  are t r i p h a s e  480 V - 60 cs. 

e l e c t r i c  e n e r m  d i s t r i b u t i o n :  a l l  t h e  a l t e r n a t w s  a r e  connected with a single step-up t rans-  
former 480 V / l 2  kV. 

heat recoverv device : a l l  t h e  burnt gases are dr iven  towards a Besler exchanger, with a 
cont ro l lab le  by-pass, and are f i n a l l y  exhausted i n t o  t h e  atmosphere through a s i lencer .  
The computer regula tes  the bzdler  and by-pass flow rates according t o  t h e  thermal load. The 
hot water i s  s tored i n  a tank under pressure and suppl ies  the premises, on the  one hand, and, 
on the  o ther  hand, t h e  absorpt ion machine; t h e  c3mputer controls  t h e  3 v e r a l l  system by m a n s  
of valves and thermostats. 

refrineratinrr machine :an absorpt ion model York E-28 i s  associated with a cooling tower which 
r e j e c t s  t h e  absorpt ion and condensation heat t o  t h e  atmosphere. 
a i r  conditioning u n i t s ,  two a i r  pre-coolers a t  t h e  in take  of the compressors, a rd  t h e  cooling 
systems of a l l  t h e  hot water pumps. 

heatinn and cooling system of  t h e  plant: six air-conditioning units supply cool  air to the  
premises. 
a u x i l i a r y  gas burners. 

t h e  computer : by m a n s  of i t s  sensing, cont ro l  and protect ion c i r c u i t s ,  it a u t o m t i c a l l y  
insures  the  synchronization and p a r a l l e l  s e t t i n g  sequences of t h e  a l t e r n a t o r s ,  the  smooth 
operat ion of  the b o i l e r s ,  the  r e f r i g e r a t i n g  mchine,  t h e  cooling tower, t h e  various hot a d  
cold water and condensation pumps, as well as of t h e  re lay  c i r c u i t s .  

The cold water suppl ies  six 

The heat ing i s  produced by t h e  hot water from the  regenerator, as wel l  as  by 

The c h a r a c t e r i s t i c s  of t h e  Solar  350-T turbine,  when operating under design conditions, a r e  as 
follows : 

TABLE 4 

Pa = 190 kW 

= 1350 kW pc 
Compression rate = 3.8 

Air flow r a t e  = 1.82 kg/s 

Exhaust temperature = 54OoC 

The thermal c h a r a c t e r i s t i c s  of t h e  cqmbined f a c i l i t y  a r e  t h e  f3llwing ( f o r  one turb ine)  : 
Pt = 780 kW and Pco = 980 kW 

Therefore Pa = 0.244 - 
pt 
-r = 72% 

X 1.95 

3. Applications t o  the  Smce Field 

3.1 Auxiliary power sources f o r  spacecraf t  

3.1.1. 

3.1.2. 

Introduct ion 

I n  t h i s  chapter, the  scope will be confined t o  t h e  t h e r m o d m c  conversion of energy by 
turbomachines. 
- 
- 

Other s y s t e m  can be contemplated, howdter: 

chemical energy impsses prohib i t ive  msses; 

thermoionic or thermoelectr ic  c m v e r s i m  provides us with d i r e c t  current  which has t o  
be converted i n t o  a l t e r n a t i n g  current. 
eff ic iency.  

T h i s  means a d d i t i o n a l  weight and reduced 

I n  f a c t ,  thermodynamic c7nversim through turbomachines seems t o  be t h e  only adequate 
system when more than a few kW are needed. 
problems: t h e  chqice of  the  m r k i n g  cycle and t h a t  of t h e  pwer s w r c e .  

Working cycle 
Two d i f f e r e n t  systems inmediately present  themselves: the  Rankine cycle  a d  t h e  Brayton 

This c?nversi?n system poses two major 
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cycle. I n  space, t h e  only means of heat r e j e c t i m  cons is t s  i n  having a l a r g e  rad ia t ing  
sur face  ava i lab le .  
t h e  smaller may be t h e  r a d i a t o r  used t o  insure  t h e  same r a t e  af heat t r a n s f e r .  
a t  first s ight ,  t h e  Rankine cycle  seems mwe i n t e r e s t i n g ,  as it permits heat r e j e c t i o n  a t  
a higher  temperature than t h e  Brayton cycle. 
advantages i n  t h e  Brayton cycle (l7), (20). For example: - 

The higher the temperature a t  which t h e  non-converted heat  i s  re jec ted ,  
Therefore, 

However, a d e t a i l e d  ana lys i s  reveals  various 

the  working f l u i d  i s  a n  i n e r t  gas, which does n2t r a i s e  t h e  pr7blems due t o  the  use of 
l i q u i d  metals i n  t h e  Rankine cycle;  

- pressures  and temperatures can be chosen independently; 

- considerable progress has been achieved i n  t h e  f i e l d  of a v i a t i o n  turb ine  engines, where 
t h e  components are extremely similar t o  thqse used i n  t h e  Brayton cycle. 
t o  a mrked increase  i n  e f f ic iency  a d  t o  high r e l i a b i l i t y ;  

continuing technological  progress i s  permitting a continuous increase of the cycle 
maximum temperature, which imprsves t h e  e f f ic iency;  

- progress i n  c?mpressor, tu rb ine  and heat exchanger designs a l s o  r e s u l t  i n  improvements 
i n  e f f ic iency;  

a judicious choice of the working f l u i d  can also improve the  o v e r a l l  conversion e f f i -  
ciency. From this point of v i e w ,  He l ium seems t o  be t h e  most usefu l  gas, although 
exce l len t  r e s u l t s  have been obtained with Argon and Helium-Xenon mixtures. 

T h i s  has led 

- 

- 

3.1.3. Power sources 

As a rule i n  cmsider ing  a new auxiliary pswer system f o r  a spacecraf t ,  t h r e e  main 
objec t ives  are aimed a t  : 

- m i n i m u m  weight; 
- maximum ef f ic iency;  

- m i n i m u m  heat  r e j e c t i o n  area. 

The above f a c t o r s  are mutually exclusive. 
however, the t h i r d  one is  a l s o  important, espec ia l ly  a s  regards t h e  supply of power t o  
small-size uni t s .  

3.1.3.1. Solar  e n e r a  ( l e )  

The first one i s  undmbtedly t h e  most important; 

2 Solar  energy i s  not very dense (140 W/cm i n  t h e  v i c i n i t y  o f  the  Earth)  a d  
cannot meet t h e  power requirements of a long space explorat ion far  from t h e  Sun. 
On the  o t h e r  hand, c i r c u m t e r r e s t r i a l  missions impose cyc l ic  passages i n  the  
shadow of t h e  Earth;  therefore  a i rborne energy s torage  f a c i l i t i e s  a r e  necessary, 
which r e s u l t s  i n  considerably increased weight. 
e l e c t r i c  power ava i lab le  a t  t h e  o u t l e t  of a conversion system using s o l a r  energy 
as t h e  power source i s  l imi ted  by t h e  area of t h e  devices co l lec t ing  t h i s  energy. 
To achieve an acceptable  weight/power r a t i o ,  these  c o l l e c t o r s  requi re  focussing 
mirrors. This c r e a t e s  addi t iona l  technological  problems. Moreover, t h e  col lec-  
t i n g  c e l l s  d e t e r i o r a t e  with t i m e ,  due to exposure t o  t h e  space environment. 
The deduction is, therefore ,  t h a t  solar energy can only provide the  necessary 
a d l i a r y  power within a l imi ted  range (approximately 10 kWe) and i s  adapted 
only t o  short-term missions. 

On t h e  o ther  hand, the  mfimum 

3.1.3.2. Nuclear eneras  ( l e ) ,  (22) 
Two p o s s i b i l i t i e s  exist : - nuclear energy i n  an i so topic  fsrm, which can m l y  meet very low power 

requirements ; 
- t h e  nuclear  reactor ,  which can provide p r a c t i c a l l y  unlimited power. 

s p e c i f i c  weight of  such a cmvers ion  system is  s u b s t a n t i a l l y  indepndent  of 
t h e  power. 
t h e  necess i ty  f o r  appropriate  armour plat ing,  f o r  pro tec t ion  aga ins t  dangerous 
rad ia t ions ,  which increases  t h e  >vera11 weight. 

The 

The only problem inherent  i n  the  use of a nuclear reac tor  i s  

3.1.3.3. Conclusion 
Each system i s  w e l l  adapted t o  a given p w e r  range, as shown by f i g u r e  11. 

3.2 Prorlects being etudied 

Two projec ts  are discussed, t h e  first uses  s o l a r  energy as t h e  power 83urc0, t h e  second a nuclear  
reactor .  

3.2.1. U t i l i z a t i o n  of solar enerm as Dower source (23) 

The system described here has been s tudied s ince  1963 a t  t h e  NASA Lawis Research Center t o  
meet t h e  electric energy requirements of  a manned a p c e  s t a t i o n  o r b i t i n g  around t h e  Earth. 
This vehic le  would be equipped with t h r e e  modules of  the type d e a l t  with here. 
glves  a schematic idea  of t h e  conversion system. 

Argon (molecular weight: 40) was chosen as t h e  working f l u i d .  
energy c o l l e c t o r  i s  approximately 7M. 

Figure 12 

The area of  t h e  solar 
The o v e r a l l  weight of the system is 790 kg. 
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To s a t i s f y  the performance requirements, t h e  turb ine  i n l e t  temperature was set a t  10W0K. 
This d m u m  temperature was selected taking i n t o  considerat ion t h e  c h a r a c t e r i s t i c s  of t h e  
material chosen as the  h i n t  sink. The l a t t e r  was chosen t o  a r r i v e  a t  t h e  bes t  possible  
compromise between high ef f ic iency  and t h e  mater ia l  property requirements. It was decided 
t o  use l i th ium f luor ide ,  t h e  melting point  of which i s  approximately l lOO°C.  With t h i s  
system a 0.25 conversion e f f ic iency  i s  achieved. 

U t i l i z a t i o n  of a nuclear r e a c t o r  as power source (21) 

This system i s  being studied by AiResearch, under a North American Rockwell Corporation 
contract .  
a u x i l i a r y  power. 

- power : 100 kWe 

- heat  source : Zirconium hydride nuclear reactor ,  c7oled with NaK. 

- maximum surface ava i lab le  f v  heat  r e j e c t i o n  : 655 m? 
- system life-time: 10 years. 

The configurat ion of  the  cmvers ion  system is mmewhat complex: t h e r e  a r e  two reac tors  ard 
each i s  connected with four  independent c inversion modules. 
compressor, a turbine ard an a l t e r n a t o r  and can priduce 25 kWe. 
it possible  t o  obta in  200 kWe i n  case of need and, i n  addi t ion,  o f f e r s  high f l e x i b i l i t y  ard 
r e l i a b i l i t y .  

The working f l u i d  used i n  t h e  c3nversion turbmachines  is  a mixture of xenon and helium with 
a molecular weight of 40. 
therefore  t h e  maximum temperature of  the i n s t a l l a t i o n  i s  approximately 865°K. 
have been made a t  d i f f e r e n t  temperatures (920°K ami 976K) however, t h e  csnversion e f f ic iency  
appeared t o  be constant a t  0.22. It may be considered, therefore ,  t h a t  the highest  possible  
temperature should be se lec ted  i n  order  t o  reduce t h e  rad ia tor  area.  
requirement - a t e n  year lifetime - a l s o  has t o  be taken i n t o  consideration. Various 
inves t iga t ions  on t h e  reac tor  have prJved t h a t  8650K i s  not f a r  from being t h e  W m w n  
temperature compatible with t h e  l i f e t i m e  requirement. 

3.2.2. 

Its object ive i s  t o  provide a la rge  manned space laboratory with t h e  necessary 
The spec i f ica t ions  a r e  as follows: 

Each module i s  composed of a 
This configurat ion makes 

The mss flow r a t e  i s  1/60 kg/s. The reac tor  o u t l e t  temperature - 
Other t e s t s  

However, t h e  las t  

3.3 Future Prospects 

The most important d e v e l o p e n t  p o s s i b i l i t i e s  a r e  dependent upon new technological  solut ions t o  be 
real ized.  
- t h e  use of higher r o t a t i o n  speeds; 

- t h e  use of gas bearings; 

- t h e  reduct ion of the  considerable secondary losses  which are mainly due to t h e  very small s i z e s  
of t h e  machines. 

Experiments a r e  i n  progress i n  v a r i m s  fields, such as: 

One fac tor ,  however, may be regarded as t h e  most impwtant  g a a l  i n  present inves t iga t ions :  r a i s i n g  
t h e  maximum temperature of t h e  cycle. This problem is  important i n  a l l  gas turb ines  as it d i r e c t l y  
a f f e c t s  e f f ic iency;  however, it appears s t i l l  mwe v i t a l  i n  space appl icat ions where a high temper- 
a t u r e  a l s o  permits a reduct ion of t h e  r e j e c t i o n  a rea  necessary f w  unconverted heat. 

