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SUMMARY

This design study reintroduces the diesel engine as an aircraft powerplant.

A methodical design study was conducted to arrive at new diesel engine con-
figurations and applicable advanced technologies. Two engines are discussed
and the description of each engine includes concept drawings. A performance
analysis, stress and weight prediction, and a cost study were also conducted.
This information was then applied to two airplane concepts, a six-place twin
and a four-place single engine aircraft. The aircraft study consisted of in-
stallation drawings, computer generated performance data, aircraft operating
costs and drawings of the resulting airplanes. The performance data shows a
vast improvement over current gasoline-powered aircraft. At the completion of
this basic study, the program was expanded to evaluate a third engine configu-
ration. This third engine incorporates the best features of the original two,

and its design is currently in progress. Preliminary information on this engine
is presented.

INTRODUCTION

Energy conservation, uncertainties of fuel supply and limited availability
of high octane gasoline, have renewed the interest in the diesel aircraft engine,
since its fuel economy is better than any type of aircraft enmgine curremtly in
production.

Aircraft diesel engines have been developed before, notably the Junkers
"JUMO", the Napier "NOMAD" and the McCulloch TRAD 4180. Of these, only the
Junkers opposed piston, 2-stroke cycle engine ever reached the production stage.
The Napier Nomad was a 2-stroke cycle, turbocompounded design. Its complexity
and the fact that it invaded the territory of turbine engines probably accounted
for its demise. The McCulloch engine came close to flying when the program was
terminated for non-technical reasons.

New technologies, now under active development, will result in even better
fuel economies than can be obtained with current state~of-the-art diesel engines.
These technologies also make it possible to develop a powerplant which is more
compact and lighter than current gasoline aircraft engines.

Two engines were investigated in the study, a 298 kW (400 HP) diesel for a
twin engined airplane and a 149 kW (200 HP) diesel for a single engined aircraft.
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The study consisted of three major phases:

1. Technology Analysis.

A survey of available aviation and automotive sources was conducted
to identify new developments which offer potential benefits to an
aircraft engine. These technologies were ranked and then evaluated
on the basis of performance and adaptability.

2. Engine Concept Design.

The technologies which were chosen as a result of the evaluation and
ranking process were applied to the design of the 149 and 298 kW

engines. Performance, stress, weight, and cost calculations were made
concurrently.

3. Engine/Aircraft Integration Study.

The results of Step 2 were then used in an engine-aircraft integration
study to determine the performance improvement of an airplane equipped
with these diesel engines.

Some of the technologies which were applied in these engine designs are
anticipated to be available in the late 1980's. These technologies result in
high level of performance and, although advanced, are not untried. The adiabatic
engine, the catalytic combustor, and the high speed alternator envisioned are
currently under development under various contracts. It should be noted here
that, although the concept engine proposes the use of ceramic combustion system
components, the use of such materials for "man-rated" aircraft may be 20 years
away. These concepts were included primarily to show what may be ultimately
possibla, However, alternate less advanced solutions are also given which will
result in a small reduction of performance when compared to the ultimate; but
nevertheless will result in 2 powerplant which far outperforms the current
gasoline aircraft.

RESULTS AND DISCUSSION

Advantages of the Diesel Engine

The diesel engine has always been burdened with the stigma of being heavy,
thus offsetting its advantage of low fuel consumption for aircraft applications.
If it is possible to build an engine that combines low fuel consumption and low
weight, then that engine becomes a very attractive aircraft powerplant. O0ld and
once discarded concepts can become attractive by applying new technologies.

A conventional diesel eungine requires high compression ratios for starting

and low load operation. This results in high firing pressures at full load when
in fact the engine could run adequately at a much lower compression ratios. New
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technologies make it possible to combine good startability with low firing
pressures at full load. This study shows that the weight of the diesel can be
reduced below that of current gasoline aircraft engines.

The diesel engine offers other advantages in addition to low fuel
consumption, i.e.:

1. Lower operating cost.
- Lower cost of fuel
- Reduced maintenance
- Extended TBO

2, Greatly reduced fire and explosion hazard.

3. Better in-flight reliability. No ignition and mixture control
problems.

4. Multi-fuel capability.

. No carburetor icing problems.

6. Improved altitude performance.

7. Safe cabin heating from exhaust stacks (less danger of carbon
monoxide) .

8. Exact fuel metering indicator. The rack position determines the
fuel fliow.

9. No electrical interference from ignition system

Previous Aircraft Diesel Engines

Table I shows a listing and design data of past aircraft diesel engines.
No clear trends follow from this tabulation. Seven of the thirteen engines
have a radial configuration, seven were aircooled, eight were 2-stroke cycle.

The tabulation becomes more meaningful if specific ratios are used. See
Table II.

Some observations can be made from these tables. Average specific weight
values are:

4-Stroke cycle engines .710 kW/Kg
2-Stroke cycle engines .926 kW/Kg
Aircooled engines .783 kW/Kg
Liquid-cooled engines .923 kW/Kg

The numbers indicate that a 2-stroke cycle engine can be expected to be
lighter than a 4-stroke cycle engine. A comparison of aircooled and liquid
cooled engines would seem to favor the liquid-cooled engine. However, the
engine weights of liquid-cooled engines tabulated do net include the weight of
the cooling package. With this modification, the corrected values then become:

Aircooled engines .783 kW/Kg
Liquid-cooled engines .805 kW/Kg

249



New Engine Design Study

- 298 kW Engine -

In addition to considering the historical background of aircraft diesel
engines, a literature search was made and a technology base was established to
evalute any concepts that may be considered for an all new engine design.

The following criteria were observed in considering any new ideas:

1.
2.
3.
4.
S.
6.
7.
8.
9.

10.
11.

The engine must be a piston/crankshaft type powerplant.

Be compatible with conventionally designed aircraft (size and drag).
nilow manufacture of an experimental model in five years.

Be 1eady for production in the late 1980's.

Mxe* 1979 EPA Emission Standards (guide-reference only).

Have multi-fuel capability.

