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Honda Formulia One Turbo-charged
V-6 1.5L Engine

Yutaka Otobe, Osamu Goto, Hideyo Mlyano, Michio Kawamoto

Akio Aoki and Tohru Ogawa
Honda R&D Co.,L1d.

ABSTRACT

The "RAI68E", a turbo-charged V-6 1.5-liter
engine, was developed by Honda Motor Co., Ltd.
for the 1988 Formula One Championship Race
events,

Despite boost restrictions (2.5bar), the
engine boasts a maximum power of 504 kw (685
ps), which is equivalent to 336 kw/g% (457 ps/R).
The development of ‘improvements on the fuel
consumption of this engine allowed the
achievement of a minimum brake specific fuel
consumption of 272 g/kwh (200 g/Psh).

This paper introduces major specifications,
along with power output and fuel consumption
characteristics of the RAI&BE racing engine.
In addition, the effects of intake air tempera-
ture, boost, air-fuel ratio, fuel temperature
and fuel ingredients on fuel efficiency and
power output are presented.

SINCE 1983, HONDA has been supplying leading
Formula One racing teams with dual turbo-charged
V-6 1.5-liter engine. Although the engines were
all identical in overall configuration, they
were modified each year as the regulations were
revised; therefore, respective engine code names
were used for each modification, as shown in
Table 1,

Honda engines have won 40 Grand Prixs in
the 1last five years. As a result of these
victories, Hondza has been awarded the
Constructor's Championship for the last three
consecutive years. In accordance with the new
regulations, beginning in 1989 only naturally-
aspirated 3.5-liter engines will be allowed, and
turbo-charged 1l.5-1iter engines are eliminated
from participating in the Grand Prix races.

Stricter fuel restrictions have been
gradually adopted, as shown in Table 1}. In
1988, the restriction - became particularly
noticeable, with the boost limit being lowered
to 2.5 bar and the maximum fuel capaclty being
restricted to 150 liters for the turbo-charged
cars. Fuel restrictions lead to a reductien in

total energy available during a race; therefore,
indirectly limiting the maximum power of the
engines. This description characterizes the
1988 Grand Prix racing season.

Honda's 1988 engine, the RAl68E, was-
developed to simultaneously realize higher power
and better fuel efficiency. The highest
possible achievement of these two conflicting
objectives resulted 1in an unprecedented 15
victories in 16 events in the 1988 World
Championship races.

Few research papers have mentioned high-
speed, high-boost engines(1-3)*; and there has
been no research reported concerning the fuel
efficiency of those engines. This paper in-
troduces the major specifications and power
characteristics, and presents study results
relating to the fuel efficiency of the RALS8E.

RA168E ENGINE SPECIFICATIONS

A highly rigid and compact cylinder block
and bearing caps are cast from strong and stiff
ductile cast iron. For reducing its weight,
cylinder block thicknesses range between 2-3.5
mm, which also satisfies stiffness requirements.
Aluminum alloy {Al-Si6Cu4) was adopted as the
material for the cylinder head, while almost all
remaining parts being cast from magnesium alloy
(e.g., oil-sump and head cover). All this
resulted in a compact, light-weight engine; only
146 kg fully-dressed with all equipment., This
light~weight coupled with excellent power
characteristics and reliability, made the RAI6SE

Table 1 Restrictions on turbo-charged cars
and respective engine code names
Year 198511986 (1987 (1988

Boost pressure(bar. abg)] — - 40 | 25
Fuel Capacity(®) | 220195196 | 150
Engine code name |RAI65E [RAMG6E [RAI67E|RAIBEE

*Numbers in parentheses designate references at end of paper.

0148-7191/89/0227-0877502.50
Copyright 1989 Soclety of Automotive Engineers, Inc.
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4 highly competitive engine. The najor engine
specifications are given in Table 2, Figures )
and 2 show the cross section and the external
appearance of the RAL68E, respectively.

The RAL68E features a stroke of 50.8 mm and
bore of 79 mm, (a stroke-bore ratio of 0.643),
providing it with somewhat of a longer stroke
when compared with ordinary racing engines. The
valve angle is relatively narrow (32°), with the
heads of the pistons set almost flat, This
configuration allows a compact combustion
chamber and a fairly high compression ratie of

Table 2 RAL68E engine specifications
Engine Code name 168E
Layout 80°Ve
Bore (mm) 79
Stroke {mm) £0.8
Displacement (c¢) 1494
Compression Ratio 9.4
Weight (ke 146
Fuel System HONDA PGM FI
Ignition System HONDA PGM IG(CDD
Super Charger Ceramic Turbo

Fig. 1
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9.4 to realize high powver output and good fuel
efficiency.

The camshafts are driven by the crankshaft
via two idler gears. The valve Operating
mechanism, using rocker arms, allows high-load
valve springs in the limited space between the
valves, Through using this type of configura-
tion, the reduction in the equivalent inertia
weight of the mechanism has improved the

revolution limit to an engine speed of more than
13,500 rpm.

RAIG68E cross section
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A dry-sump lubrication system was adopted
for the RAIL68E. Four independent scavenging
‘pumps draw the lubricant through strainers ac
the corners of the ocil-sump, and then feed it
inte an oil tank, With this 1layout, the
scavenging pumps effectively circulate the
lubricant, which tends to gather in the oil-sump
due to longitudinal and lateral G-forces during
acceleration, deceleration and cornering respec-
tively.

Application of an appropriate cooling
system is as important as that of the lubri-
cation system for a racing engine. The RAI6GE
has two water pumps which supply water from each
side of the cylinder block. Water galleries are
located on the cuter walls of the cylinder block
and the inner walls of cthe cylinder heads.
Water travels from the cylinder block galleries,
passing by the cylinder liners and through the
cylinder heads, and flows into the cylinder head
galleries. The lateral flow of water through
the engine allows uniform thermal conditions
throughout all cylinders.

We adopted a PGM-FI (Programmed Fuel
Injection System), produced in-house, which
sequencially injects fuel inte six cylinders,
Each cylinder is equipped with two injectors.
Whether singile- or double-injection is used
depends on the amount of fuel required. In
additien, the fuel line between rthe fuel pump
and the injectors has a heat exchanger for
pre-heating fuel by using water from the cooling
system.

Dual turbo-chargers, code named "RX6D", are
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Fig. 3 RAl67E power characteristics

preducts of Ishikawajima-Harima Heavy Industries
Co., Ltd. (IRI). They feature ceramic turbine
wheel and ball bearings; drastically upgrading
the transient properties by reducing the inertia
moment and friction of revolving parts.

ENGINE PERFORMANCE

POWER OUTPUT AND TORQUE - For comparative
data, we first present the performance of our
RAL67E engine, The RAL67E was redesigned and
upgraded to the prerequisites of the &4 bar boost
restriction. Its maximum power was 742 kw
(1,010 ps) at 12,000 rpm with a maximum torque
of 664 Nm (67.7 kg-m). Power characteristics
are shown in Figure 3; which were recorded under
the following operating conditions: (1) Boost
was 4 bar, A portioa of the exhaust gas is
emitted from the waste gate of the exhaust
manihold. Turbine speed 1is controlled by
adjusting the opening of the waste gate, thus
controlling the boest at 4 bar. (2) Intake air
temperature was 40°C, Hot intake air compressed
by the turbo-chargers is cooled with air-cooled
intercoolers. A portion of the air flowing inte
the intercoolers is expelled via by-pass valves.
A temperature of 40°C is maintained through
controlling the valve opening. {3) Equivalence
ratio was 1.23. (4) Ignition timing was set
at MBT or retarded at the knock limit. {5)
Fuel with a toluene content of 84% was used.
As far as this report is concerned, this fuel
was generally used during bench dynamometer
tests and race events (see Table 3).
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Fig. 4 RAL6BE power characteristics



Regulations were further revised in 1988
restricting the boost limit to 2.5 bar and fuel
tank- capacity te 150 liters, In order to
generate higher power output, and improve fuel
efficiency at the same time, the compression
ratio of the RALI6BE was increased to 9.4, up
from 7.4 of the RAL&7E. Figure 4 shows the
power characteristics of +the RAI68BE, which
produces maximum power of 504 kw (685 ps) at
12,500 rpm and maximum torugue of 424 Nm (43.2
kg-m). Running conditions were set at;(l) boost
of 2.5 bar, (2) intake air temperature of &40°C,
(3) equivalence ratio of }.i5 and (4} ignition
timing of MBT or spark retard at the knock
limit. With a rich mixture of the equivalence
ratio being 1.15 and a low intake air
temperature of 40°C, the engine generates its
maximum power. However, the fuel efficiency
under these conditions was not satisfactory.

Under the conditions described above, it
was sometimes obvious that it would Dbe
impossible to complete an entire race with such
poor fuel efficiency. During a race specified
running conditions were selected to improve fuel
efficiency. Maximum power conditions were
realized mainly in qualifying sessions, where
sustained running was not necessary.

In terms of power per liter, the RALl&7E
generated 495 kw/? and the RA168E produces 336
kw/k. As shown in Figure 5, taking boost
pressure int¢ consideration, comparison c¢f the
power characteristics shows that the RAL68E is
favorable, due to 2 higher compression ratio and
lower friction.

CYLINDER PRESSURE DIAGRAM ANALYSIS - The
RAL68E generates 504 kw (685 ps) at 12,500 rpm.
In the case of high-speed, high-boost engines,
combustion often becomes unstable; in the worst
case, leading to misfiring. This could pose
a problem when attempting to manufacture engines
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Fig. 5 Maximum power of RAL68E and RAL67E
related to boost pressure
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which constantly generate high power,
Concerning the RALGBE, we increased the
compression ratio, and modified the intake port
configuration and the fuel injection system in
order to stabilize combustion. ]

There have been few studies concerning
cycle wvariations in a high-speed, high-boost
engine. The cycle variation was analyzed by
measuring cylinder pressure during maximum power
generation,

A pressure transducer {product of Kistler)
connected to a charge anmplifier was used to
measure the cylinder pressure. Samples were
taken at each crank angle degree. A combustion
analyzer {(product of Ono Sokki) was adopted for
the analysis.

Figure 6 is an averaged pressure diagram
of 500 consecutive cylinder pressure measure-
ments under the conditions of 12,500 rpm, boost
of 2.5 bar, intake air temperature of 40°C,
equivalence ratioc of 1.15 and ignition timing
of 35° B.T.D.C.

The maximum combustion pressure was 16,7
MPa, crank angle at which maximum pressure
produced was 17° A.T.D.C., and indicated mean
effective pressure (I.M.E.P.), was 2.B MPa.

Figure 7 shows the freguency distribution
of I.M.E.P. indicating that the standard devia-
tion was 0.20 MPa against the average value of
I.M.E.P. of 3.8 MPa, which revealed that fairly
stable combustion was achieved.

FUEL EFFICIENCY

The main objectives when developing the
RAL6BE to consume less fuel during a race were
to improve fuel consumption characteristics and
the development of high energy fuel (heavy
specific weight fuel}.

The throttle opening distribution during
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2 race is shown in Figure 8 (1988 San Marino GP,
with driver Alain Prost), Since it was re-
“vealed that full-throttle and closed-throttle
dominate the throttle conditions during a race,
we concentrated on improving the fuel consump-
tion at full-throttle,

Figure 9 shows the RAl68E performance when
the major factors were set to minimize fuel
consumption, indicating that minimum brake
specific fuel <consumption (B.S.F.C.) is 272
g/kwh (200 g/psh) at 12,000 rpm, and maximum
power 1is 456 kw (620 ps) at 12,500 rpm. The
operating factors of this condition are a boost
of 2.5 bar, dintake air temperature of 70°C,
equivalence ratio of 1.02 and fuel temperature
of 80°C.

Concerning circuits used for &P racing,
straight stretches, number and type of corners
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and overall racing distances are not always the
same. Thus, even if the engine's operating
conditions remain the same, fuel consumption
(km/L) differs.

When favorable fuel consumprion was
observed at some circuit richer mixture setting
and reduction in intake air temperature were
possible. Though these conditions worsen
B.S.F.C. of the engine itself, they can be
selected as operating factors to generate higher
power.

EFFECT OF INTAKE AIR TEMPERATURE - The
intercooler system makes it possible to cool the
intake air down to a temperature which is only
15°C higher than that of ambient air. This
is achieved by closing the by-pass wvalves and
direclting all the air through intercoclers. Asg
the intake air temperature increases, B.S.F.C.
becomes better {see Fig. 10). After the intake
air remperature exceeds 70°C, B.S.F.C. improve-
ment tends to becowme saturated. Despite rela-
tively bad volatility of the fuel used, a rise
in the intake air temperature promotes
vaporization. This B.S.F.C. improvement might
be attributed to the well vaporized fuel.

However, as the temperature increases,
there is a tendency to generate knocking, and
the ignition timing wust be retarded to avoid
it. When the timing is retarded further from
M.B.T., the results have an undesirable effect
on B.S.F.C.

EFFECT OF BOOST PRESSURE - Higher boost has
good effects on both power and B.S.F.C., as
shown in Fig. 11. One of the prominent reasons
is that, in proportiorn to the rise in boost,
charging efficiency increases and provides
higher indicated horse power while the engine's
mechanical loss remains almost the same,
resulting in an improvement of brake thermal
efficiency.
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EFFECT OF AIR FUEL RATIO - Regarding air-
fuel ratic, peak power is reached at an
equivalence ratic of 1.15, and power gradually
decreases as the ratio falls below this figure.
The leaner the mixture becomes, the better the
B.S.F.C., as shown in Fig. 12. However, with
a ratio lower than 1.02, unsatisfactory
transient response may appear, thus making the
engine pecome insufficient for racing per-~
formance,

EFFECT OF PRE-HEATING FUEL - B.S.F.C. is
improved through promotion of vaporization with
higher intake air temperature. The same effect
can be achieved using pre-heated fuel (i.e.,
fuel heated before injectien). As the distil-
lation characteristics shown in Table 3 reveal,
the racing fuel for the RA}68BE is not easily
vaporized at the ambient temperature because it
does not contain low boiling-point ingredients.
For this reason, the RAl68E was equipped with
a heat exchanger capable of pre-heating fuel
using the water from the cooling system, After
being fed by the fuel pump and then heated, it
is distributed to the injectors. It is possible
to heat the fuel tg a temperature 15°C below
that of the water.
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Fig, 12 Effect of equivalence ratio on power
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The amount of water which flows into the
exchanger 1is contrelled by a solencid valve
which maintains the desired fuel temperature.

Figure 13 shows the effect of fuel tempera~
tures on the fuel efificiency. It dis ac-
knowledged that, although the effect is not
significant, the fuel consumption is reduced as
the fuel temperature rises.

A  combination of operating factors to
achieve the best B.S5.F.C., while maintaining
satisfactory performance, 1s an intake air
temperature of 70°C, a boost of 2.5 bar, an

equivalence ratio of 1.02 and fuel temperature

of 80°C. With this combination, B.S.F.C. is 272
g/kwh {200 g/psh) at 12,000 rpm.
EFFECT OF TOLUENE CONTENT - The octane

number of fuel for Formula One racing is limited
to a maximum of RON 102. Adopting a higher com-
pression ratio is expected to improve both power
and B.S.F.C. However, at the same time, the
possibility of knocking becomes higher. There-
fore, the knecking properties of fuels determine
maximum compression ratio. It sometimes ap-
pears that differences in fuel ingredients
effect knocking properties, even though the RON
of the fuels is the same. The development of
a fuel with good knocking properties under high
speed and boost conditions is essential for
adopting a high compression ratio.

The tank capacity regulation limits fuel
amount to 150 1liters, and refueling during a
race event is forbidden. In order to obtain a
higher level of fuel energy for a race, a fuel
largely calorific in capacity is needed (i.e.,
a dense fuel), Comparative evaluation of
various fuels revealed that & fuel with high
toluene content is most favorable to meet the
reguirements, Knocking properties and effects
on B.3.F.C., of the test fuels (see Table 3) are
shown in Figure 14.

Toluene content ratios were 30%, 60% and
84% for each test fuel. Appropriate amounts of
normal heptane and isooctane were respectively
mixed with toluene to achieve a RON of 102. As
toluene has a heavier density when compared to
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Fig. 13 Effect of fuel temperature on power
and B.S.F.C,

paraffine fuels, a fuel containing much toluene
has a larger calorific wvalue in capacity
(Caljcc). Whether knocking occurred or not was
observed through analyzing the output signal of
a charge amplifier connected to a piezo-electric
pressure transducer fixed in the place of the
spark plug washer. Observations were conducted

under the engine operating conditions of ;
12,000 tpm, 2.5 bar, intake air temperature of
70°C and an equivalence ratio of 1.15. The
knock-limit ignition timing advances as the
ratio of toluene increases in the fuel 4in-
gredients, 7resulting in better B.S§.F.¢, In
adgition, since the test fuels differ in
density, '"brake specific wvolumetric fuel con-

sumption (B.3.V.F.C.)" (cc/kwh) was considered,
and studies revealed that a fuel containing a
higher ratic of toluene in the fuel ingredients
proved most effective,
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Table 3 Test fuel specifications
RACING
A B FUEL +
Toluene 30 80 84
Fuel .
neredient n-Heptane e 4 9.5 16
Isooctang oo 66 30.5 0

Research Octane Number 401.8 101.9 101.8
Motor Octane Number g94.2 81.2 890.0

Density (@t15°C) 0.747 0.799 0.840
Net Calorific Value 10300 10015 9817

(Kcal/Kg)
Steichiometric Ratio 14.5 14.0 13.7
Reid Vapor Pressure (154 0.141 0.120

(xg/en’)

!nltlaiBoﬂlng Pointcc}- 98.0 98.5 100"0

0% 975 1005 105.0
B0% @ 985 102.0 108.0
© 0% @ 100.0  105.0 . 108.0

“End Point < 123.5  108.0 . 116.0

*Phis fuel is jeintly developed by ELF FRANCE
and HONDA for the special racing purpose.

SUMMARY

Honda has developed a Formula One turbo-
charged V-6 1l.5-liter engine, which was very
successful in the 1988 Grand Prix racing season.
Through the research and development on this
engine, the results <can be summarized as
follows:

(1) Optimizing operating factors to produce
the best results possible under the 2.5 bar
restriction, the engine successfully produced
a maximum power output of 504 kw (685 ps), which
is equivalent to 336 kw/& (457 ps/R).

(2) A combination of operating factors was
studied to minimize fuel consumption and the
minimum brake specific fuel consumption was
found to be 272 g/kwh (200 g/Psh) when the
engine generated 456 kw (620 Ps).

(3) A high tolueme content in fuel had a good
effect on knocking properties and allowed
advanced ignition timing, which resulted in
improvement of brake specific fuel consumption.
Toluere also had a good effect on improvement
of brake volumetric specific fuel consumption
because of the heaviness of its density.
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Turbocharging Engines for

Racing and Passenger Cars

IN 1976, FOR THE FIRST TIME in the
aistory of Le Mans, a car powered by a
turbocharged engine won the 24 hour race.
The winner, shown in fig. 1, was the
700 kg Porsche type 936 race car. Its
engine was based on the aircooled six
cyllnder engine of the present produc-
tion type 91l. The crankcase, crankshaft,
camshaft housing and the camshaft drive
were identical parts from 91} series.
The 2142 em3 (130 cu.in.) 1976 engine
version delivered 382 kW (520 hp) at
8000 rpm, the boost pressure being 1.2
bar (17 psi).

At no other race event is the en-
gine subject to such severe conditions
as at Le Mans. Thus the 1976 Le Mans
success of Porsche's 936 has not been
just another race v1ctory but represents
a high-technology level in terms of
function and durability, which will make
exhaust gas turbocharging applicable to
passenger car englnes. The absolute
necessity of 1mprov1ng the acceleration

Hans Mezger
Dr.lng. H.C.F. Porsche
Aktiengesellschatt

behaviour of turbocharged engines for

- racing use led to control systems, which

are today's standard in turbocharglng
technelogy.

HISTORICAL DATA

The principle of turbocharging is.
known for more than 70 years. In [905 a
patent was given to Swiss Engineer
Alfred Biichi for a four-stroke engine,
equipped with a compressor at the intake

side and a turbine at the exhaust side.

Fig. 2 is a drawing of the patent
specification. As shown, engine, com-
pressor and turbine are coupled by one
shaft. Ten years later, in 1905, Bilichi
received another patent, characterizing
turbocharging as it is used today: the
compressor is driven by the exhaust gas
driven turbine, both separated from the
engine. First commercial application of
turbocharging was made for ships in the
late twenties, for railway engines in

The principle of exhaust gas
turbocharging is known for more thanm
70 years. Only since a few years turbo-
charging is applled successfully to
gasoline engines respectively to engines
for passenger cars.

Mainly a poor throttle response
and an unsatisfactory acceleration
characteristic prevented turbocharging
from general use.

ABSTRACT

The paper deals with the
application of turbocharging for raclng
and passenger car engines. It is
reported on the problems, improvements,
and Porsche's experiences.

The future chances of turbocharging
with regard to exhaust emissions and
fuel economy atre discussed.

0148-7191/78/0807-0718$02.50
~ Copyright © 1978 Society of Automotive Engineers, (nc.
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1933. During world war II turbocharged
engines were used for aircraft. After
the war turbocharging was applied to
Diesel engines for trucks. In 1952 a
race car equipped with a turbocharged
piesel engine was entered in the India-
napolis 500. In the middle of the sixties
turbocharging was used for USAC respec-
tively Indianapolis racing car engines,
and also for light aircraft engines. In
1964 and 1965 a small number of turbo-
-charged six cylinder engines and V 8
engines for passenger cars were produced
in the United States.

No controls were in use until then.
A qulck engine response was either un-
necessary or at least extremely unsatis-
factory. Thus turbocharging was not in

Fig. 1 - Porsche racing car type 936

consideration for general use, since the
passenger car requires an engine with
quick throttle response.

PORSCHE'S APPROACH TO TURBOCHARGING

Porsche started turbocharging de-
velopment in 1971, after FIA (Fédération
Internationale de 1' Automobile) had
changed regulations for 1972 World Cham-
plonship of Car Makes, outlawing the '
successful type 917 from racing thereby,
Porsche then decided to participate in .
the .popular North-American CanAm series
from 1972, There was the choice between
two power plants: an existing l6-cylin-
der engine and the reliable 12-cylinder
917 engine, both aircooled and normally
aspirated. Finally, a decision was made
in favour of a still to be developed
turbocharged version of the 917 engine.

Up to that time, it was generally
believed that an engine featuring ex-
haust gas turbocharging could be em- P
ployed only on high speed tracks with ¥
little curves, such as the Indianapolis
oval, for instance. Certainly, a thrott~-
le lag would make a race car uncompeti=-
tive on twisting race circuits, even if
the expected performance should be rea-
ched. Thus, making the turbocharged
engine responsive has been the point of
main effort during the development of
the 917 CanAm car.

Porsche's first turbecharged engi-
ne, the aircooled [2-cylinder type 917,
i1s shown in fig. 3. In 1972, there was
a5 litre (305 cu.in.) engine delivering
735 kW (1000 hp). A 5.4 litre (328
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Fig., 2 - Biichl engine (patent specification

1905)



Fig. 3 - Turbocharged 12-cyl engine — Porsche

type 917 (1100 hp)

cu.in.) version, developed for the 1973
CanAm season, had an output of 810 kW
(1100 hp) at 7800 rpm and 1.4 bar (20
psi) boost pressure. The maximum torque
was 1100 Nm (812 fr.1lb.), total weight,
including turbochargers, 285 kg.

The engine is equipped with two
turbochargers. Each cylinder bank of the
l2~cylinder flat engine, operating like
a 6-cylinder with equal firing, feeds
one turbocharger with exhaust gases,
and is supplied by same turbochar-
ger with boost, The boost air is 1led
from the compressors via tubes to the
two intake manifolds. Twelve throttles
are engaged, located between the mani-
folds and the cylinder heads. The front -
ends of the manifold pipes are connected
by a tube in order to equalize possible
differences in boost pressure.

Although designed as a normally as-
pirated engine, delivering 463 kW (630
hp) in its 5 litre version, only a few
changes to the original engine were re-~
guired.

By exchanging two bevel gears in
the cooling fan drive the fan speed was
increased from 7400 rpm at nominal en-
gine speed up to 9000 rpm in the turbo-
charged version, thus raising cooling
air flow from 2400 litres up to 3100
litres per second. The normally aspira-
ted engine is supplied with 3.8 litres
of cooling air per second for each horse
power, the turbocharged engine with
2.8 litres only. '

The compression ratio, 10.5:1 in
the normally aspirated version, had to
be reduced to 6.5:1 in the turbocharged
version.