Two new so lu t ions  have been prop3sed : - t h e  first one cons is t s  i n  using c e r t a i n  metals instead of cmvent iona l  super-alloys. 
Molybdenum, t h e  melting p i n t  of which i s  262OoC, i s  being considered. 
is rendered possible  by t h e  reducing atmzisphere i n  which they would work, due t o  t h e  working 
f l u i d s  se lec ted  (helium, i n e r t  gases) .  
t h e  d i f f i c u l t i e s  encountered i n  t h e  prziduction machining of such metals. 

t h e  second s o l u t i o n  envisages the  use of ceramics i n  place of conventional super-al loys (19). 
From t h e  mechanical s t rength viewpoint, t h e  use of such mater ia l s  poses t h r e e  b ig  problems: 
- 

For instance,  
The use of such mater ia ls  

Hziwever, major problems impede t h i s  a t t r a c t i v e  so lu t ion  : 

- 
t h e  s t a t i c  mechanical loads, t h e  e f f e c t s  of which maybe reduced by adequate design, i n  older  
that the  ceramic p a r t s  $e subjected t o  compressive r a t h e r  than t r a c t i v e  s t r e s s e s ;  

tu rb ines  as f o r  la rge  a i r c r a f t  turbine engines. 
power sources f o r  space appl ica t ions ,  closed cycle  operat ion removes t h e  r i s k  of t h e  inges t ion  
of fore ign  bodies. 
o f f  i n s i d e  t h e  machine. 

- i n  fact ,  t h e  only  s t r i n g e n t  c r i t e r i o n  t o  be appl ied t o  ceramic mater ia l s  i s  t h a t  of the  c e n t r i -  
f u g a l  load i n  t h e  rotors .  
load around t h e  e l a s t i c  l i m i t ,  therefore ,  from fat igue.  
which are b r i t t l e  non-defomble  mterials. 
below the  e l a s t i c  l i m i t .  

- mechanical shocks. Fortunately, impact res i s tance  c r i t e r i a  a r e  not a s  s t r i n g e n t  f o r  small 
Besides, i n  the  p a r t i c u l a r  case of a u x i l i a r y  

The only remaining hazard i s  t h e  p o s s i b i l i t y  of a damaged par t  breaking 
Of course, such a p o s s i b i l i t y  exists f o r  any turbine; 

I n  t h e  case of metals, burst ing r e s u l t s  from the  o s c i l l a t i n g  cyc l ic  
Such i s  not t h e  case with ceramics 

Consequently, t h e  s t r e s s  must always be kept  

As far  as ceramics a r e  concerned, c lose  dependence i s  Observed between res i s tance  a d  dens i ty ,  as 
shown on figure 13, where the  t e n s i l e  s t rength/densi ty  r a t i o  ( s p e c i f i c  s t rength)  i s  p lo t ted  as a 
func t ion  of temperature, f o r  super-al loys and ceramic mater ia ls .  This f igure  sh3ws t h e  advantage 
l i k e l y  t o  be derived from t h e  use of very dense ceramics, espec ia l ly  a t  high temperatures. I n  f a c t ,  
these  types of ceramics are t h e  only ,nes compatible with t h e  c e n t r i f u g a l  load requirement. For the  
time being, t h e y  can only be obtained by hot-c3mpression techniques, a n  unacceptable type of process 
from a f i n a n c i a l  viewpoint. 
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Acceptable res i s tance  t o  environmental c o n d i t i m s  ani thermal shocks can be obtained with ceramics 
of t h e  lithium-alumina-silicate type. 
inexpensive p r x e s s .  

I n  conclusion, it can be s a i d  t h a t  t h e  use of ceramics is promising fo r  t h e  fu ture ,  e s p e c i a l l y  a s  
regards f ixed components. H3wever, a s  f a r  a s  ro tors  a r e  cmcerned, the  ch3ice appears l imited t o  
high dens i ty  s i l i c o n  carbide or n i t r i d e ,  two materials which a r e  t o o  expensive a t  the  present  time 
for  p r a c t i c a l  appl icat ion.  
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DEVELOPPEMEIYTS FUTURS DES PETITES TURBINES A GAZ 

Par 

Jean HELCHIOR (FRANCE) 

Ingenieur Principal de 1'Armement 

INTFtODUCTION 
I 

Ayant r e p  la mission de faire une recherche prospective du propulseur optimal pour lee 
vehicules de combat jlai acquis une connaissance generale des differentee sources d'6nergie mobiles. 
J'ai analyse 
de chaque architecture. A la lumibre de cette analyse jlai approfondi l'examen de solutions suscep- 
tibles de reculer ces limites. 

lea qualit68 operationnelles de chacune d'elles et recherche lea limites sp6cifiques 

Bien entendu non activite a port6 autant sur lea moteurs Diesel que sur les turbines A gaz, 
ce qui m'autoriee A oser un pronostic sur l'issue de la competition qui s'est engagbe entre ces deux 
sources d'hergie. Je ne me sen8 pas competent pour ajouter quoique ce soit aux exposes precedents 
sur 116volution des techniques actuelles. Je me contenterai donc de dire en quoi elles sont limitbee 
et m'btendrai plus longuement sur quelques formules originalea. 

Avant d'envisager 1'6volution future de la turbine B gaz je voudrais retracer rapidement 
l'historique du developpement qui l'a conduite A son etat actuel. Initialement la turbine A gaz a 
s6duit par sa grande simplicit6 mecanique. Malheureusement cette simplicit6 se payait par des mau- 
vaises performances qui la rendait difficilement utilisable. Cependant la necessite d'abandonner 
l'h6lice pour accroitre la vitesse des avions lui donne un essor spectaculaire aprbs la deuxibme 
guerre mondiale. 

I1 faut noter au passage que la turbine s'impose alors pour son effet reacteur, cIest-A-dire 
sa facult6 d'acc616rer un fort debit dlair dans un faible maitre couple. La recherche d'un bon rende- 
ment thermopropulsif vint beaucoup plus tard avec les reacteurs A double flux B grand taux de dilu- 
tion. On s'apergoit alors que pour des vitesses de croisibre de l'ordre de 1000 Km/Heure on a inter& 
A separer la fonction propulsion et la fonction generation d'6nergi.e qui se trouvaient li6es dans lee 
r6acteurs monoflux. Cette Bvolution a fait progresser le rendement thermique des gdnerateurs de gaz 
aux prix d'une complexit6 toujours croissante. On peut dire aujourd'hui que l'h6lice a et6 ~emplaC6e 
par une soufflante et que le moteur A pistons a et6 remplac6 par m e  turbine A gaz. 

Si en 1945 on avait su que lea avions commerciaux de 1970 seraient propulsbs par des grandee 
soufflantes on aurait sans doute continue A 
soufflantes. En effet on ne powait prevoir A cette Bpoque lea immenses progrbs faits depuis pour 
ramener la consommation specifique des turbines au niveau de celle des moteurs Diesel. Forte de ces 
performances la turbine a presque totalement Blimin6 le motaur A pistons du domaine aeronautique et 
tente maintenant de s'implanter dans le domaine terreetre et naval. 

developper des moteurs A pistons pour entrainer ces 

I1 est probable que la partie sera beaucoup plus difficile A gagner. 

En propulsion aerienne la turbine fonctionne dans des conditions qui lui sont particulibre- 
ment favorable8 : 

- Puissance unitaire moyenne Blevee - LBgbret6 particulibrement appreciee - Pression totale amont superieure B pression totale avale - Basse temperature ambiante - Pas de filtration ni d'insonorieation - Puissance et regime peu variable en croisibre - Trbs pen de fonctionnement A regime partiel 
Les conditions de fonctionnement pour des utilisations au sol oont generalement trbs diff6- 

- Puissance unitaire moyenne faible - Conpacite plus appreciee que la legbret6 - Pression totale amont inferieure B pression totale avale - Temperature ambiante trbs variable - Filtration et insonorisation presque toujours exigees - Variations brutales de l'appel de puissance 
, - Fonctionnement A charge partielle frequent 

rentes. : 
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I1 faut aussi constater qulen gagnant ces performances au service de l'aeronautique la 
turbine A gaz y a perdu sa vertu originelle : la simplicitd. 

EVOLUTION DES PETITES TrmBINES DE CONCEPTION CLASSIQUE 

L'augmentation du rendement de cycle implique les variations simultanees de plusieurs para- 
mbtres. La diminution de la taille de la machine fait apparaftre des incompatibilitee entre ces va- 
riations. Par exemple, plus le rendement de compression est eleve plus le taux de compression optimal 
est 4lev6. Or une augmentation du taux de compression entrafne une reduction de la veine fluide et 
une degradation du rendement de compression. De mame, une augmentation du taux de compression doit 
s'accompagner dlune augmentation de la temperature devant turbine. Or la reduction de veine rend 
plus difficile le refroidissement des aubages. 

Ces effete d16chelle, dont on pourrait citer beaucoup dlautres exemples, compromettent 
l'accbs des turbines A gaz aux petites puissances, A moins de complications importantes : r6cup6ra- 
teurs de chaleur, dispositifs de couplage entre turbine de travail et turbine du generateor de gas, 
aubages A calage variable etc ... Tous ces dispositifs contiennent en eux lea difficultes de mise au 
point et lee sources de pannee qulon avait esp6r6 abandonner avec le moteur A pistons. 

I1 nlest pas douteux que lee ingenieurs viendront A bout des difficultes actuelles, mais il 
ne faut perdre de vue que lee succbs industrials s'appuient gendralement sur la solution technique 
la plus simple pour atteindre un objectif. C'est pour cette raison qu'A mon avis la turbine indus- 
trielle sera simple ou ne sera pas. Pour lea puissances qui nous interessent ici, le generatem de 
gaz pourrait Btre constitu6 d'un compresseur centrifuge supersonique et dlune turbine centripbte 
refroidie. Lea niveaux de pression, de temperature et de rendement qulon saura atteindre avec ces 
Blements simples fixeront 1'6tendue des utilisation8 possibles. Je doute ndanmoins qu'on puisse 
jamais atteindre eimplement, c'est-A-dire sans r6cuperateurs de chaleur, lea performance.s requises 
pour la propulsion des vehicules terrestres. En effet, de par leur conception, lee petites turbo- 
machines ont un rendement mediocre au point nominal et surtout aux charges partielles. 

CAUSES DE LA LIMITATION DU €ENDEMENT DES PETITES TURBINES A GAZ 

On peut esperer atteindre dans l'avenir des taux de compression de 12 A 15 en un seul Btage. 
En regime supersonique un rendement adiabatique superieur A 0.75 semble peu r6aliste. Le seul moyen 
de diminuer la consommation specifique est alors dlaugmenter la temperature devant turbine. Or lea 
progrbs sur la tenue A la temperature seront de plus en plus lents et difficiles et toujours accom- 
pagnes de techniques de refroidissement coCteuses, peu souhaitables sur  lee petites machines. Lea 
petites machines, seront particulibrement handicapees par la deterioration des rendements de compree 
sion et de detente due B llaugmentation du t a u  de compression et de la vitesse de rotation. 

Pour concilier simplicit6 et performances au point nominal, la limitation est impode par 
la temperature admissible devant la turbine. 
A charge partielle les performances des turbines sont toujours moins bonnes qu'au point nominal. Le 
pompage des turbo-compresseura impose de diminuer le rapport de pression en mame temps que le debit 
d'air. 
Pour diminuer la puissance ont doit donc diminuer soit la temperature maximale du cycle, soit le 
rapport de pression, soit lea deux. Dana tous les cas on diminue le rendement du cycle. Enfin, au 
ralenti une turbine consomme au moins 25s de sa consommation maximale, quand le moteur Diesel en con- 
somme 2%. Le recuperateur de chaleur A haute efficacite apporte m e  solution qu'on paie trbs cher 
en complexit6 et en encombrement. 

Je me propose dlexaminer ci-aprbs, la faisabilite de conceptiolenouvelles ne mettant pas 
en oeuvre des Bchanges thermiques entre air et gaz. 

FAISABILITE D'ARCHITECTURES DE CONCEPTIONS BOUVELLES 

- GBnerateur de Raz A chambres de combustion tournantee- 
Une conception particulihrement bien adapt& A la propulsion terrestre est une turbine 

A chambres de combustion tournantee. 
Le cycle avait et6 propose par le physicien WALTER NEFlNST (1) au debut du sibcle mais 

avait et6 jug6 inexploitable avec lee materiaux disponibles A 1lBpoque. Les progrbe r6ali- 
86s depuis sur les materiaux composites, lea m6taux r6fraotairee. les techniques de refroi- 
dissement mlont conduit A reconsiderer la question. 

- PrinciDe du fonctionnement 

Un generateur de ITERNST est achematis6 par un tube ABCD coud6 en forme de U (figure 1) 
tournant autour de l'axe AD. 
Llairest admis en E, comprim6 par centrifugation en AB, bdl6 A pression constante en BC et 
partiellement detendu en CD pour sortir en S avec 1'6nergie utilisable du oycle, qui sera 
recueillIe9ans m e  turbine de travail par exemple. 

Pour entretenir la rotation du tube il suffit de vaincre lea frottements des paliers et 
du fluide ambiant sur la surface exterieure du rotor : en effet, le moment cinetique amprun- 
t6 par le fluide au rotor dans la branche AB lui est restitu6 dans la branche CD. Si de 
plus, l'entr6e d'air et la sortie de gaz sont axiales le couple aerodynamique, applique au 

I 
I 

, 

I 

rotor, est nul. , 
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La figure (2) repreeente le oyole e u r  un diagramme preeeion-volume entre lee ieobaree 
P1 et Pp et lee polytropes AB et EC. 

Si U est la viteeee periph6rique de la partie CD du rotor, le rapport de oompreeeion eet 
donne sur la figure 6) pour deux valeure du renderent polytropique de oompreeeion. A partir 
de U - 600 m/e lee rapports de pression sont oone6qnente. Botone que la viteeee U n'eet li- 
mitee que par la r6eietanoe du rotor puieque le nombre de Maoh relatif dans le tube est in- 
dependant de U. 

