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1.0 SUMMARY

This report describes the conceptual design and performance of two lightweight diese!
engines for commuter type aircraft, capable of developing 1491 kW (2000 SHP) and 885
kW (1200 SHP) nominal propeller power at takeotf. The engines are flat rated to 4572 m
(15000 ft.) altituda. The contigurations and technologies that are applied are aimed at
obtaining the best practical fuel consumption and the lightest power plant within the
1990's time frame specitied. They are:

1. A radial cylinder configuration

2. Two-stiake cycle operation,

3. Insulated cylinders

4, Turbocnmpounding

§. High-pressure injection system

6. Advanced material technologies
The specitic fuel const.mption of the 1491 kW (2000 SHP) engine is projected at 182
g/kWh (299 Ib./HPh) at 4572 m (15000 {t.) cruise altitude. The weight of the enyine is
projected at 620 kg (1365 Ib.) when advanced materials are applied resulting in a
specific weight of .415 kg/kW (.683 Ib./HP).
The specific fuel consumption of the 895 kW (1200 HP) engine is projected at 187
g/kWh (.308 Ib./HPh) at 4572 m (15000 ft.) cruise altitude. The weight of this engine is
projected at 465 kg (1025 1b.) when advanced materials are applied or .520 kg/kW (.854
1b/HP).

The study includes scaling information on the physical cheracteristics and engine
pertormance over a power range from 670 kW (900 SHP) to 1865 kW (2500 SHP).

An advanced technology diesel engine with its very low SFC and light weight appears
to be an attractive candidate tor aircratt applications.
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2.0 INTRODUCTION
2.1 Purpose of the Study

High propulsion system performance and fuel economy is essential for better airplane
capabilities and enhanced usefuiness of new airplane applications. Current commuter
aircraft engines operate at reasonable levr:!c of efficiency and reliability. However, the
cost of fuel is becoming an increasingly larger factor in the operation of commercial
aircraft.

The purpose of this study is to define conceptual designs and performance of advanced
technology lightweight diese! engines which could be fuel-efficient alternative power
plants to be used in studies of future commuter type aircraft.

Previous NASA funded studies of lightweight diesel engines for general aviation aircraft
have shown that the diesel is » very fuel-efficient attractive alternate engine candidate.
The diesel engine historically ¢ ‘or ; outstanding fuel economy and an ability to operate
on a wide range of fuels. Advar..<a design and material technologies have the potential
to substantially reduce weight and bulk and make the diesc! engine a competitive
powe- plant for commuter type aircraft.

2.2 Previous Large Aircraft Diesel Engines

Although there have been many different aircraft diese! engines built, only two large
engines were relatively successful and are listed because of their historical significance,
Any new digsel engine pronosed in this study with advanced technology would
certainly have to show performance potential beyond these engines which are
presented in Table L.

2.3 Scope of the Study

The scope of the study is to perform a conceptual design, including pertormance and
scaling investigation of two advanced technology aircraft engines of 1491 kW (2000
SHP) and 895 kW (1200 SHP) takeoff power for the 1990 time period. The study defines
the configurations, technologies and physical characteristics of the engines and their
performance in all flight regimes up to 7620m (25000 {t.) altitude. The engine
performance requirement was a flat rating horsepower capability from sea level takeoff
t0 4572 m (15000 ft.)

2.4 Relative Merit of this Study to the General Field

Although the study relates to commuter aircraft, the technologies described are as well
applicable to other fields such as long range transports, helicopters, military vehicles
and marine vessels where weight of the power plant and low fuel consuimption are of
extreme importance.

2.5 Signiticance of the Project

The study has shown that the diesel engines hava the potential for very low weights
and significantly reduced fuel consumption when compared to current engines.
Advanced technologies, such as adiabatic operation, turbocompounding and
lightweight materials are used in this study.