Have engine performance comparable to current aircrart engine.
Have lower BSFC than present engines.

Maximum specific weights of .852 Kg/kW for the 298 kW and 1.095
Kg/kW for the 149 kW engine.

Life cycle costs equal or less than present aircraft engines.
Avoid problem areas encountered in current aircraft engine designs.

Design attributes that had to be considered included:

Performance, weight, size, C. G., fuel economy, reliability, multi-fuel
capability, noise, life cycle cost, component costs, and technology required.

Figure 1 is a flow chart that shows the different possible combinations
of design features that were considered and evaluated within the frame work
outlined above.

A detailed description of each of these features is beyond the scope of this
paper, but was included in the original basic study. The evaluation then result-
ed in the technologies that follow from Figure 1 by taking the high score items
along the "common to all versions" and "radial 2-stroke cycle" lines.

Common to All Radial 2-Stroke
Versions Line Cycle Line

Open Chamber Individual Cylinders
Ceramic Pistons Low Compression Ratio
Insulated Exhaust Manifolds Geared Prop Drive

No Cylinder Cooling Loop Scavenge

Tool Steel Piston Rings Independent Turbo Loop
Composite Connecting Rods Catalytic Combustor

Synthetic Lube 0il

High Pressure Fuel Injection
Electronic Controls
Conventional 0il Filter
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Conventional Fuel Fil<er
Pendulum Damper

The engine concept was then laid out around these features.

Figure 2 shows an artist rendering of the proposed 298 kW 6-cylinder engine.
Figure 3 shows the schematic of this engine. The design incorporates the
technologies which were defined before.

The chosen system uses the Curtis loop scavenging. The intake ports and
intake manifold are located at the propeller side of the engine, exhaust ports
and exhaust manifold at the back end.

The cylinder liner and piston top are ceramics and, therefore, cylinder
cooling will not be required. Tool steel piston rings will be required. Cool-
ing air will be used only for the aftercooler, o0il cooler, and the fuel injectors.
The exhaust ports will be o0il cooled.

Each cylinder receives fuel from a separate injection pump located in fromt
of the cylinder (cool side of the engine). Failure of one pump still leaves 5/6
of engine power available. A high injection line pressure will be required to
limit injection duration at high engine speeds.

The turbocharger can run independent of the engine. For that purpose a high
speed starter/alternator and an oil pump are mounted on the turbocharger. A
two-way valve is placed in the intake manifold. To start the engine, this valve
is in the vertical position of the schematic, which results in a turbocharger loop
independent of the engine. Combustor fuel is ignited by the heater. This heater
can be turned off as soon as the catalyst becomes sufficiently hot. The cycle
will become self-sustaining at approximately 1/3 of the maximum turbo speed, and
the starter now runs as an alternator. Hot, high pressure air will flow to the
engine when the two-way valve is partially opened. The cylinder intake ports are
opened during approximately 120 crank-degrees, so hot air can flow through two
cylinders for preheating on cold days. The high pressure air will next be
admitted to the engine mounted bleed air starter to crank the engine. The whole
sequence would be automatic.

This system offers many advantages:

1. The availability of hot induction air at start reduces the need for a
high compression ratio. The engine will start and idle at a 10:1
compression ratio provided this hot, high pressure air is available
to it during cranking. Thus, with this low compression ratio, the
firing pressures are held down to 9650 kPa (1400 psig) at full load
resulting in low engine weight.

2, The engine will start easily under cold conditions, a problem with
current engines.

3. Hot start problems are eliminated.



4. The engine can be ‘hut-off and the turbocharger kept running when the
aircraft is on the ground for some period. Meanwhile, electric power,
cabin heat or air conditioning remain available. This in effect
converts the turbocharger into an APU.

5. The battery requirement is greatly reduced since engine cranking is
accomplished by air pressure.

The use of synthetic oil is required in this engine design due to the hot
cylinders. The synthetic oil can take higher temperatures and requires fewer
changes than conventional petroleum bases oils. Over the long term perhaps a
method can be found to generate an airfilm between pistons and cylinder walls,
in effect, using air bearing technology. This would also reduce the expected
relatively high oil consumption which is inherent to 2-stroke cycle engines.

The engine design concept is shown in Figures 4 through 8. The cylinders
are arranged in two offset banks of three cylinders each, acting on a single
crankpin. The rotating and reciprocating inertias are 100Z balanced by councer-
weights on the crank cheeks. The pendulum dampers are mounted to the counter-
weights and will be tuned for the 4-1/2 and 6th orders. The cylinders are un~-
cooled and provided with ceramic liners. The intake ports and the intake mani-
fold are located at the front side - the cool side of the engine. The exhaust
ports and exhaust manifolds are located at the backside - the hot side of the
engine. Two exhaust manifolds are required to prevent the exhaust pulse of one
~vlinder to interfere with the scavenging of the previous cylinder in the firing
: uence. The piston tops are ceramic.

The snall end of the commnecting rods is designed to allow free rotation of
the piston. This should reduce the wear rate of the piston rings. The big end
of the connecting rods is designed as a slipper, i.e., each rod contacts only
1/3 of the circumference of the crankpin. This is possible for 2-stroke cycle
engines because the combined load of gas pressure and inertias is always direct-
ed toward the crankpin. The bearing material will initially be conventional,
but a studv could be conducted later of self-lubricating and gas bearings to
eliminate the need for o0il in the crankcase.

Immediately in front of the first main bearing are 6 individual injection
pumps, operated by a single lobed cam ring. Individual pumps were chosen to
improve engine realiability - failure of one pump still leave 5 cylinders
operable. Also, all fuel lines can have the same length resulting in the same
injection timing for all cylinders.

A bevel gear in front of the cam ring drives the prop governor and the fuel
priming pump.

A géér reduction reduces the crankshaft speed of 3500 rpm at take-off down
to 2300 rpm propeller speed.