A l'aide d'un aubage d'entr6e. Une foie amoroh, 11600ulement e'entretient par difference 
de maeee ep6oifique entre lee oolonnea AB et CD.plao6es dane le ohaap de gravitation oen- 
trifuge. 
Si le eystbme tourne A viteeee oonetante (et on ohoieira la viteese maximale permiee par 
lee mat6riau.x) le rapport de preeeion est fix6 A ea valeur " a l e .  
Le ddbit de oarburant fixera la temp6rature maximale du oyole T3 et par euite la temp6ratuce 
T4 de sortie du g6nerateur. Pour une seotion de sortie donnBe,noue verrone que le debit 
d'air de la maohine depend de T3. 
Pour 6viter lee frottemente sur la eurfaoe externe, le rotor tonmera dans un oarter eoue 
vide partiel. L'aoo616ration dane la zone de combustion est 6gale A e, R 6tant le rayon du 
rotor. B 
On r6duira dono lee oontraintee sur lee pieces ohaudes en augmentant le rayon du rotor. 

Ainsi eohBmatie6 le rotor eet eym6trique et il faudra amoroer 1'6ooulement dane un eene 

EVALUATIOB DES PERFORMANCES 

- Bendement de oommeesion 

Ce rendement a 6th 6valu6 par applioation de loie Btablies pour lea oompreeeeure oentrifn- 
gee olaseiques. Lee prinoipalee oaueee de perte dane un oompresseur oentrifuge sont lee 
frottements eur le voile fixe du rouet, la dietorsion de 1'6ooulement due au "glieeement" 
de 11600ulement, et le nsuvaie rendement dn diffueeur. Cee oaueee de perte sont toutee 611- 
ECnBeta dans un g6n6rateu.r de BEREST I 

Le oanal est ferd et la vitesee relative peut Btre ohoiaie faible pour r6duire lee 
frottemente internee. Le glieeement est annul6 en p6riph6rie quand la viteeee radiale elan- 
nule (annulation de l'aooeleration de Corolie); grkoe au e a n d  allongement radial il reete 
faible tout au long du oanal. Le diffneenr est enpprid pnieqoe toute la oompreeeion eet 
asaur6e par aupentation d'enthalpie etatique. 

Compte-tenu de tout oe qui pr6obde le rendement polytropique de compression est 6va- 
lu6 A 0,93. 

- Bendement de detente dane le uBn4rateur 

Pour lee dmee raieone le rendement de detente eet 6valu6 A 0.95. 

- Bendement du oyole 

On s'approohe ioi dn oyole parfait oil le rendement thernique eet independant de la 
temp6rature, et ne depend que du rapport de preseion. A vitesse pBriphBrique kale et A ren- 
dement Bgal le rapport de preeeion d'un oompreeeeur oentriflge olaeeique est beauooup plus 
64ev6 que oelni d'un g6nBrateur de "ERNST. La figure ( 3 )  donne le rapport de preseion en 
aonotion de la vitesee p6riph6rique pour un oompreeeeur olaeeiqne (q0- 0,78) et pour un 86- 
n6rateur de HERITST. 

I1 fant noter qn'au deli de 500 m / s  le rendement des oompresseure olaesiquee eet dB- 
grad6 par lee ondee de choo qui 8'6tablieeent dane le diffnseur. La vitesee pBriph6rique 
du g6nBrateur de NEXHST est limit& uniquement par la reeietance du rotor. I1 est Bvident 
qu'on la prendra ausei 6lev6e que poeeible, puieque le rendement de oompreseion n'en depend 
pae. One viteeee de 800 m/e doit pouvoir atre atteinte aveo l'aoier ei la struoture eet 
bien oonwe- Lee planohee 4-5-6 donnent la oonsommation sp6oifique en fonotion de la vi- 
tease pBriph6riqne et des rendemente qo = qt pour une turbine de travail olassique, de ren- 
dement polytropique o,86. Botone le point euivant : 

Cee perforrsnoee d6paseent lea neilleuree aaohinee aotuellee. 

ADAPTATIOB 

Pour avoir le reilleur renderent du oyole A toutee lee ohargee on ohoieira le fonotionnement dn 
g6n6rateur A viteeee de rotation oonetante. Cette eolution a en outre l'int6rat dIh)tre la plus simple 
et d'annuler le tempe de r6ponee A un appel de puieeanoe. Le rapport de preseion eat alore invariable. 

Deux solutione sont poesiblee pour roduler la puiasanoe t 



1) Maintenir constante la temperature maximale T et faire varier le debit d'air qui 
est proportionnel A la puissanoe. Cette eolutfon donne les meilleures consomma- 
tions aux regimes r6duits. Elle implique neceeeairement : 

- que le generateor ne pompe pas aux trhs faibles debits (de l'ordre du d i x i t "  
du debit nominal). Ce point est sdrement acquis grkce h l'abeence de oapacit6 
statorique eoue pression. 

- que la turbine de detente accepte une variation de debit r6duit de 1 A 10 envi- 
ron ce qui est exclus. On ohoisira donc la deuxihme solution. 

2) Moduler la temperature maximale du cycle T . La fipre (7) donne la variation du 
rapport du debit reduit sortant au debit rzduit entrant dans le generateur en fonc 
tion de T . On voit que entre 900°C et 450°C ce rapport varie peu, il crolt de 
0.6 A 0 , 8 $ ,  alors que la puissance passe de W A 0,17 W. Ceci montre que si le 
distributeur de la turbine de travail est critique le debit qui traverse le g6n6- 
rateur decrolt de 1 A 0.7. ce qui correspond A une trhs faible desadaptation de 
la roue d'entr6e. En effet, celle-ci aura une vitesse tangentielle en bout d'aube 
inferieure A 100 m / s .  S u r  toute la hauteur de l'aube la vitesse axiale sera trhs 
sup4rieure A la vitesse tangentielle. Quand cette vitesse varie de V A O,7 V le 
triangle desvitesses se deforme t r h  pea et l'incidence reste faible (figure 8) 

donne d'excellentes performances aux charges partielles (voir planche 9). La con- 
sommation specifique passe de 1 A 1,26 quand la puissance passe de 1 A 0.2. 

Cette solution tree simple puisqu'elle s'accommode de g6om6trie fixe partout, 

- eole optimal 
En r6sum6, on cherchera A rdaliser une turbine constituBe d'un gherateur 

de N " S T  tournant B vitesse pBriph6riqu.e constante 800 m/s 2 = 11,5 avec une tem- 

perature maximale de 900°C, alimentant une turbine de travail classique A gBom6- 
trie fixe. On recherchera qc = 0,93 

P1 

= 0,95 pour le gBn6rateu.r ;t = 0.86 pour la turbine de travail 
le8 performances seront alors t 

Au point nominal : We = 240 KW/Kg/s = 325 ch/Kg/s 

Cs 0 230 g/KW/h = 170 g/ch/h 
Au 1/5 de la puissance : C, = 290 g/KW/h 215 g/ch/h 

- Formes constructives 
Noue avons vu que lee performances d'un generateur de ITERNST sont liBes A 

l'obtention de grandee vitesees p6riph6riques. Le problhme est donc de realiser 
une enceinte tournant A 800 m/s qui sera le siege d'une combustion. 

Deux structures ont et6 Btudi6es jusqu'A present I 

1) Rotor A chambres de combustions axiales : 
Lee f i m e s  10 et 11 montrent une come uemendiculaire A l'axe et une 
coupe meridienne. L'aubage d'entree e't 1;auiage de sortie sont relies par 
6 ou 8 canaux comportant chacun une chambre de combustion. Ces canaux 
sont delimites par une voCite exterieure travaillant A la traction et par 
une vodte int6rie-e travaillant A la compression. Ces voQtes sont sus- 
pendues A des bras issus du moyeu. La partie cylindrique a et6 calculee 
et dimensionnee mais la partie compresseur et la partie turbine sont 
inaccessibles au oalcul. De plus la partie turbine est extramement cri- 
tique pour la resistance du rotor. 

2) Rotor A chambres de combustions radiale8 : 
Le dessin est moins 6lBgant que le prBc6dent et conduit A une machine 
beaucoup plue encombrante. BBanmoins il respecte mieux lea qualit68 sp6- 
cifiques du g6n6rate& de ITERNST. De plus la structure est beaucoup plus 
simple B calculer et realiser, la combustion est plus facile A organi- 
ser et le refroidissement des parties chaudes plus aid. 

On est parti de l'id6e que lea rendements de compression et de detente 
seront d'autant meilleurs que lee canaux seront allong6s. On s'est alors 
impose de donner A la roue d'entr6e dn diamhtre Bgal au l/lOh du diambtre 
du rotor. Le debit de la machine est alors limit6 par la roue d'entrde 
et peat atre trait6 par un petit nombre de chambres de combustion, si- 
tudes A l'extr6mit6 du bras, dans lesquelles se font la compression et 
la detente (planche 15). La description qui suit concerne un gBn6rateur 
de 500 oh B trois bras visses dans un moyeu central. Chaque bras est 
constitu6 d'une enveloppe exterieure froide travaillant A la traction et 
d'un tube telescopique interne chaud dont lea Blements travaillent au 
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flambage en appui sur la structure froide. Le tube interieur debouche A 
l'interieur de la coupole. 
La compression s'effectue dans l'espace annulaire entre les deux tubes, 
la combustion se fait dans la coupole peripherique et la detente dans le 
tube interne. 

Resistance du tube exterieur 

Pour s'assurer de la faisabilite d'une telle structure un programme 
a 6th mis au point pour calculer lea contraintes dans un corps de r6volu- 
tion A surface interne cylindrique et A Bpaisseur Bvolutive.(figure 12) 
On s'est donne lea valeurs numeriques suivantes : 

Rayon de giration du sommet da bras 0,50 m 
Rayon interieur du bras E 0,05 m 
Densit6 du metal - 8  

Vitesse peripherique au sommet = BOO m/s 

La figure (12) donne une Bvolution d'epaisseur et 1'6volution correspon- 
dante des contraintes suivant le6 courbures principales : 
plan meridien et sa perpendiculaire n . 

On voit que la coupole qui est la fartie la plus chaude (environ 350.C) 
est la moins chargee mecaniquement. Le bras travaille A la traction pure 
et pourrait Qtre allege par emploi de fibres A haute r6sistance. Quoiqu'il 
en soit la faisabilite d'une telle structure avec lee aciers actuels est 
demontree. Le bras reel supportera un tube telescopique interne faisant 
fonction de turbine. Celui-ci modifie peu le resultat precedent compte 
tenu que ce tube peut Btre mince et que le bras est renforce par lee ner- 
vures de centrage du tube interne (figure 13). 

nv dane le 

Niveau thermiaue 

La temperature du tube exterieur sera sensiblement celle de l'air en 
cours de compression, soit l'ambiante au moybu et 350°C dane la coupole. 
Le tube interne aura des contacts linthires avec le tube externe pour li- 
miter la conduction vers ce dernier. En aval de la zone de combustion une 
face de ce tube sera A 900°C et l'autre sera refroidie par l'air en com- 
pression. Le fractionnement de ce tube sera choisi en fonction de la ccn- 
trainte admissible aux appuis de chaque Qldment travaillant au flambage. 
La coupole interne sera eoumise au rayonnement de la flamme. Clest une 
chance que cet endroit du generateur soit le seul o& la pression statique 
c6tB air est superieure A celle cat6 gaz. On pourra donc organiser slmple- 
ment un refroidissement par transpiration ou par film. 

Combustion 

La combustion constitue le point le plus aleatoire du projet. On a 
cependant quelques raisons d'Qtre optimiste. 
Le probleme est rendu difficile par le faible volume disponible pour effec 
tuer la combustion. I1 slagit donc de realiser un foyer A haute intensit6, 
c'est-A-dire d'aco616rer l'dchange Bnergetique entre produits qui ont rea- 
gi et produits qui vont reagir chimiquement. Dana une chambre classique 
l'dchange est assure par melange turbulent entre gaz chauds et air primai- 
re. Dana une chambre tournante le champ de gravitation intense (plus de 
IOO.OOO g dans le cas present) permet de forcer une penetration des cou- 
ches froides dans les couches chaudes p o m  que l'air soit inject6 dans 
la zone de combustion par nappes perpendiculaires au vecteur acceleration 
et dans le sen8 des potentiels d6oroissants. 

Cleat sur ce principe que la chambre a et6 imaginde (figure 14). On 
cherchera A localiser la combustion dans une sphere entouree d'une couche 
spherique d'air froid. Cette enveloppe d'air est alimentbe par une cou- 
ronne de tuyeres,Bgalement inclineee sur la surface de la coupole interne, 
qui induisent un moment cinetique autour de l'axe &e brae. La etabilite 
gyroscopique acquise par lea particules fluides entrahe un basculement 
du moment cinQtique dans le r6ferentiel du rotor.autour d'un axe parallele 
A l'axe de rotation. Ce braesage vigoureux devrait realiser la dilution 
sur une tres courte distance. Le carburant p,eut Qtre introduit dans la 
zone de combustion en phase liquide fractionnee pour Bviter lee trop for- 
tes pressicne d'injecticn, ou en phase gazeuse. 

Conlusion 

La figure 15 montre une organisation possible d'un generateor A 3 bras. 

A 800 m/s. L'architecture pro- 
Cette premiere etude de faisabilite mcntre que rien n'interdlt A priori de 
realiser une chambre de combustion tournant 
posee n'est sikement pas optimale. Rappelons encore que pour une vitesse 



peripherique donnee, plus le dismbtre du rotor est grand plus faible est 
l'acc616ration dans la chambre de combustion et meilleurs sont les rende- 
ments de compression et de detente. 