In the normally aspirated engine
the spark advance is controlled by the
engine speed, and limited to 27 degrees

e e e cmrmas

before TDC. In the turbocharged version
spark timing is fixed at 20 degrees be-
fore TDC, '

The original 2.1
the valve overlap was reduced by using
the original 10.5 mm exhaust camshaft
for both, intake and exhaust,

Heat problems with the exhaust
valve guides were overcome by chrome
plating the valve stems, increasing the
valve running clearance, shortening the
valve guides, and by improving the oil
supply. S
The turbochargers used for the 917
engine are .provided with ball bearings.
At the rated engine output they achieve
a maximum speed of 90.000 rpm, delive-
ring 0.55 kg boost air per second each
at a temperature of 150 to 160 degrees
centigrade. At full throttle the tempe-—
rature of the exhaust gas is 1000 to
1100 degrees centigrade.

The plunger type injection pump,
using engine speed and throttle position
for fuel metering, received an additio-

mm valve lift and -

nal control dependant on boost pressure.

TURBOCHARGER CONTROLS - In contrast
to tuning and adjusting the naturally
aspirated engine which can be carried
out on the dynamometer, the optimum
matching of turbocharging to an engine
requires intensive road testing. The
results of first 917 tests at the
Weissach test circuit and the Hockenhein
race track were not satisfactory. The
drivers complained that the engine
"would not accept the gas"., Often a
driver believed to have done a very fast
lap only to be disappointed when lear-
ning the real lap time. Various turbine-
compressor combinations were tried, and
many different control devices were de-
veloped, tested and modified. Step by
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step the throttle response was improved.
Finally in its first race the 917 CanAm
car proved to be a car with excellent
driveability. The performance of the 917
car in the CanAm series has shown that
turbocharging is competitive. Fig. 4
shows the control diagram of the engine.
Basic item of the control system is the
boost pressure controlling wastegate.
Located in the exhaust manifold upstream
the turbine it will limit the manifold
pressure to a required level. The waste-
gate valve is opéerated by a diaphragm,
it will open when the control pressure
has reached its critical level, thus by-
passing the exhaust gases not required

. for maintaining the boost around the
turbine. A standard wastepate is

shown in fig. 5. In the 917 wastegate a
screw was used in order to adjust the -
boost pressure limit by varying the
spring load., Race drivers called it the
"power screw". Very often it was used in
order to gain higher power output. In~
creasing the boost pressure by 0.! bar,
the 917 engine performance went up by
approximately 50 hp. In the 1973 CanéAm
917 car the driver was enabled to con-
trol boost and performance during the
race, fig. 4. The inlet of a manually
operated pressure control valve, instal-
led in the cockpit, is connected to the
intake manifold (boost pressure line).
The outlet is connected with the topside
of the wastegate diaphragm housing {con-
trol pressure line), normally opened to
the atmosphere. If the control pressure
is zero, the boost pressure limit is
fixed by the spring loading. Adjusting
"the control pressure to 0.1 bar, for -
instance, the boost pressure will be
increased by 0.1 bar, too. This device
has proved to be very helpful for daily
use on the engine dynamometer.

There is another control used. As
shown in fig. 4, a pressure relief but-.
terfly valve is arranged in the intake
manifold. Connected with the throttle
valves by a linkage it will be opened
when the throttles are closed completely,
thus dropping the intake manifold pres-—
sure immediately. It helps to maintain
the compressor speed during braking res-
pectively cornering. The dropping of the
manifold pressure will also maintain the
braking behaviour of the engine, since
no boost will pass the throttles. Im
addition, shocks and vibrations in the
pressure line possibly causing a damage
to the compressor wheel will be avoided.

The turbocharged 9!7 engine has
been the most powerful road vehicle en-
gine. It enabled the 917 car to accele-
rate from O to 100 km/h in 2.3 seconds.

MANUAL OPERATED

/CONTROL VALVE IN COCKPTY
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Fig. & — Turbocharging controls - racing
engine type 917
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3. CONTROL PRESSURE

Fig. 5 — Boost pressure control valve
(wastegate)

In 1972, the 917 won six out of nine
races, and, in 1973, eight of eight
races for the CanAm Championship. Then
again, with the new CanAm regulations,
the 917 was forced "out of the rumning”.
A NEW ATTEMPT - From 1973 on, Por-
sche developed a turbocharged version of
the production type 911 6~cylinder en-
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gine with a view to new regulations for
the world championship of car makes, ad-
mitting production based race cars, only.
All experiences with regard to con-
trols ete. gained from the 917 were.
transferred to the 6-cylinder engine.
Already in 1974, a specially prepared
911 experimental car participated in pro-
totype race events. Its turbocharged 2.1
litre engine delivered 345 kW (470 hp).
Experiences from turbocharging have
shown that the performance of a turbo-
charged engine is limited rather by over-
heating the pistons, valves, cylinder
head etc. than by mechanical difficul-
ties. By providing the 6-cylinder .engine
with an air-to-air intercooler the en-
gine components temperatures decreased,
and the boost air temperatures were re-
duced from 150 degrees to approximately
75 degrees centigrade., Consequently, the
power output could be raised up to 375
kW (510 hp).

' The new world championship regula-
tions, originally announced for 1975,did
not become effective until 1976, Porsche
entered a so—-called production race car
type 935, both, car and engine based on
the production type 911, The turbochar-

ged 2857 cm3 (174 cu.in.) engine delive-
red 441 kW (600 hp).

Another car, the type 936, partici-
Pated in the sports car world champion-
ship events. It was powered by a turbo-
charged 2.1 litre engine, also based on
production, as mentioned above. In 1976,
both world championships and the 24 hour
race of Le Mans were won. In 1977, both
engines were equipped with a two-turbo-
charger system (fig. 6). An air-to-air
intercooler was used in the type 936,
and an air-to-water intercooler in the
type 935, :

The 936 sports car, in 1977 only
entered in the Le Mans race won again.
The 1977 world championship for car makes
was won by the 935 production race car
once more (fig. 7).

High performance engines, ‘both tur-
bocharged and naturally aspirated ver-
sions, normally are adjusted to high

- power output not to low fuel consumption.

However, experiences have shown, that
fuel economy of turbocharged race engi-
nes is superior to the fuel economy of
naturally aspirated engines., The speci-
fic fuel consumption of a turbocharged
600 hp race engine, measured on the dyna-

INSTRUMENT

BOOST PRESSUR

2935 - WATER
936 - AR

| MANUAL
CONTROL VALVE

TURBOCHARGER

Fig. 6 - Turbocharging diagram ~ Porsche

type 335 and type 936
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Fig. 7 - Porsche type 935 production race car

mometer, ranges from 292 g/kWh (215 g per

hp and hour) to 320 g/kWh (235 g per hp

and hour). Related to a race engine these

values prove to be very low.

All Porsche factory cars entered
into road racing since 1972, were equip-
ped with turbocharged emgines. A very
successful participation has increased
the confidence in turbocharging with re-

gard to overall performance, driveability

and reliability. It was inevitable that
the idea arised of using turbocharging
in Porsche production cars. -

THE APPLICATION OF TURBOCHARGING IN
SERIES

Early in 1975, Porsche started pro-
duction of the 911 turbo, a high perfor-~
mance version of the well known 911
(fig. 8). The turbocharged aircooled
6-~cylinder flat engine has the following
data: :

Displacement 2994 cm3(183 cu.in.)

Bore 95 mm

Stroke : 70.4 mm

Performance/Speed 191 kW (260 hp)/
5500 rpm

Maximum Torque 343 Nm (253 ft.lb.)

Compression Ratio 6.5:1

Boost Pressure 0.8 bar (11,4 psi)
The development of the turbocharged en-
gine, started in 1973, is characterized
by transferring the knowledge on turbo-

charging gained from racing, to a produc-

tion engine, uncompromisingly. Naturally,
new problems arised and had to be solved,
such as keeping the costs down, meeting

current emission and noise standards, and

finding space for additional components
in the already filled up engine compart-
ment. :

Fig. 8 - Porsche type 911 turbe 3 L

A characteristic mark of the engine
is the combination of turbocharging with
a fuel injection system named "K-Jetro-
nie'", which controls the intake air flow
directly. An air sensor plate moved by
the intake air flow actuates a fuel me-
tering plunger. As shown in the diagram,
fig. 9, the K~Jetronic unit (2 - fig. 9)
and thus the air sensor is located comn-
veniently upstream of the compressor (4-
fig. 9). By that means the uncompressed
intake air flow is measured, making an
additional and possibly inaccurate boost
pressure dependant fuel control unneces-
54ary.

The intake air is aspirated by the
compressor (4 - fig. 9) through the air
cleaner (1 - fig. 9) and the air sensor
(2 - fig. 9)., After compressing, the air
is led through the throttle valve (7 -
fig. 9) and the intake manifold (8 -
fig. 9) to the engine. At partial load
and in that low-speed full load range
in which the boost pressure has not yet
reached its limit, the total exhaust gas
volume will pass the turbine (11 - fig.
9). .

At full throttle operation the
maximum boost pressure of ‘0.8 bar (11.4
psi) is reached at an engine speed of
1000 rpm. The wastegate (13 - fig. 9)
opens and part of the exhaust gas
volume (14 - f£ig. 9) not required for
maintaining the manifold pressure will
flow directly to the muffler, bypassing
the turbine, The diaphragm housing of
the wastegate is connected with the
throttle housing by a control line (15 -
fig. 9). The wastegate valve is actua-
ted by the manifold pressure. The waste-
gate used in the 91! engine is shown in
fig. 5. If any fault should prevent
the wastegate from opening, an overboost
safety switch (18 - fig. 9), adjusted
to 1.1 to 1.4 bar, will cut off the fuel
pumps, thus avoiding an uncontrolled
increase of boost and power.
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-In the Porsche racing engines a
mechanically actuated pressure relief
valve was in use, in order to drop the
manifold pressure immediately, when the
throttle is closed (fig. 4). The 911

engine is equipped with the same con-

trol device (5 - fig. 9). However, it

is operated by the intake manifold pres-
Sure, In overrun condition, when the
throttle is closed, it is opened by the
manifold vacuum. By that means, as men-
tioned above, the braking performance
and throttle response is improved, and
damaging the compressor wheel is avoi-~
ded. The boost air, passing the pressure
relief valve, must not be released to
the atmosphere. Since it is already re-
glstered by the K-Jetronie air sensor,
it has to remain in the closed cycle,
flow1ng back to the compressor intake
side.

Fig. 10 is a cross section of the
turbocharged 91! engine. On the left
side the position of the wastegate is
shown.

Some characteristiec curves of the
engine are shown in fig., 1}, The charac-
teristic of the boost pressure (p2) is
typical of a wastegate controlled turbo-
charged engine. As shown, the boost ope-

rated wastegate valve will open at an
engine speed of 3000 rpm, then keeping
the pressure cof§¥antly. At the nominal
speed of 5500 rpm the boost temperature
(t2) is about 125 degrees centigrade.
The exhaust manifold pressure (p3)
measured upstream the turbine, is appro-
ximately I.] bar at nominal speed. The
charger delivers 0.24 kg/s boost (Gl)

at maxinum power,

During development of an emission
control system for the US version of
the 911! turbo, it was observed that se-
condary air injection does effect boost
and performance characteristic positive-
ly.-In fig. 12 is shown that there is a
distinet increase of boost pressure,
torque and power output in the low speed
range up to 3000 rpm. By injecting air

‘into the exhaust manifold the tempera~

ture of the exhaust gas went up by 80
to 90 degrees centlgrade.

The diagram. fig. 13 is the result
of an experimental.test on the engine.-
dynamometer, imitating an acceleration
process. From idling condition the
throttle was opened suddenly, and the
progress of the manifold presstre and
the turbocharger speed was recorded.
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Fig. 13 - Acceleration test on engine

dynamometer

Not to overspeed the engine, the dyna-

- mometer was prepared not to exceed

5000 rpm. The pressure relief valve
closes automatically 0,1 second

after opening the throttle. As shown in
the diagram, there is a manifold under-
pressure for 0,1 second only. That is to
say that after 0.! second the engine
will deliver more power than a normally
aspirated engine.

Fig. 14 shows the compressor map of
the 911 turbocharger, showing also the
line of the boost pressure ratio at full
load.

' 4 scaled drawing of the engine is
shown in fig. 15. The problem of placing
the turbocharger was solved only by
making the muffler smaller, The redic-
tion of the muffler size was allowed
by the fact, that, in general, turbo-
chargers have noise reducing properties.

The diagram fig. 16 shows the valve
lift curves of three different versions
of the Porsche 6-cylinder 911 engine, a
2.7 litre (164 cu.in.) 154 kW (210 hp),
a 3 litre (183 cu.in.) 147 kW (200 hp),
and the turbocharged version., In the
two normally aspirated engines the in-
take valve 1lift amounts to 1!.6 mm and

the exhaust valve 1lift to
shown in the diagram,
engine requires a smaller valve 1lift

|0.3 mm .
the turbocharged

than a normally aspirated engine,

valve 1ift in

the 911

turbo is 9,7 mm
Also

for intake and 8.9 mm for exhaust.
the valve opening period and the valve
overlap of the turbocharged engine is .

smaller. The valve opening periods of
the three compared engines are as fol-
lows: ' .

2,7 1 31 91! turbo
Intake
opens 64 24 22 deg bTDC
closes 76 76 62 aBDC
Exhaust
opens 64 66 52 bBDC
closes 44 26 20 aTheC
overlap 108 50 42

Reducing the valve 1ift resulted in
a reduction of the inertial forces and,

consequently, to an improvement of the
valve gear working conditions.

Fig. 17 is a photograph of the
3 litre turbocharged 911 engine, ready
to install,

Turbocharging the 9!! engine re-
quired only a few basic changes: The
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turbo

compression was reduced from 8.5:1 to
6.5:1, thus new pistons were required.
Due to the higher heat load sodium-
filled exhaust valves are used. The per-
formance of the air cooling fan was in-
creased. The valve timing was changed.

Due to the low position of the
turbocharger, shown in fig. 17, the oil,
lubricating the turbocharger bearings,
does not flow back by gravity. It is
collected Za a small tank and returned
into the engine o0il tank by a pump. The
turbocharger requires 3 to 4 litres oil
for lubrication.

At maximum power output the
charger speed is 90.000 rpm, and
power input of the compressor is
(35 hp). In a 500 hp race engine the
compressor power input, provided by the
exhaust gas, amounts to about 73 kW
(100 hp).

The wastegate, working on high heat
load conditions, is passed by about 22
per cent of the total exhaust gas volume

turbo-—
the
26 kW

at maximum performance of the 911 turbao
engine.,
' The US version of the 911 turbo is

equipped with two thermal reactors, se-
condary air injection, and exhaust gas
recirculation. The 911 turbo is the
first production ecar equipped with tur-
bocharger which has received an emigssion
certification from the EPA.

In 1978, the performance of the
91! engine was improved again. The dis-
placement was increased and an air-to-
air intercooler is used. By coosling the
boost air it was possible to raise the
compression ratio from 6.5:1 to 7:1,.
The data of the new 3.3 litre engine
are as follows:

Displacement 3298 cm? (201 cu.in.)

Bore 97 mn

Stroke 74,4 mm
Performance 220 kW {300 hp)
Speed 3500 rpm

Performance US
Maximum Torque
Compression

Ratio _
Boost pressure

195 kW (265 hp)
412 Nm (304 ft.l1lb.)

7:1 e
0.8 bar

A photograph of the 3.3 litre turbochar-
ged 911 engine is shown in fig. 18. By
the use of an intercooler an improvement
of fuel economy and an increase of the
specific engine performance by approxi-
mately 5 per cent was achieved.

THE HISTORY OF THE 911 ENGINE -
Since 1964, the Porsche type 911 is in
production. The first type engine had a
2 litre displacement, and delivered
96 kW (130 hp). Today's top model 3.3
litre engine has a power output of 220
kW (300 hp), though severe noise and
emission standards, not existing in 1964,

AT I L Y
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have to be met. The overall dimensions
" of the basic engine never were changed.

The application of turbocharging,
only, allowed to produce this high per-—
formance road vehicle today, qualified
for daily use.

In fig. 19 a graph of the histori-
cal evolution of the 91! engine is shown
beginning with the first year of produc-
tion, 1964. Caused by legal requirements
the engine speed and the specific per-
formance decreased since 1969, From
on, the US emission standards forced
Porsche to adapt the US type engines,
shown by the dotted limes. Though the
specific performance and the engine
speed decreased, the power output of the
naturally aspirated engines went up
slightly until 1975, only by increasing
the engine displacement.

The introduction of the 911 turbo,
in 1975, marked by the figures 11, 12,
13 and 14, brought up both, the perfor-

mance and the specific performance, con-
siderably., At the same time the engine
speed was reduced, thus effecting the
911 turbo to demonstrate qualified hlgh
performance.

TURBOCHARGING OUTLOOK

The chances of turbocharging in general
.application will depend on its qualifi-
cation for future requirements.

ENGINE RESPONSE - Applying turbo-
chargxng to small engines has experien-

1972

Fig. 17 - Porsche 3-L engine 911 turbo

ced that the engine response is in need
of improvement. A limited improvement
can be achieved by using the exhaust
manifold pressure for wastegate control,
instead of the intake manifold pressure.
Fig. 20 shows the characteristic curves
of the manifold pressure for uncontrol-
led, for intake manifold pressure con-
trolled and for exhaust manifold pressu-
re controlled turbocharging. In the dia-~
gram, fipg. 21!, the results gained from:
testing a 4-cylinder 2 litre engine are
shown. The solid lines represent the
torque and the intake manifold pressure,
if the wastegate is controlled by the
intake manifold pressure., Connecting the
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wastegate with the exhaust manifoid re-
sulted in the dotted lines. A conside-
rable increase of torque and intake ma-
nifold pressure is achieved. The use of
the exhaust manifold pressure for waste-
gate control, as realized in the Saab
turbe, needs careful attention to the
knocking behaviour of the engine. Nor-
mally, a high boost peak can only be-

Fig. 18 - Porsche 3.3-L engine 911 turbo

SPECIFIC PERFORMANCE"™ “
HP! ltr. DISPLAGEMENT

realized if the boost pressure at nomi-
nal speed is small.

EMISSION CONTROL - The experience
made so far with turbocharged engines
has shown that the measures required
for emission contrel are generally the .
same as for normally aspirated englnes.
There is an advantage of the turbochar-
ged: due to its smaller displacement at
the same performance the exhaust gas
volume in the idling range and in the
range of low partial load is smaller

.than at the normally aspirated engine.

Normally, the geometric compr2551-
on ratio of a turbocharged engine is
lower than of a normally aspirated en-
glne. With regard to the HC~- and NO,
emissions there are advantages for the
turbocharged engine. Fig, 22 shows the
influence of the compressxon ratio on
the HC- and NOy-emissions. The values
shown in the dlagram were obtained from
tests on single cylinder test engine at
partial load. At a compression ratio of
6.5:1 the HC-emissions are about half
of the value measured at a ratio of
8.5:1. The NOx-emissions decrease to
about 60 to 70 per cent at a correspon-
ding compression ratio.

) 9T/ 34ty 2ou HP/600O min-t”
smaau 180 prssoo min-

i 911!3Ilr —Turbo 260 HPISSOO rrun"
G 9193 Turho 245 HPISSOO mm-1 (USA) :

1964 1986 1968 1970 1972 1974 1!:3'76 1978

® 911/3,3itr. ~Turbs I00HP/5500 min+
68 913,31 ~Turbo 265 HP/ 5500 min-? (usa)

Fig. 19 - Evolution of the 911 engine per-

formance
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There are different possibilities
in arranging the catalyst for turbochar-
ged engines. Fig. 23 shows the catalyst
placed close to the engine. This posi-
tion has the advantage of a quick warm
up of the catalyst. However, the turbine
rotor can be damaged by small particles
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Fig. 22 - Influence of compression ratio
on fuel consumption, HC and WOy
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coming off the ceramic material, normal-
ly not affecting the catalyst function.
A catalyst based on metalliec substrate
would probably allow a position upstream
of the turbine.

Fig. 24 shows the catalyst arranged
downstream of the turbine. In this posi-
tion there is no danger of turbocharger
damage. However, catalyst warm up is
worse, .

Fig., 25 shows another version of
the downstream position. The exhaust
gases passing the wastegate at full load
will also bypass the catalyst, thus re-
ducing the thermal load of the catalyst.

The same effect is reached by arran-
ging the catalyst between the wastegate
and the turbine. ;

FUEL ECONOMY - The fuel economy of
a turbocharged engine is influenced by
the same factors as the normally aspira-
ted engine. Of great importance is the
compresgion ratio., Unfortunately turbo-
charging normally makes a reduction of
the geometric engine compression neces-
sary. There is a relation between the
boost pressure, the geometric and the
effective compression ratio, shown in
the diagram, fig. 26, It is shown, that
a high boost pressure requires a low
geometric compression ratio. That is to
say, that a big increase of engine out-
put, achieved by turbocharging, effects
the compression ratio to be substantial-
ly reduced, thus causing poor fuel! eco-~
nomy. As experienced fuel economy will
be deteriorated at variable engine ope-
rations by about 3 to 6 per cent if the
compression ratio is reduced by one
point.
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Fig. 24 — Catalyst position downstream of
the turbine
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the turbine (bypass)

At high or at full load the speci- tive on fuel economy than the influence
fic fuel consumption of a turbocharged of the compression ratio, _
engine is superior to the consumption The diagram fig. 27 shows the fuel
of a normally aspirated engine. consumption of a V 8 engine at a low
However, today's fuel economy regulati- engine output of 10 kW (13.6 hp?. The
ons are judging engines and cars by its three liges represent three engine ver-
low-1load consumption. Under considerati- sions, differing only in bore and dis-

on of comparable performance, the turbo- placement: 3.9 litre, 4.5 litre and
charged engine is expected to achieve 5.0 litre. )
better fuel economy results thanm a na- Fig. ?8 shows tbe fuel c?nsumpt1on~
turally aspirated engine. At idling and of a 4.5 litre §'cy11ndef engine, a

at low load conditions the influence of 2.7 litre 6 cylinder engine, and a 2

the engine displacement is more effec- litre 4 cylinder engine at low load out~-
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put of 10 kW (13.6 hp). It is shown that
a reduction of the engine displacement
results in a significant deerease of
fuel consumption at idling and partial
load.

Fig. 29 shows the fuel consumption
at idling related to the engine displace-
ment. Under supposition that by the use
of turbocharging the displacement of a
3 1 engine, for instance, can be de-
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creased to 2.2 ~ 2.4 litre, there is a
20 to 30 per cent improvement of cop-
sumption, even under consideration of
a 10 per cent increase of consumption,
caused by a reduced compression ratio,

An objective comparison with regard
to emission contrel and fuel economy
between a normally aspirating engine
and a turbocharged engine is oenly poss-—
ible under the supposition of the same
driving performances.

The geometric compression ratio of
a turbocharged engine has normally to
be reduced compared to a normally as-
pirating engine, because of the limited
effective compression ratio.

With regard to a good thermal
efficiency the geometric compression
ratio of the turbocharged engine should
be kept as high as possible, thus limi-
ting the performance improvement.,

Corresponding to an increase in the
specific engine performance of about 25
to 35 %Z the displacement of the turbo-
charged engine can be reduced. These
measures will result in a significant
improvement of fuel economy at partial
and idling load conditions. Fuel economy
can be improved in addition, if the num-

-ber of cylinders and thus the engine
respectively vehicle weight can be re-
duced,

SUMMARY

Exhaust gas turbocharging for
Passenger cars made a big progress in
the seventies, after the typical
throttle lag of turbocharged engines
was overcome by the employment of
turbocharger controls. Most efficient
control device in today's turbocharger
technology is a wastegate which bypasses
exhaust gas around the turbine, thereby
limiting boost to a desired level,
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Fig. 28 - Fuel consumption at equal
performance of 3 different engines
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Considerable merits in terms of
performance, engine response and drive~
ability of turbocharged engines were
gained in racing development,

Turbocharged racing engines are
delivering more than 300 HP per litre
displacement. There is an existing
production car having 270 HP
respectively 82 HP per litre from a
3.3 litre turbocharged engine, still
meeting curzront severe Califormia
emission stsaudards HC 0.41, CO 9.0,
NOg 1.5 grams per mile.