At the back of the crankcase is an accessory housing which contains the
gearing for the engine oil pump, the vacuum pump, and the bleed air starter.
The air starter drive is provided with a slip clutch tc prevent engine damage
in the case of a hydrostatic lock in one of the cylinders (accumulation of fuel
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due to the leakage of a fuel injector). Four engine mounting points are provid-
ed on the accessory housing. Above the accessory case is the catalytic combustor
assembly. Leading to it are the two exhaust manifolds and the air bypass for
operation in the APU mode.

The turbocharger is located behind the accessory housing. Figure 8 shows
the turbine to the left and the compressor in the center. To the right is a
gear housing with the high speed alternator and turbo oil pump drives.

The aftercooler and oil cooler are located below the engine accessories.

The engine will operate with a dry sump.

The operating parameters for the 298 kW engine are shown in Table III and
thie sea level performance curve is included as Figure 9.

In additicn to the performance projections, detailed calculations were
made of weights, torsional vibrations, power component stresses, turbomachinery
sizing, cooling requirements, and projected costs to manufacture.

Results of each of these studies are very favorable for the diesel engine,
however, these details are beyond the scope of this presentation.

Emissions were not quantitatively addressed, however, the following
qualitative statements are valid:

1. Hydrocarbons and carbon monoxide will be oxidized by the use of a
catalytic converter.

2. NOx concentration will be minimized due to the relatively low peak
pressures (9€50 kPa) and lower peak temperatures.

3. Smoke levels should be relatively low since the minimum trapped A/F
ratio will always be on the order of at least 24:1.

As with emissions, only qualitative evaluations were made of the anticipated
engine noise as listed below:

1, The catalytic combustor and insulated exhaust stacks in series with the
turbocharger should minimize direct combustion noise.

2. The absence of cylinder cooling fins should reduce externally
generated vibratory noise.

3. The absence of valves, rocker arms, push rods, and camshaft should
minimize internally generated mechanical noise.

4, The geared drive will allow a relatively low propeller speed, thereby,
reducing prop generated noise.

5. Two-stroke cycle operation, however, tends to offset some of the gains
noted above.
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As was described earlier, this engine's feasibility relies heavily on new
technology. Following are the areas where existing technologies need to be
advanced to make such an engine feasible:

1. Piston rings -~ operating in uncooled cylinders.

2. Cylinders - ceramic components and their interface with metallic
hardware.

3. Turbo starter/alternator operating at high speeds.

4. Catalytic combustor and its associated controls.

5. Cooling of the cylinder exhaust ports.

6. Piston lubrication.

7. Spherical connecting rod end.

8. Efficient fuel injection systenms.

A comparison of the 298 kW engine was made with the 4-stroke cycle
GTSI0-520-H gasoline engine.

Table IV shows this comparison in a tabular form.

Figure 10 is a size comparison. The frontal area of the diesel ens..
78% of that of a comparable gasoline engine.

- 149 kW Engine Design -

The technologies spplied to the 149 kW engine are not as far advanced as in
the case of the 298 kW engine. The 149 kW engine will primarily serve the private
owner market where initial cost and east of maintenance carry more weight than in
the case of the corporate aircraft.

The engine will be easier to develop and manufacture.

Figure 11 shows an artist rendering of the p.oposed engine.

Figure 12 shows the schematic of the engine.

The following features are incor,orated in the 149 !' design concept:

Radial configuration.

Two~stroke cycle Curtis lcop scavenging.

. Minimum cylinder cooling - reduced fin area.

Variable compression ratio pistons (VCR).

Mechanically driven centrifugal blower, declutched when not needed.
. Glow plug starting aid in cylinders.

Conventional starter and alternator.

. Conventional exhaust system (no combustor).

. Direct propeller drive.

.

WO~V WN-

Calculations of the heat transfer through cylinder walls, as well as single
cylinder engine tests have confirmed that the heat flux is highest through the
cylinder walls surrounding the comtustion chamber (when the piston is in top
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dead center). The maximum gas temperature to which the cylinder wall is locally
exposed drops off fast as the piston travels downward, resulting in a lower

local average cycle gas temperature and, therefore, 2 reduced heat flux. It

can be safely predicted that most cooling fins below the piston ring belt {(piston
in TDC) can be eliminated without an appreciable effect on cylinder wall, piston
and piston ring temperatures. Using this approach results in an increase of
cooling drag when compared to uncooled cylinders; but eliminates the need for
ceramic omponents, thus making the engine a nmuch more viable alternative for
nearer ierm applications.

Sivce this smaller engine does not havz the independent turbocharger loop,
low compression ratio pistons cannot be utilized. Other means must be found to
keep firing pnressures down to 9,650 kPa. It becomes necessary to reduce the
compression ratio under load to 10:1. However, the engine cannot be started or
run idle at such a low compression ratio. In the case of the larger 298 kW
engine, this was solved by means of the independent turbocharger loop which
provides intake air of sufficient pressure and temperature to start the engine
and the catalytic combustor which keeps the turbocharge:r at a high speed during
cugine idle operation. This is not the case here, therefore for this case a
variable compression ratio pistop is re-ommended.

The VCR piston, Figure 13 varies the compression ratio from 17:1 at start
and low load to 10:1 at full load. This high C.R. is sufficient under normal
ambient conditions to start the engine. Even the 17:1 compression ratio, how-
ev .o, does not provide a sufficiently high compression temperature to igniie the
fuel at very low ambient temperatures. Operation of the glow plug may be re-
quired to assure good startability. It is also intended that glow plug oper-
ation would automatically be in effect at low throttle settings. This would be
an added safety feature to assure absolutely no misfiring during descent mode
operation.

Scavenging of a 2-stroke cycle cylinder requires that the intake manifold
pressure exceeds the exhaust manifold pressure at any load and engine speed.
The turbocharger, however, produces a negative AP at low load. This is no
problem for 4-stroke cycle engines where the piston does the scavenging. The
2-stroke cycle engine without a combustor requires an engine driven blower to
produce a positive A P across the cylinders at low loads. The blower will be
disconnected at the load point where the turbocharger provides a positive/\ P.