L'organisation generale dp la machine nla pas et6 abordee et en par- 
ticulier la fapon d'entretenir la rotation du generateur et de cr6er le 
vide dans le carter. A ma connaissance aucune experimentation n'a et6 ten- 
tee sur ce principe exceptes des travaux de P U T T  et WHITHEX sur la com- 
bustion dans un champ de gravitation intense qui mettent en Bvidence un 
accroissement trbs important des vitesses de combustion. 

TRANSMISSION DE LA PUISSANCE D"9E TURBINE A GAZ 

L'avenir de la turbine A gaz en propulsion terrestre depend beaucoup des solutions qu'on appor- 
tera au problbme de la transmission de puissance. La machine de propulsion iddale se caracterise par 
une relation hyperbolique entre le couple et la vitesse qui permet l'utilisation de toute la puissan- 
08 installee A chaque regime. De ce point de vue le motepr Diesel saraliment6.est une mauvaise machine 
dont le couple croft avec la vitesse de rotation. La turbine A deux arbres se oomporte come un con- 
vertisseur de couple de rapport 2. Ceci suggbre d'associer A la turbine une bofte automatique olassi- 
que dont on aura retire le convertisseur de couple hydrocinetique. Des problbmes surgissent lors de 
changement de rapport : en effet, la fonction de transfert d'une turbine A gaz est trbs differente de 
celle d'un moteur Diesel. On notera par exemple que le danger de surviteeee de la turbine libre impo- 
se pratiquement un passage de vitesse sous charge. Ceci Btant, la grande Bnergie cinetique restitude 
par la turbine libre quand elle passe d'un regime B un regime inferieur provcque une fatigue impor- 
tante des embrayages de la bofte. I1 n'est pas douteux que la transmission d'une turbine A gaz relbve 
d'une solution specifique. 

Fonctionnellement la transmission hydrostatique resout assez bien le problame, mais l'ensemble 
est tree heterogbne : la turbine est legere et se passe d'un circuit de refroidissementi la formule 
hydrostatique est lourde et degage beaucoup de calories. Je pense qu'une solution d'avenir doit res- 
pecter les imperatifs suivants : 

- la transmission doit Btre automatique 
- la puissance calorifique dissipee dans l'huile de la transmission doit 8tre suffisamment 
faible pour atre evacuee par le radiateur d'huile de la turbine. 
Ceci exclut pratiquement tous les convertisseurs hydrocinetiques et lee Bl6ments hydroetati- 
quem qui neceeeiteraient un encombrant dispositlf de refrcidissement. 

- le flux i s m  du g6n6rateur de gaz doit 8tra utilis6.oomme fluide de travail du convertiosenr 
de couple afin d'6vacuer dans 1'6chappement lee pertes de transmission. 
La solution decrite ci-aprbs respecte ces imperatifs : 

Convertlsseur de couDle aerodynamiaue 

L'idBe de combiner l'effet convertiseeur de couple de deux turbines de travail est due A 
Monsieur KROAOGARD (SAE Transaction 1960). 

La transmission de Monsieur KRONOGARD est schematisee sur la figure(l6). Le generatear ali- 
mente suocossivement un aubage fixe B calage variable, et deux aubagea mobiles oontrarotatifs. 
Ainsl au lieu de transformer une Bnergie m6canique repue [couple moteur x vitesse moteur)en une 
Bnergie desiree (couple recepteur 
rBe(coup1e r6cepfeur 
ment le pignon solaire et la couronne d'un train differentiel dont le porte-satellites est re- 
lib au b&ti par une roue libre. La prise de mouvement s'effectue sur la copronne. 

BoUs 8EalYSerOnS 
cal6 sur un frein que lion deseerre progreseivement. Le diagramme (17) donne llBvolutlcn du cou- 
ple et de la vitesse de sortie. Quand le couple resistant dBcro2t de CO A C1, la vitesse de 
sortie crort de 0 A Nj. Pendant cette phase la turbine I1 est alimeneepar le tourbillon r6si- 
duel de la turbine I. Le8 couples aerodynamiques de sene contraire tendent B entrafner le porte- 
satellites dans le sens interdit par la roue libre. Les vitesses des turbines I et I1 sont dono 
proportionnelles pendant oette phase. 
Pour C1 et NI le couple applique au porte-satellites e'a~ule, la roue libre decolle et le oou- 
ple resistant de la turbine I1 slannule. La turbine I effectue alors tout le travail avec le 
handicap de la perte de charge cr&e par le moulinage de la turbine 11. Pour Bvlter cet inoon- 
vhient, nous exphimentons avec la division Hispano Suiza de la SEEOHh une nouvelle assooia- 
tion de deux turbines contrarotatives. Quatre idees  directrices ont conduit h cette configura- 
tion : 

- pendant la phase o t ~  une seule turbine travaille, le fonctionnement de oelle-ci ne doit pas 

x vitesse r6cepteur),on produit directement 1'6nergie d h i -  
x vitesse rbcepteur). La turbine I et la turbine I1 attaquent respeotlve- 

le fonctionnement de cet ensemble en imaginant que l'arbre de sortie est 

Btre gene par la turbine qui ne travaille pas, qui sera donc placee en amont. 

- la phase, oh les deux turbines se partagent la chute d'enthalpie, est pr6sum6e dCM9r le 
meilleur rendement global de detente. Cette phase assurera donc la deml plage des vltessee 
supBrieures. En effet, en propulsion terrestre la puissanoe appelBe est statiatiquemnt Tone 
tion croissante de la vitesse d'avancement. Pour la plupart des profile de parooure la 
meilleure consommation moyenne est obtenue en plagant le meilleur rendement A une vitesse 
d'avancement superieure A la demi vitesse maximale. 

- d a m  tous les cas de fonctionnement lee trois rendements de grille devront rester accepta- 
bles. Les angles d'inoidence sur les aubages ne devront pas sortir d'une plage 6valu6e par 1 
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la methode de AINUY et MATBIESW. Pour satisfaire B oette oondition,le oalage de l'auba- 
ge fixe devra atre r6glable. 

- dansl la phase contrarotative la liaison oinematique entre lee deux turbines doit pernettre 
PII bon rendement de detente sur toute la demi plage de vitesse. Pour ce faire la chute 
d'enthalpie doit Btre transferee progressivement d'une turbine A l'autre. I1 est donc h i -  
dent que lee viteeses de rotation des deux turbines devront varier en Bens inverse, con- 
trairement B la solution KROBOGAFlD oh les deux vitesses sont proportionnelles dans la 
phase oontrarotative. 

La figure (18) represente sohematiquement un convertisseur de couple respectant ces quatre 
principes. I1 est constitu6 par un aubage distributeur A calage reglable suivi de deux aubages 
mobiles oontrarotatifs I et I1 fonctionnant en aerie. Le8 deux turbines contrarotatives sont 
reliees par un train BpicyloIdal de raison k. 

La turbine I attaque la couronne exterieure par l'interddiaire d'un reducteur de rapport 
kl. La turbine I1 attaque le planetaire central par l'intermediaire d'un reducteur inverseur 
de rapport kp. Une roue libre RL interdit la contre rotation de la turbine I. Le mouvement 
est pris sur l'arbre du porte-satellites. 

Soient C1 et C2 lea couples developpes par lee turbines I et 11. En partant de l'arr8t et 
entant la viteese de l'arbre de sortie on volt apparartre deux phases de fonctionne- 

:?Figure 19). 

Phase I. Si 
bine 11. Pendant la nontee en vltesse C1 est sensiblement constant et C2 diminue jusqu'h 

k kgC2 > kl C la turbine I reste bloquee et sert de distributeur B la tur- 

kl c1 
kk2 

C2 = - , couple de debloquage de la roue libre et fin de la phase I. 
Phase 11. A partir de cette vitesse les deux turbines tournent ensemble en se repartiasant 

le travail pour assurer 1'6quilibre du train BpioycloTdal. 

kl Cl 
kpC2 

k =  - 
La turbine I acc6lbre et la turbine I1 ralentit confonndment au quatrihme imperatif. 

Determination des Drofils 

Pour d6finir 1es.profils on sleet impose trois points de fonctionnement : 

- fonctionnement A 
Les deux turbines tournent ensemble et la vitesse absolue de sortie de la turbine I1 
est axiale. 

- fonctionnement B 
C'est le point de tryition entre la phase I et la phase 11, caracteris6 par l'arrat EB 
la turbine I et k = 

k2C2 

- fonctionnement C 
La roue libre bloque la turbine I et la vitesse absolue du fluide B la sortie de la tur- 
bine I1 eat axiale. 

I1 serait trop long d'dcrire l'ensemble des equations de compatibilitb. I1 suffit de sa- 
voir qu'on peut d6finir par iteration les triangles de vitesse en A,B,C et les profils des 
trois grilles d'aubes quand on se donne : 

- les caracteristiques de 1'6coulement issu du gendrateur de gaa 
- la valeur du parametre k .% , oh Ula et U2a sont respectivement lee vitesses pdri- 
ph6riques des turbines I el IP2h point A. 

- la valeur de la variation du calage du distributeur 
- certaines oaracteristiquee dimensicnnelles de la veine fluide. 

RBsultats des calculs 

L'angle d'inoidence i a et6 calcul6 pour les points A, B, C : 
Distributeur : 

A i = + 8 '  

B i = + l o  

c i 0 - 4 "  
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Turbine I : 
A i = - 250 
c i + 140 
B i 0 + 20' 

"urbine I1 : 
A i P - 37" 
B i E - 21' 
C 1 = + 28' 

Le calcul dee pertes fait A partir de cee incidences a dom6 des resultate euffieamment 
encourageante pour lancer la fabrication d'une machine d'eseai dimensionnee pour un debit de 
6 kg/s, et pr6vue pour dee essaie adrodynamiques en Bcoulement froid. L1installation, prevue 
pour permettre un reglage du calage des aubages fixes et mobiles, d.oit dcnner l'influence res- 
pective de ces trois parambtres. 
Les deux turbines peuvent 6tre freinees independammant jusqu'au calage. 
A l'iesue des essaie a6rcdynamiques. la liaieon cinematique pourra &re Btablie entre les tur- 
bines afin d'analyeer lee regimes transitoires. 

Conclusion : 

La transmieelon aerodynamique semble donc Btre la plus simple et la plus compacte pour une 
turbine A gas. 
L'automatieme est acquie au prix d'une roue libre qui ee bloque et re d6bloque sans choc et 
d'un asserviesement du calage du dietributeur A la viteese de eortie. 
Un rapport de aonversion de s ix ,  peut atre obtenu en chciseissant une viteese nominale un peu 
superieure A NA. 
Le rendement Bnergetique ne sera connu qu'aprbs lee essais. I1 sera A comparer au produit du 
r e n h e n t d'une turbine libre olassique par le rendement de la tranemiesion aesoci6e. 

LA TuRBIaE A GAZ FACE AU MOTEW DIESEL 

Pour fixer les idees nous placerone la comparaison sur le terrain de la propuleicn des traine 
routiere. La puieaance installbe eur ces v6hicules est actuellement de 300 chevaux! elle devrait at- 
teindre 800 chevaux dana les anndes qui viennent. 
Pour lee turbines de camion l'unanimit.6 sleet faite autour du cycle peu comprim6 A fort taux de r6cu- 
peration (go$). Nous admettrone donc que la turbine est du type A regenerateura tournants (Ford 7 0 7 ) .  
Pour lee moteure Diesel noue envisagerone deux cas : 

a - lee moteurs A quatre tempe actuellement eur le march6 fonctionnant A une pression moyenne 

b - les moteure A quatre temps A bas rapports>volum&triques en ccurs de dheloppement fonotion- 
Ces hypothesee oonduieent aux caracteristiques euivantes t 

Pour 300 chevaux I 

de 11 @/om2 et A 2500 t/m. 

nant A une pression moyenne de 25 kg/cm2 A 2500 t/mn. 

hypothbee a - cylindree 10 litree (6 ou 8 cylindree) 
hypothbee b - oylindree 4,5 litres (3 ou 4 oylindree) poids = 800 kg 

poids - 400 kg 
Pour 800 chevaux I 

hypothese a - cylindree 27 litree (au moins 16 cylindres) 

hypothese b - cylindree 12 litres (6 ou 8 aylindree) 
pcide 2500 kg 

poide - 1 000 kg 

I1 exirte des oamionr erp6rimentaux qui pennettent de oomparer la turbine et le Diesel type a 
pour m e  puissance de 300 chevaux. Si l'on tient oompte du filtre A air et du eilencieux la turbine 
est plus enoombrante mais moine lourde que le moteur Diesel. Elle coneomme plus de carburant A toutee 
lee ohargee et ephialement aux faiblee ohargee et au ralenti. Le bilan eat dono plutdt favorable au 
moteur Diesel. 
Au oontraire pour 800 chevaux la turbine eet beaucoup plus avantageuse que le mote- Diesel type a. 
Aveo l'hypothbse b le Diesel sera sans doute plus avantageux pour toute la plage de puiesanoe. 

