
R E C E N T  D E V E L O P M E N T S  A N D  T R E N D S  
By PETER KYROPOULOS 

and CRAIG MARKS 

W H ~ T  is T H F  status of automotive t-t~$nes today? 
Hon do the varioii'- powerplant'- compare a"- to 
output. hnlk. efficiency? What is the trend for future 
development? 

This discussion will he limited to ~ ~ v o  basic claqses 
of applications of automotive pow erplant"--passenger 
cars. w i~h  a power range from 100 to 200 hp ;  and 
highway truck-' with a power range of 150 to 1100 hp. 

For these vehicles. four typrs of powerplants are 
worth current consideration--the gasoline engine. the 
diesel engine, the gas turbine and the eomponndecl 
powerplant (combinations of reciprocating engine? and 
gas turhines~.  

Passenger cars 
A passenger car is expected to accelerate rapidly. to 

have good hill-climbing ability. to reach maximum 
speed quickly and to have reasonable fuel economy. In 
order to reconcile these conflicting requirements with 
each other it is necessary to consider the combination of 
engine and transmission. i. e., the whole power package. 
rather than each component separately. 

It is the aim of the transmi-'sion designer to produce 
a transmission which will take full ahan tage  of the 
inherent economy of the engine while providing the 

necessary performanre i n  arreleratiori and hill-climh- 
ing ability'. 

4 design for given vehicle i-= hated ori 
power-required and power-availablr curve-. 'rvpiral 
curves o f  road load horsepower for a pas-'enger car' are 
shown in Chart A. The lower ciirve represents level 
road power required. the upper one *-how? power 
required for satisfactory acceleration and hill-dimin" 
ability. 

The power cleli~ered tq the engine at an\  engine 
speed is shown in Chart R. plotted against values of 
specific fuel consumption. Operating the engine at con- 
stant speed and varying throttle setting" resnlts in one 
of the dashed curves of this chart. These curves are 
the so-called fish-hook*- or consumption loops. For each 
speed there i~ onr power of minimum fuel consumption. 
Especially at the lower engine speeds. fuel rorisump- 
tioti increases rapidly if the power is changed ever qo 
slightly in either direction away from the point of mini- 
mum consumption. The solid curve en~e lops  all con- 
sumption loops. It represents then. for all possible 
~ O W C T S .  the absolute miniinurn fuel consumption of thiq 
engine. Operation of a vehicle poiverplant on this min- 
imum curve would only he possible with an  ideal trans- 
mission which would automalically adjust the engine 

. . 

CAR SPEED - MPH BRAKE HORSEPOWER 
4 .  Passenger car power requirements-for level roads 

( lower  curve)  and hill-climbing (upper curve) .  
6. Fuel consumption as a function of  power and enfant- 

speed. Typical passenger car f,ngine. 

Thh ( i r t i d r  hn's hem ndnptrd  f rom (i pnprr prewnted hf fur r  the ( .f t l i fcrnin \ n ~ n r n l  ( iasi i l inr 4 \ ' -o ( i f i thn .  O ( t o h r  10. 19.G'. 
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IN A U T O M O T I V E  P O W E R P L A N T S  
-peed to that required for an) desired power output. Ã̂  

The efforts of engine designers are directed toward? 
lowering this curve. T M O  steps are taken to aecomplis-h 
lhis: t 1 )  Increase i n  cornj)ressioti ratio; 12) Improve- 
~iient in breathing. 

The effect of incrruu'd corttpresiiio~t ratio. both on  
power and fuel co~isuinplioii. has been studied?. a? well 
a? a& wtised cxtensi~ c l j .  d a r t  (1 s h o ~  a the percent 
gain in power and decrease in fuel consumption for a 
t?l)ical modern V-8 engine. referred to 8:l compres- 
sion ratio as a base. The improvement is appreciable. 
J\o insurmountable design prolilen~s have arisen from 
increased compression ratios. 4lthough octane re- 
quirement? increase with compression ratio. this is an 
economic problem rather than one of engineering. If 
demand warrants production of such high octane motor 
fuel?. the) will be available. 

I rnpro~vd h r e a / / i i / ~ ~  can he lirouphi about 1): snper- 
charging as well as b) proper manifolding^. Thi? is 

illustrated in Chart D. Data represent production P I I -  

gines rather than experimental tj1Ã§' and hence reflect 
realislicallj what can be expected. 