It also became obvious carly in the design phase of the 149 kW engine that
a direct drive would result in a smaller engine package and a weight reduction.
The ergine reliability is somewhat improved by this appv.-ch due to fewer parts
required.

The chosen BMEP of approximately 1200 kPa is 100 kPa higher than the BMEP
of the larger 298 kW engine. The much lower crankshaft speed dictated by the
direct propeller drive will result in better scavenging and, hence, a larger
amount of air trapped in the cylinde .. It should, therefore, be possible to
obtain t.ais higher BMEP without an increase of cylinder temperatures. The
detailed cycle calculations bear this out.

The 149 kW engine concept design ther is shown in the Figures 14 thrcugh 18.
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The cylinders are arranged in one bank of four cylinders. The rotating and
reciprocating inertias are 1002 balanced. The cylinders have a limited number

of cooling fins to cool the combustion chamber. The necessity for a gear driven
blower at the back side of the engine made it mocre practical to have the cylinder
intake port at the back side and the exhaust manifolds at the front. The exhaust
manifolds will be insulated to avoid radiation to the injection pumps. Two
exhaust manifolds are required to avoid pulse interference between cylinders.

The comnecting rods are the slipper type. The big ends are wider than in the

case of the 298 k%W engine to compensate for the reduced circumferential comtact
length.

The use of synthetic oil is not essential in this engine because of lower
cylinder temperatures (compared to the ceramic), but may be advantageous to
extend the periods between 0il changes.

Four individual injection pumps are provided driven off a single lobe cam
ring. The centrifugal blower is driven off the propeller shaft through a lay
shaft which is located above the crankcase between the cylinders #1 and #4.

This arrangement was chosen rather tham a drive from the rear end to avoid
torsional problems. The nodal point lies close to the largest inertia member of
the crankshaft system, that is the propeller. Putting the blower drive gear near
this point reduces the input of torsional amplitudes into the blower drive. The
lay shaft, which is a quill shaft, further isolates che blower from the crank-
shaft vibrations. However, this feature forced the use of a direct propaller
drive. To put a propeller reduction gearing in front of the blower drive would
have led to an unacceptable length of the engine. A weight analysis for this
particula: engine showed that the direct drive with the inhereant larger piston
displacement still results im a lighter engine than the geared drive.

The blower drive is provided with two clutches. One, the magnetic clutch,
disengages the blower drive once the turbocharger has come up to speed. The
location of the magnetic clutch is such that =2s much of blower drive as possible
is disengaged to prevent unnecessary drag on tue engine. A disc type slip
clutch is provided to prevent large torsional amplitudes as they occur at low
engine speeds due to cyclic irregularity from reaching the blower.

The turbocharger is wounted behind the engine, as are the oil cooler and
the aftercooler. Two versions of the engine were drawu. One, as shown, for an
aircraft with fixed landing gear. A second versicn of the engine was drawm
which accommodates a retractable nose gear. The coolers are moved outboard and

the turbocharger raised to provide space between cylinders #2 and #3 for the nose
gear strut.

Table V presents the operating parameters of the 149 kW engine concept and
Figure 19 shows th proiected fuel consumption curve for this engine.

As with the 298 kW engine, calculations were made to define power component
stresses, turbocharger and cooler sizing, torsional vibration definition, as
well as cost and v :ight projections.

Table VI and Figure 20 are presented to show comparisons with today's state-
of-the-art gasoline engines.
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Again, as with the larger engine, all comparisons favor the diesel
engine.

Engine/Airframe Integration

This study was conducted as a subcoatract by Beech Aircraft Corp. to
evaluate the integration of the proposed diesel aircraft engines into future
airframes and to determine the effect of the engine on aircraft performance and
operating costs. The results were then compared with corresponding data for
current preduction type gasoline engine powered aircraft.

Engine Installation

Installation design layouts were made which show the 298 kW diesel mounted
on a twin engine airplane and the 149 kW engine installed in a single engine
aircraft with retractable landing gear. The Figures 21 through 23 show the twin
engine installation; the Figures 24 through Zé show the single engine install-
ation. Figure 27 and 28, the three view drawings, are based on the wing areas
indicated by the performance svnthesis program, the engine drawings and standard
airplane proportions. Some pertinent features about the installation are as
follows:

1. Engine mounts are of two basic types - cantilever and bed mount. A
cantilever mount from the firewall was used in the twin and a bed
mount incorporating the nose gear support structure was used in the
single. '"Dvnafocal” type mounts woull be used with the cantilever
method to minimize vibration transmission to the airframe.

2. The induction system in doth cases would be a NACA flush inlet, duct-
ing and an air filter. Alternate air would be available to the engine
through a door operated by differential pressure.

3. Both engines have a dry o0il sump ind require external oil tanks mounted
in the engine compartments.

4. Both engines would have cooling air inlets p-oviding air to a plenum
chamber. Ducts from the plenur would direct air to individual cylinders,
oil covlers, aftercoolers and fuel injectors as needed. On the single,
cocling air exits are outboard of the nose gear on the lower side of
the cowling. Exits from the twin nacelle would be at the lower aft
end.

5. The installarion drawings were done in enough detail to indicate the
feat..es noted above and to provide reasonable assurance that no major
installation problems would be encountered with the proposed diesel
engine concepts.

257



Aircraft Configurations

Three view sketches of the airplane are shown in the Figures 27 and 28.
Following are some characteristics of both planes:

1.

Propeller Data.

Prop. diameter 2.057 m»
Prop. speed at take-off 2,345 rpm
Tip speed at take-off 253 wm/sec = .74a

a = Velocity of sound = 20.06 VT n/sec (T in °K)
At standard ambient temp. 15.5°C
a = 20.06 /273 - 15.5 = 341 m/sec
Prop. speed at economy cruise 1,790 rpm
Tip speed at econcmy cruise 193 m/sec
Prcpy. ground clearance 330 om

Sight Angles.

The pilot's sight angles for the twin are indicated by A and B (Figure 27).
The centerline angle over the nose, A, as indicated is about 120, 1If

the airplane were lofted, the angle from the pilot's actual eye position
would be about 18° which is considered more than zdequate. The smallest
lateral angle E is 10°. This is also more than adequate especially
compared to some current pision engine twins with larger nacelles.