1 

I 
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Lee maohines volum4triquee eont limitbe par leur inoapaoitd A aspirer de forte debita dlair 
eou8 un faible enaombrement. Le debit volumique est proportionnel B la oylindr6e et A la vitesee de 
rotation. 
Le8 loin de similitude montrent qu'une maohine k foie plus hourde qulune maohine homothetique de 
debit volumique %, ne peut treiter qd'un debit volumique k /3 x Qv. Lee pefitee maohinee eeront dono 
reletivement plus pulerantee que lee groeeea. 
Pour aoorortre le debit d'air on agira de pr4f6renoe e u r  la densite de llair d'admieeion. I1 slagit 
dono de trouver un diepositif qui Blbve la demit6 de l'air au meilleur prix. La turbine A gas est 
bien oonpue pour Joumr ae r81e. 
Le euooao de la turbo earalimentation des moteure Mesel est un exemple de oette Bvolution. A oe eu- 
jet il faut noter que la turboeoaiflante eat enoore oonsid6r6e comme un acoeeeoire du moteur Diesel, 
qui peut Btre utilise eane elle. 
11 y aura interat B oonoevoir deomaohines hybrides oil la partie baeee preeelon du oycle est trait& 
par une turbine A gae, e t  la partie haute preseion par une machine volum4trique. I1 faudra exploiter 
lee aptitudes reepeotivee de oeo deux oonoeptione, et partager judioieueement lee fonotlone. 

Bonotione attribuer A la partie turbine dlune machine hybride 

de revient 11 faudrait respeoter lee imperatife oi-aprb t 
Pour reepeoter la simplioit6 de la turbine en aeeurant une grande dur6e de vie et un faible prix 

- r6dnl;re au maximum la temperature dee gas admie aux turbines - Blininer tone lee diepoeitife de geometric variable 
- Blhiner toute liaieon oinematique aveo l'arbre de la turbine - en oone6quenoel on ne prelbvera auoune puissanoe m6oanique eur  llarbre de la turbine. 

La eeule fonotion de la turbine eet aloro de oomprimer l'air d'admission de 1'616ment volnm6tri- 
que. I1 faudra dono Btre t r h  exigeant eur le rendement de oompreseion et de detente. L'a6rodynami- 
que de oee maohinee eera aueei Blaboree que oelle des turbines deetineee A fournir de la puieeanoe. 
Le problame de lladaptatlon sera d'ailleurs beauooup plus simple puieque la maohine sera optimide 
pour une puieeanoe nulle. On obtient ainei une temperature d'autonomie extr8mement basee oomme le mon- 
tre l'exemple savant 8 

temperature ambiante TO = 288" K 
renderent polytropique 
de oompreeeion 
rendement polytropique de detente 3t - 0185 
pertee de charge totalee du oircuit 
(admieelon, ohambre de oombuetion, 
6 ohapp ement ) < h = 1 0 $  

P 
Is puieeanoe diaeipee dane lee roulements a et6 n6glig6e1 lee pertee de oharges ayant 6t6 eur6va- 
lu6ee. 
rapport de preeeion du oyole p2 

P1 
- - 6  

temperature sortie oompreeeeur T2 = 523" K = 250" C 

temperature devant turbine 
awentation de temperature dane la 

Cee beeree temp6raturee permettent de tram longumdureee de vie aveo des materiaux oourante. 

T~ - 7000 K = 427" c 

ohambre de oombuetion AT0 9 177" C 

Bonotionr attribdee A la Dartie volum6triaue 

Cleat A olle qu'll inoombe de fournir la totalit6 de la puieeanoe m6oanique de la maohine hybride. 

- une preeelon maximale de oyole impoe6e par la tenue mecanique 
- uno temperature royenne maximale impos6e par la tenue thermique 
- une temperature maximale dlbohappement 
- pour lee maohines Dieeel, une temperature minimale en fin de oompreeeion d'autant plus basse 

Hotone que 1'616ment roludtrique fonotionne en derivation eur le oircuit haute preselon de 1,616- 

La teohnologie nous impose de reepeoter lee llmites of-aprbs t 

que la preeeion est BlevBe. 

ment turbine come le montre le eoh6ma oi-aprbe t 



7-10 

On abandonne ainsi la poeeibilit6 de r6oupbrer toute 1'6nergie disponible dane le oyole mixte t 

- Bnergie de bouffhes, lib6r6e A l'ouverture des olapete d'6chappement 
- adlioration du rendement volum6trique obtenu par augmentation du rapport de balayage 
- Bnergie excedentaire r6cupBrable dans lee gaz d'6chappement de 1'616ment volum6trique spree 
pr6lbvement de 1'6nergie de compression 

La faible valeur relative de ces Bnergiee ne justifie pas les oomplioations conetmotives que n6cessi- 
terait leur r6oup6ration. Ces conditione aux limites &ant fix6es on oherohera la valeur optimale du 
taux de suralimentation de 1'616ment volum6trique. 
Une Btude complete a Bt6 faite pour lee mcteurs Diesel B bas rapport volum6trique dont l'expos6 sor- 
tirait du cadre de ce s6minaire. 
On se oontentera de dire que pour une teohnologie de moteur donn6e,la pression moyenne indiqu6e mort 
proportionnellement B la pression de suralimentation jusqu'h 12 bars environ. 
L'Bvolution du fluide dane le cyclindre se fait B plus forte densit6 et B plus basse temp6rature que 
dans un cycle claseique. Ceci explique que lee charges thermiques n'augmentent pas et que 1'6nergie 
tranemise A l'eau de refroidiseement soit beaucoup plus faible en valeur relative. Ainei on r6cupere 
dans l'eau ce qu'on pard en abaissant le rapport de compression, et dono le rendement du cycle Diesel. 

I1 semble acquis qu'un march6 important va s'ouvrir A des moteure legere de puieeancescomprieee 
entre 300 et 1 500 chevaux. Cee moteure seront eseentiellement destines B propuleer dee engins terree- 
tree, c'est-&-dire A des ueag6s induetriele. Un poids de 1.5 kg/oh devrait eatisfaire la plnpart des 
ntilisateure. Un poide inf6rieur sera certes appr6ci6, maie pas A n'importe que1 prix. En particulier 
la consommation de Carburant reetera un poste important du co0t d'exploitation. 

D'autre part, les di6poeitife d'admiasion d'air,de filtration, d'insonorisation et d'6chappe' 
ment eont des Bquipements on6reux et enoombrants. Proportionnels an debit d'air, ils eeront trois fob 
plus importants pour w e  turbine que pour un moteur Diesel. 

Le prix au cheval des moteurs Diesel aotuele reete un objectif pour la turbine A gaz. Or ce 
prix devrait encore d6crortre oonsid4rablement avec la haute suralimentation en m8me temps que le 
pcids au cheval, qui devrait atteindre 1 kg/ch dans un futur proche. 

Pour toutes ces raisons je pense qu'A moyen terme, l'atout martre de la turbine restera son ex- 
t r he 16ghret6, atout que h i  fait perdre le r6cup6rateur de chaleur. Le ohamp des utilisations oii la 
l4ghret6 est imperative, restera donc la chasee gard6e des turbines A cycle simple. 
Ce champ qui contient la propulsion adrienne n'interfhre que tree peu avec le domaine terrestre qui 
reetera sans doute le fief du raoteur Diesel tree suraliment6. 
La turbine A gas B rBcup6rateur qui soutient difficilement la oomparaieon avec le Diesel d'aujourd' 
hui, doit se pr6parer A l'offeneive du Dieeel de demain. 

616ga"ent le cycle d'une turbo-machine, si eatisfaisant pour l'esprit. 
11 n'est cependant pas douteru qu'A plus ou moina long tewe, on trcuvera la manibre de d6orire 
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Fig. 1 SchCma de principe d’un gCnCrateur de  NERNST 
Principle diagram of a NERNST generator 

L \ 

- V  

Fig.2 Diagramme de  I’kolution du fluide 
Fluid proceeding diagram 
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F i g 4  Consommation specifique d'une machine constituee d'un generateur de  NERNST et  d'une turbine 
de  travail de rendement polytropique 0,86 en fonction de  la temperature 

Specific consumption in terms of temperature, of a NERNST generator breeding a free turbine 
of 0.86 polytropic efficiency 
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Spmjk consumption 
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Fig.5 Consommation spkif ique d’une machine constitube d’un gBnCrateur de  NERNST et  d’une turbine 
de  travail de  rendement polytropique 0,86 en fonction de  la temperature 

Specific consumption in terms of temperature, of a NERNST generator breeding a free turbine 
of 0.86 polytropic efficiency 
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Consommation spkcifique d'une machine constituee d'un ghera teur  de NERNST et  d'une turbine 
de travail de  rendement polytropique 0,86 en fonction de  la tempkrature 

Specific consumption in terms of temperature, of a NERNST generator breeding a free turbine 
of 0.86 polytropic efficiency 



7-16 
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F i g 7  Rapport du d--it rCduit refoL 

I 

100 

D4, au dCbit rCduit aspirk D1, en fonction de la tempCrature maximum de cyc.- 
e t  de  la vitesse p6riphCrique pour un rendement de  compression et  de dCtente de 0,95 

Ratio of the inlet value of the quantity D = ‘2, to  its outlet value, in terms of maximal gas temperature 
P 

and peripheral velocity for a NERNST generator. (Q massflow) 
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Fig.8 Valeur maximale de l'incidence i sur l'aubage d'entrbe du g t n h t e u r  de NERNST 
Maximal value of incidence angle i of the airflow at rotor inlet of the NERNST generator, 
breeding a constant crosrsection distributor 

0 W 

L P  A 

Fig.9 Compared part load specific fuel consumptions for the same nominal temperature of 1830°F 

I - NERNST generator: U = 2600 ft/s, qt = qc = 0.95 
I1 - regenerative advanced turbine: Pressure ratio = 4, regenerator efficiency =go%, qc = 0.825, qt = 0.87 

111 - non regenerative advanced turbine: Pressure ratio = 10, qc = 0.825, qt = 0.87 



Fig. 10 Coupe mCridienne d'une structure voiite 
Axial section of a dome-structure 

I 

- -  

Fig.1 I Coupe transversale d'une structure vofite 
Transversal section of a dome-structure 
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Fig.12 Evolution des contraintes n et n en fonction de IPpaisseur d'un bras en acier, tournant a 
une vitesse pCriphCrique de 800 mls 

Stresses n and n diagram in terms of the thickness of a steel element, for a peripheral 
velocity of 2620 ft/s 
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Fig.13 Exemple d’architecture d’un bras d’un gCnCrateur de NERNST 
Architecture example of an element of a NERNST generator 
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Fig.14 Projet de chambre de combustion d’un ghkrateur de NERNST 
Project of a combustion chamber of a NERNST generator 



Fig.lS Exemple de conception d’une machine B ghtrateur de NERNST 
Example of conception of an engine running on NERNST cycle 



Fig. 16 Convertisseur de couple proposC par M. Kronogard 
Kronogard's torque convertor 

0 4 9. 084 0,b 9s 4 0 
I 

Fk. 17 Courbe caractkistique du convertisseur Kronogard 
Characteristic diagram of the Kronogard's torque convertor 
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Fig. 18 Convertisseur de couple Hispano-Suiza 
HispanoSuiza's torque convertor 

Fig. 19 Courbe caracthistique du convertisseur de couple Hispano-Suiza 
Characteristic diagram of the HispanoSuiza's torque convertor 
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FUTURF, DEVEU)PMEhPPS OF S M A U  GAS TURBINES 

by 

Jean MELCHIOR (France) 

IngBnieur Principal de 1'Armement 

INTRODUCTION 

Being instructed t o  proceed t o  prospective research on an optimum propulsive device f o r  
combat vehicles, I have acquired a broad knowledge of the various mobile sources of energy. 
analysed t h e i r  respective operational qua l i t i es  and investigated the specific limits of each architec- 
ture. 
these limits. 

I have 

I n  the l i g h t  of this analysis, I went more deeply in to  the study of solutions l i ke ly  t o  extend 

I was concerned with d i e se l  engines as well as with gas turbines, of course, and therefore 
f e e l  authorized t o  venture making a prediction as  regards the upshot of the competition which has begun 
between these two sources of energy. I do not f e e l  qualified t o  add anything t o  the previous papers 
on the evolution of present techniques. 
of these techniques are and go more f u l l y  in to  the de t a i l s  of a few or ig ina l  concepts. 

Therefore, I sha l l  be sa t i s f i ed  with s t a t ing  what the limits 

Prior t o  contemplating the future evolution of gas turbines, I would l i k e  t o  outline b r i e f ly  
I n i t i a l l y ,  the attractiveness of the gas 

Unfortunately, the drawback of t h i s  simplicity was 
However, the necessity t o  give up the propeller t o  

the history of t h e i r  development up t o  t h e i r  present status.  
turbine l a y  i n  its great mechanical simplicity. 
bad performance which made it d i f f i c u l t  t o  use. 
increase the speed of a i r c ra f t  gave it spectacular impetus a f t e r  World War 11. 

It should be pointed out, incidentally, t ha t  the turbine took the lead, a t  t ha t  time, 
owing t o  i t s  j e t  e f fec t ,  t ha t  i s  t o  say i t s  a b i l i t y  t o  speed up a considerably air flow within a 
s m a l l  f ron ta l  area. The e f fo r t  t o  achieve high therm-propulsive efficiency came much l a t e r  on, 
with high by-pass r a t i o  ducted fan engines. 
mately 1000 km/hr, it i s  advantageous t o  separate the propulsive function from the energy generating 
function associated together i n  the conventional j e t  engine. T h i s  evolution gave impetus t o  the 
thermal efficiency of gas generators, a t  the cost of ever increasing complexity. 
t h a t  the propeller has been replaced by a fan, and the  reciprocating engine by a gas turbine. 