Experiences have shown that the
adaptation of turbocharging to existing
engines will require only small .
modifications.

Turbocharging makes compensation
of power losses, caused by environmental
requirements, possible.

By using small turbocharged engines
instead of normally aspirated large
engines fuel economy can be improved,
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The Coventry Climax

Racing Engine 1961 - 1965

THE PURPOSE OF this paper is to present information con-
cerning the design and development of the 1961-1965 Cov-
entry Climax racing engines but, to commence, it is of in-
terest to ask why Coventry Climax took up motor racing. -
The answer is that it appeared to afford a means of publi-
cizing our technical and manufacturing abilities 10 2 wide
and knowledgeable public. a proportion of whom could be
potential customers.

It also provided a compelling incentive to improve our
engineering knowledge, and to generate a sense of capabil-
ity and achievement inside our own organization and amongst
those associated with us.

In short, we sought prestige and our plan appears to have
been reasonably successful.

HISTORY OF COMPANY'S PARTICIPATION
IN MOTOR RACING

Coventry Climax was no newcomer to the field of com-~
petitive motoring. The founder of the company, Pelham
Lee, father of our present managing director, started a com-
pany in Coventry before World War I and made the Coven-
try Simplex engines as well as a few motor cars; and many
awards were won in their day.

ABSTRACT

Walter T. F. Hassan
Coventry Climax Engines Ltd. and Jaguar Cars Lid.

Later, as Coventry Climax, they supplied a variety of
engines to a large number of motor car manufacturers up to
the mid-1930's, when the industry passed through a period
of slump, and then turned to fire pump units and generator
sets for defense purposes.

It was in 1950, when our defense authorities decided to
modernize their fire fighting equipment, that we were given
an opportunity to design an ultra lightweight fire pump using
light alloy wherever possible, and it was the engine from
this unit which attracted the interest of the racing frater-
nity.

In those days, very sinall lightweight racing cars were
constructed, using 500 cc motorcycle engines, and our light-
weight engines were fitted into these chassis with good ef-
fect. ‘

In 1956 it was decided to build a new engine especially
for use in the then current Formula I1. This was a 4 cyliwin
cam, type F.P.F., which was first shown at the 1956 British
Motor Show and began 10 score successes during the follow-
ing year. In 1958, the first Formula I Grand Piix race to be
won with a Coventry Climax engine was achieved by Stirl-
ing Moss, in Rob Walker's Cooper, using one of these en-
gines bored out to 1960 cc, racing against full 2500 cc cars
in the Argentine Grand Prix. This was followed by victory

The paper discusses reasons for Coventry Climax's par-
ticipation in motor racing and includes a history of events
which led o the manufacure of the 1961-1965 racing en-
gines.

Design philosophy is discussed; detailed design and de-
velopmem of the varicus engines is described, including the
1-1/2 liter V-8 with three combinations of bore and stroke
and with two and four valves per cylinder, together with the

2 liter version of the V-8, and the 1-1/2 liter 16 cyl engine
which was not developed in time to race. Notes onthespe-
cial exhaust and inlet systems developed for these engines
are included.

Lucas petrol injection, and transistorized ignition systems
are also described. '

The Appendix contains specifications of all the engines
together with sectional arrangements and performance
curves. |



in the Monaco Grand Prix by Trintingnant, also in Rob Walk-
er's car.

These results proved a turning point in racing car design.
The combination of a small lightweight car, plus 4 light and
powerful engine -- preferably placed towards the rear end
-- made an astonishing change to the conception of a racing
car, and the orthodox G.P. car becdme obsolete almost over-
night.

Encouraged by this success, the engine was redesigned
to_provide ‘a full 2-1/2 liters, and.this enabled Jack Brab-
ham in the Cooper car to win the World Championship for
both 1959 and 1960. o

The engine was further enlarged to 2.7 liters whenBrab-
ham and Cooper decided to go to Indianapglis for the 500
mile race in 1961 after the trial run the previous year with
only 2-1/2 liters. '

CHANGE OF FORMULA 1961

When the International Grand Prix formula was changed
from 2500 cc to 1500 cc for the 1961 season, it was neces-
sary for racing car manufacturers to have a more powerful
1500 cc engine than had previously been prodnced. The
" simiation was complicated by the resistance shown by British
contestants to the new formula, and it was not until the end
of 1960 that it was finally ratified.

Although Covenuy Climax had begun the design of a new
V-8 engine, there was obviously too little time in which to
develop it into race winning form for the coming year. A
Mk. Il E.P.F. 4 cyl was therefore produced as an interim
measure. It gave considerably less maximum power than

Fig. 1 - Cut-away drawing
of F.P.E. 4 cyl engine

2

its Continental rivals, which had been in existence for some
time but, nevertheless, it powered Lotus cars to victory on
three occasions in 1961 -- Stirling Moss at Monaco and
Nurburgring, and Innes Ireland at Riverside, U. S. A.
(See Fig. 1.)

" Some of these engines were also supplied to B.R.M. who
were in the same position as ourselves, and had no engines
ready of suitable size.

DESIGN PHILOSOPHY

Modern Grand Prix circuits vary considerably, some plac-
ing a premium upon acceleration, others upon Inaximum
speed. However, if the use of engine performance is studied
relative to the various circuits, it is evident that the time
during which the car operates at maximum rpm and power
is extremely small, compared with the time spent acceler-
ating in order to reach this maximum, only to commeénce
braking for the next bend. The most successful engine is,
therefore, the one which combines a good maximum power
with exceptional torque spread over at least 2500 rpm or,
better still, 3500 rpm. Under these conditions the driver will
have a far less fariguing time, because gear changing will
become less exacting and he will have more time to deal
with the actual driving of the car, that is, steering, braking,
and the like.

It has been our policy to produce engines possessing good
torque characteristics in the middle speed range. Toachieve
this is irnpossible if valves and ports of unlimited size are |
used in order to achieve the highest maximuom power regard-
less of other requirements.




The Coventry Climax approach is, therefore, to incorpo-
rate the smallest valves and ports from which adequate
power can be obtained, since this does allow maximum
torque to be developed below the speed of maximum power,
and a high compression ratio assists considerably in com-
pensating tor the slight lack of breathing at maximum speed.
A comparative test showed a useful improvement in power
above 8000 rpm for an Increase of compression ratio from
10.3 o 11.9:1 (Fig- 2).
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Fig. 2 - Effect on performance with change of compression
ratio
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BASIS OF DESIGN V-8 1500 CC

The E.P.F. 4 ¢yl engine (1956-1961) with a bore of 3.2
in. and stroke of 2.8 in. had a limited performance of
100 bhp/ Hter due to the speed limirations imposed by the
valve gear and by the stress considerations of connecting

rod and pistons. The engine developed 152 bhp at 7500 rpm,

and when run up to 8000 rpm the tappets and connecting rod
bolts occasionally gave trouble (Fig. 3). )

“BFP.
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Fig. 4 - Power curve - F.W.M.C. 742 cc engine

Fig. 3 —lCross—section of F.P.F. 4
cyl engine



In order to obtain a sufficient increase of power with re-
liability. it was obviously necessary to reduce the inertia of
the reciprocating parts, this by reductions in dimensions.

A 90 deg V-8 cyl layout was the logical choice and, for-
wnately, we had a 4 cyl engine type FWMC of 742 cc ca-
pacity with a suirable stroke/bore rario, on which we could
test our pew piston and port design.

This engine was basically that used in our small fire

pump. When firted with a twin camshaft hemispherical ¢yl-

inder head with pistons to suit it gave 82.5 bhp at 8200 rpm
which, at 1500 cc capacity, gave us 170 bhp as a satisfac-
tory starting point. (See Figs. 4-6.)

Injtially we did not think it wise to aim at too great an
increase in rpm, and we also considered that’a very much
over-square bore to stroke ratio would involve a difficult
and lengthy development period which, of curse, we could
not afford since the engines were required for the then cur-
rent formula. ] :

One major difficulty with a large bore to stroke ratio is
the provision of a sufficiently high compression ratio with a
smooth and compact combustion chamber. The provision
of sufficient valve to piston clearance, using the large de-
gree of valve overlap necessary for high speed operation, re-
sulis in deep cavities in the piston crowns.

We therefore settled for a conservative peak crankshaf
speed of 8500 rpm which, with a bore and stroke of 2.48 and
2.38 in., respectively, together with a connecting rod center
distance of 4.2 in., gave a maximum piston acceleration of

2
97.800 fps , and a mean piston speed of 3340 fr/minute.
Earlier it was considered that piston acceleration should not

2
exceed 100,000 fps’, butitappearsthatmodemn pistonrings will

4

operate satisfacrorily at substantially higher accelerations.
The higher siresses in connecting rods and pistons are mat-~
ters for design. in which rhe economic availability of forged
pistons act as a bonus. )

The design was deliberately simple and aimed at trouble
free manufacture in extremely small quantities. A total of
20 engines was envisaged, and therefore "tooling up” was
out of the question.

DESIGN FEATURES OF FWMV Mk. I - 1-1/2 Liter V-8

Initially the crankshaft was of conventional design, with
five main bearings, and was made of EN24V steel (1-1/2%
Ni-Cr-Mo). The front and rear crank pins were set at 90
deg to the center pair which were 180 deg apart. (Figs. 7-9).

The drilling was arranged so that the oil feed was con~
tinucus from end to end, thus assisting in the balance of feed
to the big ends -- despite the possible variation in leak-off
"at the various bearings. The feed to the big end bearings
was via heles drilled through both sides of the crankpin at
90 deg to the tdc position.

Later the 90 deg phasing was changed in favor of the
180 deg or "flat form” of crank and, to combat a wear
problem, a change in material to nitrided steel EN40 was
made. '

* The connecting rods, of 'I" section, were steel stampings
in EN24V (1-1/2% Ni-Cr-Mo) and ran side by side in pairs.
The caps were fastened with set screws, the split line being
at 90 deg 1o the center line of the rod. The mmain and big
end bearings were of Vandervell V.P.2 strip type lead-bronze
indiurn plated.
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Fig. 5 - Cross-section - F.W.M.C. 742 cc engine



The cylinder block was a simple sand casting, using an The main bearing panels were substantial, with the studs
open top construction to simplify the jacket coring. Pro- set deeply into them by using a thread depth of twice the
vision for a jackshaft, running at half crankshaft speed, was  diameter. Steel main bearing caps, together with cross bolt-
made in the base of the " Vee" above the crankshaft, with  ing, were used to increase the rigidity of the structure. Ofl
a skew gear at the rear end to drive the ignition distributor.  was fed to each main bearing from a large diameter gallery
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Fig. 7 - Cut-away drawing - 1.5 liter V-8




bored, from end 1o end, in the side of the crankease.

The oil pumps were arranged in tandem, with the pres-
sure pump set on the front main bearing panel behind the
gear drive from the crank. The two separare scavenge pumps
were located on the outside of the timing drive cover plate,
and connected to the driven gear by means of an " Oldham"

6

coupling. The pumps, which separately scavenged the front
and rear of the sump, to accommodate both acceleration
and braking conditions, had 2 combined capacity of twice
the pressure pump. Al the pumps were of the normal spur

gear type.
The pressure pump fed the oil to a short drilling, via a

Fig. 8 - Cross-section -
1.5 liter V-8

Fig. 9 - Longitudinal sec- .
tion - 1.5 liter V-8



pressure relief valve, and then to a cartridge-type oil filter
which was bolted to a facing on the side of the crankcase.
The filtered oil then passed to the gallery mentioned above.

_ The pistons were of conventional shape with a circular
skirt. The three rmg pack consisted of a top compression
ring of the Dykes "L" pattern, a taper faced second, and the
usual "U" section oil control ring -- all in normal high duty
cast iron. ‘The pistons were made by Brico in " Lo-ex” al-
loy and each was checked by X-ray for faults.

The cylifder liners were of the usual wet-type in cast
iron, the lower end spigoting into the crankcase and sealed
‘with O-rings. The lower flange was supported at the base
of the watér jacket. and the upper flange was sealed with a
laminated steel sealing ring designed and made by Coopers
Mechanical Joint Co. Ltd. This ring was originally conceived
for Tony Vandervell's famous ' "Vanwall Special,” and con-
sisted of a pack of narrow rings, some flat and some with a
corrugation of 0.010 in. rhickness, all contzined within a
spun casing. They were made of stainless steel, and Nimonic
material. The water joint was completed by an asbestos
type jointing material (Figs. 10 and 11).

The timing drive consisted of a pair of straight spur gears
of 1:2 ratio, dnvmg from the nose of the crankshafr toa jack-
shaft sitnated in a tnnel in the Vee of the cylinder block,
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Fig. 11 - Section of "Cooper” sealing ring

from whence two separate chain drives were taken to each
of the cylinder heads. The chains were of the single 3/8
in. pitch Reynolds roller type, each tensioned by an adjust-
able idler sprocket, one being situated in the tight strand
on one side and in the slack swrand on the other, so as to re-
tain a symmerrical layout.

The cylinder heads were quite simple castings of the con-
ventional hemispherical type, with one inlet and one ex-
haust valve set at 30 deg on either side of the center of the
combustion chamber. The inlet ports were arranged on the
inside of the Vee and sloped up quite steeply to the induc-
tion system.’

The camshafts were carried in babbitt lined strip bear-
ings and supported in castings which also served as tappet
blocks. :

The tappets were of simple bucket form and the valve
clearance was adjusted by means of oil hardened steel shims
of varying thickness. The tappets were originally of chilled
cast iron and the camshafts of case hardened steel. Later,
when the engine operating speeds rose, the materials were
reversed. Currently, we use case hardened steel tappets in
conjunction with cast iron camshafts with chilled cams. The
tappets ran direct in the aluminium tappet blocks.

We used, successfully, exhaust and inlet valves in 21-4NS$
material, seating on Fiydural bronze and austenitic steel re-
spectively. Both inlet and exhaust valve seats were shrunk
into the cylinder head.

' The older 4 cyl engines were equipped with Nimonic 80

- valves, and these suffered quite badly from seat scuffing and

ridging so that it was difficult to maintain tune because of
seat deterioration. The 21-4NS becomes workhardened with
use, and this provides very favorable seat conditions, to-
gether with almost complete absence of valve failure.

LUCAS TRANSISTORIZED IGNITION EQUIPMENT

Lucas electronic ignition equipment was speeified for
these engines from the outset -- a bold venture for, in 1961,
electronic ignition was an unknown quantity both in terms
of reliability and behavior. The particular form adopted
has already been described in some detail in an earlier pa-
per.* Briefly, the equipment comprised of four components:

1. A magnetic variable reluctance pickup located be-
tween the rear engine plate and the flywheel.

2. A pulse shaping network based on a Schmirtt Trigger
circuir.

3. A spark generator using a novel circuit, which is basi-
cally a triggered high power blocking oscillator.

4. A high tension spark distributor.

All the electronic units used germanium transistors, and
were encapsulated in a silica-filled epoxy resin to provide
support against vibrational effects,

*J. W. Sharpe, " Transistorized Ignition for High Speed
Gasoline Engines.” Paper 650498 presented at SAE Mid-
Year Meeting, Chicago, May 1965.




Attached to the flywheel were four specially shaped steel
trigger pieces, spaced at 90 deg intervals, which passed
within 0.020-0.040 in. of the pickup poles. Each pass dis-
turbed the magnetic field thus producing a voltage pulse at
the pickup terminals. The special shape of the wigger
pleces was required in order to compensate for time delays
in the circuitry; otherwise an unacceptable degree of spark
retard would occur with increase in speed.

The pickup pulses, of variable shape and amplitude de-
pending on the speed, were fed to the pulse shaper. This
converted the voltage signals into a current pulse having a
shape and amplitude independent of speed. The output cur-
rent pulse was used to trigger the spark generator (Fig. 12).

The particular features of the unit were: o

1. It produced a spark almost instantly.wﬂeg commanded
by the trigger puise. the required power being drawn from
the battery over 2 period of approximately 200 microsec.

2. Each spark had a constant value independent of speed.
Minimum test values were 20kv on 50pf load and 13kv on
" 1 megohm * 50pf load at 800 sparks/sec. '

3. The unit was capable of performing at extremely high
sparking rates and figures of 3000 sparks/sec have been re-
corded although, at this rate, the components are being
grossly overloaded.

4. The current pulse, taken from the battery at each
spark, had a peak value of about 80 amp and large section
battery cables were required to avoid excessive volr drop.
The average current increases linearly with speed, being
zero with a dead engine and 3-4 amp at maximum speed.

1962 was the first full racing season during which this
equipment was used. With only works-supporied cars using
the few engines made during this period, it was a relatively
simple job to produce and test the ignirion systems under
laboratory conditions. Very few failures oceurred at this
time, although it was found necessary to incorporate a diode
to provide reverse polarity protection.

_ The best power transistors available were only rated at

. 15 amp and it was necessary to select those capable of han-
dling the 80 amp peak current. This was done by measuring
the ignition performance of the transistofs in a dumnimy unit.
As more engines became available during the 1963 and
1964 seasons, the scarcity of suitable transistors became a
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Fig. 12 - Circuit diagram of Lucas transistor ignition system
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serfous problem, and the standard of performance had to be
reduced to enable sufficient units to be produced. It was
not realized, however, that although the lower performance
level was still adequate, the lower grade of transistors was
not, and a strange form of wansistor failure started to occur.
The faflure always occurred after switching off the engine
on the starting grid, and with two or three “dead” cars on
the line the start of the race became chaotic and franght
with danger. The rule concerning the dummy grid start was
a direct result of this rouble.

The problem was eventally overcome by:

1. Specifying a 25 amp transistor which, fortunarely, ap-
peared on the market at that rime. R

2. By basing wransistor selection on high current gain =
rather than on ignition performance. _ .

Since then the system has proved extremely reliable with -
only the occasional random failure occurring.

INITIAL DEVELOPMENT PROBLEMS

Power Qutput - The early tests in 1960 were disappoint-
ing, the performance being much lower than was estimated.’
The treuble was eventually traced to a last minute change
to the inlet pert, as a result of suggestions from our consult-
ant, which increased the rate of flow through the port. The
change resnlted in an increase of area adjacent to the valve
guide. :

Not until we sleeved the port of the original dimension
was the estimated power achieved. It seems that the change
of area just before the valve searing upset the ram condi-
ton. probably by constituting some form of ppeumatic
spring, which dissipated the dynamic energy of the column
of intake gas in the port (Fig. 13).

Oil Churning - Another early difficulty concerned the
churning of the oil in the crankcase by the crankshaft and
connecting rods. A sizable gain in power was achieved by
lowering the sump 2 in. Various forms of baffle were tried
out and, eventually, a copper gauze screen, arranged to fol-
low the path of the big ends, was found 0 overcome the

DIA.

Fig. 13 - Comparison of inlet ports
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problem successfully. It would appear that it acted as a non-
return' valve, and protected the oil from the windage effects
of the rotating components. This screen enabled the base

of the sump to be raised again to within 5/8 in. of the de-
signed level (Fig. 14).

COOLING

The most difficult and serious trouble was the overheat-
ing experienced when the engines were first installed in the
racing cars. It took three races -- the German, Iralian, and
U.S. Grand Prixs of 1961 -~ 1o discover the real cause ofthe
trouble; namely, the differential expansion of the cylinder
liners and cylinder blocks as a result of the rather 1apid
changes in engine load and temperature.

The cast iron liner was seated on a flange 3 in. below
the cylinder head seal and, therefore, the seal was subjected
to 2 varying compression due to the differential expansion
of 3 in. of cast fron and aluminium. This was probably ac-
centuated by the fact that since the water temperature re-
mainedrelatively constant, the height of the aluminium cyl-
inder block also remained constant, whereas the cast iron
cylinder liner was subject to temperature changes due to fir-
ing conditions, that is, throttle open, and throttle closed.

The sealing ring failed due to fatigue, and it was not
until we rigged up the test bed with the car's actual sealed
cooling system, and operated the throttle on a cycle of open-
ing and closing, that the condition was achieved.

Once the cause was known, it was quickly and easily rec-
tified by replacing the lower flange on the cylinder liner
with an aluminium sleeve, sealing into the base of the cyl-
inder block, and supporting the liner under the upper flange,

so equalizing the expansion rates with that of aluminium
(Fig. 15).

Incidentally, a deck was added to the top of each cyl-
inder bank with the object of Iocating accurately the top of
each cylinder liner, so that they were held truly perpendic-
ular while the cylinder heads were assembled in them. No
cooling troubles occurred after this modification.

EXHAUST SYSTEM

The V-8 posed a problem when a tuned exhaust system
was considered. The tuned system is a "must” at this stage
of the art, and a good system is worth many bhp as com-
pared with a "hit and miss” layout such as was common a -
few years ago. o

We had discovered that the original scheme used on the

QRIGINAL SOLID

PRESENT CAST IRON
‘CAST IRON LWNER l

LINER WITH ALLIMINIUM

Fig. 15 - Comparison of cylinder liners

Fig. 14 - Cross-section of V-8 showing connect-
ing rod path and oil antisurge baffle



4 cyl engines, whete the two inner and the two outer exhaust
ports were paired and then joined together nearer to the tail
pipe, could be improved upon if all four were arranged to
meet at a common junction, and thence into a divergent
tail pipe or megaphone.

‘The original V-8 crankshaft was of the conventional 90
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Fig. 17 - Effect on performance of change of exhanst pipe
diameter

10

deg phaéed type, first popularized by Henry Ford, and later
standardized by all V-8 manufacturers. This arrangement
results in unavoidable and unequal phasing of the firing
strokes, so rhat it was only possible on each bank to obtain
the rouch desired condition of even exhaust pulses into com-~
mmon tail pipes by coupling the center pairs of cylinders on
one bank to the outer pairs of the opposite bank, and vice
versa, .

It was fortunate that the optimum primary pipe length
was just sufficient for this crossing over to be possible, al-
though it was necessary to utilize some exceedingly tight
bends to do so. It does appear that tight bends are not detri-
mental to power output, as was popularly thought at the
ume. This complicated "cross-over” layout became known
as "spaghetti” and upon its first appearance was received
with some derision but. subsequently. it has been nsed by
nost constructors - - including .Ford at Indianapolis (Fig. 18).

When in 1964 our engine speeds and output had risen, it
was found that an increase in exhaust. pipe diameter wasben-
eficial. Both primary pipes and the junction cluster was in-
creased from 1-1/4 in. IDt0'1-3/8 in. ID, as a result of
which a loss occmred at 6500 rpm. However, at 8000 Ipm
a sinall gain was apparent and, at 10,0001pm, the bmep held
up and provided another small gain at this point (Fig. 17).

INFLUENCE OF EXHAUST SYSTEM
ON CRANKSHAFT DESIGN

Ferguson wished to consider the use of our engine in his
4 wheel drive racing car and, since the engine was mounted
at the front, it was impossible to accommodate the cross-
over exhaust because of the driver's legs. It was obviousthat
the exhausts had to be arranged so that each bank of cylin-
ders could use separate systems at either side (Fig. 18}.

In order to achieve even firing down each bank, it was
necessary to use a 180 deg phased crankshafr, but it was
thought that a vibration problem would arise due to the in-
creased secondary vibrations which, in theory, would result.

To our surprise the vibration of the engine was not
noticeably different to that fitted with the 90 deg phased
crankshaft. There was a small improvement in bearing load-
ing, and a slight reduction in weight, due to the simplified
system of balance weights.

: D,

A BANK.

B BANK,

)

Fig. 18 - Exhaust system for 180 deg phased crankshaft
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The exhaust system was much improved from the instal-
larion point of view, and the 180 deg crankshaft was adopted
for all later engines.

GENERAL DEVELOPMENT

Our development followed two parallel courses -- one
for improved power, and the other for reliability. Active
participation in racing together with continuous develop-
ment testing brought to light many weaknesses.

As noted previously our approach was conservative, the
bore and stroke of the Mk. I 1961-62 engine beiﬁg 2.48 X
2.36 in., respectively and, initially, we obtained 174 bhp
at 85600 rpm. Later this was improved to 181 bhp.

Four Weber DCLN4 double choke downdraft carburetors,

- firted with 32 mm choke tubes, were used for 1961 and1962.
These were not altogether suitable for the V-8, since they
were installed across the Vee, the float chambers were con-
siderably ahead of the jets and choke tubes, and this brought
tuning difficulties especially when accelerating out of cor~’
ners at part throttle. The over-richness under these condi-
tions led to a tendency for tuners to weaken the overall mix-
ture strengech to a somewhat dangerous degree, a condition
not overcome until fuel injection was fitted in 1963. (See
Fig. 40.)