Aircraft Data.

Twin Engine Twin Engine

Diesel Gasoline

Airframe minus engine (a) kg 1,860 1,860
Engines (2) (b) kg 415 525

Empty weight (a) + () (c) kg 2,275 2,385
Payload (@) kg 726 671

Fuel load (e) kg 653 598

Useful load (d) + (e) (f) kg 1,379 1,269
Max. take-off weight (c) + (f) kg 3,654 3,654
Wing span m 13.05 13.05
Length n 11.89 11.89
Tail height n 3.87 3.87
Tail span m 5.09 5.09
Wing area w2 22.39 22.39

Figure 28 shows the single engine aircraft. Characteristics are:

1.

Propeller Data.

Prop. diameter 2.136 m

Prop. speed at take-off 2,400 rpm

Tip speed at take-off 268 w/sec = .79a
Prop speed at economy cruise 1,800 rpm
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Tip speed at economy cruise 201 =m/sec
Prop ground clearance 356 mm

2. The centerline angle over the nose for the single engine airplame C, is
99, This should correspond to actual pilot's viewing angle of about 120,
This is probably adequate, espacially when compared to some of today's
long nose single engine aircraft.

3. Aircraft Data.

Single Engine Single Engine

Diesel Gasoline
Airframe minus engine (a) kg 667 667
Engine - (b) kg 162 175
Empty weight (a) + (b) (c) kg 829 842
Payload (@) kg 340 333
_Fuel load (e) kg 180 174
Useful load (d) *+ (e) () kg 520 507
Max. take-off weight (¢) + (f) kg 1,349 1,39
Wing span n 11.16 12.16
Length m 8.066 3.66
Tail height n  3.14 3.14
Tail span 2 3.78 3.78
Wing area m  17.74 17.74

Aircraft Performance Evaluation

The major tool used in the airplane design synthesis was a somewhat modified
version of the synthesis method originally developed for the NASA GATE (Genmeral
Aviation Turbine Engine) Study. The process was simplified for this purjpose
since take-off and cruise power could be specified as program inputs. The program
is wot accuraie enough nor does it account for enough variables to actually design
airplanes, but it is considered adequate to indicate trends in relative size and
performance for airplanes theoretically equipped with sufficient engines. The
mdain point to bear in mind when looking at the results of the program is that the
objective is to provide an indication of the differences in performance and cost
between diesel and gasoline powered airplanes. The methods used in estimating
throughout are no better than 5 to 10Z accurate, but the uniform assumptions and
methods used in all cases would make the resulting differences good indicatioms
of the trends to be expected. This is the proper objective for a conceptual
iavestigation.

Hypothetical gasoline and diesel powered airplanes were synthesized and
compared in two ways. In one case, the airframe was held cosnstant and the mission
profile was allowed to change when the powerplant type changed. In the other
case, the mission requirements were held constant and the airplane needed to
perform that mission changed size as necessary to meet the mission requirements.
These comparisons were made for both the single 149 kW and the twin 298 kW
engine airnlanes.
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The results of the aircraft performance simulation program are shown in the
Tables VII and VIII.

Table VII shows the differences in aircraft performance for a fixed airplame
size.

The fixed parameters are:

- Max. take—off weight
Max. landiag weight
Take-off distance
Landing distance
Stall speed

Wing area

The advantages of the diesele with their high cruise power output zad low
fuel consumptions can be readily seen in the basic parameters of range, speed,
and payload.

The advantages of the diesels with their high cruise power output and low
fuel consumprtions can be readily seen in the basic parameters of range, speed,
and payload.

Table VIII shows the diZferences in airplane size for a fixed performance.
The fixed parameters are:

- Paylead
- Max. cruise speed
- Range

The gasoline powered airplanes are bigger and considerably less efficient.

Operating Cost Esiimates

Production costs were estimated by assuming that new airplanes would be
designed and equipped with the diesel engines and, alternatively, compatible
gasoline engines. Development, material, ard labor costs were chosen to be of
roughly the correct magnitude, but are intended primarily to illustrate cost
differences due to using diesel instead of gasoline engines. Operating cost
estimates were made using figures obtained from current estimates of average
operating costs.

The acquisition cost estimates were based on information from the airplame
synthesis process. The airplane empty weights were the main parameters used with
FY79 rates for labor, material costs, and OEM engine costs. The estimating
methods used are based on historical data and "learning curve” theory. An air-
frame weight was estimated from the operating empty weight. This was used with
estimating data to get material weights to which material cost could be applied.
Manhnur per pound data were used to get labor content to which labor rates were
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applied. A producticn run of 600 units was used to amortize assumed development
costs and to locate factors on the learning curves. When a basic factory cost
was summed up, assumed manufacturer's and dealer's mark-ups were applied. Costs
were included for currently typical optional equipment and avionics selections.
The final total represented a dealer's price tag figure for a typically equipped
airplane. Both the single and the twin were considered to be all new designs.
The same sets of reasonably realistic assumptions were used throughout so the
resulls are quite adequate for looking at differences between gasoline and diesel
airplane prices within the overall accuracy of this study. Acquisition price
percentage changes from the diesel to the gasoline engine powered airplanes is
shown on the cost summaries. See Tables IX and X for the twin and single engine
airplanes, respectively.

The columns headed ''gasoline" refer to the airplanes for equivalent size to
the diesels but with the mission capability as indicated in the performance
estimates. The "equal plane performance gasoline" column refers to the airplanes
that will do the same missions as the diesels but are bigger and less efficient.

The cost summary tables show the considerable overall cost advantages of
the diesel powered airplanes. Gasoline airplanes of equivalent size cost less
initially but this advantage is not sufficient in view of the reduced mission
capability and higher overall costs. The biggest factors in raising the gasoline
airplanes operating costs are fuel and overhaul expense, as indicated.