It was found out, then, t ha t  f o r  cruise speeckof a p p r d -  

One can say nowadays 

Had it been known in 1945 t h a t  the 1970 commercial a i r c ra f t  would be propelled by large fans, 
the development of reciprocating engines t o  drive these fans would have been continued. As a matter 
of f ac t ,  the immense progress achieved since then t o  bring down the specific f u e l  consumption of gas 
turbines t o  tha t  of d iese l  engines could not be forecast ,  I n  view of such performances, the turbine 
has now almost completely superseded the reciprocating engine i n  the aeronautical f i e ld ,  and i s  
attempting t o  impose i t s e l f  f o r  ground and sea vehicles. 

Success w i l l  l i k e l y  be more d i f f i c u l t  t o  achieve in t h i s  f ie ld .  For aeronautical propulsion, 
the turbine operates under par t icu lar ly  favourable conditions : 

- - Considerably appreciated l i g h t  weight - - Low temperature environment - No f i l t e r i n g  nor insulation - - 

High average power per un i t  

Total upstream pressure higher than t o t a l  downstream pressure 

Hardly variable power and r a t e  i n  cruise 
Very rare operation under par t  load conditions 

Operating conditions f o r  ground vehicles are usually very different : 

- Low power per un i t  - - - - - 
- Fxequent part  load operation 

Low bulk more appreciated than l i g h t  weight 
Total upstream pressure lower than t o t a l  downstream pressure 
Great variations in environmental temperature 
F i l te r ing  and insulation almost always required 
Abrupt variations i n  power supply requirements 

It should a lso  be pointed out t ha t  while it acquired these performance capabi l i t i es  f o r  the 
sake of aeronautics, the gas turbine l o s t  i t s  or ig ina l  advantage - simplicity. 
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EVOLUTION OF W, CONVENTIONALLY DESIGNF,D TUFBI3ES 

Increasing the cycle efficiency implies simultaneous variations i n  several  parameters. 

Now, an 

Likewise, an increase of the pressure r a t i o  should be associated 

Reducing the s ize  of the engine brings out incompatibilities between these variations. 
the higher the compression efficiency, the higher also i s  the optimum compression ra te .  
increase of the compression r a t e  induces a reduction of the f l u i d  stream section and a degradation 
of the compression efficiency. 
with an increase of the  turbine i n l e t  temperature. 
cooling more d i f f i cu l t .  

For instance, 

Now, reducing the stream section makes vane 

These scale e f fec ts ,  many more examples of which could be quoted, hamper the  low power 
applications of gas turbines unless considerably complicated devices are provided: heat exchangers, 
connection devices between the f r ee  power turbine and the gas generator turbine, variable se t t i ng  guide 
vanes, etc.  All these devices involve the same adjustment d i f f i cu l t i e s  and f a i lu re  sources as  those 
inherent in reciprocating engines, and which were expected t o  disappear when the use of the  l a t t e r  was 
disc ont hued .  

Fngineers w i l l  unquestionably overcome the present d i f f i cu l t i e s ,  but one should bear i n  mind 
the f ac t  t ha t  indus t r ia l  achievements are generally based on the simplest technical solution t o  reach 
an objective, 
For the  power range with which we are concerned here, the gas generator might consist of a supersonic 
centrifugal compressor and a cooled r ad ia l  turbine. 

For this reason, I believe tha t  the indus t r i a l  turbine w i l l  be simple or w i l l  not ex is t .  

The pressure, temperature and efficiency leve ls  which it w i l l  be possible t o  reach with these 
simple components w i l l  determine the  scope of possible uses. However, I doubt it w i l l  ever be possible 
t o  achieve the performances required fo r  ground vehicle propulsion without adding heat exchangers. 
a matter of fac t ,  in view of t h e i r  very design, small turbomachines have a poor efficiency under design 
conditions and especially under part-load conditions. 

A s  

REASONS FOR EFFICIENCY LIMITATIONS OF SMALL GAS TURBINES 

One hopes t o  be able t o  reach compression ra tes ,  in the future,  ranging from 12 t o  1 5  fo r  
a single stage. 
The only means of reducing the specific fue l  consumption consists therefore i n  increasing the turbine 
i n l e t  temperature. Now, advances i n  the f i e l d  of high temperature behaviour w i l l  become increasingly 
slow and d i f f i cu l t ,  and w i l l  always be associated with costly cooling techniques, which are undesirable 
on s m a l l  s ize  engines. The l a t t e r  w i l l  be par t icu lar ly  handicapped by the deterioration of compression 
and expansion efficiencies,  due t o  the increase of the compression r a t e  and rotation speed. 

A t  supersonic ve loc i t ies ,  an adiabatic efficiency above 0.75 appears hardly r ea l i s t i c .  

To associate simplicity and performances under design conditions, the l imi ta t ion  is  imposed 
by the admissible turbine i n l e t  temperature. 

Part-load efficiency i s  always lower than rated power efficiency, Owing t o  the turbo- 
compressor surge, the pressure r a t i o  must be reduced simultaneously with the a i r  flow rate.  

Therefore, fo r  the power t o  be reduced, e i ther  the cycle temperature or the pressure 
r a t io ,  o r  both mst be decreased, I n  any case, the cycle efficiency i s  diminished. Finally, id l ing  
a turbine consumes a t  l e a s t  25% of i t s  m a x i "  consumption, whereas the d iese l  engine consumes 2% 
A highly e f f i c i en t  heat exchanger provides a solution which proves very costly in terms of complexity 
and bulk. 

The f e a s i b i l i t y  of new designs which do not imply thermal exchanges between the a i r  and 
gases w i l l  be discussed hereunder. 

FEASIBIUTY OF NEW DESIGNS OF ARCHITECTURF, 

- Gas generators with rotating combustion chambers 

A turbine with ro ta t ing  combustion chambers i s  par t icu lar ly  well adapted t o  
the propulsion of ground vehicles. 
NERNST (1) i n  the ear ly  part  of the century, but it was deemed impracticable with the 
materials then available. 
refractory materials, as well as  i n  tha t  of cooling techniques, has induced me t o  recon- 
s ider  the question. 

T h i s  cycle w a s  proposed by the  physicist  WALTER 

Progress made since t h a t  time in the f i e l d  of composite and 

- Operating Principle 

A NEENST generator i s  diagrawnatized by a U-shaped tube ABCD rotating around 
the  axis AD. (See Fig. 1). 

The a i r  gets in a t  E, i s  compressed by centrifugation in AB, burns a t  a 
constant pressure in BC and i s  pa r t i a l ly  expanded i n  CD; then, it gets out through 
S with the usable cycle energy which w i l l  be collected in a propulsive turbine, fo r  
instance . 
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To maintain the rotation of the tube, it i s  enough t o  overcome the  f r i c t ions  
of the bearings and of the ambient f l u i d  on the exLernal surface of the rotor;  
matter of f ac t ,  the k ine t ic  moment imparted to , the  ro tor  by the f lu id  i n  branch AB i s  
recovered by the rotor in branch CD. I f ,  besides, the a i r  intake and the gas exhaust 
are axial, the aerodynamic torque applied t o  the ro tor  i s  non-existent. 

as a 

Figure 2 represents the cycle on a pressure-volume diagram between the 
isobaric curves 9 and P2, and the polytropic curves AB and EC. 

Supposing U i s  the peripheral velocity of the rotor part CD, the compression 
r a t i o  i s  given on Figure 3 fo r  two v d u e s  of the polytropic compression efficiency. 
From U = 600 m / s  onwards, pressure r a t io s  are of consequence. 
U i s  only l imited by the ro tor  resistance, since the re la t ive  Mach number within the tube 
i s  independent of U. 

L e t  us note tha t  velocity 

Thus schematized, the ro tor  i s  symmetrical, and the flow will have t o  be induced 
i n  a given direction by means of a i r  intake guide vanes. 
flow i s  maintained by the difference in specific mass between columns AB and CD located i n  
the  centrifugal f i e l d  of gravitation. 

by the  materials used will be chosen), the pressure r a t i o  i s  s e t  a t  i t s  peak value. 

Once it has been induced, the 

I f  the rotation speed of the system i s  constant (the "wn speed allowed 

The f u e l  flow ra t e  w i l l  determine the maximum temperature of cycle T3  and, 
consequently, the generator exhaust temperature T4. 
exhaust section, the engireair  flow depends on T3. 

We sha l l  see tha t ,  f o r  a given 

I n  order t o  avoid f r i c t ions  on the outer surface, the rotor will ro ta te  within 
a casing, i n  p a r t i a l  vacuum. 
formula fl R being the  radius of the rotor. 

The r ad ia l  acceleration i n  the  combustion area i s  given by the 

Tr '  
The s t resses  t o  which hot par t s  are subjected w i l l  be reduced by increasing 

the radius of the rotor.  

PERFORMANCE EVALUATION 

- Compression Efficiency 

T h i s  efficiency has been evaluated by applying the laws formulated f o r  
conventional centrifugal compressors. 
compressor are the f r i c t ions  exerted on the casing of the compressor, flow d is tor t ion  
due t o  flow "slipping" and poor diffuser efficiency. 
a NERNST generator. 

The main causes of l o s s  in a centrifugal 

Such los s  sources are all removed in 

The duct i s  closed and a low re la t ive  velocity may be selected t o  reduce 
in t e rna l  f r ic t ions .  
velocity cancels out (suppression of Coriolis acceleration); 
aspect r a t io ,  it remains low all along the duct. 
compression i s  achieved by increasing the s t a t i c  enthalpy. 

The slipping cancels out in the peripheral area, when the r ad ia l  
owing t o  the high r ad ia l  

The diffuser i s  removed since the whole 

I n  view of all the above remarks, the polytropic compression efficiency i s  
assessed t o  be 0.93. 

- Expansion efficiency i n  the generator 

For the same reasons, the expansion efficiency i s  estimated t o  be 0.95. 

- %cle efficiency 

We are approximating t o  the perfect cycle where the  thermal efficiency i s  inde- 
pendent of the temperature, and depends only on the pressure ra t io .  
and the efficiency being equal, the pressure r a t i o  of a conventional centrifugal compressor 
i s  mch  higher than tha t  of a NERNST generator. 
as  a function of the peripheral velocity for  a conventional compressor (qc = 0.78) and 
f o r  a i"ST generator. 

The peripheral velocity 

Figure 3 shows the pressure r a t i o  

It should be pointed out t ha t  beyond 500 m/s the efficiency of conventional 
compressors i s  degraded by the  shock-waves created in the diffuser.  
of the NERNST generator i s  only l imited by the ro tor  resistance. It should obviously be 
chosen as high as  possible since the compression efficiency does not depend on it, 
should be possible t o  reach a speed of 800 m/s with s t e e l  if the structure i s  adequately 
designed. Figures 4,5 and 6 show the specific f u e l  consuption as  a function of the peri- 
pheral velocity and of e f f ic ienc ies  (3. - 7 ) f o r  a conventional f r e e  power turbine, with 

The peripheral velocity 

It 
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a polytropic efficiency 0.86. 

U 9 800 m/s P2/Pl- 11.5 $ c  "3t - 0.95 T3  - 8WoC Cs - 170 g/ch/h 

These performances are higher than those of the best  engines currently available. 

Let us note the following point: 

W s  = 240 ch/Kg/s 

OPERATING CONDITIONS 

In  order t o  obtain the best cycle efficsency f o r  any load, the  generator operation 
a t  a constant rotation speed will be chosen. 
advantage of being the simplest and of suppressing the response delay time t o  a power 
supply demand. 

Furthermore, t h i s  solution offers the 

The pressure r a t i o  i s  then invariable. 

Two solutions are possible t o  modulate the  power : 

1. To keep the  mcudrmuntenperature Tg constant and vary the  air flow 
which i s  proportional t o  the power. 
best  consumption a t  reduced rates.  

T h i s  solution allows the 
It implies necessarily : 

- t ha t  no surge of the generator occurs a t  very low flow ra t e s  
6 f  the order of l/lOth of the nominal flow ra te ) .  
requirement i s  cer ta in ly  met, owing t o  the absence of s t a to r  
capacity under pressure. 

T h i s  

- t ha t  the  f r ee  turbine accepts a variation i n  the gas flow ra t e  - 
from 1 t o  10 approximately - which cannot be contemplated. 
The second solution w i l l ,  therefore, be chosen. 

2. Modulate the maxi" cycle temperature T3. Figure 7 shows 
the variation of the r a t i o  of the reduced outgoing flow r a t e  
t o  the reduced flow ra t e  gett ing in to  the generator, as a 
function of T . 
between 900"?and 450°C; 
power changes from W t o  0.17 W. 
the nozzle r ing  of the f ree  power turbine i s  critical.,  the flow 
r a t e  through the  generator decreases from 1 t o  0.7, which 
corresponds t o  a very s l igh t ly  off-design operation of the 
i n l e t  wheel. 
the l a t t e r ,  a t  blade t i p s ,  w i l l  be under 100 m/s. 
whole height of the blade, the ax ia l  velocity will be considerably 
higher than the tangential  velocity. 
from W t o  0.7 W, the velocity triangle i s  very l i t t l e  distorted 
and the incidence angle remains small (See Fig. 8). 

T h i s  solution, which i s  very simple since it only requires 
fixed eometry, gives excellent part-load performance. (See 
Fig. 97. 