FUEL INJECTION

In 1963 the Lucas fuel injection system was fitted. This
made it possible 1o achieve really clean acceleration out of
a bend, and was a most worth-while modification. For some
time it was not possible to achieve the same maximum
power as that produced by carburetors but, eventually, an
intake system was evolved which gave practically similar
results. This consisted of slide throttles, with the discharge
nozzles upstream -- the orifices being almost in line with
the flared end of the true air intake. In operation this ar-

rangement produced quite severe fuel blowback, and a sec-
ondary air intake of much larger size was added, surround-
ing and supporting the nozzle, thus completely overcoming
the problem (Fig. 19).

The drive for the metering unit was arranged by moving
the coolant pump forward, to enable a pulley to be mounted
on the forward end of the half speed jackshaft, just behind
the pump. A cog-toothed belt was used, and was quite satis-
factory. A magnesium casting carried the metering unit low
down between the cylinder heads, with the driving spindle
and pulley projecting across the timing case.

Fig. 20 shows the system diagrammatically. A motor
driven fuel pump provides a constant supply of petrol, 4t a
substantial pressure, to the metering unit. Downstream of
this unit is a relief valve which keeps the pressure, for me-
tering, at 100 psi. At this pressure, vapor formation is effec-
tively suppressed, and metering accuracy is maintained even
at the high operating temperature reached by the unit as'a
result of its 16cation in the center of the V of the engine.

Control over the fuel delivery is provided by a directme- |
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Fig. 20 - Diagrammatic arrangement of Lucds fuel injec-
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chanical linkage between the slide throttle plates, and a
lever carrying a cam profile on the metering unit, so that
for any throttle opening there is an appropriate fuel delivery
to each cylinder.

Fig. 21 shows an 8 cyl metering unit with the lever con-
wol. The metering unit contains a twin-bored rotor, each
bore containing a single shuttle which moves axially under
fuel pressures between two stops; one fixed and the other
adjustable by the cam profile. The rotor is driven at half
engine speed by the splined drive shaft. The porting in the
rotor-and the sleeve in which it rotates are arranged so that
fuel pressure from the supply pump drives the shuttles back-
wards and forward between the two stops. The distance
traveled between the two stops determines the quantiry of
fuel discharged during each injection. This fuel is fed,
through nylon pipes, to individual injectors mounted in the
center of the bell-mouthed intake rubes. The system was
developed to operate at speeds well over 10,000 engine rpm
and. at this speed, each individual shuttle moves over 300
times a second.

Earlier units mcdrporated a separate oil pumnp as shownon
Fig. 21, but the development of materials suitable for high
speed running in petrol, have made it possible to achizve
a satisfactory racing service from undts, modified in detail
design. and simplified by the omission of this oil pump.

Initially, the electrically driven, high pressure, fuel pump
caused some trouble, dne to overheating, when the unit was
mounted at the rear of the power unit adjacent to the gear-
box. The best position was found to be ahead of the radi-
ator, right in the airflow, despite the lengthy fuel pipes re-
quired by this location.

Another problem was due to choking of the internal fuel
fine filters, which would load up with dirt from the churns
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OF FUEL CONTROL
MECHANISM

ADJUSTMENT -~
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and funnels used by the teams, and resulted in a gradual but

almost complete stoppage of fuel. In particular, this was
the case with the small felr filter pad fitted in the casing
of the metering unit. It was very difficult to diagnose be-
cause, when it dried off it was quite clear; only when it was
wet and under pressure would it close up and so prevent the
free flow of fuel. Being inaccessible, it was not easy to
service, so another, much larger filter, which could beserv-
iced easily, was firted in the pipe line to the metering unit
-~ thus overcomning the trouble. Several races were lost the
first two years before the matter was finally cleared up.

There is a fundamental difficulty in tailoring such a fuel
control system to an engine in which induction ram plays
an important part in obtammg high performance.

The fuel control arrangement provides a precise delivery
of fuel. determined by the linked cam and throttle, and this
is injected at every complete cycle, due to the positive half
speed drive to the metering unit.

The control system is therefore based on air consumption
being pro rata with rpm. In fact, this is not so for, due to
ram effect, the air consumption at the point of maximum
torque can exceed the theoretical capacity of the engine,
whereas at speeds above and below this point the volumetric
efficiency is reduced by varying amounts.

If the injection system is tuned to give a sufficiencly rich
mixture at maximum torque, it obviously goes richer still

‘when the proportion of air induced is reduced. This enrich-

ment is of little consequence at the lower speeds because
acceleration is occurring in this range, but it does cause
over-rich conditions at speeds of maximum power.

We struggled for some time with automatic leaning-off
devices, aimed at correcting the mixture above maximum
torque, but the problem was never satisfactorily sclved and,
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in all races, we ran in a condition of a 3% loss of maximum
power. This was regrettable but, perhaps, in view of the re-
sults we achieved in the races, it serves to show the relative
unimportance of actual maximum power compared with
middle range torque.

INCREASE OF OPERATION SPEEDS.AND BHP

Using a given fuel and a naturally aspirated engine, the
only manner in which more power can be acquired is to raise
the crankshaft speed, assuming a reasonable optimnum with
regard to volumetric and mechanical efficiency.

Thereforg, in 1963, we sought 1o raise the crankshaft
speed and. in order to do this safely, we did not wish to ex-
ceed the piston spfeeds and maximum acceleration of the
previous engine.

The stroke was reduced to 2.03 in. which gave usamean
piston speed of 3300 ft/ minute at 9600 rpm, that is, 1100
rpm higher than in 1962, together with a maximum piston

acceleration of 100,300 fp52 In order to assist in keeping
this figure as low as possibie, the connecting rod center dis-
tance was increased from 4.2 to 5.1 in. giving a rod tostroke
ratio of 2.5:1 -- that of the original engine being 1.78:1.
This arrangement gave peak power at 9500 rpm in its earli-
est form and. eventually, at 9800 rpm.

In order to achieve an increase of power at the higher
crankshaft speeds, the diameter of inlet valve was increased
from 1.3 10 1.5 in. and the port dimensions were modified

Fig. 22 - Performance of Mk.L II, and III 1.5 liter V-8 en-
gines

to suit. This resulted in 195 bhp at 9600 rpm, rhe maximum
torque moving from 7600 rpm to 8000 rpm.

We modified a 2.36 in. stroke engine to the new inlet
valve condition and this gave 186 bhp -- an increase of 5
bhp or 3.6%.

The gain due to (a) change of valve, and (b) change of
swoke, may be roughly assessed by comparison of the follow-
ing: (See Fig. 22.)

MK.I 1.3 in. inlet valve, 2.36 in. stroke = 181 bhp at
8500 rpm.

ME.IT 1.35 in. inler valve, 2.36 in. stroke = 187 bhp at
8500 rpm. :

MK.III 1.35 in. inlet valve, 2.03 in. stroke = 195 bhp at
9500 pin. . .

There were some small changes to the inlet system which
gave minor improverrents. The inlet port was eniarged from
1.015 10 1.025 in. diameter and was provided with a 20 deg
included taper entry which reduced the effective length of
the restricted diameter by approximately 1 in. The diam-
eter of the large end of this tapered entry was 1.812 in. and
this ihcrease was extended to the throttle body diameter and
ram pipe.

For 1964, a further shortening of the siroke was effected,
primarily in aid of the four valves per cylinder engine which
was designed with the idea of running up to perhaps 11,000
1pm. The four valve arrangement did not function too well
in its early stages, and this is dealt with in a later part of
the paper.

Having the necessary components on hand to assemble
the ultrashort stroke as it was known. we felt obliged to test
it out on existing two valve cylinder heads. The stroke was
actually shortened to 1.79 in. and the bores increased to
2.85 in. -This combination gave a further increase of Tpm
to 9750 using existing valve gear for 2 mean piston speed
of only 2910 ft/minute.

Peak power was obtained at 8750 rpm, at which speed
we considered the existing valve arrangement to be satis-
factory. A further increase in inlet valve diameter to 1.4
in., together with a modified port, was made with some ap-

prehension on our part for, while the engine was very willing
to "rev,” we were not really happy for the valve gear to mn
faster -- particularly with the larger and heavier valve.

However, this engine was very successful in Jim Clark's
capable hands and gave an increase of power just exceeding
the 200 bhp figure at 9750 rpm (Fig. 23).

We made several engines with 1.35 in. inlet valves and
1.79 in. stroke, using 4.2 in. center connecting rods which,
even though they did not produce a worth-while improve-
ment in performance, did give a lower and smaller profile,
thus allowing a reduction in the cross-section of the body-
work at the engine bay. It is probable that the reduction in
drag was worth more than 5-6 bhp ar the higher road speeds.

FOUR VALVE DEVELOPMENTS

When it appeared necessary to increase our power beyond
the 195 bhp obtained in 1963, we naturally thought in terms



of more valves of smaller dimension and weight. Therefore
a four valve design of conventional "pent-roof" form was
pur in hand.

The performance for the first 12 months was poor and
never looked like even equalling that of the two valve en-
gines. The valve and port dimensions were based on our
previous work, and should have produced results. _

The trouble appeared to be one of combustion, and was
thought to be due to the effect of two equally flowing ports
cancelling out any swirl which might have been present
. which, rogether with the shape of the pent roof piston and
combustion chamber forming a barrier across the chamber;
produced a peculiarly stagnam gas condition. _Apparently,:
the squish areas on either side were insufficient to enliven
matters. .

The exhaust conditior indicated a very slow combustion,
and only by advancing the ignition point 10 deg earlier than
on the o valve engine, did the engine commence to func-
tion.

We prepared two pairs of cylinder heads, one with valve
and ports slightly larger than the other and. not unexpect-
edly, the smaller valved head proved betteroverall, although
the maximum power obrained was rather greater from the
- large valve engine.

With the small valve engine, as run in 1965, the maxi-
mumm power on the test bed was improved 1o 210 bph at
10,500 rpm. The higher rpm permitted slightly lower gear
ratios to be used and this, together with a small improve-
ment in the engine torque curve, produced enhanced accel-
eration.

Fig. 23 - Performance of Mk.IV and V 1.5 liter V-8 engines

i4

The large valve engine gave 213 bhp at 10,500 rpm with
2 maximum bmep of 196.5 psi at 9000 rpm. This version
was potentially better but. in Jack Brabham’s car, did not
perform very well. (See Fig. 24.)

The four valve camshaft drive caused difficulty and,
whereas with the twin cam engine the single strand 3/8 in.
pitch chains were wouble free, on the four valve engine
they failed in a very short time. 1/2 in. pitch chains were
tried, and these also failed. In order to overcome the trou-
ble, a gear drive was devised and this worked quite well for
a time, after which the gear carrier crac_ked the cylinder
head walls to which it was attached (Figs. 25 and 26). It
would seem that the trouble was due to the more pronounced
torque peaks imposed by the double valve loading. For the
higher operating speeds expected, the same valve spring- -
loading was used as for the two valve engines. S

The last difficulty was associated with the method em-
ployed to locate the gear carrier, which included bolting'.
and the use of "Araldite” adhesive to provide snitable at-
tachment lugs for the gear drive using the existing cylinder
heads designed for chain drive (Fig. 27). This expedient

‘was the result of a complete lack of time to obtain new cyl-

inder head castings incorporating the necessary attachment
bosses, and to machine them for the remaining races of the
season.

We are now of the opinion that the valve angles chosen
were too wide. It is considered that the combustion cham-
ber would have been more efficient had the valves been ar-
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ranged at a sialler included angie, thus enabling a flatter
piston crown to be used. It does appear thar swirl is impor-
tant and, because it is gained only to the detrimemnt of volu-
metric efficiency. it must nor be spoilt by an exaggerated
pent-roof to the piston.

One great gain with a four valve design. apart from the
obvious reduction in valve gear inertia, is the improved air-
flow. It is noticeable that if two valves and ports are flowed
into a cylinder, the combined airflow is considerably greater
than the sum of {dentical valves and poms flowed separately.
We have not decided why this should be, but it is probable

‘that the energy loss is practically the same for one stream
as for two sueams flowing into one cylinder.

Figs. 28 and 29 show airflow measurement for single port
and double port flow,

There remained a great deal of scope for improvement

. at the time the formula was changed, at which point our
company decided to "opt-out” of racing, but this four valve
‘unit undoubtedly assisted Jim Clark and his Lotus to win the
last World Championship of the 1-1/2 liter formula.

2 LITER ENGINE

One of these engines was produced at the end of 1985,
and was used by M. Spence to win the 1966 South African
Grand Prix. It will probably be used by Lotus in the current
Formula I races until the 3 liter B.R.M. engines become
available. .

The increased capacity was achieved by lengthening the
stroke to 2.36 in., as used in 1962. and retaining the 2.85
in. bore more recently used on 1.5 liter engines. The longer
stroke imposed a limit on 1pm which was set at a maximumn
of 000 rpm.
~ As sent 1o South Africa, it was fitted with the two valve
cylinder heads, incorporating the normal 1.35 in. inlet valve,
together with the induction system and ports as used on the

. 1.5 liter engine. 239 bhp was obtained at 8800 rpm. Subse-

quently, we prepared some cylinder heads and pistons to use
the larger 1.4 in. diameter inlet valve, together with some
increase in port dimension, and 244 bhp was produced at
8200 rpm. ,

In order to minimize the maximum piston acceleration

Fig. 26 - Four valve cylinder head and combus-
tion chamber
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and. therefore. the inertia effects due 0 the use of the
longer stroke, we reverted to the 5.1 in. center comecting
rods instead of the 4.2 in. used latierly. Otherwise the en-
gine was exactly similar to the 1-1/2 liter two valve en-
gines.

The power is, of course, limited by the valve diniensions,
as well as by the permissible rpm. and the gas mean veloci-
ties are extremely high. (See Table 1.) However, this has
given the engine good torque in the middle range, and it
will prove a useful “stop-gap” while the new engines are
finalized by B.R.M. Tke performance of this engine, when
firted with 1.35 and 1.4 in. diameter inlet valves. togéether
with that of the 1.5 liter engine using the 1.4 in. inletvalve
and, for comparison. that of the F.P.F. 1960 cc 4 cyl, is
shown in Fig. 30. .

The comparison berween the 1-1/2 liter and 2 liter en-
gines, using the 1.4 in. valves, is interesting since they are
of identical specification except for the change of stroke.

16 CYL ENGINE

This engine. although never raced. is considered, never-
theless, to be of interest as a design exercise and. therefore,
has been inciuded. : .

During 1963-1964. when the four valve engines were un-
dergoing initial tests, the results were so disappointing that
another line of attack was considered necessary, and the 18
cyl project was the result (Fig. 31).
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Fig. 30 - Performance compared Mk. V, IX, and X 2 liter
V-8 engines
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REASONS FOR ADOPTING FLAT 18 CYL DESIGN
FOR 1965 1.5 LITER RACING ENGINES

The current 1-1/2 liter formula had been running since

1961 and several progressive changes made, whereby the

performance improved from 150 bhp at 7500 rpm on the 4
cyt F.P.F. to 174 bhp initially on the V-8, and thence, in

two stages, to just over 200 bph at 10,000 rpm.

At the end of 1963 it was apparent that Ferrari and B.R.M.

were catching up, and that more than just a few bhp were
reguired to retain the lead we had at that time. I was con-
sidered that the only worth- while improvement would be
obtained by an increase in ipm, and two projects were ini-

tiated for this purpose.

The first was to decrease further the stroke of the current
V-8 and o use the four valve arrangement in lieu of the
two valve set-up. As mentioned previously, extremely dis-

appointing inirial results were obtained. The second was to

Table 1 - Inlet and Exhaust Gas Velocirties, fps

Inlet Inlet Exhaust
at Max. bhp at Max. Torque - at Max. chp
Engine Type Port Throat - Min. Seat  Port  Throat Min. Seat  Port Throat Min. Seat
Mk. 1
2.48 X 2.36 in. 333 2895 239.5 294 255.5 211.3 343.5 3285 274.8
1.3 in. inlet valve At 8500 rpm At 7500 rpm At 8500 rpm
Mi. 11
2.48 X 2.36 in. 327 252.5 231.5 288.6 220.8 204.4 343.5 386.5 274.8
1.35 in. inletvalve At 8500 rpm At 7500 rpm At 8500 rpm
Mk. I
-2.675 X 2.08 in 370 285.5 262 307 2317.4 2ig age.s5 370 310.5
1.35 in. inlet valve Ar 9600 rpm At B00O rpm At 9800 rpm
Mk. IV
2.850 X 1.799 in. 3175 289.5 266 308 237.5 218 £94 375 315
1.35 in. inletvalve At 9750 rpm At 8000 rpm At 9750 epm
Mk. V
2.850 X 1.79 in. 369.5 288.5 236.8 304 237.5 194.8 394 318 315
1.4 in. inletvalve At 9750 rpm At 8000 1pm At 9750 rpm
Mk. VI
4 valve 3170 282 237 305.5 233 196 2814 368 299.5
1.04 in. inletvalve At 10,300 rpm At 8500 rpm At 10,300 rpm
Mk. VII
4 valve 364 260 213 289 212.5 174.4 290.5 291.5 252
1.107in. inlet valve At 16,700 rpm At 8750 rpm At 10,700 tpm
Mk. VII
2 liter 446 345  318.5 381 294 270 469 4417 375
1.35 in. inletvalve At 8800 rpm At 7500 rpm At B800 rpm
Mk. KX
2 liter 415 337 281 350 284.5 237 474 452 380
1.4 in. inlet valve At 8900 rpm At 7500 rpm At 8900 rpm
18 cyl 378.5 289 258 284 218.5 193.5 314 338 307
1-5 liter At 12,000 rpm At 3000 rpm At 12,000 rpm




design the 16 cyl engine which we had hoped to have run-
ning for the latter part of 1964.

The 18 cyl engine was chosen as offering a greater po-
tential in terms of rpm than the & cyl or z possible 12 cyl.
in terms of piston speed. and using the stzoke 10 bore ratio
seemingly proved best from previous results -- that is,
0.76:1; the 8. 1%, and 1€ cyl gives the comparison in crank
speed shown in Table 2.

The maximum piston acceleration is rarher high at
13,000 rpm and we would have been satisfied, initially, with
say, 12,000 rpm.

. Piston area has been used by many as a criterion of per-
formance and using this factor we obtaia the following:

Nos. of Cylinders & Bore, in. 8x 2.673, i€ X 2.33, 16X
2.13. .

Toial Piston Area, sq in. 45, 52, 56.8. *

If we take previous results we have achieved:

. 2
FPF 4 cyl, 3.22 in. bore, 150 bhp from 36.2 in. = 4.8
bhp/sq in.

V-8 2.4€ in. bore, 186 bhp from 38.6 in.‘2 = 4.82 bhp/
Sq in.

V-§ 2.675 in. bore, 202 bhp from 45 inZ =45 bhp/sq in.

So that we could expect approximnately 4.5 bhp/sq in. of
piston area: ]

12 cyl with 52 sq in. X 4.5 = 230 bhp approximately.

18 cyl with 56.6 sq in. X 4.5 = 250 bhp approximately.

If we assess power on the score of rpm with similar bmep
as currently obtained we arrive art:

200 bhp for 10.000. 220 for 11,000, 240 for 12,000 rpm,
and so on.

These figures are obviously very optimistic but show the
wend, and it is certain that for a given rpm. the 16 eyl will
be slightly less stressed than the 12 cyl.

Crie other factor influenced our choice, and this was the
design of the crankshaft. The form chosen was, in fact, two
cranks exactly as we had previously used successfully in the
V-8, both being shrunk onto a common gear, each shaft be-
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ing phased at 90 deg to the other, and each being the simpie
flat czank as in an in-line 4 cyl. This formation had given
us excellent bearing conditions together with very smooth
rugning.

Previously, we had set our 12 cyl "Vee"” and 16cyl "Vee"
engines. the latier with the conventional 135 deg angle be-
tween the barks. The 12 ¢yl was appreciably larger in cross-
section, and the V-16, with the cylinders sloping upwards
with power take-off below, set the cenrer of gravity higher
than we wished -- this shaft height being dictated by the
existing form of wansmission and the tire centers (Fig. 32).

We tried drooping the cylinders and this provided an ex-
cellent layout with very low center of gravity. Unfortun-
ately, this scheme left no space for the lower frame tubes
ar for the exhaust system (Fig. 33).

A compromise was struck with the cylinders set horizon-
tally. that is, a flat engine. With this layout we obtained
a low center of gravity and a very small silhouerte.

This scheme also allowed ample space, below the cyl-
inders, for both exhausts and also for the lower chassis tubu-
lar members.

A further point in favor of the 16 cyl was that we ob-
tained a firing sequence which made possible the close cou-
pling of each of the series of 4 cyl. on either side of the en-

Table 2 - Comparison in Crank Speed

8 Cyl 12 Cyl 16 Cyl

Mean Piston 2.03 in. 1.77 in. 1.6 in.

Speed stroke stroke stroke
3500 fr/minute 10,340 rpm 11,870 rpm 13,100 rpm
Maximum

Piston Accel-

2
eration, fps 123, 900 142, 400 156, 800

Fig. 31 - Sixieen cylinder engine
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gine, so that we had four separate groups, each comprising

lathe tail-stock sufficed. The joint was quite satisfactory

a simple 4 cyl system. The correct coupling of exhaust ports  in service, although we did find the interference became

makes possible a higher maximum power and also, as pre-
viously noted, a considerable spread of useful torque.

The separate power 1ake-off, or drive shaft, solved sev-
eral problems; namely:

1. The cluich speed is reduced and, for a crank speed of
12,000 1pm, the clutch turns ar 9600 rpm so that existing
transmission ratios are satisfactory.

2. The torsional vibration problem, with the rather long
crankshaft, is minimized by taking the drive from the cen-
ter.

3. The agsembly of two simple crankshafts, by shrink fit
with the drive gear, simplifies the manufacture of an other-
wise difficult component.-

CRANK SHAFT ASSEMBLY USING S.K.F.
OIL INJECTION PROCESS

The 8.K.F. process was used to join the two crankshafis
together, and was originally developed by the S.K.F. Ball
Bearing Co. of Sweden to facilitate the use of heavy roller
faces on marine crankshafts and rolling mills. In our case,
the crankshafts were arranged with female tapers of approx-
Imately 1 in 50 engaging with the similarly tapered exten-
sions of the power take-off gear. The dimensions were
chosen to give a diametrical interference 'of 0.0035 in. with
a pull-up distance of 90.175 in. Qil was injected through
suitable drillings by means of a small hand pump, so that
sufficient expansion oceurred to allow the components to be
pulled together by suitable clamping means. When the oil
pressure was released, the components shrank together and
the oil was forced away from the mating faces (Fig. 34).

The oil pressure required was around 15,500 psi. and the
fits were calculated ro withstand three times the maximum
torque expected to occur at the joint. The joint could be
broken and remade as often as required by simply injecting
oil, when the coinponents were automatically forced apart.
Suitable stops were obviously required and, in our case, a

135" INC: UPWARDS

.

QUTLINE
OF
1963 LOTUS

Fig. 32 - Qutline of alternarive cylinder arrangement

reduced after dismantling, obviously due to a small defi-
ciency in hoop strength of the crankshaft ends. Probably the
elastic limit was exceeded. We think the scheme offers an
elegant solution to a normally difficuit problem in a cheap
and simple manner.

COVENTRY CLIMAX FLAT 16 CYL 1500 CC
RACING ENGINE TYPE 'FWMW'

Bore -- 2.13 in.

Stroke -- 1.6 in.

Piston area - - 3.563 sq in.

Rpm ar maximum power -- 11,000-12,000.

Piston acceleration at maximum power -- 110,500~

"131.400 fp52
Piston mean speed at maximum power -- 3060-3200 fr/
minute.
Power estimated -- 220 bhp plus.
(See Fig. 35.)

el

el
LOCATION OF :
BRABHAM LOWER CHASSIS TUBE

Fig. 33 - Cutline of 16 cyl horizontal engine superimposed
on V-8

MCCESS HOLE FOR OIL

NJECTOR PUMP UNION AIR RELEASE HOLE
(OHE 1 EACH CRANKSHAFT HALF) {oHE M EACH
CRAMGHAFT HALF)

LIy

N

N

krnesles

T L
ni= i)

Putup _H L e up
DISTANCE DISTANCE

Fig. 3¢ - Assembly of 16 cyl crankshaft - oil injection
method .