Propeller Noise Estimates

Propeller performance estimates were made to get some idea of the propeller
sizes needed to realize a cruise propulsive efficiency of .85 for both the twin
and single engine airplanes. These calculations indicated that a two-blade, 84
inch diameter, constant speed propeller will work for the single engine airplane.
The prupellecs indicated for the twin are 81 inch three-blade. Estimates of
1000 fc. flyover noise predict values of 72 dB(A) for the single and 74 dB(A) for
the twin. These compare favorably to the limits of 77.5 dB(A), respectively.
Limits are based on airplane weight as set out in FAR 36, Appendix F. A favorable
correction factor can reasonably be expected, creating a greater margin relative
to the limits. The correcticn factor is based on detailed take-off performance
estimates that are beyond the scope of this study. Even without correction factors,
the noise regulations appear to present no problem for the conceptual diesel
airplanes.

186 kW (250 HP) Engine Configuration

A third engine configuration is currently under evaluation and design
definition. This engine is rated at 186 kW (250 HP) net shaft power at
25,000 ft. cruise altitude. Table XI outlines the pertinent features of this
engine configuration. Engine specifications are summarized in Table XII.
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As shown in this table, a cruise fuel consumption value of .36 lb/hp-hr is
projected for this engine. Some pertinent data comparing this projected fuel
consumption with other engines is shown in Table XIII. Note that the projected
va: * is relatively conservative compared to actual running engines, ~onfirming
the tact that an engine such as proposed is within reach.

CONCLUSIONS

A study indicates that the diesel engine promises to be a superior power-
plant for general aviation aircraft for the following reasons:

1.

5.

The diesel engine offers high cruise power at altitude and low fuel
consumption. This will result in improved range, high cruising speed
and more payload for a diesel enginmed aircraft.

The diesel powered airplane has a considerable overall cost advantage.
Gasoline airplanes of equivalent size cost less initially, but this
advantage is offset by reduced mission capability and higher operating
costs.

The diesel engine presents no installation problems. Although the
radial configuration is different than current gasoline engines, the
mounting to the airframe is essentially the same and requires no major
airframe modifications.

The independent turbo loop provides:

Easy cold and hot starts

Can crank engine indefinitely

Electric power available independent of engine operation (APU wmode)
Reduced battery capacity

Cabin cooling or heating available while aircraft is on the ground

The radial cylinder configuration results In:

- Low engine weight

Reduced engine friction

Absence of piston inertia forces
Compactness of the power package

The two-stroke cycle feature results in:
- Weight reduction

- Improved reliability due to fewer parts
- Reduced frontal area
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8. The following key technologies will be required to demonstrate the feasibility
of the engines proposed in this study:

1985 (250 HP Engine)

Combustion/scavenging in 2-cycle loop scavenged system
High pressure ratio, high efficiency turbocharger

High pressure fuel injection system

High speed starter/alternator.

1985-2000 (400 HP Engine)

All of the above

Ceramic components

Advanced lubricants (solids, air bearings, etc.)
Catalytic combustor
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1. Packard
2. Guiberson
3. Deschamps
4. Bristo!
5. Zbrojovka
8. Hispano
7. Saimson
8. Mercedes
9. Junkers
10. Junkers
11, Junkers (1)°
12 Napier (2)*

DRg98o
A980

Phoenix
200

Clerget 14F2
SH18

OF2

204

205

207 Turbo
Nomad

Previous Aircraft Diesels
No. Bore Stroke Displ
Model Config. Cycle Cooling Cyl. wwm [ ] 2
Radial 4 8ir 9 122 152 161
Radiat 4 air 9 12 152 16.1
30°A 2 liquid 12 *2 229 505
Radial 4 air 9 18 190 2875
Radial 2 air 9 120 130 1.2
Radiat 4 air 14 140 160 345
Radial 2 8ir 18 1118 150 295
60°V 4 liquid 12 135 210 539
Opposed 2 liquid 6 20 2x210 2875
Opposed 2 liquid 6 105 2x160 166
Opposed 2 liquid 6 105 2x 160 166
Flat 2 liquid 12 1524 18733 410
Radial 2 air 4 9843 9843 30

13. McCulloch (3)* TRAD-4180

TABLE |

*Numbers in parentheses refer to list of references at the end of this report.

16:1

1471

16:1
141
15:1
15:1
16:1
15:1
17:1
16:1
16:1
16:1
15:1

174
155
1000
318
207
518

RPN
2050
2050
1750
2000
1600
2200
1700

1790
1800

BEEE

Wet.
kg Year
231 1930
231 191

1089 1934
494 194
297 1935
600 1935
567 1935
935 1935
/50 1935
510 1936
649 1938

1624 1953
149 1970

TABLE Ui
Specific Data of Previous Aircraft Diesels
Piston Piston Hest
BMEP Speed Load Spec. Power Spec. Wgt.
Make Cycle S8 kPa misec kWicm* kwit kWheg
Packard 4 1.246 633 10.39 .165 10.81 75
Guiberson 4 1.246 564 10.39 147 9.63 .67
Deschamps 2 1.507 679 13.36 .459 19.80 92
Bristo! 4 1.301 664 1267 2% 11.06 .64
2Zurojovka 2 1.083 588 6.93 203 15.68 .70
Hispano 4 1.143 819 11.73 240 15.01 .86
Saimson 2 1.2 575 8.50 244 16.31 85
Mercedes 4 1.273 736 12.53 231 10.98 63
Junkers 204 2 1.750 661 12.60 420 19.83 76
Junkers 205 2 1.524 729 11.73 427 26.75 87
Junkers 207 2 1.524 892 16.00 712 44.58 1.14
Napier 2 1.229 1416 12.80 .906 48.39 1.22
McCuiloch 2 1.000 1053 9.35 .493 50.00 1.01
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TABLE It
Operating Parameters — 298 kW Engine

