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COMPUTED PERFORMANCE OF A COMPOSITE ENGINE BASED ON EXPERIMENTAL
DATA FOR A SINGLE~-CYLINDER CONVENTIONAL AIRCRAFT ENGINE
CONVERTED TO COMPRESSION-IGNITION OPERATION

By J. Arnold McCoy and Frank Szel

SUMMARY

The performance of a single-cylinder spark-ignition engine
modified to operate on a compression-ignition cycle with a compres-
gion ratio of 8,0 was determined. Experimental date were obtained
at an inlet-manifold pressure of 100 inches of mercuvry absolute,
fuel-air ratios of 0.040 and 0,025, and engine exhaust pressures of
30 to 100 inches of mercury absolute. These data were then used to
compute the sea-level performence of an engine having nine cylinders
with a compressor and a turbine mounted on a common shaft and geared
to the engine crankshaft., An engine speed of 1600 rpm was used
throughout this investigation because a preliminsry investigation
showed that the power output and combustion-air flow increased very
slowly with engine speeds zbove 1600 rpm,

The calculations for the full-scale composite engine at a
fuel-air ratio of 0.040 and compressor and turbine efficiencies of
85 percent indicated that maximum power occurred at an engine exhaust
pressure of 75 inches of mercury absolute. At this condition, the
net brake horsepower was 1060 and the net brake mean effective pres-
sure and the net brake specific fuel consumption were 288 pounds per
square inch an 0.405 pound per net orake horsepower-hour, respec-
tively. The minimum rnet breke specific fuel consumption occurred at
an engine exhaust pressure of 100 inches of mercury abesolute, At
this condition, the net brake specific fuel consumption was
0.385 pound per net brake horsepower-hour for a net brake horsepower
end net brake mean effective pressure of 1010 and 274 pounds per
square inch, respectively,

A reduction of the fuel-air ratio from 0.040 to 0.025 caused a

26-percent reduction in maximum net brake horsepower with a 9-percent
decrease in the net brake specific fuel consumption.

RESTRICTED
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INTRODUCTION

Considerable research has been conducted on the combination of a
svark-ignition engine with a turbine and a compressor geared to the
crankshaft to increass the power and efficilency off the power plant.
Computations baged on engine tests (reference 1) show that the maximum
performance was cobtained by operating at high inlet-manifold and exhaust
pressures. A spark-ignition engine must be opcrated with rich mixtures
at high inlet-manifold pressures in order to avoid detonation; therefore,
relatively high specific fuel consumptions are obtained. A compression-
ignition engine, however, may be operated with leaner mixtures.

Computations based on experimental data from a high-speed single-
cylinder compression-ignitlon engine (reference 2) showed that at a
fusl-air ratic of 0.067 the exhaust energy avallable at sea level with
| the exhaust pressure equal to the inlst-manifold pressure (for the
: pressure range of 30 to 90 in. HZ absolute) exceeded that required for
supercharger work,

Reference 3 is based on the expevimental data of reference 2.
The engine performance was extrapolated to cnglne exhaust pressures
that were twice the inlet-manifold pressure and computations were nade
which showed that the net brake horsepower of the comnosite system
increased with decreasing compression ratio and increasing fuel-air
ratic and engine speed. The net brake specific fuel consumption was
found to be near its minimum value at a compression ratio of 17 and a
fuel-air ratio of 0.035.

Another theoretical analysis (reference 4) indicated that high net
brake horsepowers at low net brake specific fuel consumptions might be
obtained on a composite engine comprising a compression-ignition engine
at a compression retio of 8.5 and a compressor and a turbine geared to
the engine crankshafit.

The present investigation was mede at the NACA Cleveland laboratory
on a single-cylinder engine using a cylinder from a radial air-cooled
aircraft engine to determine experimentally whether a modified spark-
ignition engine could be operated efficiently on a compression-ignition
cycle at conditions approximating those indicated in reference 4. The

_experimental data were used to compute the sea-level perrormance of a
full-scale composite engine. :

APPARATUS

A cylinder from an R=1820-G100 engine with e piston from an R-2600
engine was used; this combination had a compression ratio of 8.0,
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Chromium-plated compression rings were used in the three compression-
ring grcoves to give long ring life for the high inlet-manifold »nres-
sures used. Two fuel-injection nozzles were inserted in the cylinder
in place of the spark plugs, as shown in figure 1. The cylinder was
mounted on an R-1820-G crankcase having 40° valve-overlap cams. A
300-horsepower dynamometer equipped with the necessary accessories
and instrumentation was used to start the engine and to absorb the
engine power. (See figs. 2 and 3,) Fuel was delivered to the nozzles
by means of a gear-type primary pump and a cam-opsrated injection
pump connected in series, The frel had a cetane number of 50, a
specific gravity of 0.825 at 60° ¥, and a hydrogen-carbon ratio of
0.156. Fuel flow was measured by a. rotameter.