The crank system consists of two separate cranks shrunk
onto, and on either side of, a central spur gear from which
the drive is taken for traction and auxiliaries. The cranks
are phased at 90 deg to each other, each crank having the
normal five bearings with four crank pins, Nos. 1 and 4 at
180 deg to Nos. 2 and 3, as with a normal 4 cyl in-line
crankshaft. There is no flywheel on the crank system - - only
“a clutch carrier on the drive shaft, situated below the crank-
shaft, which is driven from the central crank gear. The
crank arrangement results in two cylinders firing simulta:-
neously and, therefore, the torque impulses are similar to
a V-8 of similar capacity.

The arrangement was chosen in order to obtain the rela-
tively simple exhaust layout, consisting of four separate 4
cyl systems, in each of which there are fouf firing strokes
phased 180 deg apar, using the following firing sequence:

" land6. 11 and 16, 3and 8. 9 and 14, 7 and 4, 13 and
10, 5 and 2, 15 and i2. )

The cylinders are nunibered from the front, left to right,
so that the odd numbers are to,the.leﬁ and even numbers to
the right looking down on the engine and to the rear of the
car, . o
The crankcase is split vertically along the centerline of
the crankshaft with the studs for the main bearings in one
half, and the nuts on the exterior of the other (Fig. 38).

The auxiliary drive is by a straight-spur gear taken up-
wards from the central gear of 24 teeth to an idler gear of
32 teeth, which is carried in a housing, held by long studs,
on the center of the top face of the crankcase. This housing
is open at the sides, the facings coinciding with those for
the cylinder heads so that the heads complete the closure.
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The gear housing contains the 32 teeth central gear.
which meshes with that on the crank, and also meshes with
two 48 teeth gears set either side and slightly higher up. A
32 reeth gear is attached to each, to provide a compound
drive to the gear trains in the cylinder heads.

Drives are taken from these pairs of gears to the Lucas
alternator and the 8 cyl ignition distributor, mounted in tan-
dem on the right hand side looking rearwards, and to an-
other similar distributor on the left hand side. On the rear
faces of the gear housing are attached two Lucas fuel injec-
tior 8 cyl metering units, also driven from thiese same gears.

The cylinder heads are arranged in pairs so that the gear
train, consisting of a 38 teeth gear, meshes with the 32 teeth
gear in the gear housing, and also with a 47 teeth gear set
centrally between the pairs of cylinder heads (Fig. 37).

The 47 teeth gear meshes with two half width camshaft
gears, which are mounted on the serrated ends of the cam-
shafts provided separately for the from and rear cylinder
heads. This arrangement is used to eliminate any slight mis-
alignment which might exist between the front and rear
heads. The choice of the numbers of teeth on the gears and
serrations on the shafts provide a vernier for timing pur-
poses. The gears are located by means of spring rings, and
have 32 reeth. :

The valves, two per cylinder, are operated by normal
bucket-type tappets with the valve springs below. The clear-
ance is adjusted in the usual manner by means of thimbles.

The scavenge pump is of the three-gear type. arranged
to evacuate the front and rear of the engine séparately. It
is driven from a 20 teeth spur gear ar the front of the main
drive shaft, and is fastened to the crankcase walls by means

Va3

4
" 8
- _EJIII it

Fig. -35 - Cut-away drawing of
16 cyl
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pickup openings are covered with coarse mesh wire gauze
to prevent debris entering the pumps. The driven gear has
32 teeth.

A shaft extends from the scavenge pump central gear to
the lubricating pressure pump which again bridges the crank-

of side extensions which also convey the scavenged oil to
drillings in the crankcase. The oil is picked up from the
base of the sump via short extension pipes, equipped with
O-rings, which seal into cover plates arranged ro close the
channels from the front and rear of the sump. The actual
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; Fig. 36 - Cross-section of 16 cyl

Fig. 37 - Arrangement of gear drive for 16 cyl engine



case walls. with hollow extensions carrying the oil from the
oil tank connection and out to the drilling to the oil filter,
‘The driven gear in the pump is set beneath the driver, form-
ing a step-down drive to the coolant pump located on the
front wall of the sump (Fig. 38).

The coolant pump is of the centrifugal type with a di-
vided volute, each supplying half the total coolant flow to
the galleries cast the full length of each cylinder block.
The coolamt is metered, by means of calibrated holes, to
the cylinder heads near either side of each exhaust port,
each hole having a separate O-ringseal. Cooclantisdirected
out of each gallery. via small poits, into the jacket space
around each cylinder liner, thence to a short upper gallery,
and out through a small right angle connection t6 thig outlet
pipes from each of the cylinder heads. '

The forged pistons are of slipper types, eqmpped with a
Dykes type top ring, a normal second, and oil control rings:
The gndgeon pins are retained by wire circlips with tags to
prevent rotation, as developed by the Norton Motor Cycle
Co. '

The bearings are of the Vanvervell indium- plated V.P.2
steel-backed variety.

R _0+

T

Fig. 38 - Longitudinal section of 16 cyl engine
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The cylinder liners are cast iron of the wet type, and are
supported by the top flange where the compression seal is
effected by Cooper laminated meial seals. The lower ends
spigot into the crankcase and are sealed with O-rings.

Ignition is by the Lucas transistorized system, with trig-
gers on the cluich driving plate and pickup units on the fly-
wheel housing.

Lucas type fuel injection is also used, employing two 8
¢yl metering units, together with air intakes, and throttle
slides running on roller bearings. The injectors are firted
at the end of the ram pipes, facing downstream, as on pre-
vious V-8 engines.

The engine weighs 10-15 1Ib more thian the earlier V 8,
due to the necessity of duplicating the fuel injection and_ ‘
ignition systems, there being no 16 cyl equipment available.

The grouping of the ancillaries above the crankcase
brought a substantial saving in overall length, which worked
out at only 1 in. more than the V-8 engines. -

DEVELOPMENT OF 16 CYL ENGINE

The design commenced in 1963 but the first engine could
not be assembled for test until the end of 1964 which, ob-
viously, was all too late, as the formula had only one year
-- 1965 ~- to rum.

However, optimism was high. and we hoped the engine
would perform right away without any major snags. but this

" was not to be, as the following notes show:

The first difficulty arose immediately the engine was
coupled to the dynamometer. It was started up, and ran at
around 2000 xpm quite satisfactorily but would not run at
any higher speed. While checks were made on mixture
strength, fuel flow. and so on, taking in all about five min-
utes, smoke began to exude from the breathers and the quill
shaft sheared within the crankcase.’

The trouble was soon recognized as being due to 2 severe
torsional period in the quill shaft, set up by the firing im-
pulses at the low speed at which we were then running, act-
ing through the torsionally flexible quill shaft with the high
inertia of the dynamometer, propeller shaft, and clutch driv-
ing disc or flywheel firmly coupled at the other end.

Another quill shaft of larger diameter was made, and a
new set of drive gears fitted, after some weeks' delay, when
testing re-commenced.

Care was taken not to mn the engine at speeds below
4000 rpm, which was calculated to be above the torsionally
resonant frequency of the shaft.

< No further trouble ensued from this particular item, but
there was too much oil entrained in the timing gears. Much
‘work was then carried out -- opening up the oil drain and
space around the various gears, uiril it appeared we had
eliminated the hp loss originally atuibuted to this oil churn-
ing.

At the same time we were having difficulty with the
valve springs, and it was some months before we arrived at
a satisfactory answer. In fact, this was not until we were
able to get some springs specially wound by True Forged
Pistoms Inc. in the United States.
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Fig. 39 - Performance of 16 cyl engine compared with Mk.
Vi

Fig. 40 - Comparison between fuel injection and carburetors

We did eventually obtain 209 bhp at 12,000 rpm from
the engine, but the four valve V-8 engines were produecing
around 210 bhp at 10,500 tpm, and Jim Clark had, by this
time. more or less got the Championship in his pocket so,
regretfully, it was decided not to pursue the 16 cyl engine.
In addition, it was not sufficiently better than the V-8 w0
warrant the cost of the work of running another car, even
though the chassis had been nearly completed by Lotus for
the purpose.

We carried out quite a number of tests in order to estab-
lish the reason for the engine’s failure to achieve the esti-
mated power of 220 bhp (Fig. 39). Morse tests showed the
ihp to be as per estimate, but it appeared that frictional
losses were greater than supposed.

While we were in oil drainage difficulties from the vari-
ous drives, figures taken at 11,000 rpm showed an ihp of 295
for a bhp of 198 from which the frictional loss amounted to
97 hp and a mechanjcal efficiency of 67%, whereas at 9000
rpm the ihp was 219 for a bhp of 165 and frictional loss of
54 hp. ’ :

Similar tests on the four valve V-8 but at a lower speed
show at 8000 rpm -- ihp to be 205.4 for a bhp of 163 and
frictional loss of 42 hp = 79.5% mechanical efficiency.

The two valve V-8 also showed similar figures around
79% mechanical efficiency, both as 1.5 liters and also when
the stroke was increased to provide 2 lirers.

At 9000 rpm the 16 cyl showed a mechanical efficiency
of 76%, which is fairly in line with the other engines.

. We checked the power required for the camshafts and
found rthese to need 8.5 bhp at 10,000 rpm, and unfortun-
ately our rig could not cope with the extra 2000 xpm needed
to cover 11,000 and 12,000 rpm.

However, checking on the four valve engine, we found
that at 10,000 tpm, 6.2 hp was required, and at 11,000 rpm
the power had risen to 7.7 hp, showing a steep increase of
power required was occurring as the speed of 10,000 rpm was
passed. It would seem possible for the 16 cyl to require per-
haps 12-14 hp at 12,000 rpm.

The additional bearings in this engine probably impose
the remaining frictional handicaps which prevented it from
achieving the desired 220-230 bhp; a pity indeed we had
not another year or so for development!

CONCLUSION

The Appendix includes as much data relevant to these
engines as we have conveniently available at the present
time.
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APPENDIX

Table 3 lists the major stages of development of the vari-
ous engines discussed in this paper. Flow of lubricating oil
and coolant water is shown in Table 4. and Table § shows

Table 4 - Coolant and Lubricating Oil Flow

~ the projected area of the bearings. Tables 6 and 7 give cam Engine Type Rpm Imp. gpm  U.S. gpm
and valve data, Table 8 lists the material content of the
racing engines. i Coolant Flow
T F.P.F. 4 cyl 7.000 30 36
SPECTFICATIONS OF 8 CYL ENGINES F.W.M.V. 8 cyl 10.000 44 53.8
"FW.MW. 16 cyl 12.000 48 57.6
1-1/2 LITER TYPE FWMV - YEAR 1961-1962. MK.I
Lubricating Oil Flow
8 ¢yl - 90 deg Vee “ :
B_ﬂ-z_- 2.48 ing. X Stroke 2.36 in.. or 63 mm X 60 mm ap- F-P.F. 4 cyl 7.000 6.0 72
proximate. EW.M.V. 8 Cyl. 10,000 5.1 6.1
’ FW.MW. 16 ¢yl 12,000 11.2 13.45
Table 3 - Major Stages of Development
Max Max
Max . Bmep, Torque
Year Mark Variations bhp Rpm psi 1b/ft Rpm
1961-62 I 2.48 in. bore X 2.36 in. stroke 181 8,500 195.5 118 7500.
1.3 in. inlet valves. Carburetors
10.4.1 CR. 4 pairs Weber :
1962 IT As Mark T Type 38 188 8,500 197.8 119.3 T500.
excepting 1.35 in. inlet D.C.N.L./4 -
valves
1963 IIL 2.675 in. bore X 2.03 in. stroke 195 9,600 195 118 8000.
1.35 in. inlet valves
11.1 CR.
1964 v 2.85 in. bore X 1.79 in. stroke 200 8750 193 116.6  8000.
1.35 in. inlet valves
12.1 CR. :
1964 v As Mazk IV 203 9,750 190.5 115.2  8000.
excepting 1.4 in. inlet valve Exhaust 5 :
1965 VI 4 valves/cyl pipe 2 212 10,300 197 119 8000.
1.04 in. inlet valves diameter %
12.1 CR. increased 7
1965 ViI As Mark VI 1-1/4 in. 3 213 10,500 189 115 T000/ 9000
excepring 1.107 in. inlet ID 10 L: '
valves 1-3/8 in. g
1965 Mk IX 2 liter ‘ D = 239.7 8,800 .1%4 155 T500.
2.85 in. bore X 2.36 in. stroke |
1.35 in. inlet valves :
1963 Mk X As Mark IX 244.2 8,900 198 158.2 7500
excepting 1.4 in. inlet valves
1965 16 eyl 1-1/2 liter 209 12,000 164.5 99.5 9000
2.13 in. bore X 1.6 in. stroke v
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Capacity - 1484 cc or 91.17 cu in.

Weight Dry with starter and dynamo - 270 Ib.
Compression Ratio - 11.5:1.

Carburetors - 4 pairs Weber type 38 DCLN4.

Cylinder Liners - Cast iron - dry - skip fit.

Pistons - Cast Aluminium " Brico 2017 Dykes “L" sec-
ion top compression ring, plain second, and slotied oil con-
j ¢rol ring.

' Gudgeon Pin - 5/8 in. diameter located by circlip.

' lConnecting Rods - 1 section forged nickel steel 4.2 in.

F centers. Horizontally split big end fastened with 3/8 in.
diameter set screws.

; Big End Bearings - Vandervell stip type lead bronze in-
}. dium plated. 1-5/8 in. diameter X 3/4 in. wide.

£ Main Bearings - 2 in. diameter. Nos. 1, 3, and § being
k. 0.850 in. wide while Nos. 2 and 4 are 0.725 in. wide.

Crapkshaft - Forged steel nickel chrome molybdenuim.

2 plane 90 deg big ends side by side. Balanced for part re-
volving weight plus balance weights in fly wheel and at the
front end to counteract the rocking couple.

Timing Drive - Spur gear from crankshaft to half speed
chaft which drives the coolant pump at the front end and the
ignition distributor by a skew géar at the rear. Separate
simple Reynolds roller chains to each cylinder head, each
with twin camshafts running in 5 pressure lubricated white
metal smip bearings, with an ad justable jockey sprocket set
in front of each cylinder bank.

Cylinder Heads - Light alloy LM8.W.P. with austenitic
yalve seat inserts shrunk in. Valves at 60 deg included an-
gle, inlet 1.3 in. head diameter and 1.237 in. exhaust, con-
wolled by double coil springs and operated by case hardened
steel tappets. Clearances adjusted by graduated thickness

Bearing Area, sq in.

Table 5 - Projectred Bearing Areas and Loads Based on. Assumed Cylinder Pressure or 1000 psi

Bearing Load. psi

Piston Area
Engine Type sq in. Big End Small End  BigEnd Small End
E.P.F. 4 cyl 8.05 1.88 1.045 4320 7,700
F.W.M.V. 8 cyl 6.39 1.218 0.469 5250 13,600
E.W.M.W. 16 cyl 3.5685 0.703 0.344 5075 10,360
Bearing Sizes
Main Bearing
Engine Type Front and Rear Center Inter. Big End Brg.  Small End Brg.
F.P.F. 4 cyl 2.5 in. dia. X 9.5 in. dia. 2.5 in. dia. 2.125 in. dia. 0.938 in. dia.
1.00 in. X 1.00 in. X 1.00in. X ¢.875 in. ¥ 1.10 in.
F.W.M.V. 8 ¢yl 2.0 in. dia- X 9.0 in. dia. 2.0 in. dia. 1.825 in. dia. 0.625 in. dia.
0.812 in. X 0.812 in. X 0.6251in. ¥ 0.750 in. X 0.750 in.
F.W.M.W. 16 cyl 1.75 in. dia. 2.187 in. dia. 1.75 in.dia. 1.312 in. dia. 0.625 in. dia.
e ¥ 0.625 in. X ¢.510 in. X 0.525 in. X 0.835 in. X 0.550 in.
Table 6 - Cam Dezrails
Max M Max.M Acceleration
) in./ deg/de
_ Total Lift, Velocity in./ deg/ deg
Engine in. Ramp in./ deg Positive Negative
) . -3 -3
2 valve cyl 0.360 0.010 in. at 0.008 0.6614 X 10. 0.1675 X 10.
V-8 0.00033 in./deg . »
4 valve cyl  0.340 inlet 0.010 in. at 0.008 0.6614 X 10. 0.1675 X 10.
0.320 exh. 0.00033 in./deg
-3 =3
16 ¢yl 0.325 0.010 in. at 0.0075 0.8452 X 10. 0.1476 X 10.

0.00033 in./deg
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steel thimbles. Valve material 21-4-NS for both inlet and Tappet Clearances Cold - 0.006 in. inlet; 0.012 in. ex-
exhaust. haust.
Valve Timing - Valve lift - 0.350 in.
Inlet opens 45 deg btdc Crankcase - Light alloy casting LM8W.P. extends below
Inlet closes 65 deg abdc crankshaft to sump joint. Steel main bearing caps center
Exhaust opens 65 deg bbdc and intermediate caps side bolted to crankcase walls,
Exhaust closes 45 deg atde : Qil Pumps - Spur gear driven from crankshaft at 0.7 en-

gine speed. Pressure pump located on front main bearing
panel. Scavenge pumps mounted on front timing cover
plate driven in tandem from main pressure pump by Oldham

Table 7 - Valve Component Data coupling. o
. S . Main pressure¢ pump circulated 4.5 Imp Gal = 5.4 U.S.
Wéights of Valve Components, oz gpm at 8600 crankshaft rpm. Scavenge p‘gmps each of simi-
e lar capacity and scavenging front and reat of the engine sep-
V-8 . arately. -
” B : Relief Valve - Tecalemit guided disc housed in main
2wvalves 4 valves . feed to gallery. Relieved oil fed back to the suction side of
Components eyl cyl 18 cyl the pressure purmp.
‘ : : Coolant Pump - Centrifugal - impelier mounted on 1/2
Intet valve 2.062 1.642 ‘ L speed jackshaft extension. Double outlet, one to each bank
Exhaust valve 1.875 .. 1‘,'5‘62 BRI 1.5 of cylinders. 33 Imp gpm or 40 U.S. gpm circulation.
Valve spring collar 0.937 0.5 . = . 0437 Ignition - Lucas transistor system. . 4 equally spaced twig-
Valve spring inner 0.093 ) £ 0.093 . 0.093 gers mounted on flywheel face. Pickup set in flywheel
Valve spring outer . 1.312 1.25 1.187 housing. o
xai"e cotter g'géz ‘1";2 =z g.gsv Firing Order - A1, A3. B3, A2, B2, BL, A4, B4.
alve tappet . . 1. T Diiioe - .
Tappet shim 0.062 0.062 0.062 M 10-mm lodge 10RLS0 or Champion type

G59R.

Valve Spring Loading, Ib YEAR 1963 MK. II

Combined valve A small number of engines were equipped with the larger

open 174 (185 181 inlet valve. 1.35 in. OD in Heu of the 1.3 in. valve of 1962;
Combined valve otherwise there was no other change. Carburetors still used.
closed 89 86 89 '

YEAR 1963 MK. NI

2
Valve Accelerations, fps :
The majority of the 1962 engines were rebuilt with the

Posirtive 44,800 54,700 69,600  following changes:
Negative 11,350 13,900 15,980 Bore -~ 2.675 in. X Stroke 2.03 in., or 72-39 min X 45.47
Engine rpm 9,500 10,500 12,000 ~ mm.

Table 8 - Racing Engine Component Material and Weights

V-8 16 Cyl

Description Weight Material Weight . Material
Cylinder Block 461b 8oz LM.8WP (MOD} 481t 8oz LM.8WP (MOD)
Cylinder Head . 20 1b 10 oz T LM.8WP 121b 8oz LM.8WP (MOD)
Sump 81b 6oz  Electron 'C’ 51b Electron 'C'
Cambox Cover 41b 140z  Electron 'C’ € 1b Electron 'C’
Water Pump Body 11b 6oz LM.4M 11b6-1/20z LM.4M
Oil Press. Pump

Body 50z 9dmn LM.4M 100z 2dm  LM.4M
Piston 7oz 10 dim R.R.58 30z15drm  Mahle Forged

Tappet Block 21b 40z  LM.SWP 11b 14.02 LM.BWP
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Inlet Valve increased from 1.3 to 1.35 in. diameter: ex-
haust valve as before.

Lucas Fuel Injection adopted in lieu of carburetors.

Connecting Rods - Center distance increased from 4.2
to 5.1 in., giving a stroke/centers of 2.5:1. Bolts and nuts
replacing the set screws previously used.

Crankshaft - Single plane 180 deg phased forgedin EN4G
nitriding steel. - :

Otherwise the specification remained similar to previous
years.

YEAR 1964 MK. IV

Several engines were converted to conform to the pro-
posed four valves/ cylinder specification with a view to fit-
ting four valve cylinder heads later if and when the devel-
opment reached a satisfactory state. The current two valve
cylinder heads were fitted together with pistons to suit the
new bore and stroke of 2.875X 1.79 in. These engines re-
tained the chain drives to the camshafts as previously.

Camshafrts modified to reduce acceleration.

Period extended from 296 1o 302 deg.

0.250 in. lift. o

MK. V

One Mk. IV engine converted to larger inlet valve 1.4
in. diameter with port to match. Apart from these changes
the specification remained unaltered.

YEAR 1965 MK V1. FOUR VALVES PER CYLINDER

Two engines were built to the following specification
during 1963 expecting to achieve results for 1964 racing.
Reasonable success was not achieved however before the end
of 1964, and these two engines only existed.

4 VALVE/CYL FWMV 1.5 LITER V-8

8 Cyl - 30 deg Vee

Bore - 2.85 in. X Stroke 1.79 in., or 72.39 mm X 45.47
mim

Capacity - 91.35 cu in. or 1496.36 cc

Weight Dry complere with starter and alternator - 298 1b

Compression Ratio - 12:1

Lucas Fuel Injection into the intakes.

Fuel - 100 Octane Premium Grade.

Performance - 210 bhp at 10,500 rpm

Rpm Limit - 11,000 rpm

Mean Piston Speed at 10,500 rpm - 3,135 ft/ minure

Timing Drive - All spur gear drive. 1/2 speed drive
crankshaft to jackshaft, and thence a separate gear train to
each pair of camshafts, gears and bearings each contained

in carrier brackets supported in the front compartment of
each cylinder head.

Camshafts - C.I. with cams chill hardened. Each shaft
running in & split steel backed babbit bearings pressure lu-
bricated.

Tappets - Case hardened steel running direct to the cast
alumininm housings which combine camshaft bearings with
tappet guides in one simple component.

Crankshaft - Single plane 180 deg phased. Crank pins in
nitrided alloy steel. Main journals, and crank pins 2 in. and
1-5/8 in. diameter, respectively. Bearings main and bigend
Vandervell strip VP.2 indium plated lead bronze. A small
Holser torsional vibration damper is firted on the front end.

Connecting Rods - 'I' section forged in nickel chrome
steel 4.2 in. centers firted with bolts, and nuts devoid of any
locking device, and relying upon the friction to lock the fas-
tening. '

Pistons - Forged light alloy. slipper skirt, pent roof crown
with valve clearance recesses. Dykes type top compression
ring. taper face second, and scraper ring.in high tensile cast
iron. Circular wire circlips with tag to prevent rotation for
‘gudgeon pin retention.

Gudgeon Pin - 5/8 in. diameter taper bored for lighten-
ing purposes.

Cylinder Liners - C.I. dry supported by top flange nesting
on light alloy sleeves sealed at the lower ends by compres-
sion seal in the crankcase counterbore. Compression seal by
Coopers patent joint ring. and coolant seal by Klingerite gas-
ket.

Cylinder Block - As previous engines.

Cylinder Heads - LM.8 light alloy with pent roof combus-
tion chamber. 10 mm plug in cenrral position. Inlet valves
1.04 in. diameter of En59 set at 60 deg included angle to
the exhaust valves 0.935 in. diameter. Alternatively larger
valves of 1.107 and 1.043 in. diameter, respectively were
also provided and tested of 21-4-NS steelseating on “shrunk-
in" inserts of austenitic steel and hidurelbronze respectively.

Both inlet and exhaust ports run separately to the cylinder
head face where both run into 'Y’ pieces. On the inlet a
throttle slide assembly sits directly on the 'Y' piece, and
the air intake is located directly over the slide cover. Fuel
injection nozzles are positioned inside the air bells so that
the discharge takes place downstieam, a small way above
the throttle entry.

Firing Order - Al, B4, A2, B3, A4, BL, A3, B2.