We see tha t  t h i s  r a t i o  hardly varies 
it r i s e s  from 0.6 t o  0.85, while t he  

T h i s  indicates tha t ,  while 

A s  a matter of fac t ,  the tangential  velocity of 
Along the 

When t h i s  velocity varies 

Optimum %cle 

In  br ie f ,  the  objective t o  reach W i l l  be the  development of a turbine composed of 
a NERNST generator operating a t  a constant peripheral velocity 800 m/s P2 - 11.5 a t  a 

temperature of 9OO0C, and supplying a conventional f r ee  power 
turbine. One will attempt t o  obtain : 

fixed geometry 

c = 0.93 
t = 0.95 fo r  the generator 

9 t = 0.86 fo r  the f r ee  power turbine 
the performances w i l l  then be : 

under design conditions: 

W s  = 240 KW K s = 325 ch/Kg/s 
C s  230 Jm% - 170 g/ch/h 

at a f i f t h  of the power: 
Cs - 290 g/KW/h - 215 g/ch/h 

Examples of Configurations 

We have shown t h a t  the  performances of a "ST generator are associated with the 
achievement of high peripheral velocit ies.  
a closed structure ro ta t ing  at 800 m/s,  within which combustion wil l  take place. 

The problem consists therefore, i n  developing 
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Two structures have been considered s o  f a r  : 

1. Rotor with a x i a l  combustion chambers : 

Figures 10 and ll show a cross-section perpendicular t o  the axis and a 
meridian section. The air intake and exhaust guide vanes are connected 
by 6 or 8 ducts, each equipped with a combustion chamber. These ducts 
are delimited by a t ens i l e  stressed outer vault, and by a compression 
stressed inner vault. 
f romthe  hub. 
dimensioning; 
amenable t o  computation. 
as  f a r  as  the rotor strength i s  concerned. 

These vaults are hanging from arms protruding 
The cylindrical  par t  i s  the r e su l t  of calculations and 
however, the compressor part and the turbine par t  are not 

Besides, the turbine par t  i s  extremely c r i t i ca l .  

2. Rotor with r ad ia l  combustion chambers : 

The design i s  l e s s  a t rac t ive  than the previous one and leads t o  a 
much bulkier machine, However, it complies be t t e r  with the  specific 
qua l i t i e s  of. the N"ST generator, 
eas ie r  t o  design and develop, combustion is  eas ie r  t o  arrange, and 
the cooling of hot par t s  i s  more eas i ly  achieved. 

T h i s  design i s  based on the following principle : 
expansion efficiencies will be a l l  t he  higher as ducts will be longer. 
T h i s  i s  why the diameter of the intake wheel has been s e t  a t  l/lGth 
of the  ro tor  diameter. The engine mass-flow i s  then l imited by the 
intake wheel and can be burnt by a small number of combustion chambers 
located a t  the  a m t i p s ,  and in which compression and expansion take place. 
(Fig.15). 
three arms screwed in to  a central  hub. 
cold, tension stressed shroud and of an inner, hot, telescopic tube, the 
components of which r e s t  on the cold structure and undergo buckling 
stresses.  

Compression t akap lace  within the ring-shaped space between both tubes; 
combustion takes place i n  the peripheral dome, and expansion i n  the 
inner tube. 

Furthermore, the  structure i s  much 

compression and 

The following description i s  t h a t  of a 50&p generator, with 
Each a r m i s  composed of an outer, 

The inner tube emerges inside the dome. 

Outer Tube S t r ewth  

To establish the  f e a s i b i l i t y  of such a structure,  a computer program has 
been developed t o  determine the s t resses  i n  a body of revolution with a cylindrical  
i n t e rna l  surface and an evolutive thickness (Fig. 12). 

The following numerical values have been selected : 

Gyration radius of the arm top : 0.50 m 
Inner radius of the arm : 0.05 m 

Peripheral velocity a t  the  top : 
Metal density : 8 

800 m/s 

Figure 12 shows a thickness evolution and the corresponding s t r e s s  evolution 
according t o  the main curves:?y in the meridian plane and i t s  perpendicular q8 . 

It is  evident, from all this, tha t  the  dome, which is  the hot tes t  pa r t  
(approximately 350") i s  the  l e a s t  mechanically loaded. 
s t resses  and could be lightened by the use of high strength f ibres .  Anyway, the 
f e a s i b i l i t y  of such a structure with current s t ee l s  has been demonstrated. 
arm will support an in t e rna l  telescopic tube operating as a turbine. 
the previous data, as this tube may be th in  
keeping the  in t e rna l  tube co-axial (Fig. 131. 

Thermal Level 

The a r m  undergoes pure t r ac t ion  

The real 
T h i s  does not a l t e r  

and the  arm i s  reinforced by the r i b s  

The temperature of the exLernal tube will be roughly tha t  of the air during 
the compression process, t h a t  is, room temperature a t  the hub and 350"in the  dome. 
The in t e rna l  tube will have l i nea r  contacts with the external tube t o  limit conduction 
towards the l a t t e r .  Downstream of the combustion area, one side of this tube will be 
a t  a temperature of 900"C, and the other will be cooled by the air in the compression 
process. 
a t  the supporting points of each b u c m  stressed element. The in t e rna l  dome w i l l  be 

The s p l i t t i n g  of this tube in to  sections will be based on the  allowable s t r e s s  
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subjected t o  the flame radiation. 
only one where the s t a t i c  pressure i s  higher on the  a i r  s ide  than on the gas side. 
therefore be possible t o  arrange cooling by a simple method: 

It is  fortunate that this spot of the generator i s  the 
It w i l l  

transpiration or f i lm cooling, 

Combustion 

Combustion i s  the most c r i t i c a l  point of the project. However, we have reasons 
f o r  being optimistic. 

The s m a l l  volume available f o r  combustion renders the  problem d i f f i cu l t .  It i s  
therefore a question of developing a high in tens i ty  combustion chamber, t h a t  i s  t o  say, t o  
speed up the energy t ransfer  between products which have chemically reacted, and products 
which will .  
between hot gases and primary air. 
intense f i e l d  of gravitation (above 100,000 g i n  the present case), t o  induce forc ib ly  a 
penetration of the cold layers i n to  the hot layers,  provided the a i r  i s  injected i n t o  
the combustion area in the form of sheets perpendicular t o  the acceleration vector, along 
the  direction of decreasing potentials. 

In  a conventional chamber, the t ransfer  i s  insured by a turbulent mixture 
In a rotating chamber, it i s  possible, owing t o  the 

The design of the chamber has been based on this principle (Fig. U). h e  w i l l .  
attempt t o  have the  combustion take place trithin a sphere surrounded by a spherical  layer 
of cold air. 
the  surface of the in t e rna l  dome, which create a k ine t ic  moment around the arm axis. The 
gyroscopic s t a b i l i t y  acquired by the f l u i d  par t ic les  brings about a rocking motion of the 
k ine t ic  moment around an  a x i s  para l l e l  t o  the ro ta t ion  axis in the reference axes of the  
rotor. T h i s  powerful miXing ( s t i r r ing)  should lead t o  d i lu t ion  on a very short distance. 
The f u e l  may be introduced in to  the combustion area e i the r  in a broken up l i qu id  phase t o  
avoid too high injection pressures, o r  i n  a gaseous phase. 

T h i s  air envelope i s  supplied by a r ing  of nozzles, also slanting towards 

Conclusion 

Figure 15 shows a possible layout f o r  a three-am generator. This preliminary 
f e a s i h i l i t y  study shows tha t ,  a pr ior i ,  there i s  no obstacle t o  the development of a com 
bustion chamber rotating a t  800 m/s. The proposed architecture i s  certainly not opthUm. 
Let  us s t a t e  again tha t ,  f o r  a given peripheral velocity, the la rger  i s  the ro tor  diameter, 
the  lower i s  the acceleration in the combustion chamber and the higher the compression and 
expansion efficiencies.  

The general operation of the machine has not been dea l t  with, in par t icu lar  how t o  
maintain the generator rotation and t o  create a vacuum i n  the  casing. 
experimenting has been carried out based on this principle, apart from PRATT WHITNEY's 
research on combustion in an intense f i e l d  of gravitation, which reveals a considerable 
increase i n  combustion speeds. 

As f a r  as I how, no 

TRANSMISSION OF GAS TUILBINE P(xJER 

The future prospects of the gas turbine in the f i e l d  of ground propulsion depend t o  a large 
The idea l  propulsion 

From this viewpoint, the turbo 

extent on the solutions which w i l l  be found f o r  the  power transmission problem. 
machine i s  characterized by a hyperbolic re la t ion  between the  torque and the rotation speed which makes 
it possible t o  use the t o t a l  rated power under any working condition. 
charged d i e se l  engine i s  a bad machine, the torque of which increases with the  rotation speed, 
two-shaft turbine behaves l i k e  a r a t i o  2 torque converter, 
with the turbine a conventional gear box, from which the  hydrokinetic torque converter has been removed. 
Problems ar i se  f o r  changing gears; 
d i f fe ren t  from tha t  of a d iese l  engine. 
hazard of the f r ee  power turbine prac t ica l ly  imposes changing gear underload. 
considerable k ine t ic  energy returned by the f r ee  power turbine when i t s  ro ta t ion  speed decreases 
induces considerable fatigue in the gear box clutches, 
unquestionably requires a specific solution. 

The 
T h i s  leads t o  the  suggestion of associating 

as a matter of fac t ,  a gas turbine t ransfer  function i s  quite 
It should be pointed out, f o r  instance, t ha t  the over-speed 

I n  view of this, the 

The power transmission of a gas turbine 

Hydrostatic transmission provides a ra ther  good functional solution t o  the problem, but the 
overall  structure i s  very heterogeneous: 
the hydrostatic solution r e su l t s  in a heavy system which produces a considerable amount of calories. 
I believe tha t  any future solution should comply with the following requirements : 

the turbine i s  l i g h t  and can do without a cooling system; 

- transmission must be automatic 

- the them& power dissipated in the transmission o i l  must be low enough t o  be rejected 
by the o i l  rad ia tor  of the turbine. T h i s  p rac t ica l ly  precludes the use of any hydr- 
k ine t ic  converter and hydrostatic element which would require a bulky cooling device. 

- the  flow issuing from the gas generator must be used as a working f l u i d  f o r  the torque 
converter, in order t o  clear away the transmission losses in the exhaust. 

The solution described below meets these requirements : 
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Aerodymamic Torque Converter 

We are indebted t o  Mr. KRONOGARD (SAE Transaction 1960) f o r  the idea of combining 
the torque converter e f fec t  of two turbines. 

Mr. KRONOGARD1s transmission system i s  schematized on Figure 16. The generator 
supplies successively a fixed, variable se t t i ng  angle vane and two counter-rotating mobile 
vanes. 
engine speed) i n t o  the desired energy (driven shaft  torque x driven shaft speed), the energy 
desired i s  d i r ec t ly  produced (driven shaft  torque x driven shaft  speed). 
Turbine I1 act  respectively on the sun gear and the r ing  gear of a d i f f e ren t i a l  gear t r a in ,  
the planet whedcarrier of which i s  connected with the stand by a f ree  wheel. 
i s  derived from the r ing  gear. 

This way, instead of transforming the mechanical energy received (engine torque x 

Turbine I and 

The power out le t  

We s h a l l  analyse the operation of this s e t  up, assuming t h a t  the  outlet  shaf t  i s  
wedged on a brake which is  progressively released. 
torque and the  out le t  rotation speed. When the resistance torque decreases from C O  t o  C l ,  
the velocity increases from 0 t o  N1. The aerodynamic torques in the opposite direction 
tend t o  drive the  planet wheel ca r r i e r  along the direction of rotation blocked by the f r ee  
wheel. During this phase, the ve loc i t ies  of turbines I and 11 are therefore proportional. 

Diagram 17 shows the evolution of the  

For Cl and Nl, the torque exerted on the planet wheel car r ie r  cancels out, the  
f r ee  wheel i s  released and the  resistance torque of the  turbine I1 cancels out. 
turbine I produces all the  work, though handicapped by the  pressure l o s s  induced by the wind- 
mill ing of turbine 11. 
Hispano-Suiza section of SNECMA a new combination of counter-rotatingturbines. Four leading 
ideas have resulted i n  this configuration : 

- In the course of the phase during which a single turbine operates, i t s  operation 

Then, 

To remedy t h i s  drawback, we are t e s t ing  i n  cooperation with the 

must not be hindered by the turbine which does not operate, and which, there- 
fore will be located upstream. 

- The phase during which both turbines share the enthalpy drop i s  assumed t o  yield 
the best  overall  expansion efficiency. 
range of higher speeds. 
required i s  s t a t i s t i c a l l y  an increasing function of the forward velocity. 
most t e r r a in  profiles,  the best average consumption i s  obtained by se t t ing  
the highest efficiency a t  a forward velocity higher than the half maxi" 
velocity. 

T h i s  phase will then insure the half- 
As a matter of f ac t ,  i n  ground propulsion, the power 

For 

- Under a l l  operation conditions, the three cascade efficiencies will have t o  
remain acceptable. 
a range evaluated according t o  AINLEY's and MATHIFSEN'S method. 
requirement, the  se t t i ng  angle of the fixed vane should be adjustable. 

The angles of incidence on the vanes should not exceed 
To meet this 

- In the counter-rotating phase, the kinematic link between the  two turbines 
should a l l o w  a good expansion efficiency over the whole half-range of speeds. 
For this purpose, the enthalpy drop must be progressively transferred from one 
turbine t o  the other. It is  therefore obvious t h a t  the rotation speeds of the 
two turbines should vary in opposite directions, contrary t o  KRONOGARD's solutian 
where both speeds are proportional i n  the counter-rotating phase. 