General probleim arising in confledion 'with the ap- 
plication of t-uperchargera to reciprocating engines will 
be cliscussed later. 

Engine-transmission relationships 

Returning to Charts A and B. it becomes apparent 
that the lev el road p t t  er-required is considerablj 
s n d l e r  than the po^vcr-available. For example, at 25 
mph approximate!) 5 hp  are needed. In Chart 15 thi? 
corresponds to an engine speed of 400 rpm with a eon- 
sumption of 0.6 Ibs./bhp-hr; howeler. with present- 
da) traiismissio~is. the engine is rare]) e\er  at its mini- 
mum fuel consumption. The ideal transmission ~ o u l d  
keep the engine operating on the solid ~minirnurn) 
curve of Chart B at all times. 

%hat  this means in economy potential is s h o ~ n  in 
Chart El. in uhich the brake s-pecific fuel consuinption 
ha-, been translated into the more tangible miles per 
gallon at road load. The ideal transmission c u n e  rep- 
resents the best obtainable mileage from the given en- 
gine. Comparison with the curve representing a topical 
>tack car ;hot$> a poarible improvement l q  a factor of 
two at around .50 miles per hour. 

I t  r l i ~ ~ l d  be emphasized that thi? gain i;- po~sible 
~ncrel)  bj  h e l o p i n g  a tran*mia&i~ ~ h i c h  full) u ~ i l -  
i~efr  the potential of the engine. A D )  improvement in 
engine performdncc can be added to this gain. It is 

concluded that the proper matching of engine and 
transmi-?ion represent? tht* mo't fundamental 
in vehicle development toda). It is olniousl) not lin1- 
itcd to the pas-senger car field. 

o ENGINE RPM - HUNDREDS 

C. (.'hang17 in f u r l  consumption and pou f r r  u itti corn- 
pression ration. (CM rcstwrh engine.)  

0 10 20 30 40 5 0  
ENGINE RPM - HUNDREDS 

--- - 
SUPERCHARGING SPECIAL MANIFOLD 

D. Change in power and fuel consumplion for produc- 
tion engines with supercharger and special manifold. 

0 10 20 30 40 50 60 70 80 
CAR SPEED - MPH 

I<. Ewtwntj  o/ passenger cur with standard and ideal 
transmission. (CM research mgine.) 
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CADILLAC TEST CAR DATA 

(1 95 1 and 1 9XX cars are equipped with hydramatic transmissions). 

-- 
Bore (inches) 

Stroke (inches) 

Displacement leu. in.] 

Compression Ratio 

Brake specific fuel cons. Ib/bph-hr 

Miles per gallon at 5 0  mph 

Max. Brake Torque (ft  Ib l  

Max.  bmep (psi1 

Max. bhp 
- 

Hp/cu. in. 

Wheelbase (inches) 

Curb Weight (Ibsl 

Eng. rpm/mph 
-- -- 
Axle Ratio 

- - 

It is interesting to note. at this point, the effect of 
engine size (displacement) on economy, assuming the 
ideal transmission to be available. Chart F1 shows a 
comparison of economy for three engine sizes. The 
advantage of the smaller engine is derived from the 
reduced throttling necessary for low power output; 
however, this advantage is not as great as might be ex- 
pected, even at low speeds. At higher car speed it prac- 
tically disappears. There is, on the other hand, no in- 
centive to build engines with greater displacement vol- 
umes. The trend is towards smaller displacements with 
a possible optimum around 250 cu. in. 

In order to put those minds at ease which might be 
alarmed by this discussion of a non-existent, hypotheti- 
cal ideal transmission, Table l4 is shown above. It 
represents a comparison of Cadillac cars tested simul- 
taneously, and illustrates the economy trend realized 
through engine development only. Even without the 
ideal transmission, the 19XX car manages to show 

an appreciable gain in economy over the 1951 model. 
The table further indicates the trend in displacement 

volumes. The brake horsepowers listed for the 19XX 
car seem to contradict the 1952 practice, which has be- 
come known as the "horsepower race." St is admitted 
among engine designers that much of this race has more 
advertising value than engineering merit. 