Valve Timing -

Inlet opens 46 deg btdc ) Period 290 deg
Inlet closes 64 deg abdc ) Lift 0.330 in.
Exhaust opens 57 deg bbdc ) Period 280 deg
Exhaustcloses 43 deg atde ) Lift 0.310 in.

Tappet Clearance Cold - Inlet 0.006 in.; Exhaust 0.014
in. .

Spark Plugs - 10 mm Champion type G.56.R.

Ignition Advance - .48 deg brde

This paper is subject to revisicn. Statements and opinions advanced
in papets or discussion are the author's and are his responsibility, not
the Society's; however, the paper hasbeen edited by SAE for uniform
styling and format, Discussion will be printed with the paper if it is

published in $AE Transactions. For permission to publish this paper
in full or in part, contact the SAE Publications Division and the
authors.

2g page booklet - Printed in U. 5. A,



Napier Nomad Aircraft Diesel Engine

Herbert Sammons and Ernest Chatterton,

D. Napier & Scon, Lid.

This paper was presented at the SAE Summer Meeting, Aﬂan.tic City, June 10, 1954

HE Nomad engine has been designed and devel-

oped in England by Napier with the object of
providing a powerplant which will enable the great-
est possible operating economy to be achieved in
air transport services, with particular reference to
air freighting.

The special suitability of the engine for these
purposes arises primarily from its low fuel con-
sumption which remains below 0.35 1b per ehp per
hr over the whole useful range of cruising speeds

and altitudes, and at some conditions is as low as
0.326 ib per ehp per hr, this corresponding to a
brake thermal efficiency of 42%.

The economic value of these low consumptions
is emphasized by the use of relatively cheap diesel
fuel,_although the engine will run equally well on
aviation kerosene or on wide-cut gasoline,

Although the engine operates on the diesel cycle,
its specific output in terms of power developed per
unit of eylinder volume is higher than that achieved

HE Nomad compounded diesel engine de-
scribed in this paper has been developed by
Napier during the past seven years.

Resulting from the combination of a diesel
engine with a gas turbine, the engine gives lower
fuel consumptions than can be obtained from
any other type of powerplant and maintains
these consumptions over 3 wide range of air-
craft speeds and altitudes.

These characteristics, which are still further
improved by the ability to use cheap fuels, pro-
duce an engine making possible extreme economy
for air transport purposes and very long-range
operations for either military or civil purposes.
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by the gasoline engine even in its most recent
stages of development, the power output per cubic
inch of eylinder volume under take-off conditions
being 1.25 shp for the basic engine and 1.64 shp in
its complete form with water injection. Due to
these high outputs the specific weight of the engine
can be reduced to below 1 1b per ehp.

Briefly then, the Nomad engine may be described
as a diesel engine designed particularly for aircraft
use, which weighs about 1 1b per hp and has a
specific fuel consumption lying between 0.326 and
0.35 1b per ebp per hr over the whole of its useful
operating range,

These unique performances are achieved by asso-
ciating a piston engine with a gas turbine to form
a “compound” engine, the operating cycle of which
is devised so that each component can make its
maximum contribution to the overall results,

The Piston Engine and the Gas Turbine in Part-
nership — The association of a2 gas turbine with a
piston engine is by no means a recent conception.
As early as 1924 a Napier Lion Series V engine was
equipped with a turbine in the manner shown in
Fig. 1, the exhaust gases being fed into the turbine
to provide all the power to drive the engine super-
charger.

At a later date during the 1939- 1945 war, many
engines were installed in operational aireraft fitted
with “turbochargers” of the type shown in Fig. 2,
in which an exhaust-activated turbine drives a sub-
sidjary blower boosting the air intake of the normal
engine supercharger, .

While it may perhaps be said that the germ of
the compounding principle is contained in these

early examples, neither of them can be regarded

as a true demonstration of compounding, for in
each case the functional conditions of the engine
are normal. No attempt is made to adjust these
conditions to extract maximum energy from the
combination, and the turbine is applied with the
primary objective of extending the normal per-
formances of the engine over a greater range of
altitudes.

The extent to which this limited objective is
achieved, as compared with a normal engine fitted
with a two-speed mechanically driven blower, is
illustrated in the power curves of Fig. 3, which
show that the engine equipped with a turbine is
able fo maintain a selected eruising boost pressure
and, therefore, its cruising power at a sensibly con-
stant value over a wide altitude range.

This result serves to demonstrate the striking

effects on engine performance which can be derived

from the simplest ‘possible association of a gag
turbine with a normal piston engine.

A more recent powerplant which combines a pis-
ton engine with turbines is the Curtiss-Wright
“Turbo-Compound” engine, which at the present
time is installed in the Lockheed Super Constella-
tion and other aircraft. This application differs
from the two previously mentioned in that the
power produced by the turbines is fed back into
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the crankshaft, and the engine may therefore be
classified as “compounded.”

In this case the 18 cylinders of the 4-stroke gaso-
line engine are divided into three groups of six,
each group feeding a separate turbine geared into
the crankshaft system., The basic engine is the
C.18.CB Cyclone to which the turbines have been
added with the object of recovering as much waste
energy as possible from the exhaust gases without
disturbance to the established cylinder operating
conditions. To avoid any material back-pressure
effects the turbines are therefore of the “blow-
down”’ type, which are activated by the impulsive
velocities in the exhaust ducts. :

No reliable performance data on the Wright
turbo-compound engine is available in England, but
its extensive and growing use indicates that worth-
while improvements in performance are being
achieved. It will, however, be demonstrated later
that this type of association between a developed
spark-ignition engine and gas turbines is subject
to definite limitations which prevent the full vir-
tues of the compounding principle from being
realized.

If, however, a piston engine and a gas turbine
are designed together in the original inception to
produce a true “compound” design, the scope for
improved performance becomes much greater, for
in this case the cycle of operations can be manipu-
Jated to exploit the most valuable features of the

piston engine and the turbine which can then be
associated together to produce a powerplant pos-
sessing strongly defined performance characteris-
tics, which cannot be achieved by any other type
of prime mover,

It is the purpose of this paper to analyze the
characteristics of the compound engine with par-
ticular reference to the Napier Nomad, which is
the only existing example of the type, and to indi-
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Fig. 5—Compound indicator diagram

cate the contribution which such an engine can
malke in modern aviation.

How Compound Cycle Is Derived

If the major functional characteristics of the
various types of engine are considered individually,
it will be possible to indicate the factors involved
in the derivation of the compound cycle and to
assess the theoretical basis and practical limita-
tions of this cycle in relation to others.

In broad terms, withoiit too much respect for .

meticulous detail, the main relevant characteristics
of different engines may be summarized as follows:

The Spark-Ignition Engine — The gasoline-burn-
ing engine, by its nature, consumes essentially all
the air supplied to it, and the power developed by
a given size of cylinder is almost entirely dependent
on the rate at which it can inhale and reject air.
Apart from changes in operational speed, the air
quantity can be increased by supercharging, but
the extent to which this is possible is limited by
detonation and preignition difficulties.

An approximate “indicator diagram” for this
type of engine is shown in Fig. 4A. Combustion
takes place at constant volume, and the peak tem-
perature of the cycle will be in the region of 4500 F.
Basically the thermal efficiency of the cycle is gov-
erned by the volumetric ratio V/v, and this again
is limited by the occurrence of detonation. Further-
more, if the supercharging pressure is increased
to raise the maximum power, the compression and

HO

expansion ratios will, in general, require to be
reduced to avoid detonation with consequent sacri-
fices in thermal efficiency over the cruising range
of the engine,

It ig, therefore, true to say that the destructive
phenomenon of detonation is the limiting factor to
both the power output and the thermal efficiency
obtainable from this type of engine, and most of
the spectacular power development demonstrated
during the 1939-1945 war resulted directly from
the introduction of fuels less prone to detonation
coupled with the use of water injection and charge
coolers which allowed the charge density to be
increased and its temperature reduced, thus keep-
ing within the detonation limits.

Typical performance figures achieved from
spark-ignition engines in the more recent phases
of their development are given in Table 1.

This type of engine is not amenable to manipu-
lation of its cycle for compounding purposes, for
any back pressure imposed in the exhaust system
by a turbine will introduce practical difficulties,
such as an increase in temperature of exhaust
valves, and an increase in the mass and tempera-
ture of the residual gases which reduces the volu-
metrie efficiency and raises the charge temperature,
thus accentuating the already acute detonation
difficulties. The best that can be done with this
eycle is the arrangement already referred to as
used in the turbo-compound in which a proportion
of exhaust-heat recovery is achieved without dis-
turbance to the normal pressure and temperature
levels in the engine cylinder.

Although the foregoing remarks all relate to
four-stroke engines, a similar situation exists if
applied to the two-stroke gasoline-engine cycle,

The Diesel Engine— This engine also attempts
to burn all the air which is supplied to it; but as
in this case the mixing of fuel with the air has to
take place in the cylinder within a maximum period
of about 35 to 40 deg of crank rotation, it is not
found possible in practice to utilize more than
about 80% of the total air trapped in the combus-
tion chamber. For a given maximum power output
the cylinder dimensions will therefore need to be
larger than in the spark-ignition engine. In the
2-stroke diesel engine a further loss of air oceurs
because of the necessity for effectively scavenging
the burned gases from the cylinder, which implies
a wastage of about 40% of the total air throughput
which will escape from the exhaust ports or valves
during the scavenging process. This air lost during -
scavenging is not entirely without value for it does
act as an internal cooling agent and therefore
reduces the thermal loadings on the pistons for a
given amount of fuel burned.

As with the gasoline engine, the guantity of air
trapped in the engine cylinders can be increased
by supercharging, and, as the detonation limitation
no longer exists, the degree of supercharge can
be increased as dictated by the general balance of
the engine design. It will be observed, however,
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that in the 2Z-stroke engine any degree of super-
charge can only be effective providing that a corre-
sponding resistance, or back pressure, is offered
at the exhaust ports or valves.

The approximate indicator diagram for this cycle
is shown in Fig. 4B. Here combustion takes place
partly at constant volume and partly at constant
pressure, the proportion of fuel burned at constant
volumne being to some extent controllable and de-
termined by the limitation established by the
designer for the maximum cylinder pressure.

Although not strictly correct, due to the portion
of constant-pressure combustion, the thermal effi-
cieney for present purposes may again be related
to the expansion ratioc ¥V/v, which in this case is
congiderably higher than in the gasoline-engine
case with resultant improvement in fuel consump-
tion.

The flame temperature during combustion will
also be in the region of 4500 ¥, but, due to defec-
tive air utilization, the heat of combustion is di-
luted to some extent and the maximum temperature
spread over the total air in the combustion chamber
will be reduced to about 3300 F.

The diesel engine has not been widely used in
aviation, but one engine which saw considerable
service before the 1939-1945 war was the Junkers
Jumo engine, the results from which are also in-
cluded in Table 1.

It will be apparent that the cycle of opera-
tions described, particularly when referred to the
2-stroke engine, is very much more adaptable for
compounding purposes than the spark-ignition
case, for the following possible variables exist:

(a) In the absence of detonation or preignition
troubles the compression ratio and the degree of

supercharge may be varied to suit design require-
ments,

{b} The maximum c¢ylinder pressures are to
some extent controllable by variation in the rate
of fuel input. '

(e) Back pressures in the exhaust system need
not be an embarrassment and are in fact essential
when high degrees of supercharge are to be used.

(d) An excess quantity of air, over and above
that reguired for combustion, is passed through
the engine, this serving as an internal cooling agent
which also reduces the mean temperature of the
exhaust gases.

It will be seen later that these possibilities may‘

be turned to very good account in the compound
engine, and it may be stated here that the 2-stroke
diesel cycle forms the ideal basis for compounding.

The Gas Turbine — Discussion here is limited to
the turboprop engine, as it is this arrangement
which is of interest relative to the compound case.

The basic eycle on which this engine operates is
shown in Fig, 4C. Combustion takes place at con-
stant pressure, and the basic thermal efficiency is
again governed by the volumetric expansion ratio
which, in the present state of compressor and
turbine development, is limited to a lower value
than that employed in either the diesel or the
spark-ignition motor. If such an engine burned all
the air passed through it the temperature of com-
bustion would again be in the region of 4500 F,
and this is the continuously maintained tempera-
ture at which gases would enter the turbine, This
temperature is prohibitive, and with available
materials and design techmigue, the temperature
at the inlet to the turbine is limited to about 1500 F.
To achieve this reduction in temperature, air to

Table 1 - Comparative Performange of Piston Engines

Typo of Maxlinum Shp
Engine Actual Enping Fuel at Take-Off
Gasollne® Napier 1087130 grade 2550
Sabre VA .
Gasolfnes Napiar 100/130 grade 3050
Sabre VII <+ water injection
Gasoline? Wright 1157145 grade 3700
Gompotnd -+ wator Injection
Two-stroke Junkers Diesal fuol 600
diesel Jump 285E
Compound Napier Diesel fual 36
diesel® Nomad
Compound Napiar Diasel fuel 3480
diesel® Nomad -+ water injection
Compound Napier Dlese! fuel 3870

diessl® Nomad 4 auxiliary
combustion

-+ water injection

@ Figures hased on total shp.
¥ 51¢2, power, aute-lean mixture,

Spacific Fuel
Consumption,

Maximum Shp Specific Weight Sea Level at 60%
Maximum Shp por Sq In. of at Take-OH, Take-Off Power,
por Cu In. Piston Aren 1b per shp 1b per shp per hr
1.14 5.43 0,976 0,50
1.37 6.5 0.840 0.50
1.1 6.97 0.52 0.400®
0.59 3.73 1.810 0.345
1.22 9.0 1.175 0.35%
1,39 10.25 1.027 .345
1.59 .70 © pese 0.3%

Volume 63, 19556




the extent of about 3% times the amount actu-
ally required for combustion is therefore passed
through the engine to provide temperature dilution.

When such an arrangement is associated with
a pision engine to form a compound system such
high excess air factors become unnecessary, for
the reduction in gas temperatures is achieved by
virtue of the work done in the piston-engine cyl-
inders and the eompressor and turbine dimensions
for a given rate of fuel consumed are thereby
greatly reduced.

The objection may be raised that the figures here
quoted for expansion ratio and turbine inlet tem-
perature in the turboprop engine are lower than
some which are projected at the present time. Al-
though this is appreciated it does not affect present
considerations relative to the compound cycle, and
in any case 1ii will be seen later that most of the
developments which permit improved performances
of the turboprop are also of direct application {o the
compound engine,

The Compound Engine — In the compound engine
the cycle of operations is shared between a 2-stroke
diesel engine and a turbine, exhaust gases from the
engine being fed into the turbine. The back pres-
sure imposed by the turbine on the engine cylinders
establishes the lower pressure level of the operating
cycle in the cylinders and also determines the de-
gree of supercharge necessary to pass the required
quantity of air through the engine.

The approximate form of the overall indicator
diagram resulting from this combination is shown
in Fig. 5, the division of work between the engine
and the turbine being indicated by the line ABC, the

- difference in pressures between points A and B be-
ing that which exists between the pressure in the
cylinder at the moment of exhaust release and the
pressure at inlet to the turbine.

Considering first the characteristics of this com-
plete diagram, it may be said that due to the high
degree of compression which takes place outside the
engine cylinders it is possible to use an overall com-
pression ratio considerably higher than in the nor-
mal diesel engine, Furthermore, the expansion line
in the turbine extends down to atmospheric pres-
sure, and the result of these two factors combined
is to produce a very high value for the overall ex-
pansion ratio. The actual expansion ratio which de-
termines the limiting thermal efficiency, however, is
lower than this due to the losses which occur at
transfer from the diesel engine to the turbine, and
its value may be derived in the following way.

It will be seen that the overall diagram is com-
pounded of two separate ones, first that for the die-
sel engine which is similar in form to that of Fig.
4B, and second that for the compressor-turbine
combination which is similar to that of Fig. 4C. The
expansion ratio for the diesel cycle is V /v, and that
for the turbine V,/vi, so that the actual expansion
ratio for the complete cycle is given by the product
(V/v) x (Vy/0).
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Within practical limits, for a given overall dia-
gram the value of expansion ratio given by the
product (V/v) x (V,/v,) and therefore the limiting
thermal efficiency of the eycle does not change ma-
terially with the position of line ABC indicating the
division of work between the diesel engine and the
turbine,

But the division of work does exercise consider-
able influence on the dimensions and weight of the
combined unit for & given maximum power, and the
selection of the various design constants affecting
this point is one of the major problems in the early
stages of compound engine design. Some indications
of the nature of this problem may be obtained from
a, consideration of the following points.

Clearly the compound engine is subject to the
same practical limitations as apply to other en-
gines, so that the maximum cylinder pressure and
the maximum turbine inlet temperature are reason-
ably well-defined points determined by practice. If
now the compound engine operated on an ideal
air/fuel ratio and burned all its air, the tempera-
ture at point P would be about 4500 F, and corre-
sponding temperatures at various points down the
expansion line would be defined. The maximum
height for point C on the expansion line would
therefore he fixed by the permissible turbine inlet
temperature, and this would also establish the su-
percharging pressure. :

But it has been already pointed out that the die-
sel engine does not consume all the air supplied to
it and, furthermore, that in the two-stroke cycle the
excess air passed through the cylinders during the
scavenging period can be controlled by porting
design.

It is, therefore, possible to design the cycle so
that the amount of excess air is a relatively high
proportion of the total mass flow through the en-
gine, in other words, to operate the engine on a
higher overall air/fuel ratio. This excess air will
mix with the exhaust gases and reduce their tem-
perature, so that to achieve the same limiting tem-
perature at inlet to the turbine it now becomes pos-
gible to raise the position of point C on the expan-
sion line to a new position ¥, the division of work
now being indicated by line DEF. But this adjust-
ment to the cycle has also raised the supercharging
pressure so that a greater quantity of air will be
trapped in the engine cylinder, thus permitting
more fuel to be burned and a greater mean indicated
pressure to be developad, as shown by the dotted
expansion line.

The thermal loadings in the engine ¢ylinders will
get a limit to the extent of this adjustment; but, as
a practical point, it may be said that the passage of
excess air through the eylinders not only gives ideal

sScavenging, it also provides a considerable degree

of intermal cooling, any resulting increase in its
temperature being subsequently recovered in the
turbine and therefore retained in the cycle. By ex-
ploiting this factor it is possible in the compound-
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engine cylinder to achieve a rate of fuel burning
which is rauch greater than in the normal diesel en-
gine, with a corresponding reduction in the dimen-
sions and weight of engine required for a given
power. This, coupled with the reduced sizz of com-
pressor and turbine required for a given rate of fuel
burning, which has already been referred to in the
section on The Gas Turbine, allows the size and
specific weight of the compound powerplant to be
reduced to values which, when coupled with its high
thermal efficiency, render it more suitable than
other powerplants for certain applications.

The determination of the appropriate division of
work in any particular case, therefore, involves con-
sideration of a range of different overall air/fuel
ratios, each involving corresponding adjustments
to the size and pressure ratio of the compressor and
turbine and the dimensions of the engine cylinders
derived from the thermal and mechanical loadings
imposed. The lightest possible powerplant results
when the best balance between these various fac-
tors is established in relation to the design targets.

Some characteristies of the compound engine as
demonstrated by the Nomad are given in Table 1 to
allow comparison with other types of engine.

Mechanical Arrangements for Compounding

For the purposes of this paper the compound en-
gine is considered to consist of three major mechan-
ical elements, first a 2-stroke diesel engine, second a
gas turbine, and third a compressor. Investigators
of compounding possibilities have sometimes pro-
posed more complex arrangements involving a rela-
tive multiplicity of turbines, compressors, and heat
exchangers, designed with the object of extracting
maximum possible energy from the fuel burned. In
practice it seems unlikely that such complexity
would be justified, for the thermal and aerodynamic
losses involved in the gas-transfer passages can ex-
ert serious influences on the actual results obtained.
In any case, such arrangements are ruled out for
aircraft purposes on the grounds of bulk and
weight, and discussion is therefore limited to pos-
sible combinations of the three basic elements con-
cerned. Of these components the piston engine and
the turbine contribute to the total power output,

‘but the compressor absorbs power and must be

driven,

From the purely mechanical standpoint three
possibilities exist and their applicability is con-
sidered.

1. The compressor may be driven by the furbine —
all output power being delivered by the piston en-
gine (Fig. 6A).

This arrangement constitutes in effect a 2-stroke
diesel engine equipped with a turboblower, It de-
mands that over the whole operating range the tur-
bine must be in power equilibrium with the eom-
pressor. Such a condition is impossible to achieve in
practice because, while at full power the turbine can
produce power in excess of compressor require-

VYolume 63, 1955
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ments, at low outputs it cannot satisfy the compres-
sor demands due to the small exhaust energy avail-
able from the engine. This arrangement is there-~
fore not applicable. '

2. The compressor may be driven by the pision
engine — all output power being taken from the tur-
bine (Fig. 6B).

In this case the piston-engine-compressor com-
bination operates purely as a gas generator for the
turbine, Here the piston engine and compressor
must remain in power equilibrium at all operating
conditions, and the limitations arising from this re-
quirement give rise to a number of disadvantages.

Firstly, at low power outputs the piston engine is
prevented from making the contribution of which it
is capable to the total power output, this resulting
in very poor thermal efficiencies at part load con-
ditions.

Secondly, due to the steep power law of the com-
pressor against rpm the piston engine at cruising
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chargers

conditions requires operation at high piston speeds
which results in greater wear and tear than neces-
sary.

A further serious objection to this arrangement
exists in relation to the powerplant weight, for it
will be seen that two sets of high-ratio reduction
gearing are required, one between the compressor
and the engine crankshaft and the other between
the turbine and the propeller shaft, and both of
these are called on to transmit high powers.

3. All three components may be coupled together
to form a common mechanicel system (Fig. 6C).

In this system no requirement exists for power
equilibrium between any two components, and this
allows the greatest possible flexibility in the choice
of operating conditions for best performances over
the whole speed range. Furthermore, the lightest
possible powerplant results for the compressor and
turbine, which have sympathetic characteristics on
a speed basis, can be connected solidly together, the
reduction gearing connecting them into the engine
system being called upon to transmit only the dif-
ference in the power produced by the turbine and
that demanded by the compressor.

This is the basic mechanical system employed in
the Nomad engine.

Altitude Performance — The powerplant layout
suggested in Fig. 6C suffers from the defect com-
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mon to all engines which depend upon a fixed-ratio
gear-driven compressor in that its power falls off
rapidly as altitude is increased, its power and fuel
consumption curves for some part-load condition
being of the form shown by the broken lines in Fig.
7. Some improvement may be obtained by the pro-
vision of a two-ratio gear between the engine and
the turbocompressor set, in which case these results
would be modified in the manner shown, A much
more satisfying solution to the problem can be ob-

* tained if an “infinitely variable gear” is employed,

in which case the power and consumption lines can
be maintained at sensibly constant values over a
wide range of altitudes, as shown by the full lines
ARBC and abe in the diagram. In fact, the employ-
ment of such a gear confers still greater benefits,
for it permits the gear ratio at any flight condition
to be adjusted to take full advantage of air infake
‘“ram” resulting from forward speed so that at all
times the compressor power absorption is kept fo a
minimum, thus enabling enhanced performances to
be obtained, as shown by the lines DEF and def.

A further advantage of the variable gear is that
it enables the compressor to be driven up to its
maximum speed at any engine rpm, thus permitting
greater maximum power altitudes to be achieved at
low engine speeds,

Due to certain favorable factors which will be
referred to later, it has been found possible to
embody such an “infinitely variable gear” in the
Nomad engine.

The Napier Nomad Engine:

Having discussed briefly the basic problems in-
volved in compounding, it is now possible to ex-
amine the practical solutions to these problems as
demonstrated in the Napier Nomad and to consider
the results obtained from this engine in relation to
aircraft requirements.

Mechanical Details — The mechanical layout of
the Nomad is shown in Fig. 8, and it will be seen
that this follows the arrangement suggested in Fig.
6C, except that an “infinitely variable gear” has
been interposed in the gear system between the
turbocompressor set and the engine, This permits a
range of gear ratios to be selected for any crank—
shaft speed. )

The diesel engine has 12 c¢ylinders in banks of
six, horizontally opposed on a six-throw crankshaft,
and the cylinder design is of the simplest possible
2-stroke type, using piston-controlled ports with no
valve gear of any kind, The loop-scavenging system
employed is that in which the incoming air is di-
rected against the cylinder wall with an upward
movement towards the combustion chamber, as
shown in Fig. 9. This type of airflow not only gives
effective scavenging of burned gases from the cylin-
der, but due to the well-organized flow path it
permits high airflows with minimum aerodynamie
losses,

The combustion chamber is hemispherical in
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form with a centrally disposed injector having one
central orifice and five equally spaced radial orifices,
the only unusual feature being that the radial
sprays are directed at the combustion-chamber
walls, experience having proved this to be beneficial.