100% Power S5% Power
Teke-oHt Cruise Cruise o
Altitude 0 6,096 6,096 meters
Power 298 298 194 kw
RPM 3.500 3.500 2,675
Displacement 4N 4awn 4.7 liters
Bore x Stroke 100 x 100 100 x 100 100 x 100 mm
BMEP 1,085 1,085 923 kPa
Compressor Pressure Ratio 4.06:1 8.30:1 6.25:1
Nominat Compression Ratio 13.185:1 13.185:1 13.185:1
Effective Compression Ratio 10.0:1 10.0:1 10.0:1
Barometric Pressure 101.4 46.4 46.4 kPa
Ambient Temperature 15.5 -25 -25 *C
intake Manifcld Pressure 402.4 370.2 2776 kPa
Intake Manifoid temperature 116 116 116 ‘C
Exhaust Manifold Pressure 309.5 2848 2455 kPa
Scavenge System Curtis Loop Curtis Loop Curtis Loop
Scavenge Ratio 13 13 1.5
Ratio Boost/Back Pressure 13 1.3 1.131
Height Intake Ports 20.65 20.65 20.65 mm
Height Exhaust Ports 26.14 26.14 26.14 mm
tntake Ports Open/Close 61°47° 61°47 61°47° B880C/ABDC
Exhaust Ports Open/Close 69°39° 69°39° 69°39°' B8BDC/ABDC
BSFC-engine 206.8 2129 194.6 Q/KW-hr.
BSFC-combustor 18.2 6.1 0 gIkW-hr.
BSFC-powerpack 225.0 219.0 194.6 g/kW-hr.
Fuel Flow Powerpack 67.1 65.3 378 kg/r
Air Density 00279 00256 00205 kgl
Air/Fuel Ratio 27.50 2459 25.47
TABLE IV
Comparison of GTS10-520-H Gasoline and
GTDR-290 Aircraft Diesel Engine
& Stroke Cycle 2-Stroke Cycle
GTSIO-520-H GTDR-290
- Gasoline Engine Diesel Engine
Configuration 6 cyl. cpposed 6 cyl. radial
Displacement { 8.52 an
Take-off RPM 3400 3500
Rated max. take-oft power kW 280 298
Rated max. for cruising kW 210 298
Prop speed at take-off RPM 2278 2345
BSFC g/kW-hr:
Take-off 4258 225.1
100% power cruise - 219.0
65% power cruise 2737 1946
Dimensions:
Length mm 1429 1105
Vvidth mm 865 632
Feight mm 663 660
Er.gine weight dry, kg 2h2.4 207.5
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TABLE V

Engine Operating Parameters
100% Power 5% Power
Toke-ott Crules Cruise
Altitude 0 3,048 3,048 meters
Power 149 149 97 kW
RPM 2400 2400 1800
Displacement 3.4 J.14 3.14 liters
Bore x Stroke 100 x 100 “00 x 100 100x 100 mm
BMEP 1,187 1,187 1,029 kPa
Compressor Pressure Ratio 4.16:1 6.10:1 4.13:1
Compression Ratio Variable Variable Variable
Max. CR. 17:1 (eftective)
Min. C.R. 10:1 (eftective)
Barometric Pressure 1014 69.6 69.6 kPa
Ambient Temperature 15.5 -5 -5 *C
intake Manifold Pressure 4118 4118 280.9 kPa
Intake Manifold temperature 116 116 116 *Cc
Exhaust Manifold Pressure 3168 316.8 255.4 kPa
Scavenge System Curtis Loop Curtis Loop Curtis Loop
Scavuage Ratio 13 13 13
Ratio Boost/Backpressure 1.3 1.3 11
Height Intake Ports 20.13 20.13 20.13 mm
Height Exhaust Ports 27.15 27.15 27.15 mm
Intake Ports OpeniClose *61° +61* +61° BBDC/ABDC
Exhaust Ports Open/Close =71 +71° =71° BB80C/ABDC
BSFC 2220 228.1 2098 o/kW-hr,
Fuel Flow 331 340 20.3 kg/hr.
AirfFuel Ratio 26.6 26.0 240
TABLE VI
Comparison of TSI0-360-E Gasoline and TDR-192 Aircraft Diesel Engine
4-Stroke Cycle 2:Stroke Cycle
TSIO-360-E TOR-182
Gasoline Engine Diesel Engine
Contiguration 6 cyl. opposed 4 cyl. radial
Displacement { 5.91 3.14
Take-oft RPM 2800 2400
Rated max. take-off power kW 149 149
Rated max. for cruising kW 112 149
Prop drive direct direct
BSFC g/kW-hr:
Take-off 3771 2220
100% power cruise - 228.1
65% power cruise 267.6 209.8
Dimensions:
Length mm 1188 965
Width mm 795 800
Height mm 872 607
Engine weight dry, kg 174.6 163.¢
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TABLE Vil
Comparison Gasoline and Diesel Aircraft Engines
Airplane Size Fixed, Variable Performance

Single-Engine Single-Engine Twin-Engine Twin Engine
_ Dieset” _ Gasoline® Diese® = Gasoline
Rated power KW/RPM 149/2400 149/2600 29812300 (ea) 29812267 (ea)
Max. take-off weight (gross) kg 1349 1349 3654 3654
Max. landing weight kg 1349 1349 3654 3654
Standard empty weight kg 829 842 2275 2385
Useful load kg 520 508 1378 1269
Usable fuel bkg 2517180 241174 908/653 832/598
Payload (with full fuel) kg 340 334 726 671
Altitude —m/% power 3048/100°%% 3048/75% 7620/81.5% 7620/75%
Ma. . cruise speed km/hr 324 291 474 448
Range km 1481 1468 2592 1726
Altitude — m/% power 3048/75% 3048/75% 7620/81.5% 7620/75%
Speed km/hr 289 291 474 448
Range km 1968 1468 2592 1726
Take-off distance
(normal, OV. 15 m) m 579 579 701 701
Landing disiance
(normal, OV 15 m) m 369 369 677 677

Stall speed (landing) km/hr 85 85 135 135
Wing area m’ 17.7 17.7 22.4 224

‘All engines are turbocharged.