For several reasons, there have been no attempts in 
the IJ. S. to utilize diesel engines in passenger cars. 
The small diesel has particularly poor part-load econ- 
omy when compared with gasoline automotive engines. 
This, combined with such problems as smoking. the 
high cost of maintenance of injection systems, and 
poor starting in cold weather, makes this engine unde- 
sirable for passenger car service. 

The gas turbine, likewise, is not particularly suited 
for passenger car service-a fact we will consider 
later on. 

It must be borne in mind that the present gasoline 
engine has been developed until it is an extremely 
reliable powerplant, and production as well as servic- 
ing facilities are well established. To overcome this 
head start, any potential substitute must exhibit a real 
and present advantage. as well as promising future im- 
provements to match those which are expected from the 
gasoline engine. 

Trucks 
a 2 0  
s 

10 

Truck powerplant" can he expected to undergo the 
most extensive development in the next ten years. Much 
of the incentive for this will come from the problems 
arising in highway trucking in the Rocky Mountains 
and on the West Coast. Let us formulate the require- 
rnents: a truck-trailer combination of 75.000 Ibs. gross 
weight should be able to travel on grades from 8 to 
7 percent at altitudes up to 8000 feet at speeds of not 

F .  Economy of passenger car with ideal transmission 
and engines of different displacement. 
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engine of reasonable size and price is now available 
for u ~ e  in commercial vehicles. 

Two primary requirements for this powerplant stand 
out: ( 1 )  High output per cubic foot of powerplant 
space; ( 2 )  Reasonable economy in cents per mile. 

For the reciprocating engine this means high output 
per cubic inch of displacement and a strong advantage 
for the large diesel engine-which has a low fuel con- 
sumption. as well as being able to use a fuel that is 
inexpensive compared to high octane gasoline. This 
is the reason for the present predominance of diesel 
engines in large trucks. 

It should be noted thai attempts to utilize Bunker 
C fuel oil in conventional diesel engines have not so 
far been successful. because of excessive variation in its 
properties. Certainly it is worth bearing in mind that a 
powerplant which can be designed to utilize these low 
grade fuels is in a strong competitive position cost-wise. 

High output per cubic inch displacement points to 
supercharging in both gasoline and diesel engine, 

S u p e r c h a r g i n g  

The four-stroke diesel is best suited for supercharg- 
ing. and considerable development is under way in this 
direction. Since superchargers have been used exten- 
sively and successfully on reciprocating aircraft en- 
gines. we are often tempted to assume that application 
lo vehicle engines should be a matter of course. This- 
is by no means the case. The aircraft engine is basic- 
ally a constant speed engine and transients are a minor 
part of its operation. The vehicle engine. on the other 
hand, seldom operates at  one speed for extended per- 
iods. I t  is constantly accelerated and decelerated. 
Around this fact are centered the problems of super- 
charging vehicle engines. 

Supercharging may be done either by means of a 
positive displacement pump ( a  Roots-type blower); or 
a centrifugal blower-driven mechanically. or by an 
exhaust gas turbine. 

The mechanically driven Roots blower is well suited 
for variable speed operation but has relatively low effi- 
ciencies. The centrifugal blower is capable of high effi- 
ciencies but only over a limited range of flows. It is 
therefore not very adaptable to variable speed engine 
operation. 

Axial flow compressors are not attractive for use on 
vehicle engines because of their excessive space re- 
quirements and cost. even though the) promise high 
efficiencies. 

The use of exhaust energy to drive the supercharger 
is thermodynamically highly desirable. since the power 
required to d r k e  the blower is obtained from residual 
energy in the exhaust, whereas the mechanically driven 
supercharger uses engine power output directly. The 
turbocharger is not satii-factor). however. for applica- 
tions which have stringent requirements for flexibility 
o \ m  a wide range of speeds and load* - such a* 

It might be well to indicate at this point the order 
of magnitude of supercharge pressures and blower 
speeds. Typical prebsures range from 37" Hg absolute 
at 1200 engine rum and 22,000 blower rpm to 49" Hg 
absolute at  2100 engine rpm and 38.000 blotter rpm. 
Roots blower speeds are lower and pressures higher a t  
low engine speeds. The high speeds of the centrifugal 
blower indicate that the blower drive design problem i s  
serious. especially if engine speeds vary rapidly. The 
high inertia of the rotating impeller imposes very high 
loads on the blower drive during changes in speed. 