PO e e swengzy

[N «A-w-—w




oo o v

S TABLE !
. Previous Aircraft Diesels
‘ ‘ Junk Napier
\ 207 t?tbo Nomad
No. of Cylinders 6 12
Crankshaft kW 7468 1984°
T.0. Power HP 1000 2660
: Compounded kW 2274
! T.0. Power HP 3050
Cooling Liquid Liquid
¢ Cycle 2.Stroke 2.Stroke
, Bore mm 120 152.4
: in 4.724 6.000
Stroke min 2 x 160 187.3
in 2x6.299 7.375
Displ. 1 21.7 41.0
in® 1325 2502
} RPM 3000 2050
BMEP bar 6.88 14.16
psi 100 205
Piston Speed mis 16.0 12.8
fpm 3150 2520
| Spec. Power KW/ 34.4 484 *
HP/in* .75 1.06
Weight kg 649 1624
b 1430 3580
}
Spec. Weight kg/kW .87 T1°
; Ib/IHP 1.43 117
BSFC g/kWh 219 210"
; Ib/HPh .360 345
*Piston Engine Power Only
**Compounded
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3.0 DESIGN STUDY OF THE 1491 kW (2000 SHP) ENGINE

An initial preliminary study was conducted to determine the etfect of current
technolugies and contiguration on a diesel power plant,

3.1 Prelimary Configuration Analysis Utilizing Modification of Past
Aircraft Diesel Engine Data

This analysis assumes that any power plant resulting from this study will be designed
with improvements over the tast generation aircraft diesel engines by utilizing current
diesel technologies.

Tc obtain an initial approximation of the amount of improvement that may be possible
by applying new technologies, the Napier Nomad aircraft diesel engine was used as a
baseline upon which hypothesized new technologies were added. Although the ultimate
contiguration of the engine resulting from this study turned out to be quite difterent,
the credibility of the aralysis is supported by this initial hypothetical modified Nomad.

The simulation assumes that the cylinder cooling can be reduced by 30% based on
today's advanced air-cooled engines.

The performance data of the original Nomad engine are:

Piston engine power 1983 kW (2660 HP)
Excess turbine power 291 kW (390 HP)

SFC 210 g/kWh (.345 Ib/HPh)
Fuel tlow 478 kg/h (1052 b/,

Cooling test data of modern fully air-cooled diesel engines shows that cylinder cooling
losses are approximately 139, of the energy input. Assuming a 30% reduction of these
losses and 55% of the additional heat in the exhaust is recovered in the wrbine, it
follows that an additional 122kW (163 HP) turbine power would be available for
turbocompounding by this reduction in cylinder cooling.

The performance data uf this hypothetical Nomad engine then would have been:

Piston engine powsr 1983 kW (2660 HP)
Excess turbine power 413 kW (554 HP)

SFC 200 g/kWh (.328 |b/HPh)
Fuel fiow 478 kg/h (1052 tb/h)

The piston engine portion of the overall turbocompound engine thus would contribute
83% of the total power.

Based on this value, initial approximations of the piston engine size could now be
projected tor a new engine at this hypothetical technology level, i.e. reduced cooling.
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Disadvantages are:
¢ Requires a tunnel-crankcase

¢ Requires a barrel crankshaft (cheeks and made journal in one large disc). This
type of shaft is heavy and can not be 100% balanced.

Opposed cylinders.

8, 10, 12

.1

)
/

Firing order:

,12—9,4—-58—-11,2-3,10—7,6—1,12

Advaitlages are:

* Simple, vertically-split crankcase.

¢ Turbomachinery and accessories can be mounted above and below
crankcase, thus offsetting the disadvantage of the longer crankcase on
overall engine length.

¢ The crankshaft is easy to balance.

¢ There is no problem providing pendulum dampers.

Disadvantages are;

¢ Increased engine weight due to longer crankcase and crankshatt.

¢ Two cylinders fire simultaneously, but always on opposite banks.