The injector pumps, which are in blocks of six,
are of normal “jerk-pump” design, specially devel-
oped to deal with the high outputs and speeds of
operation required,.

The pistons, which are illustrated in Fig. 10, have
Y-alloy bodies but are fitted with austenitic steel
tops designed to run at temperatures in the center
of the crown between 1100 and 1300 F at full power,
Qil eooling is provided behind the piston rings to
ensure minimum temperatures at this point.

The unidirectional loadings on the connecting
rods resulting from two-stroke operation permit the
use of an unusual design, as shown in Fig. 11, both
small- and big-end bearings being of the half-bear-
ing or “slipper” type, with light straps as safety de-
vices in the reverse-loading direction.

A further development of this type of bearing is
applied at the small end. On this bearing high load-
ings are experienced accompanied by low rubbing
velocities, and due to the unidirectional loadings no

separation of the surfaces occurs on a normal bear-
ing to permit the ingress of lubricating oil.

On the Nomad this difficulty has been overcome
in the manner illustrated in Fig. 12.

The bearing is divided lengthwise into three sec-
tions comprising two outer bearings “X” and a cen-
ter bearing “Y.” The outer bearings are coaxial
with each other but their centers are displaced
transversely from the centerline of the connecting
rod. The axis of the center bearing is similarly dis-
placed on the opposite side of the conneeting-rod
axis, The three bearings therefore constitute, in
effect, two bearings eccentric to one another, their
eccentricity being equally spaced about the axis of
the connecting rod. In practice the distance between
centers of these two bearings is only 0.035 in., but
the operation of the arrangement can be best under-
stood if this dimension is greatly exaggerated as
shown in B, C, and D of the diagram, from which it
will be seen that relief of loading and separation be-
tween the surfaces is obtained through the rocking
of the connecting rod.

The axial compressor has 12 stages and operates .
at a maximum pressure ratio of 8.25/1 with an air
mass flow of 13 1b per sec, and to extend the operat-
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Fig. 9 - Arrangement of engine cylinder

ing range at low-speed end, adjustable inlet guide
vanes are fitted.

The adiabatic efficiency of the compressor at
take-off (sea-level static) is 85% and its peak effi-
ciency 87.5%.

The three-stage turbine is mounted coaxially
with the compressor, and its blading is designed to
extract maximum energy from the gases, the resid-
ual jet thrusts being small. Its efficiency at take-off

Fig. 10— Arrangement of piston
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(sea-level static) is 84% and 869% at the altitude
cruising rating.

Both compressor and turbine are connected into
the rear gear casing by shafts having toothed coup-
lings at each end to allow for expansion effects.

The Infinitely Variable Gear — This gear has been
designed and developed by Napier to suit the par-
ticular requirements of the Nomad application, but
the basic scheme was evolved by Dr. Joseph Beler
and developed in Germany before the 1939 1945
war. It is an ingenious practical ada,pna.tlon of the
well-known scheme in which two conical members
are end-loaded together, the gear ratio being varied
by sliding one cone over the other. The actual de-
tails of the Beier version of this basic scheme are
as shown in Fig. 13. Here a “pack” of discs with
narrow conical rims are mounted on a central shaft
and spring-loaded to trap between them a series of
coned discs carried on a planetary shaft, which
is arranged to swing about a fulcrum to obtain
changes in gear ratio. By attaching a gear to the
planetary shaft meshing with one at the fulecrum, it
is possible to arrange a constant mesh gear system
so that changes in gear ratio can be made while
running. It will be clear that a number of planetary
shafts can be similarly disposed around the center
shaft, and in the Nomad three sets of planetary
discs are used.

This type of gear would normally be classified as
a “frietion” device; but, in this particular applica-
tion, the drag force between the discs is obtained by
fluid shear of the oil film at the contact points, the
end loads being adjusted in relation to the lubrica-
tion conditions to obtain the most efficient oper-
ation.

A great advantage of this device is that it trans-
mits power through a multiplicity of contact points,
the number of which can be varied experimentally
to achieve most satisfactory performances.

To reduce the dimensions and weight of the vari-
able gear to & minimum, it is connected into the
gear system of the Nomad, as indicated in Fig. 14.

Here the speed-reducing gear for the turbocom-
pressor set is of epicyclic form, the variable-speed
device being connected across two members of the
epicyelic train. This, in effect, produces two me-
chanical systems in parallel, only about 30% of the
total power flow being transmitted through that
part of the system in which the speed-varying de-
vice is fitted.

The arrangement of this complete system in the
Nomad is shown in Fig. 15,

The Complete Engine — A longitudinal section
through the engine is shown in Fig. 16, the layout
following closely the diagrammatic arrangement of
Fig. 8.

It will be observed that a torsional vibration
damper of viscous-fluid type is attached fo the free
end of the crankshaft, This item is not necessary
for any condition of normal operation but is pro-
vided to protect the engine in the event of one cylin-
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Fig. 11 — Arrangement of connecting rod

der “cutting out” due to seizure of a fuel injector
pump.

Fig. 17 shows the engine in cross-section and in-
dicates clearly the vertically divided magnesium
crankcase and the aluminum cylinder blocks, the
whole structure being bolted together by steel
through-bolts. It will be seen that dry liners are em-
ployed, the liners themselves being of chromium-
copper material chromium plated in the bores. The
dimensions on this drawing show that the frontal
area of the engine is small, in piston-engine terms,
the shape being convenient for cowling purposes.

Fig. 18 shows a cutaway drawing from which the
main features may be identified. The reduction gear
is of conventional form using straight spur gears,
two layshafts transmitting power from the engine
crankshaft to the output gear, a further two pro-
viding the power connection between the output

: @ CENTRE BLARINCG T
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| ] v % QUTER BEARING X
[
\ ' A
\ .t !

Fig. 12 - Connecting-rod small-end bearing

Yolume &3, 1955

Fig. 13 — Diagram showing operation of variable gear

gear and the turbocompressor combination.

Fig. 19 is a photograph from one side and shows
that the engine is suspended from four pickup
points, two at the front end of the crankcase and
two on the rear gear casing. This arrangement is
convenient from the installation point of view and
gives maximum accessibility, particularly to the
compressor and turbine.

Starting is by electric motor, and as the compres-
sion ratio in the engine cylinders is insufiicient to
give self-ignition under these conditions, spark
plugs are fitted in each cylinder head activated from
a high energy system. These plugs are ussd only for
starting.

A three-quarter front view is shown in Fig. 20.

Engine Operation and Control—The engine is
equipped with a single lever control system which
relates the variable factors together to produce a

5 1]
g
itk
i
e I
T TUARBO -
ES:IFF.}RESSOR
N

CONNECTION TOf
PROPELLER SHAFT

Fig. 14 — Connection of variable gear to epicyclic train
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predetermined power law against rpm. The speed
function is controlled by a normal mechanically set
constant-speed unit varying propeller pitch, each
speed selection being mechanically related to a rack
setting on the fuel pumps governing the fuel flow,
and to a selected boost pressure. The boost pressure
setting is applied to a normal type of variable-
datum boost-control unit, the servo piston of which
operates the setfing of the infinitely variable gear,
the ratio of which is thereby automatically adjusted
to maintain the selected boost pressure. Any se-
lected rpm, fuel flow, and boost pressure are in this
way automatically maintained with increasing al-
titude until the maximum permitted rpm of the
turbocompressor set is reached, this corresponding
to the maximum power altitude for that particular
engine condition. Above this point resetting mecha-
nism is provided which reduces fuel fiow in sym-
pathy with decreasing boost. The engine is there-
fore capable of maintaining a constant selected
boost and power with corresponding fuel consump-
tions over a wide range of altitudes which at 60%
of take-off power exfends from sea level up to
25,000 ft. '

For optimum matching over the full power and
altitude range of the engine, a variable-capacity
compressor is necessary. This change in capacity is

Volume 63, 1958

achieved by an aufomatic device which adjusts the
incident angle of the compressor inlet guide vanes
to a function of inlet pressure with a variable datum
controlled by boost pressure.

Nomad Engine Performances

Brief reference was made in the section on The
Compound Engine to some factors influencing the
division of work between the diesel engine and the
turbine. In the actual case this problem is more
complex than was indicated, for there are other
aspects of engine performance, such as altitude re-
quirements and the fuel consumptions at part loads,
which must also be considered. Taking all the de-
sign requirements into account and also taking
advantage of considerable experimental data, the
major operating factors used in the Nomad and the
resulting performances are summarized in the fol-
lowing text.

Take-Off Performance of Basic Engine — The su-
percharging pressure used in the diesel engine for
talke-off is 89 psia, this corresponding to a volumet-
ric compression ratio of 3.36/1. When this is multi-
plied by the actual compression ratio in the engine
cylinders based on effective stroke (8/1) we arrive
at an overall compression ratio of 27/1.

Allowing for air intake and ducting losses the

19



pressure ratio demanded from the compressor to
provide the supercharging pressure of 89 psia at
sea level is 6.28/1, The maximum pressure ratio of
the compressor at its top speed is 8.25/1, and this
permits the take-off boost to be maintained up to
7750 £t by variation in gear ratio.

The air/fuel ratio dictated by the cylinder per-
formance requirements is 40/1, corresponding to an
air mass fow of 13 1b per sec; and when operating
with a maximum pressure limitation of 2200 psi a
brake mean effective pressure of 205 psi is devel-
oped in the cylinders which have a bore of 6 in, and
a total stroke of 7.375 in., giving a swept volume of
2502 cu in.

At the maximum crankshaft speed of 2050 rpm
the piston speed is 2520 fpm, and the bhp developed

120

kg
v

by the diesel engine alone, neglecting any contribu-
tion from the turbine, is 2660, or 1.06 hp per cu in.

The ability of the engine to operate at such high
outputs is an indication of the benefits derived from
the excess air factor, for the recorded piston-ring
temperatures at this power are no higher than those
on a normal diesel engine developing less than half
the power at equivalent piston speeds.

The pressure drop across the engine cylinders at
take-off power is 13.0 psi, giving a turbine inlet
pressure of 76 psia, and the temperature at the
turbine inlet is 1222 F.

The pressure ratio across the turbine at sea level
is 4.6/1, and this corresponds to a volumetric ex-
pansion ratio of 3.36/1 which when multiplied by
the diesel expansion ratio of 8/1 gives an overall

Fig. 19-Side view of Nomad
engine
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Fig. 20— Three-quarter front
view of Namad engine
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expansion ratio of 27/1.

The power developed by the turbine at sea level is
2250 hp of which 1840 hp is absorbed in driving the
compressor, so that there is an excess of 410 hp,
less a slight power loss of about 20 hp in the vari-
able gear, as an addition to the diesel-engine out-
put. The equivalent horsepower developed by the
engine, taking into account the small amount of jet
thrust available, becomes 3135 hp or 1.25 hp per
cu in.

The net dry weight of the engine is 3580 Ib, so
that the specific weight is 1.175 1b per hp.

The specific fuel consumption based on the equiv-
alent power is 0.345 1b per ehp per hr.

Take-Off Performance with Water Injection —
With the high degree of supercharge used for take-
off the charge air temperature is high, about 477 F
at sea level. This could be reduced by aftercooling,
but this would involve additional bulk and weight
together with a serious loss of energy from the
cycle. The charge temperatiire can be reduced most
conveniently and its denmsity increased without
energy loss by the injection of water into the inlet
manifolds, and when this is done a greater quantity
of air can be packed into the engine .cylinders and
the power output still further inecreased. Using
water injection in this way, the equivalent power
of the engine is increased to 3580 hp (1.43 hp per
cu in.) and the specific weight is reduced to 1.0 Ib
per hp. The specific fuel consumption is also re-
duced to 0.336 1b per ehp per hr..

Take-Off Performance with Auxiliary Combus-
tion — A further possibility for increasing the maxi-
mum power output arises from the presence of
excess air in the exhaust manifold between the
engine and the turbine, for, at the expense of a
glight increase in the turbine inlet temperature, a
small quantity of additional fuel .can be injected
and burned at this point. This extra fuel is burned
at low expansion ratio and therefore at low effi-
ciency, but the effect on the overall specific con-
sumption is small.

This system of auxiliary combustion can be used
in association with water injection, and for a tur-
bine inlet temperature of 1377 F the take-oif power
can be increased to 4100 hp (1.64 hp per cu in.),
the specifiec weight being thereby reduced to 0.93
1b per ehp. The specifi¢ fuel consumption in this
case is increased to 0.374 Ib per ehp per hr.

The take-off performances against altitude for
the three conditions referred to are illustrated in
Fig. 21. .

Cruising Performances at Altitude — The power
law to which the engine is controlled over the speed
range under sea-level static conditions is shown
in Fig. 22, the shape of this curve being devised
to maintain optimum thermal efficiency and alti-
tude performance over as wide a range as possible

and also to suit control requirement of the pro-

peller. _
On the same diagram are shown also the corre-
sponding diesel, turbine, and compressor powers,
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and it will be observed that at 1500 rpm the turbine
power exactly balances that absorbed by the com-
pressor. At lower engine speeds the power devel-
oped by the turbine is below that demanded by the
compressor, and this power deficiency has to be
fed in from the diesel engine.

The engine rpm at which balance occurs between
the turbine and compressor powers varies with
altitude and forward speed, but over the useful
cruising range the power transmitted through the
infinitely variable gear is relatively small.

From the section on Engine Operation and Con-
trol it will be clear that as altitude is increased
with the engine operating at any point on the
interconnection curve, the boost pressure appro-
priate to that condition will be maintained by pro-
gressive adjustment of gear ratio until the limiting
rpm of the turbocompressor set is reached, this
representing the maximum power altitude for that
particular operating condition. Bearing in mind
the reduction in compressor work necessary to
achieve the selected boost pressure due to forward
speed and the improvements in compressor and
turbine efficiency derived from increasing altitude,
there results a continilous increase in power output
until maximum power altitude is reached, with cor-
responding reductions in specific fuel consumption.

The power interconnection curve extended up
to the maximum power altitudes at each value of
rpm with a forward speed of 300 knots and the
corresponding component powers are shown in Fig.
23. It will be observed that over the whole oper-
ating range at these conditions the specific fuel
consumption remains sensibly constant between
0.34 and 0.36 1b per shp per hr.

Fig. 24 shows performances-at varying altitudes
with selected engine ratings, and again the con-
stant values for both power and fuel consumptions
are worthy of note. The best fuel economy of 0.326
1b per ehp per hr is achieved at the recommended
cruising rating at 22,250 ft where a power of 2027
e¢hp is developed. )

A complete heat balance for this operating point
is depicted in Fig. 25, and from this it will be seen
that a brake thermal efficiency of 42% is obtained,
which is higher than that of any other aireraft
engine. _

Engine Weights—It is customary to compare
weights of engines on the basis of the weight per
horsepower produced under maximum power con-
ditions. '

This method of comparison is valid for some
purposes but does not provide an accurate indica-
tion of the effects of the engine weight in flight for
it fails to take into account the varying altitude
performances of which the engines are capable.

This point is of importance in comparing the
Nomad with other types of engine, for its ability
to maintain constant power over a wide band of
altitudes has the effect of reducing its effective
specific weight under operating conditions. -

In Fig. 26 a comparison is shown between the

Yolume &3, 1955
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70000 T | gpecific weights under altitude power conditions
100 % LOAD FACTOR between the Nomad with a specific weight of 1.17
Ib per hp at take-off power and a turboprop engine
weighing 0.5 Ib per hp at take-off power. Both
engines are considered to deliver a cruising power
under sea-level static conditions of 60% of the
take-off power, this increasing the specific weight
figures to 1.9 and 0.83 1b per hp, respectively.

Due to the shapes of the power eurves of the two
engines against altitude the Nomad specific weight
is reduced right up to the critical altitude, whereas
the turboprop specific weight increases steadily as
altitude is increased. :

The difference between the two engines is there-
fore much less at 25,000 ft than at sea level. This
factor must therefore be taken into account when
aireraft performance comparisons are made.

General Characteristics — Apart from the per-
formance figures which have been quoted there are
two further characteristics which arise from the
nature of the operating eycle and which assume
some importance.

Firstly, there is extreme adaptability in the
matter of fuels. Designed to run on diesel fuel for
maximum economy, the engine will operate equally
) 1000 2000 3000 4000 sooo  well on kerosene or wide-cut gasoline,

Secondly, the engine is Insensitive {o increases
in ambient temperature, losing less than 2% of its
Fig. 27 - Variation in payload with stage distance take-off power for each 20 F increase in tempera-

ture.
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Nomad Engine in Medern Aviation

Consideration of the performance figures which

18 T T T pave been quqtetf[ demonstrates that th(; outstaqd-
ANNUM 100% LOAD FACTOR ing characteristics of the Nomad engine are ifs
low fuel consumptions, which are maintained un-

19 impaired over a wide range of powers, altitudes,
and flight speeds, and its ability to use cheap fuels.

These two factors combine to provide great econ-
ciny in operation; but apart from this the smaller
quantity of fuel consumed, as compared with other
engines for a flight of given duration, reduces the
proportion of all-up weight of the aircraft absorbed
by fuel storage, thus enabling the useful payload
to be increased. Alternatively, the original payload
may be flown over a greater distance. ,

There are specific aircraft applications in which
these characteristics can display very definite oper-
stional advantages over other types of powerplant,
and it is necessary to consider these in two cafe-
gories, those applied to military purposes and thoge

S T~ 579 for civil use,
~ :)‘V\ % In the military field economy of operation is a
P G secondary consideration; it is the ability to per-
6 — 7 form a defined operation more effectively which
~ assumes greater importance. On this basis the
Nomad engine constitutes the most suitable power-
plant for maritime reconnaissance aircraft, which
0 1000 2000 3000 4000 5000 have to undertake prolonged periods of search at
STAGE DISTANCE ~- STATUTE MILES low altitudes and low flight speeds at considerable
Fig. 28 — Improvement in operating costs per long ton-mile diSta-n_ceS from base, Here the long-range propen-
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sities of the engine, coupled with the ability to

employ any desived type of flight plan without

significant change in the quantity of fuel consumed,
enable maximum effectiveness of the military oper-
ation to be achieved with minimum total duration
of flight.

A further military application in which the
Nomad shows to advantage is in the tactical role
of army support. In such cases the necessity for
large apertures in the fuselage for troop and supply
dropping makes pressurization diffieult, if not im-
possible, and the ability to carry maximum pay-
loads at altitudes below that at which pressuriza-
tion bhecomes necessary is one which is derived
direectly from the operating characteristics of the
engine.

It is in the civil field, however, and particularly
in air freighting operations, that the Nomad can
make its biggest contribution to aviation at the
present time; and it was, in fact, for this purpose
that the engine design was originally undertalken.

There can be little doubt that the greatest oppor-
tunity for expansion in the aviation industry in the
immediate future lies in the development of air
freighting services; there are tremendous potential
markets in this field which are almost entirely
unexplored, even in the United States where more
progress has been made than elsewhere.

For freighting purposes economy is the vital
factor, and it seems certain that satisfactory oper-
ating economy will be achieved only by aircraft
designed primarily for freighting. The development
of such aircraft is of vital economic importance
at the present time, not only in.relation to the
business which can result from expansion in
freighting activities, but also in potential sales of
the aircraft concerned. There exist already two
such British aircraft which are of noteworthy per-
formance in this particular field, the Bristol
Britannia for the longer ranges and the Blackburn
Universal Freighter for the shorter routes.

With the cooperation of the aircraft companies
concerned, design studies have been made by
Napier to assess the effects on operating charac-
teristics of these aircraft if the engines now fitted
were replaced by Nomads. In addition, to cater for
cases in which the volume of traffic would not
justify the use of such large aircraft, a similar
study was undertaken relative to a civil version of
the Fairchild Packet.

The results of these studies are shown in Figs.
27 and 28. It is not possible here to describe in
detail the methods by which these curves have
been derived; it must suffice to state that they are
based on the standard SBAC method of computa-
tion; but the fuel costs which have been used are
given in Table 2, being average world prices exclud-
ing the United States.

For comparative purposes the characteristics of
three other well-known aircraft, the Bristo! 170
Freighter, the Lockheed Super-Constellation, and
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Table 2 — Fuel Costs

Fuel Gost
per Fuel Cost
Imperial converted

Aircraft Engines Fuel Gallon ta Cents®

Bristol - Proteus Avialion 1/10 25,7
Britznnia turhine fuef

Blackbutn Centaurus Gasaline 214 36.5
Universal 1007130 grade

Fairchild Wright Gasoling 2/9 38.5
Packet compound 115/145 grade

All three aircraft Nomad Diesel fuel 1/8 23.3

= Assuming $2.80 per £ sterling.

the Douglas DC-6A. with their existing engines are
also shown on the curves.

Fig. 27 shows the change in payload resulting
from the fitting of Nomad engines, and Fig, 28
shows the improvement in direct operating costs
per British ton-mile.

Examination of these results indicates in no
uncertain manner the contribution which the
Nomad engine can make to the problem of eco-
nomical freighting over short or long ranges of
flight.
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DISCUSSION

Discusses Advantages of
High-Pressure Turbocharging

— Rudolph Birmana

De Laval Steam Turbine Co.

'HE individual components of the Nomad engine — that is,

the lcop-scavenging 2-stroke engine, the low-pressure
turbine-driven compressor, and the variable-ratio turbine
speed reduction gear —are outstanding developments for
which the designers and the manufacturer deserve a great
deal of credit. The integration of these three components
into a successful aircraft powerplant represents an even
greater accomplishment.

The performance figures given in the paper speak for
themselves, actually proving that a compound engine of this
type can have a definite place in the field of aircraft pro-
pulsion, primarily because of its extraordinarily low fuel
consumption and its excellent power/weight ratio. The fuel
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consumption achieved is far lower than can be expected
from the pure gas turbine for many years to come and
lower than is possible with the piston type of engine alone.
This achievement is made possibie by compounding the
piston engine with a turbo machine in such a manner that
the reciprocating engine handles the high-pressure. high-
temperaiure end of both compression and expansion and the
turbo machine handles the low-pressure end. Such com-
pounding takes advantage of the fact that the piston type
of engine is the more suitable tc cope with high pressures
and high temperatures, whereas the turbe machine has a
distinct weight, size, and performance advantage in the low-
pressure range where the temperatures are comparatively
moderate.

Because of the advantages to be derived from compound-
ing the piston engine with the turbe machine. the compound
engine has a promising fufure in the field of aircraft pro-
pulsion, and in the form of high-pressure turbocharging
compounding it has already gone a long way toward keep-
irg the reciprocating internal-combustion engine competitive
with other prime movers in the fields of stationary, marine,
and locomotive powerplants.

In all fields of application the future of the compound
engine is assured; however, this is only if the sengine layout
is made as simpie as possible to permit the attainment of
best possible reliability and low production andé maintenance
cost. From this point of view it seems regrettable that the
Nemad engine is perhaps more complicated than it need be.
To reap the advantages of compounding it is not necessary
to connect mechanically the exhaust-turbine-driven com-
pressor to the engine crankshaft by means of a variable-
ratio reduction gear. The much simpler alternative ~ that of
all output power being delivered by the piston engine -
could easily give equally good or even better results, but
it is passed over by the authors with the statement that in
practice it is impossible to achieve power equilibrium be-
tween compressor and turbine over the whole operating
range. In reality there are an impressive number of turbo-
charged two-cycle marine engines in service, which contra-
dicts the anthors’ misgivings regarding this much simpler
compounding arrangement. The high-pressure turbocharg-
ing of diesel engines (employing compressor pressure ratios
of 3/1) is rapidly coming into use, and judging from ex-
perience with heavy-duty stationary engines there is no
reason why a similar compound arrangement of an even
higher-pressure-ratio turbocharger and a reciprocating en-
gine could not be evolved for atrcraft application. As a
matter of fact, the development of the Nomad engine has
solved the most difficult problems involved -- namely, the
develoepment of an exhaust-turbine-driven compressor capa-
ble of a combined efficiency of over 727 and suitable to
produce 2 compressor pressure ratio of 8.25/1, and the de-
velopment of a two-stroke engine designed to operate with
inlet manifold pressures of £9.0 psia.