Considerable development work is needed before 
satisfactory powerplants will be produced which match 
in reliability the unsupercharged engines. High per- 
formance centrifugal superchargers for variable speed 
service must be produced. 

Octane requirements of supercharged gasoline engines 
are high, and present the same problems which the high 
compression engine presents. Anti-detonant injection 
for truck powerplants has been developed and is satis- 
factory. These facts notwithstanding, the advantage is  
with the diesel engine. 

Weight and size of the reciprocating vehicle engine 
get rapidly out of hand as the power increases. The gas 
turbine then becomes at once an interesting possibility 
for vehicle I truck) applications in this high power range. 

T h e  gas t u r b i n e  

The rapid development of gas turbines during the last 
10 years has attracted considerable attention. Neverthe- 
less; the basic theory was worked out and understood 
45 years ago. Recent work has been directed towards 
making this powerplant reliable and competitive with 
other types. Applications have been made principally 
in the field of aircraft propulsion arid power generation, 
both stationary and for rail service. 

The Boeing truck gas 
turbine (below), with 
a schematic diagram 
of its componentis 
(right). 

I = COMPRESSOR 
2 = COMPRESSOR TURBINE 
3 = COMBUSTION CHAMBER 
4=  POWER TURBINE 



TURBINE WITH OTHER POWERPLANTS 

Gasoline 
Industrial 

Automotive 

396 

88 I 

Aviation 
Gasoline 

:s I 0  

High Speed 
Diesel 

- 

Height-inches i 
- -- - - - - - 

22 3(1 -I- I 
- - - 

Installation Envelope-cu. ft. - - -- - - - - - -- 
12.7 

- 
25.2 - -- --- --- .- - 

*Part numbers in Engine 
- - - 

*Number of Parts in Engine 
--- 

* )Standard part", such a% nut". holtc. etc'., not in( ludrd. 

- 
Model 502 - -- 

- - - -- 175 

220 
-- --- -- - - - --. - - - -- - 

"I'art Ni~rnlier~" (oiint, onit o n ~ r  tiny identical part'-, i.e. 6 pi-toni- = 1 part niirnlier Imt  d piirts. 

Number of Close-Tolerance 
Running Fits 16 

- -- - 

Max. Bhp 
-- I -- 180 

a t  rprn 
- - -- 

36000 

Engine Weight-Pounds -- --I- - - - - - - - -- - 
200 

Length-Inches 
-- - - - - - - -- - - 

:a 
Width-Inches -I 22 

I t  should he noted that the-;e applications call for e+ 
sentially conqtant speed service. for which turbo-machin- 
ery is most suited. Experimental vehicle powerplants 
have been designed and constructed and have dernon- 
qtratecl the potential of the gas turbine in this field. 

The Hoeing 502 truck gas turbine is 4 o w n  on p. 21. 
alongwith a -;thematic diagram of its components. The 

suitable reduction gear. drives the tehirle. This separii- 
tion of compressor and power turbine is essential for 
vehicle applications since it allows speeding up of the 
compressor and gas flow. while the power turbine is at 
rest. 

Table 2;. above. ie a comparison of the Roeing turbine 
with other powerplant-; of comparable output. The fav- 
oralile weight-power ratio of the turbine is at once ap- 
parent: i t  is 1.1 lIis./bhp for the turbine. 11 Ihs./bhp 
for the diesel engine and 8.3 Ibs./bhp for the gasoline 
engine. The differences in space requirements and nuin- 
her of parts are similarly striking. Since present experi- 
mental vehicle turbines have been developed from air- 
craft applications (auxiliary powerplants) they h a v ~  
been designed with emphasis on weight reduction. Most 
likely this results in high cost. For vehicles. these ex- 
treme efforts to sa te  weight may he a luxury so that a 
compromise may well be in order. 

In  Chart (7 the torque characteristics of these power- 
plant:? are compared. The high stall torque character- 
istic of the turhornachine is highly desirable for vehicle 
application. 

The fuel consumption curves. Chart Hi. reveal the 
most serious drawback of the turbine: high fuel con- 
sumption. or low thermal efficiency. especially at low 
>peed. This difficulty arises in all pas turbine applica- 
tions and is one of the most pressing assignments of re- 
search and development in this field. 