267



Cmppa

TABLE VilI

rison Gasoline and Diese. < rcraft Engines
erformance Fixed, Variab - lirplane Size

Single. Single-E Twing
e Cmie o
Rated power kW 148 198 38 {ea}
Max. take-olf weight (gross) kg 1349 1525 3654
Max. ianoing weight kg 1349 1525 3654
Standard empty weight Ky 82¢ 873 2215
{setul ioad kg 520 552 1378
Lsable tus! Ykg 251180 2941211 908/653
Payload (with fuli tueh kg 340 34y 726
Altitude — mi% power 3048/100% 3048175% 7620181.5%
Max. cruise speed kmhr 324 324 474
Range km 1481 1481 2592
Altitude — mi% power 3048175% 3048/100% 7620/81.5%
Speed kmihr 289 324 474
Range km 1868 1481 . 2592
Take-off distance
(normal. OV. 15 mj m 579 564 701
Landing distance
{fnormat, OV 15 m) m 383 427 877
Stall speed (anding} Kmihr 85 o3 135
Wing area m? V7.7 17.0 224
*All engines are turbocharged.
TABLE IX
Cost Summary
Twin Engine
Use 1000 Hours/Year
Plans
Equal
Acquisition cost Base ~ 3% +7%
Fuel $inr 28.78 42.30 5860
Qit $ihe 6498 1.53 213
inspection & maintenance
Airtrame $ihr 8.20 9.20 8.20
Engine $ihr 13.80 1380 13.80
Propsliers $ihr 200 200 2.00
£ngine exchange $ihr 18.82 3484 48.34
Hangar rental $ihe 3.30 330 3.30
Insurance $ihr 6.18 589 858
Total DOCHr $inr 88.07 11296 144.05
Total per year 5 88070 112960 144050
Yotal for 5 years $ 440350 564800 720250

“Bigger airplang required 1o do the same job as the diesel.
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Twin-Engine
Gasoline*
414 {ea}

4981
4981
3140
1842
155211116
726

7620175%
474
2592

7820/75%
474
2582

701
689
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298



Use 500 Hours! fear

Aplone

'lﬂr:&uisiﬁon cost

Fuel
04

inspection & maimtenance
Airframe
Engine
Propetier

Engine exchange
Hangar rental
insurance

Total DOCiHr.
Total per year
Total for 5 years

*Bigger arplane required 1o Jo *he same job as the diesel.

250 Horsepower Engine Configuration Features

Cost Summary
Single Engine
e Diesel

Base
$ibr 8.54
$ihr 43
$ihr 259
$ihr 400
Sihr 30
$ihr 428
$ihr 240
$inhr 590
$ihe 28.44
$ 14220
s 71100

TABLE XI

757
240
590

3163
15815
79075

10.09
654

3822
cg«a ’e

Combined best features of 400 and 200 horsepower without kigh risk ceramic

component-.

Radial/geared

2-Stroke

4-Cylinder

Independent turbocharger locp

Conveatior i crmbustor

digh pressure turbocharger (8:1)
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Power:

360 Net Horsepower at Sea Level
BSFC: .} "d/hp-hr at Cruise
Weight: 384 1.

1. Analytical fuel/air cycle caiw;atieﬁs.

TABLE XII

25%; Horsepower Engine i:mzfzgumtiea Sm:ficatzm
ﬁispiumz 246 inches3

Rated Speed: 3500 Rem

TABLE Xill

' 250 ﬁet mrsemr at 25,000 ft.

~ Basis Fer Fuel Consumption Projections

2. Yerified by past mmizsm data on both 2 and § cycle &zesal gm;xms

of similar featyres {low C.R. and high boost).

A, 4-(ucle-AVCR-1360

_ BlcR mopeep .395 8SFC
4-Cycle-LCR-1790
11 CR 263 MEP 373 BSFC
B.  Z-Lycle-hapier Nowmad
tase Engine 205 BMEP .388 BSFC
With Turbocompounding .335 3SFC
2-Cycle-Jurkers .umo .385 BSFC
2-Cycle-0DAD-BYO2T 110 BMEP 383 BSFC
2-Cycle-McCulloch 153 BMEP 399 BSFC
Average 375 7
3. Additional featzsres of gm;m&eﬁ engine favoring improved fgei
Cgﬂmtli}ﬂ . »
A, Reduced friction - exz’#;; two-wain bearings, no ﬂ?ye train,

- no mechanical blower,

B. Sign® -2+ *ly improved injection ﬁyszems and zzsi*mémwy

aya #1th modern technology.
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FIGURE S 208 kW ATRCRAF T DIESEL - REAR VIEW

mi im
cwc roRe 1
grm. -
- A28
e
% 17
PR LOAD POSRER
‘m ﬁ
dm g
0P 1040 POWER
Jwe
w0es :
-l COMBISTOR s
Nt =
§§ -l / S L

hee We | osm 0 nw Bw b e W
DRRMCSHAYT BN

FIGURE 8 SEA LEVEL PERFORMANCE S-CYUNDER RADIAL AIRCRAFT DIESEL ENGINE

275

ORIGINAL PAGE IS
OF POOR QUALITY



108

o i
w"‘ “‘MW*@MW

g

¥
z 3
S e B

S

a

&
L.

ki

5

B
Sy
¥
o
e 3

3

- B -
.

FIBURE 1o 5 COMPARISON GTSI0. 590 34 AND GTDR I AIRCRRF TDIESEL EWGNE

PIGURE 11 S48 bW a 'y WOEBDIESES BBCBAET LHRIRE

276
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ENGINE MOUNTING
BOSSES

FIGURE 19 SEA LEVEL PERFORMANCE A-CYLINUER RADIAL ARCEAF Y DHEGEL ENGINE
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FIGURE 20 SIZE COMPARISON TSIO-360E AND TDR-192 AIRCRAFT DIESEL ENGINE

FIGURE 21 SIDE VIEW TWIN INSTALLA TION
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FUSURE 22 FRONT VIEW TWIN INSTALLATION
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FIGLRE L BINGLE ENGINE ATRCRAR T CORS IR ORA TN

85