Figure 18 shows a diagram of a torque converter complying with these four 
principles. It i s  composed of an adjustable se t t ing  angle nozzle guide vane, followed by 
two mobile, counter-rotating vanes I and 11, ser ies  operating. The two counter-rotating 
turbines are connected by an epicyclic t r a i n  of r a t i o  k. 

Turbine I ac ts  on the outer r ing gear through a k l  r a t i o  speed gear. Turbine I1 
ac ts  on the sun gear through a k2 r a t i o  reducing reversing gear. 
the counteprotation of Turbine I. 
wheel car r ie r .  

A f r ee  wheel RL prevents 
Power output i s  derived from the  shaft  of the planet 

Let G1 and C2 be the torques produced by Turbines I and II. If we start f romthe  
res t ing  point and increase the speed of the output shaft ,  we can observe two phases of 
operation (Figure 19). 

Phase I If k kzC~>klCl,  Turbine I remains locked and plays the  par t  of a d is t r ibu tor  f o r  
Turbine II. 
down t o  

While the speed r i s e s ,  remains f a i r l y  constant, and C2 decreases 

kl% which i s  the  release torque of the f ree  wheel and the  
end of Phase I. c 2 -  - 

kk2 
Phase 11 From this speed onwards, both turbines ro ta te  together and share the work between 

each other t o  insure the balance of the epicyclic train. 

k2C2 
Turbine I accelerates and Turbine I1 slows down i n  conformity with the fourth 
requirement. 
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Profile Determination 

To define the blade profiles,  three operating points have been imposed : 

Qperation A - Both turbines ro ta te  together and the absolute out le t  velocity 
of Turbine I1 is axial. 

- T h i s  i s  the t rans i t ion  point between phase I and phase 11, characterized 
by the  stopping of Turbine I and & C l  km-  

k2C2 
Operation C - The f ree  wheel locks T u r b h I  and the absolute velocity of the f l u i d  
a t  the out le t  of Turbine I1 i s  axial. 

Writing the overall  compatibility equations would be too long, 
know t ha t  the speed t r iangles  can be defined i n  A, B and C, a s  w e l l  as the  
prof i les  of the  three cascades, when the  following information i s  provided : 

- characterist ics of the flow issuing from the gas generator 

- value of the parameter k 2 

It is  enough t o  

%a, where Ula ancl U2a are respectively the  
k l * a  

peripheral ve loc i t ies  of Turbines !?and I1 in point A. 

- value of the d is t r ibu tor  se t t ing  angle variation 

- some dimensional characterist ics of the f l u i d  flow. 

Results of Calculations 

The angle of incidence i was calculated f o r  points A, B and C: 

Distributor : 
A i = + g o  

B i = + l o  
C i = + 4 O  

Turbine I : 
A i = - 25" 
B i - + 20° 

C i - + U "  

Turbine I1 : 
A i 9 - 37" 
B i = - a o  
C i + 28' 

The calculation of losses, based on these incidences, l ed  t o  suf f ic ien t ly  
encouraging r e su l t s  t o  i n i t i a t e  the  manufacturing of a t e s t  machine, dimensioned 
f o r  a flow-rate of 6 kg/s, and designed f o r  aerodynamic t e s t s  in a cold flow. 
Thisset up, designed s o  as  t o  a l low the se t t i ng  angle of fixed and mobile vanes 
t o  be adjusted, should provide the  respective influence of these three parameters. 

Both turbines can be slowed down separately unt i l  stoppage. After 
the  aerodynamic t e s t s  are over, it w i l l  be possible t o  es tab l i sh  the kinematic 
l ink between the turbines, in order t o  analyse t rans i tory  paver rates.  

Conclusion : 

Aerodynamic transmission seems therefore t o  be both the  most simple and the most 
compact f o r  a gas turbine. 

Automatism i s  achieved owing t o  a f ree  wheel which gets locked or released without 
shock, and t o  a control of the  d is t r ibu tor  s e t t i ng  by the  out le t  ro ta t ion  speed. 

It i s  possible t o  obtain a conversion r a t i o  = 6 by choosing a ra t ing  speed s l i g h t u  
higher than NA. 

The power output w i l l  not be know u n t i l  a f t e r  the t e s t s .  It will have t o  be c m  
pared with the  product of the efficiency of a conventional f r ee  power turbine b~' the  efficiency 
of the  type of transmission associated with it. 
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THE GAS TURBINE AS COMPARED WITH THE DIESEL ENGINE 

For the sake of prac t ica l i ty ,  this comparison w i l l  apply t o  the  propulsion of heavy trucks. 
These vehicles are at present f i t t e d  up with a 300 hp power unit, which should become 
power unit within the forthcoming years. 

an 800 hp 

A s  f a r  as truck turbines are concerned, a low compression, high recovery r a t e  (9&) cycle 
has been unanimously selected. 
type (Ford 707). 

We s h a l l  therefore assume t h a t  the  turbine i s  of the ro ta t ing  generator 
For d iese l  engines, we s h a l l  consider two cases : 

11 kg/cm2, and a t  2500 rpm. 

under b.m.c.p. of 25 kg/cm2 and a t  2500 rpn. 

a. Four-stroke engines in current use, operating with a brake-mean effective pressure of 

b. Low compression ra t io ,  four-stroke engines, in the development process, operating 

These assumptions lead t o  the following characterist ics : 

- f o r  300 cv : Assumption A : displacement 10 l i t r e s  (6 or 8 cylinders) 
weight 800 kg. 

weight 400 kg. 
Assumption B : displacement 4.5 l i t r e s  (3 o r  4 cylinders) 

- f o r  800 cv : Assumption A : displacement 27 l i t r e s  (a t  l e a s t  16 cylinders) 
weight 2500 kg. 

weight 1000 kg. 
Assumption B : displacement 12  l i t r e s  (6 or 8 cylinders) 

There are research trucks on which the turbines and the  type ( A) d iese l  engine can be 
compared f o r  a 300 hp power. I f  we take in to  consideration the a i r  f i l t e r  and the si lencer,  t he  
turbine i s  bulkier but l e s s  heavy than the d iese l  engine. 
at low loads and when idling, it consumes more fuel.  
of the d iese l  engine. 

For the whole range of loads, and especially 
The overall  comparison i s  therefore in favour 

On the  contrary, fo r  800 hp, the  turbine i s  much more advantageous than the type ( A )  diese l  
engine. 
whole range of powers. 

In  the  case of assumption B, the  d iese l  engine wil l  probably be more advantageous f o r  the  

HYPRID MACHINES 

Volumetric engines are l imited by t h e i r  i n a b i l i t y  t o  breathe in large air flows f o r  low 
The volume flow i s  proportional t o  the  displacement and the rotation speed. bulk configurations. 

a volume flow Qv can only handle a volume flow k2/3 x '&. 
more powerful than large ones. 

Sinrilarity laws show tha t  a machine which i s  k times heavier than a homothetic machine with 
S m a l l  machines w i l l  therefore be re la t ive ly  

To increase the a i r  flow, it i s  preferable t o  modify the density of the i n l e t  air. The 
problemlies,  therefore, in developing a device capable of increasing the air density i n  the most 
inexpensive way. The gas turbine i s  well designed t o  play t h i s  part. 

The success of the  turbo-charging of d iese l  engines i s  an example of this trend. 
should be pointed out, in this respect, t ha t  the turbo-charger i s  s t i l l  regarded as accessory t o  the 
d iese l  engine which can operate without it. 

It 

It will be in te res t ing  t o  design hybrid machines in which the  low pressure par t  of the  cycle 
i s  handled by a gas turbine, and the high pressure part  by a volumetric machine. 
poss ib i l i t i e s  of both designs will have t o  be exploited, and the tasks judiciously shared. 

Tasks t o  assign t o  the  turbine par t  of a hybrid machine 

The respective 

To maintain the simplicity of the  turbine while achieving long l i f e  and low cost, the following 
requirements should be complied with : 

- Reduce as much as possible the  turhine i n l e t  gas temperature; 

- Rule out a l l  variable geometry devices: 
- Remove any kinematic l ink with the  turbine shaft  

- Consequently, no mechanical power whatsoever will be derived f romthe  turbine shaft. 

The only function of the turbine then consists in compressing the i n l e t  air of the 
volumetric component. 
efficiency. 
designed t o  supply power. 
will  be optimized f o r  a zero power, 
i s  shown by the following example : 

Therefore, one should be very exacting as regards the  compression and expansion 
The aerodynamic design of these machines w i l l  be as elaborate as t h a t  of the turbines 

Besides, the  operating conditions wil l  be be t te r  defined and the engine 
Thus, an extremely low autonomy t e m p r a t w e  i s  obtained, as it 
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Room temperature To = 288" K 

Polytropic compression 

Polytropic expansion efficiency 

- 0,85 q c  - efficiency 

7 t  = 0985 

Total pressure losses of the system 
(intake, combustion chamber, exhaust) 9 - 10% 
The power wasted in the  bearings has been overlooked, as t he  pressure losses 
have been overrated. 

P 

'2 = 6 Pressure r a t i o  of the  cycle : - 
P l  

Compressor butlet  temperature T2 = 523" K = 2.50" C 

Turbine i n l e t  temperature T3 = 700" K - 427" C 

Temperature increase i n  
combustion chamber A Tc = 177" C 

These low temperatures allow long l i f e  duration with usual materials. 

Tasks t o  assim t o  the  volumetric part 

To this par t  f a l l s  the  task  of supplying the overall  mechanical power of t he  hybrid machine. 
For technological. reasons, we have t o  abide by the following limits : 

- 
- 
- a "LllIl exhaust temperature; 
- i n  the case of d iese l  engines, a 

a maxi" cycle pressure imposed by the mechanical behaviour; 
a "un average temperature imposed by the thermal behaviour; 

temperature a t  the end of the compression 
phase; this temperature i s  a l l  the lower as the pressure i s  higher. 

Let us note tha t  the volumetric component derives i t s  airflow from the  high pressure 
c i r cu i t  of t he  turbine, as shown in the following diagram : 

Thus we give up the poss ib i l i ty  of recovering the whole of the energy available in the 
composite cycle : 

- pulse energy, released when the  exhaust valves open; 
- 
- 

inprovement of the volumetric efficiency obtained by increasing the scavenging ra t io .  
excess energy recoverable in the exhaust gases of the volumetric element a f t e r  the 

compression energy has been derived. 

The low re la t ive  value of these energies does no t ' j u s t i fy  the  engineering complications 
which t h e i r  recovery wauld involve. 
determine the  opthum value of t he  super-charging r a t e  of the volumetric element. 

Once these boundary conditions have been se t ,  one will t r y  t o  

A comprehensive survey has been made f o r  low compression r a t i o  d iese l  engines; report- 
the  r e su l t s  would exceed the  scope of this seminar. 

1 
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We w i l l  merely s t a t e  tha t ,  fo r  a given engine technology, the indicated mean pressure 
increases in di rec t  r a t i o  t o  the boost pressure, up t o  a p p r o m t e l y  12  bars. 

The evolution of the f l u i d  i n  the cylinder takes place a t  a higher density and a lower 
temperature than i n  a conventional cycle. 
and t h a t  the energy transferred t o  the cooling water is much lower in re la t ive  value. 
in the water what we lose  by decreasing the compression ra t io ,  and therefore the d iese l  cycle e f f i c i -  
ency. 

T h i s  accounts f o r  the f a c t  t ha t  thermal loads do not increase 
Thus, we recover 

CONCLUSION 

It now seems well established tha t  l i g h t  engines with powers ranging between 300 and 1500 hp 
These engines w i l l  be , e s sen t i a l ly  used f o r  the  propulsion 

1.5 kg of weight per hp. should sa t i s fy  most 
will f ind  considerable avenues of trade. 
of ground vehicles, t h a t  i s  f o r  indus t r ia l  applications, 
users. A lower weight w i l l  be appreciated, of course, but not a t  any cost. Fuel consumption, i n  
particular,  will remain an important item i n  the cost of operation. 

Besides,the air intake, f i l t e r i n g ,  sound-proofing and exhaust devices are costly and bulky. 
Since they are proportional t o  the a i r  flow ra te ,  they will be three times la rger  f o r  a turbine than 
f o r  a d iese l  engine. 

The cost per hp. of present d iese l  engines remains an objective f o r  t he  gas turbine t o  reach 
Now, this cost should s t i l l  decrease considerably with high super-charging simultaneously with the  
weight per hp., which should reach 1 kg/hp. i n  the near future. 

For all these reasons, I believe tha t ,  as a medium range prospect, the essent ia l  asset  of 
which i s  however counterbalanced by the  heat the turbine will remain i ts  extremely l i g h t  weight , 

recovery device. 
the monopoly of simple cycle turbines. 

The f i e l d  of applications i n  which l i g h t  weight i s  imperative w i l l  then remain 

T h i s  f i e l d  of applications, which includes a i r c ra f t  propulsion, overlaps only very s l igh t ly  
the f i e l d  of ground propulsion, which will probably remain the  domain of the highly supe>charged 
d iese l  engine. 

The gas turbine, f i t t e d  with a recovery device, which hardly stands comparison with today's 
d iese l  engine, should get ready t o  carry out an offensive against tomorrow's d iese l  engine. 

It is,  however, unquestionable tha t ,  i n  the more o r  l e s s  distant future,  we w i l l  succeed 
i n  describing elegantly a turbine engine cycle, which is  so sa t i s fac tory  t o  the mind. 
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