It i-; well at this point to recall some of the funda- 
mental facts concerning gas turbines in relation to the 
requirement's of a vehicle powerplant. 

unit consists of a centrifugal compressor driven by a 
gas turbine. The exhaust from the first turbine then 
enters the second or power turbine which. through a 

1 I The turbine i-; basically a high speed machine. 
This is responsible for the small size per iinii 
power. 

( 2 )  Maximum efficiency is obtained at one definite 
speed. The efficiency-'-peed relation is such that CORRECTED OUTPUT-SHAFT SPEED - RPM/100 

( Ã ˆ  Comparison of ga .~  turbine and other engine.'i. Torque 
( is  a funct ion of sprcd. 
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good efficienrv can lie had orily over a limited 
"peed range. Below and above thic range. very 
poor efficiencies are encountered. This is another 
way of 3aying that the turbine is ha-icall~ a con- 
stant speed machine. The efficiencies we are talk- 
ing about are thermal efficiencies. Their order of 
magnitude is 20 percent for the pa* turbine .'!O 
percent for the gasoline engine and 35 percent 
for the diesel engine. 

( 3  1 The flow rates of the working medium are hiph 
compared to those of reciprocating engines. This 
presents problems of silencing. ducting. filtration 
and exhaust disposal. Not insurmountable in 
themselves. these items must be kept in mind 
where stringent requirements of shape and space 
must he satisfied, a" well as human comfort. 

it) 4 definite lower limit of size exists below which 
a turbine with satisfactory efficiency cannot be 
built. To be sure. the small turbine will run. but 
it will have an excessive fuel consumption. On 
the other hand. the larger the turbine. the more 
rewarding will be attempts to improve efficiencies. 
Two hundred horsepower may well he considered 
the lower useful limit of gas turbines for vehicles. 
This is quite satisfactory. since in the class from 
50 lo 200 hp reciprocating engines are  quite ac- 
refitable. The gas turbine thus takes over where 
the reciprocatiiigeegine becomes unwieldy. 

In order to understand the problem of increasing ther- 
mal efficiencies and to visualize the approach to its soln- 
tion. a closer look at the thermodynamics of the pa? 

COORECTEB WTPUT- SHAFT SPEED - RPM/ 100 

H. Comparison of turbine and oth,er engines. Spf~cibc 
fuel consumption as a function of speed. 
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PRESSURE RATIO 

I. Simple gas turbine r y r l v .  Effect of turbine irilfi 
I'cmprrainrc on thermal t>fflriency. 

turbine is necessary. For the sake of simplicity we shall 
consider the simple gas turbine cvcle. Here one turbine 
furni-ihes both the power necessary to dri t (h the corn- 
prcssor arid the useful work. 

Several parameters vitally affect efficiency. These are 
pressure ratio (compressor inlet pressure over outlet 
pressure). turhine inlet temperature and component effi- 
ciencies (compressor and turbine efficiencies). 

The temperature efted is shown in (:hart I. At any 
one temperature, there is one pressure ratio for maxi- 
mum efficiency. The need for hiph turbine inlet tempera- 
tures is obvious. This diagram points out two important 
prerequisites to gas turbine development: after thermo- 
dynamic theory. early in this century. indicated the po- 
tential capabilities, successful design had to wait for de- 
velopment of temperature-resistant materials and corri- 
pressors with hiph efficiencies at high-pressure ratios. 
h c s e  two requirements. today. are still primary objec- 
tives of research and development. 

Since the overall efficiency of the powerplant i s  a 
function of the product of the component efficiencies. it 
can be seen readily how important high compressor and 
turbine eficiencips are. Even though W percent for 
each component looks very good and. by present-day 
standards. is good (topical values are 77 and 71 per 
cent for compressor and turbine respectively 1 .  the prod- 
uct, 61 percent, is less attractive. The quest for high 
compressor efficiencies is the incentive for the vigorous 
development of axial flow compressors. 