It is somewhat puzzling why, after having developed such
outstanding components, these components were not com-
bined in a simple, high-pressure-turbocharged engine —in
other words, why the development of the Nomad engine was
made much more difficult by the introduction of the com-
piicated mechanical connection between the low-pressure
turbo machinery and the high-pressure reciprocating engine.
This guestion is justified in view of the outstanding per-
formance already achieved by high-pressure turbocharger-
engine combinations. Fuel consumptions as low as 0.306
Ib per Bhp per hr have been recorded, even though none of
the test installations had the advantage of the high pressure
ratios and high combined efficiencies of the Nomad turbo-
compresser. Turbocharged two-stroke engines, in which the
turbocharger constitutes the sole source of air supply to
the engine and has no mechanical connection of any kind
thereto, are in everyday service. ’

it would be interesting to speculate on what the results
would be if the reciprocating and turbo components of the
Nomad engine were combined into a straightforward, high-
p}'essure-turbocharged engine, in which the precompressed
air was cooled in an intercocler. In such an arrangement
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the complicated variable-ratio reduction gearing (presently
connecting the turbine to the engine crankshaft) would be
eliminated and replaced by a simple intercooler. It should
be brought out at this point that intercooling would not
constitute a serious loss of energy from the cycle, as the
authors indicate in the section on Take-Off Performance
with Water Injection. As a matter of fact, the great merit
of intercooling lies in the reduction of the negative work
required for the compression in the engine cylinders -a re-
duction that can easily amount to much more than the 371
turbine horsepower which is delivered to the engine crank-
shaft through the reduction gearing. This reduction in the
work of compression is the underlying reason for the sensi-
tivity of the thermal efficiency of the diesel cycle to the
charge temperature at the beginning of the compression
stroke — the lower this temperature, the higher the thermal
efficiency.

Straightforward turbocharging. with interccoling, main-
taining the present pressure levels employed in the Napier
Nomad engine and the turbine and compressor performance
presently obtained, would result in numerous advantages
over the present Nomad powerplant. It is estimmated - on the
basis of experience with high-pressure turbocharging of
both 2- and 4-stroke engines - that these advantages woulid
be as follows:

1. The entire engine layout would be more simple, cor-
respondingly more reliable, lighter, and cheaper to manu-
facture.

2. The relationship of turbocharger and engine would not
be dictated by considerations of the reduction gear, and the
turbocharger could be so located that less frontal area and
a more desirable confizuration of the engine nacelle would
be achieved, and perhaps even provisions for the recovery
of pulsating exhaust energy could be accommodated.

3. The turbocharger, in lieu of producing net brake horse-
power output, would produce a higher differential between
intake and exhaust manifold pressures. This higher pressure
differential would make it possible to pass the same amount
of seavenging airflow through ports having a smaller area.
In other words, the excessive height (639 of the stroke) of
the intake and exhaust ports in the Nomad engine could be
reduced and the ratio of effective stroke to toial stroke
made more favorable, thereby resulting in increased engine
output and a better engine performance.

4. For the same net total cuiput the thermal loading of
the engine would be lowered by bringing about a lowering
of the entire internal temperature level in the cylinders;
and alternately, for the same therma! loading of the engine,
the total output of the engine would be substantiaily in-
creased.

5. Because of the reduction of the thermal loading (which
can be brought about if the total output of the engine is
maintained the same), the size, weight, and drag of the
cooling radiator would be reduced suificiently to make up
for the weight and drag of the intercooler.

6. Por the same total ocutput. the specific fuel consump-
tion would be reduced, probably to less than 0.3 1b per
bhp per hr. :

The authors deserve unstinted praise and congratulations
for successfully geing far beyonrd any previous development
of compounding the reciprocating engine with the turho
machine. They are to be particularly commended for their
pioneering work in selecting an extraordinarily high pres-
sure level for the thermodynamic division between these
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two types of machinery, thereby polnting the way toward
further development in high-pressure turbocharging of all
types of internal-combustion .engines.

Describes Double-Slipper
Connecting-Rod Design

— Gregory Flynn, jr.

Research Laboratories Division, GMC

THE Napier Nomad diesel engine is cbviously a most in-
teresting design and represents a remarkable engineering
achievement. The paper certainly should prove stimulating
10 engine designers.

As one who is concerned primarily with the diesel engine
I am carefully going to sidestep getting into any arguments
between the turbojet, turboprop, and reciprocating-engine
airplane drivers. Instead, I would like to confine my re-
marks to that part of the paper concerning the mechanical
features of the diesel engine itself, which I found most in-
teresting. .

I have a few guestions and some comments to make on
variocus parts which perhaps would best be handled in the
order in which they appear in the paper.

1. To accomplish the objectives of Napier as stated in
the paper, the highly supercharged, compounded, 2-stroke
diese! was, I believe, a wise choice. The compression ratios,
pressures, and efficiencies are reminiscent of the work cur-
rently being done in France with the Pescara cycle which
also uses a highly supercharged 2-stroke cylinder and a
gas turbine.

2. The elimination of valve gear is always desirable, but
I question the siatement about “well-organized airflow
path.” When the piston is at bottom center the only air
that gets “well organized” is that which follows the intake
port walls. A good deal of air flows straight through and
out the exhaust ports. It has been our experience from
many studies of airflow in unifiow and loop-, or cross-

Fig. B — Finished connecting rod
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Fig. A - Double-slipper connecting rod

Fig. C— Connecting rod assembled in carrier
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Fig. D — Wrist-pin assembly

scavenge, cylinders that the air doesn't always follow the
pretty little arrows we designers like to put on the draw-
ings and diagrams. Much of the air is short-circuited di-
rectly across the top of the piston. This is perhaps for-
tunate because some of this “unorganized” air performs a
very useful function by cooling the top of the piston which
would otherwise be in a very stagnant region if we were
to believe the arrows denoting loop scavenge airfiow. In
any very high-output engine adegquate piston cooling is
mandatory.

The drawing in the paper shows a secondary row of ports
or slots below the exhaust ports proper. I am curious {o
know if this is correct, and if so, what is the purpose of
the slots?

3. With regard to the injection system, the statement is
made that it has been found beneficial to "direct the spray
at the walls of the combustion chamber.” Because of the
shape of the chamber this seems to be the only place to
squirt fuel. However, there is a generous squish area on

the cylinder head so that fuel will be injected into a region

of extremely high-velocity airflow as the upward motion of
the piston displaces air inward into the hemispherical cham-
ber. Is not this the reason for the beneficial results ob-
tained with the spray angles used and not because fuel is
squirted at the chamber walls?

4. The piston design I find interesting since Napier found
it necessary to employ steel heads. It has been our experi-
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ence that for really high loads it is easier to make an all-
steel piston which can be made lighter than those of cast
aluminum. Adequate oil cooling, however, must be pro-
vided. I assume that all the coocling ¢il is put into the
piston through the rod. Is that correct, and if so, how is
it distributed in the piston? The drawing is not too clear
in this respect. It would also be interesting to know how
much oil is used.

The connecting rod is most intriguing. I do not consider
the slipper-type crankpin bearing very unusual since we
have been using this type of bearing in proguction diesel
engines for many years. A slipper bearing rod permits a
much smaller crankcase design than the more conventional
articulated aircraft construction and would be the natural
choice when space and weight are at a premium.

The wrist-pin bearing is another matter. As stated in
the paper, high bearing loads, low rubbing velocities, and
no separation of the surfaces is a problem that has plagued
us for some tirne. The wrist-pin bearing is certainly a
touchy spot in any two-stroke engine. We are constantly

on the brink of trouble as we increase our engine outputs

Fig. E - Complete rod, carrier, and wrist-pin assembly
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and hearing loads. In some cases it has been necessary
to resort to very expensive bearing materials and caution
in the choice of a lubricant to obtain satisfactory service.

Several years ago we designed a double-slipper rod for
one of our high-output single-cylinder test engines. I
thought we were being very smart to achieve a 359 in-
crease in bearing area in the same piston, but it wasn’t
nearly as clever a trick as that employed by Napier.

Shown in Fig. A is a drawing of a double-slipper con-
necting-rod design, There were two main purposes for
this arrangement. One was to alleviate wrist-pin loading
and the other was the elimination of all threaded fastenings
in the piston, which explains the choice of a ficating piston
with a rod, wrist pin, and carrier retained by means of a
snap ring.

Fig. B is a photograph of the finished connecting rod. It
was originally thought that the rod could be made per-
fectly symmetrical but because of the interference in the
piston, it was necessary to use a reduced diameter on the
wrist pin end.

Fig. C shows how the connecting rod is assembled in the
carrier. First it is cocked and inserted, then it is straight-
ened up and pulled against the hoops for the insertion
of the wrist pin.

Fig. D shows the assembly of the wrist pin itself which
holds the connecting rod and carrier assembly together and
is retained by two snap rings at the outer ends of the pin.

Fig. E shows the complete rod, carrier, and wrist pin as-
sembly ready to be installed in the piston.

Although this design has been successfully run for many
hours of high-load operation, I was not able to sell it to
one of our manufacturing divisions.

Everyone knows that to make a bearing work there must
be a clearance space provided and a lubricant in the clear-
ance. Increasing area or providing better material as is
commonly done just takes the curse off a critical bearing.
But providing the clearance so that it may fill with oil as
the engineers of Napier have done is a most simple and
straightforward engineering accomplishment.

It would be interesting to know what bearing materials

Napier used in the connecting-rod bearings and how they
are honded to the rods.

Points Out Nomad’s Unusual

Combination of Constructions
— Marsden Ware
Packard Motor Car Co.

TI—HS engine brings to mind previous aircraft diesel en-
gines, prominent among which were the Mercedes Benz,
the Junkers Jumo, and the Packard radial diesel engine.
All these engines had an impressive although limited ser-
vice experience. Mercedes Benz engines made several At-
lantic Aights installed in the Hindenberg airship. 'The
Junkers Jumo powered a considerable number of German
fighters. The Packard diesel was used in a number of air-
craft and established 2 nonrefueling record which held for
a period of many years. With the performance that is
being obtained with the Napier Nomad, those who have
previously envisioned the diesel engine playing a prominent
part in aireraft may yet find impressive evidence of real
usage,

The Napier Nomad engine puts together a number of
constructions which are unusual in their combination al-
though not new individually. Among these are: compound-
ing, 2-stroke with loop scavenging, direct fuel injection,
compression ignition, high air/fuel ratio.

Unusual and noteworthy mechanical features inelude:
variable-speed supercharger-turbine gearing, variable com-
pressor inlet guides, piston-pin bearing and hibrication, pis-
ton construction. : '

While the Packard radial diesel engine was definitely in
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the specific weight classification of aircraft engines ag of
that day, the specific weight of the Napier Nomad is much
less than any previous aircraft diesel engine. The Napier
Nomad is gquite definitely in the modern aircraft engine
weight class. The Wright compound gasoline engine shows
a specific weight of 1.1 1b per hp, while the Napier Nomag
compound diesel engine shows a specific weight of 1.2 1b
per hp.

The performance of the engine is quite impressive. The
specific constructions used in the cylinder are evidently very
important in obtaining the high cylinder performance. The
2-stroke valveiess construction avoids questions of exhaust-
valve capacity to handle the high heat load. Oil cooling and
heat-resisting metals combine to enable the pistons to live
with intense heat loading.

There is no end to the guestions which may be raised
concerning many details which are neot inciuded. A few
of these are:

How much heat is carried off by oil cooling in the piston
or how much ocil is circulated through the piston?

What is the oil consumption?

Do you expect still greater specific power with greater
air dilution?

‘What is the limit of air dilution?

‘What endurance and type test requirements have been
met ?

Is there & marine version of the engine, and if so, how
does it compare with the aircraft engine?

It appears that the ordinary turbocharged diesel ig not
to be classed as a compound engine, although large in-
creases in power and high expansion ratios are obtained
with the turbocharger. Is it appropriate as inferred from
the wording in the paper to confine the term ‘“compound-
ing” for actual mechanical power connection of both tur-
bine and engine to the power take-off shaft?

Asks About Nomad’s
Performance and Reliability

-~ W. G. Lundquist
Wright Aeronautical Division, Curtiss-Wright Corp.

N regard to the performance of the engine, the top ques-

tion which comes to my mind concerns whether or not
the experimental testing of the engine has confirmed or
disagreed with the performance as projected analytically.
I believe I am correct in assuming that the performance
curves presented were derived analytically and they do not
represent necessarily accomplished test data. 'To what
extent have test data substantiated these curves and are
such data available for publication? It would be very in-
teresting to see the correlation.

In regard to the weight of the engine, I cannot make out
whether or not the weight comparisons include the weight
of the associated liguid cooling radiators, piping, and other
installation reguirements associated therewith including
the weight of the coolant itself. In comparison, all in-
stalled weights of the Nomad engine compared with other
engines would, of course, have to include such additional
weights to give a correct overall comparison. Specifically
then, the question is: Do the weights given in this paper
include the cornplete weight of the coolant system and
coolant?

Has it been determined what the engine's oil heat re-
jection is and what oil cooler requirements are necessary?

Obviously, in addition to the weight requirements of the
cooling system and the oil cooling system, the frontal area
requirements for the coolant and eil radiators will be of
great importance in completing any instaliation comparison.

In regard to mechanical features, several guestions oc-
curred as I read the paper. In the first place, what has the
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experience been with this engine in regard to the loss of
lubricating oil through the exhaust ports and the associated
“coking” of these ports due to the leakage of lubricating
6il? 'This bas been one of the classical problems associated
with the ported 2-stroke engine, and it would be interest-
ing to know what has been experienced with the Nomad.

I note from the engine pictures that the cylinder heat_is
are bolted on. Is the cylinder head to cylinder block joint
a metal-to-metal design, or is a gasket used in this place?
This is another trouble spot for diesel engines, and it would
be interesting to know what experience has been obtained
in the case of the Nomad on this ifem.

I think I would agree with the authors that the field of
application for an engine of this type which is designed to
have a very high thermal efficiency would. be in the so-
called air transport category as distinguished from military
tactical operations. However, the trend in this field is
definitely towards higher subsonic speeds, and in these
areas the overall engine efficiency as defined by the miles
per gallon yardstick is not a function of internal thermal
efficiency of the engine alone but must include the effect on
the flight efficiency of the weight and size factors involved
in the engine design. For that reason, the more elaborate
forms of compeound engine have not heen fco promising
in the past, and any consideration of their use must be
predicated on the installed net overall efficiency including
the induced and parasite drag characteristics of the in-
stalled powerplant. For these reasons, the piston-type en-
gines encounter increasing competitive disadvantage as
sonic speed is approached. It was for these reasons that
we at Wright Aeronautical chose to make the turbo-com-
pound engine the simplest practical form of compound en-
gine which could be accomplished without increasing weight
or other drag factors.

Another very important factor inveolved in the selection
and use of an engine, particularly for commercial airlines,
is the day-to-day on-schedule reliability which is demanded,
and this factor is inherently tied in and controlled by
mechanical simplicity or lack of simplicity as the case may
be, 'We have learned very painfully throughout the years
that mechanical complications in the basic engine design
and the use of accessory components such as complicated
fuel and power controls can be a prolific source of opera-
tional difficulties -and schedule delays in airline operation.
In other words, the probable time and cost to an airline
operator involved in debugging an engine with such com-
plications will be an extremely important consideration in
the selection of the engine for transport use, particularly
commercial airline operation. I am certain that this aspect
of the Nomad engine has been considered carefully, and it
would be interesting to hear what development progress
in regard to reliability of external engine accessories has
been achieved. ’

These factors did, in fact, control to a very large extent
our thinking during the development of the Wright turbo-
compound engine. The turbo-compound engine model cur-
rently operating on the airlines (and in United States mili-
tary operations) was deliberately, therefore, kept as simple

" design-wise as could be and yet attain a definite beneficial

utilization of the compound principle. The engine utilizes
no accessory power control whatsoever, being operated
exactly as an uncompounded piston engine. To as great an
extent as possible, the compounding has been so devised as
to add no additional mechanical or thermal load to the
cylinders. Actual eperating experience has confirmed that
this deliberate emphasis on simplicity has been largely in-
strumental in the acceptance and success of the engine.
We have in the past and we still are studying other more
complicated types of compounding, and we may yet con-
clude that further complication may be warranted to
achieve further improvements in performance. For that
reason, the contribution represented by this paper on the
Nomad engine is of great interest to ug, and we feel the
Nomad project represents a very important contribution
to the development of piston aircraft engines. We would
like, therefore, to commend the Napier company and others
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responsible for this project for their farsighted vision in
undertaking the project, and we will look forward to the
progress which can be made in the future in the field of
compound piston aircraft -engines.

Dislikes Nomad's
Apparent Complexity
~-F. W. Kolk

American Airlines

LTHOUGH I am impressed by the low fuel consumption
of the Nomad, I am concerned about the seeming com-
plexity of the engine. The Nomad appears to combine the
complexities of both aviation piston engines and gas tur-
bines.

In a new airplane, utilization is very important, and if
the plane is not available because of mechanical break-
down or maintenance, the operating cost figures can be
very misleading. Utilization is a function of mechanical
excellence and complexity. It is thus undesirable to in-
crease the number of components in an engine.

Discusses Point in
Theoretical Analysis

~L. C. Lichty
Yale University

TI—IE compound ehgine developed by Napier is a very
worth-while contribution, However, one point of interest
in the theoretical analysis appears to be overlooked.

The area, ABCA, on the pressure-volume diagram (Fig.
5) is assumed to indicate the loss of work of the compound
cycle because of the process of releasing the gases from
the reciprocating engine at P, to the turbine inlet at P, by
a thermodynamically irreversible process. As a result of
this process, the entropy of the mediuvm at point C would
be greater than at point A, assuming an adiabatic process.
This indicates a larger volume at point C than indicated in
Fig. 5, and consequently the expansion curve for the tur-
bine from the corrected location for C to turbine exhaust
pressure would be higher than indicated. Thus, some of the
loss of available energy caused by the irreversible release
process is recovered in the turbine, and the loss of work
woild be less than indicated by the area ABCA.

For the foregoing reason, point F in Fig. 5§ would not
Iie on the curve AFC, but would be on a similar curve above
the curve PD, extended to intersect the turbine inlet-pres-
sure line. ’

It can be shown that the correct value for V, might be
as much as 6% higher than the value indicated, depending
on the pressure drop in the transfer process. Thus it ap-
pears the furbine work might be more than 69 higher
than indicated in Fig. 5.

The foregoing discussion assumes the expansion processes
are adiabatic isentropics. However, if they are actual ex-
pansion processes with heat transfer out of the medium, the
recovery of some of the indicated loss of work is possible.

Authors’ Closure
To Discussion

R. BIRMANN contends that mechanical connection of
the turbine to the power output shaft is an unnecessary
complication; however, we strongly disagree. Turboblow-
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ers are widely used in aircraft engines, and Napier is well
aware of what can and cannot be done with them. For
aircraft service, conmnection of the turbine to the output
shaft is essential for best flexibility and performance. A
turboblower system cannot be designed to produce the
eguivalent results.

In answer to Mr. Flynn's discussion, more air can he
passed through the cylinder with less aerodynamic loss
with the Nomad type of flow path. The development of
the scavenge system of the engine was based on many thou-
sands of hours of testing and research. The airflow and
pressure losses are very much influenced by the directional
flow control that can be effected.

The extra row of ports below the main exhaust ports in
the cylinders eliminates the tendency for the bridges he-
tween poris to distort and cause piston rubbing. In addi-
tion, the small ports were found to improve engine per-
formance.

A conical combustion chamber was first tried, but we
found that, as the fuel spray angle was widened, better per-
formance resulted. The hemispherical combustion-chamber
form was thus a natural development. We do not eclaim
that it is the best possible configuration, but for the Nomad
it gives good resuits.

Regarding the piston desigm, oil is fed transversely to
an annular chamber behind the piston rings. No oil is fed
directly to the piston crown, although some of the oil does
contact the crown undersurface.

We agree that the design of the connecting-rod bearings
is not wholly new, but it does have a number of unusual
features. Thin-walled bearings, steel backed with a lead-
bronze lining, are used.

In answer to Mr. Ware’s questions, the lubricating oil
consumption of the Nomad is 8 pt per hr at eruising condi-
tions and 16 pt per hr at full power. Only about half the
air is consumed in the engine cylinders. 'The limitation to
using more of the available air is the thermal load on
the piston. We expect future development of the piston
to make possible higher outputs from the engine.

We have no information on the limit of air dilution nor
on the endurance gqualities of the engine. There is no
marine version of the Nomad engine,

Mr. Lundquist alse raises some questions about perform-
ance data. All results given in this paper are actual test
data, except the curves referring to flight conditions. The
weights given are net dry weights and so do not include
external separate equipment. This is in accord with the
usual practice.

Lubricating oil is lost through the ports during idling
conditions, producing a blue haze in the exhaust. There has
never been any carbon buildup in the ports; this is probably
a result of the temperatures inveolved. A copper ring is
used as the cylinder-head sealing. This was the most satis-
factory of several methods tried. ) N

We do not regard the Nomad engine as being complex:
and think this criticism is not justified, as the Nomad is
basgically a very simple design. While the Nomad is more
complicated than a -simple low-powered piston engine,
usually the only zalternative high-output engines ever sug-
gested are hypothetical engines that have not been built.
All engines are very simple in the first design consideration
stage; they become complex when built or when they are
developed to working reliability.

The turbine znd compressor of the Nomad are normal
types of rotating machinery that have proved to bhe re-
liable. The piston part of the engine is similar to conven-
tional engines and is simple and reliable. The fuel-injection
system is basically more reliable than a spark-ignition
system.

We agree entirely with the points raised by Professor
Lichty.

There were a number of comparatively detailed points
of this nature whick arose during the preparation of the
“indicator” diagrams used for illustrating the paper. A
certain degree of simplification was regarded as desirable
in order to avoid the necessity for somewhat lengthy ex-
pianations. The main purpose of the diagrams was, of
course, to indicate the bread principles on which the com-
pound engine operates. . .

An attempt was made to excuse such siight departures
from the truth by the cunning introduction of the phrase,
“in broad terms without much respect for meticulous
detail.”

ORAL DISCUSSION

Reported by Alan R. Schrader
USN Engineering Experiment Station

Carl ¥. Bachle, Continental Aviation and Engineering
Corp.: How is it possible for the engine to operate with
gasoline as a fuel?

Reply: The engine was developed to burn gasoline be-
cause this was a requirement of the BEritish Ministry of
Supply, which considered that the engine sliould be capable
of using fuels available throughout the world. Actually,
the engine is very insensitive to fuel quality, This is
probably a result of the high degree of supercharging
employed.

Mr, Bachle: What is the efficiency of the variable-speed
gear?

Reply: The variable-speed drive efficiency ranges from
65 to 929;. Feor conditions where the efliciency is low, the
amount of power transmitted is also low, so power losses
are not serious.

Dale H. Brown, General Electric Co.: I note the use of
variable compressor inlet guide vanes. What is the flow
restriction characteristic of the diesel and the turbine that
requires this degree of finesse? How much air does this
compressor handle at sea-level take-off ?

Reply: The compressor inlet varigble guide vanes allow
the operating range of the engine to be extended at the
low-speed end.

Mr. Brown: Of the air that is delivered by the compres-
sor, it appears that some must go right through the en-
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gine. How many pounds of air actually get frapped in
the cylinder? Also, this does not look like as positive a
scavenge system as the valve-in-head or opposed-piston en-
gine. What is the ratio between the pounds of air trapped
and the pounds of residuals left in the cylinder?

Reply: No information is available as to the proportion
of air trapped in the cylinder. Data of this sort would be
desirable, but we know of no reliable means of cbtaining
them.

Mr. Brown: Our experience indicates that one to two
points of stage efficiency can be realized through use of a
shroud on the turbine. What were your considerations in
selecting and using an unshrouded wheel 7

Reply: We are aware of the slight performance.improve-
ment made possible by shrouding the turbine. | However,
this knowledge was not available at the time of design, and
it appears that redesign of the turbine would not be war-
ranted for the small improvement gained.

Mr. Brown: While the turbine-compressor set appéars
small, it represents a tremendous inertia during starting
and acceleration of the engine. What starting power was
required? Did the compressor-turbine set require pro-
vision for slipping the drive during starting or other high-
torque occasions?

Reply: No difficulty has been experienced due to inertia
of the rotating parts. .
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