¢ Air-cooling will require more attention in the design phase than in the case of
the radial engine.
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2,4, 6

Disadvantages are:
¢ Requires a tunnel-crankcase

¢ Requires a barrel crankshaft (cheeks and made journal in one large disc). This
type of shatt is heavy and can not be 100% balanced.

Opposed cylinders.

8, 10, 12

A

C )
/

Firing order:

1,12—9,4—-58—-11,2—-3,10—-7,6—1,12

Advailtages are:

e Simple, vertically-split crankcase.

¢ Turbomachinery and accessories can be mounted above and below
crankcase, thus otfsetting the disadvantage of the longer crankcase on
overall engine length,

¢ The crankshatft is easy to balance.

¢ There is no problem providing pendulum dampers.

Disadvantages are:

¢ Increased engine weight due to longer crankcase and crankshaft,

¢ Two cylinders tire simultaneously, but always on opposite banks.

e Air-cooling wiil require more attention in the design phase than in the case of
the radial engine.
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2,4,6 1,38

8, 10, 12 7,9, 11
Firing order:

1,10-—-9,6—-58-—7,4—-3,12—-11,2~1,10

Disadvantages are:

o Two cylinders fire simultaneously.

* Side loads on main bearing caps require a heavy crankcase structure.

o There is not much room inside the V for accessories.

4. 90° V
1.2
2,48 1.5.9 .
8, 10, 12 7,9, 11 el B
.‘ 'o
[]
56

Firing order:
1—-6—-—9~-8~-5—-4~7—-12=3—-2—-11—=10=1
Advantages are;

¢ Regular 30° firing intervals.

o There is more room inside the V for accessories.

11,12




Disadvantage:

« Side loads on main bearing caps.

As a result of this initial evaluation oppoced cylinders appear to be the best solution for
a multi-cylinder configuration.

3.1.3 EVALUATION OF TECHNOLOGIES

Based on the resulits of 3.1.2 a 12 cylinrder engine ..1th opposed cylinders was initially
assumed and other relevant parameters were further evaluated. These included:

1. Cooling

Ab

8.

Air-cooling
The advantages of air-cooling are:
¢ The cylinders can be individual; easy for maintenance and replacement.
¢ Air-cooling is mnre reliable:
— No moving parts
— Ng 1eaks
The disadvantages of air-cooling are:

¢ The cooling fins resull in a larger cylinder spacing and thus a longer
crankcase.

e More care needs to be taken to get adequate cooling of all cylinders.
Liquid-cooling

Tre advantages are:

¢ Equal cooling conditions of all cylinders.

¢ Shorter crankcase.

The disadvantages are:

¢ Less reliability.

¢ The bulk of a radiator is added to the engine.

e i X ————




C. Effect of type of cooling on overall engine weight:

A previous study ¢! the 300 and 150 kW engines — NASA Report CR3260, —
shows little difterence is: engine weights:

Air-cooled 1.277 kg/kW
Liquid-cooled 1.242 kg/kW

A comparison is oftered by two McCulloch aircraft engines:
TSIR-5180 Water-coo'ed, gasoline — exciuding radiator and water pump
201 kW, 179 kg (270 HP, 394 Ib)
Spec. weight .89 kg/kV/ (1.46 Ib/HP)
TRAD-41d0 Air-.cooled, diesel
150 kW, 149 kg (201 HP, 329 Ib)
Spec. weight .99 kg/kW (1.63 Ib/HP)

The high->r specific weight of the diesel engine is due to higher tiring
pressures.

D. Decision criteria

The liquid cooled engine has the disadvantage of requiring a radiator and a
water pump. This adds to the size of the power plant, reduces the reliability
and requires more maintenance.

Air-cooled Liquid-cooled

Reliability +

Bulk + >
Weight Same Same

Fue! economy Same Same

Technology Same Same
Maintainability +

Integration +

Drag Same Same

Recommendation: Air-cooled design
2. Cycle selection

The two-stroke cycle system i1s selected for the same reasons outlined in the
NASA reports CR3260 and CR3261.