'Die exhaust from a pa-s turbine carries away cotisid- 
erable amounts of energy. Appreciable gains in efficiency 
can he had trum rqeneration. Regeneration takes placr 
in a heat exchanger (called a regenerator) in which ex- 
haust heat is used to preheat the air between compressor 
outlet and combustion chamber. Heat exchanger studies 
show that Loth apace arid weight requirements are such 
that the use of regenerators in  vehicles is feasible. . , 

[he effect of regeneration on thermal efficiencies 
(Chart J 1 .  shows a1 o w e  wh* regeneration must be con- 
sidered. Fifty percent regeneration means that one half 
of the available thermal energy in the exhaust i"- put 
Lack into the cycle. For actual cyrleq the useful range 

CONTINUED ON PAGE 26 



of regeneration lies between 50 and 75 percent. It is 
~ i i s i h l e .  then. to rai'-e the efficiency from around 13 
percent to 22 percent hy this mean- alone. Gains of this 
magnitude determine whether or not a gas turbine rna? 
be con'-idered at all. 

The que.'-tion a* to the importance of regenerator pre- 
siire drop must be answered. 4s with all heat exchanp 
ers. H C  have t o  pay a price for hau'ng them around. 
Pressure drops rriuqt be held to a minimum if the gains 
from re";neration arc to be realized. For efficiency cal- 
rxilations the pres'-ure drops are additive. Thic means 
that a drop of 1 percent of the inlet pressure on  the air 
side and 2 percent o n  the ga- i-ide ha- the (omi>ositf 
~fff,ct o/ (I 3 p~rcrnt  pressure drop on th<- cycle efficiency. 
The detrimental effect of pressure drop i- the more pro- 
nounced. the lower the turbine efficiency. This again 
emphasizes the need for high component efficiency. 

The compounded powerplant 

In the preceding di-cussion it has been tacit I? a<~ i rned  
that the gas turbine is to be used b j  itself. This i -  \ ) \  

n o  means necessary. Since the power requirenierii~ of 
vehicles vary between great extremes-low speed cruis- 
ing ttith an empty c a r p  space as compared with high 
p e e d  climbing at full grosu Ã§ei$t--i is entirely reason- 
able to think of a pofterplant which uses a 200 hp gaw- 
line or diesel engirw for low power operation, and car- 
ries a turbine with about 800 h p  capacity for high 
power operation. Such powerplants have not yet been 
built h u t  are cornmon practice in other fields. The cruis- 
ing and high -peed turbine combination in naval vessel- 
s a typical example. The comparative5 small %eight 
and space requiremeni of a turbine make* it ideally 
suited for this type of standby service. The two powci- 
i l a r~ t?  may be entirely separate and operate indepen- 
dentlv. or they may be combined therrnodynamicallv to 
a so-called compound powerplant. Such powerplant 
combinations have been iniesligated. A variety of corn- 
dinationc is possible. 

The turbo supercharger is an example in which the 

" 2 3 4 5 6 7 8 9 1 0  
PRESSURE RATIO 

exhaii'-t turbine is an auxiliary fxnver producer. if the 
47e of the turbine iq increa-ed. retif~rocating engine and 
turbine become of similar size. The order of q i ~ e  mat 
also he rever-ed. The ctigiite then become". so to speak. 
the corntiustion chamber of the turbitie. This arrange- 
merit has definite advantage-- oicr  the conventional tur- 
t)irie arrangement at part load. 

In another variation the reriprocatingeengine ma) he 
used to drive a ~~~~~~~~~~or. The engine exhaust is mixed 
uith the compressed air. fuel is injected. and the resnll- 
ing gas does work in the turbine. These are only a few 
of the pas-ibilitie~. Actuallj ahout 100 variation8 are 
said to have Ix'en proposed. 

For use in vehicle-'. one ~pecia l  corripoiincietl power- 
plant seem*-; to offer particular promise. This is the 
so-called free piston gas generator. 4 schematic drawing 
of this powerplant iq shown heloÃ§ Such powerplants 
haxe been tested and are being built in Europe. and se\ - 
era1 companies in this country are engaged in develop- 
merit work in this direction. 

4s far as suitability for vehicle applications i~ con- 
cerned. the compound powerplant is basically a ga* tur- 
bine plant, distinctly different from a dual powerplant 
using a gas turbine for high output operation only. There 
is. however, no rea-ion why the latter could not be n~odi-  
fied to operate as a compounded Â¥-v'-tern 
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