Advantages:

e One power stroke per revolution.

o it results in a reduction c! e engine weight dua to the elimination of the valve
trains, camshafts and camgiaft drive.

e Engine reliability is improved.

e Eng:ne frontal area is reduced, due to the elimination of the vaives resulting
in less frontal drag.

10
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Disadvantage:
Severe conditions are imposed on the turbocharger:

o Comrpressor air fiow is high because scavenge air must be delivered in
addition to the combustion air.

¢ The turbine inlet temperature is reduced due 10 the mixing of the exhaust gas
and the scavenge air,

This analysis of a turbocompounded, opposed 12 cylir.der, air-cooled 2-stroke cycle
configuration indicates that such an engine will be large and heavy. The predicted
compounded BSFC of 200 g/kWh (.328 Ib./HPh) is good but much higher than can be
exi:.cted tor a compot:nded power plant with insu.ated cylinders, (BSFC's less than 182
9/kWh — .300 1b./HPh — have veen obtained with the CUMMINS adiabatic engine.) it
was, tharefore, concluded that an engine which utilizes state-of-the-art iechnologieg will
nit be competitive with current commuter power plants, As a result of this initial
analysis the modified Nomad configuration was discarded.

Advanced techncgies must be applied:
1. High BMEP's
2. High piston speeds
3. Insulated cylinders (‘ 2duced cooling)
4. High-pressure tuel injection,
§. Lightweight materials and components
6. High pertormance turbine ancd compressor.

3.2 Configuration and Technology Analysis of an Advanced 1491 kW
(2000 SHP) Engine

An all new engine concept based on technology developed in other NASA studies (Ref.
1 and 2) was assumed. After several iteration:s and trade-offs the resultant configuration
schematic is shiown in Figure 3-1.

3.2.1 ENGINE FEATURES

The configuration and tachnologies applied to the commuter type engine to obtain
practical low fuel consumption and light weight are:

1. A radial cylinder configuration,

Prior NASA funded studies of diesel engines for general aviation aircaft (NASA
reports CR3260 and CR3261) have shown that this contiguration regu:ts in the
lightest possible power plant for a given engine power. These studies also
showed that the radial configuration does not result in an excessively lsrge
frontal area of the engine. .

1"
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8 INSULATED
CYLINDERS
- TURBINE GEAR BOX
(VARIABLE GEARING)
_ CRANKCASE
\ r
- -
'
PROP ]
REDUCTION
GEARING A A
TURBINE
COMPRESSOR

FIGURE 3-1 — SCHEMATIC OF THE 1491 kW 2-STROKE CYCLE ENGINE

2. Insulated cylinders.

As discussed in paragraph 3.1 significant gains are availabie by using insulated
cylinders. With insulated cylinders the diverted cooling energy resuits in

an increase of the enthalpy of the exhaust gases and is .artially recovered in
the turbine.

3. Turbocompounding.
The excess power from the turbine is fed back into the propeller gear train.

More useful pcwer can thus be obtained from the same amount of fuel. This
results in very low SFC's of the power plant.
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4. High-pressure injection system.

One of the most critical technologies of the proposed engines is the fuel
system. The primary prerequisite for optimum combustion efficiency is a
thorough mixing of fuel and air. In a four-stroke cycle engine this is in part
accomplished by the swirling motion of the air in the cylinder. Optimum
scavenging of the cylinder of a loop-scavenged two-stroke cycle engine,
however, dictates the absence of induced turbulence. The mixing of fuel and air
must thus be obtained by maximum penetration and atomization of the fuel.
This requires high injection pressures.

Additionally, the thorough mixing of air and fuel combined with the high
temperatures of insulated cylinders, make the engines less sensitive to the type
and quality of the fuel.

§. Advanced material technologies.

The use of composites and high-strength materials will result in appreciable
weight reductions.
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