Multiple-orifice and pintle-type fuel-injection nozzles were
tried singly and in pairs to determine their effects on engine per-
formence. The single multiple-orifice nozzles had five or six ori-
fices. When two multinle-orifice nozzles were used, each nozzle had
three orifices. The total orifice areas ranged from 0.000660 to
0.001400 square inch, The pintle-type nozzles all produced a cone,
coaxial with the nozzle center line. Nozzles with cones of 30°, 609,
and 90° each were tried. Preliminary investigations showed that the
best combination was two multiple-orifice injection nozzles with
flat, fan-shaped sprays with offset tips directed narallel to the
top of the piston. The total orifice area was 0,000947 square inch
for six orifices, three in each nozzle. (See fig. 1.)

High-pressure combustion air was obtained from the laboratory air
system. The weight flow was controlled by suitable valves and was
measured by a thin-plate orifice inetalled according to A.S.M.E.
Specifications. Surge tanks located before and after the engine were
equipped with pressure taps to meagurc the inlet-manifold and exhaust
pressures,

A Tormed sheet-metal cowling directed the cooling air from front
to rear across the cylinder,

PROCEDURE

Runs were made at various exhaust pressures (30 to 100 in, Hg
absolute) while the cther engine conditions were held constant. The
following table summarizes the constant conditions used in this
invesZigation, as well as those suggested by the analysis of refer-
ence 4:
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Analysis

Experiment (refer-

ence 4)

Compression ratio o« « « o » & ¢« ¢ 9 # s 2 2 s 4 o 0 o 8.0 85
Engine gpeed, TDM « s o s o &« « o o s o o 1 8 s o 1600 £10 2400
Tnlet-manifold pressure, in. Hg absolute. . . . 100 £ 15 120
Tnlet-menifold air temperature, °F. o + + » o+ . « o 160 %5 200
Fuelealr PEEL0 v o a3 & % v x 2 v 3 5,040, 0,025 +0,001 (0105
Meximum cylinder pressure, 1b/sq in, . . . . . 1200-1400 1200

A compreseion ratio of 8.0 instead of 8.5 (reference 4) was used
because it was the highest that could be obtained with the available
interchangeable pistons and cylinders.

An engine sneed of 1600 rpm was chosen because a preliminary
investigation showed that the power output and combustion-air flow
increased very slowly with engine speeds above 1600 rpm. Several means
were tried to improve the turbulence and ccmbustion within the cylinder
at engine speeds above 1600 rpm. In addition to various types of injec-
tion spray and various inlet-manifold air temperatures, spiral vanes in
the entrance to the intake port, water injectlion into the inlet mani-
fold, and a cylinder with enlarged intake and exhaust ports were tried.
As none of these medifications gave the desired effect, the investiga-
tion was completed with the engine in its original configuration.

The inlet-manifold pressure was held constant at 100 inches of mer-
cury absolute because a pressure of 120 inches of mercury absolute was
unobtainable with the laborastory combustion-air control system. The
inlet-manifold air temperature of 160° F was used beccause it was found
to give better engine performance than the temperature of 200° F com-
puted from the analysis of reference 4. The maximum cylinder pressure
was held between 1200 and 1400 pounds per square inch by adjusting the
injection advance angle.

The oil-in temperature was held at 150° F for all runs. The cooling-
air pregsure drop OAp (where o 1s the density ratio used to correct
to NACA standard air conditions) was held between 23 and 25 inches of
weber for a fuel-air ratio of 0.040 and between 13,5 and 15.5 inches of
water for a fuel-air ratio of 0.025. The temperature of the cooling air
upstream of the cylinder was 93° F.

An approximation of the mechanical-friction power was obtained by
motoring the engine with sea-level exhaust and inlet-manifold pressures.
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METHOD OF COMPUTATION

The full-scale composite engine for which the performance was
computed was assumed to consist of an engine (nine cylinders with a
displacement volume of 1820 cu in.), a compressor, and a turbine.
The performance was computed for sea-level conditions from single-
cylinder experimental data as follows:

(a) The full-scale indicated mean effectlve pressure was assumed
to be the sum of the brake and mechanical-fricticn mean effective
pressures obtained from the single-cylinder data. The indicated
mean effective pressure thus obtained includes the contribution of
all four strokes of the cycle.

(b) From this indicated mean effective pressure, the full-scale
indicated horsepower was computed and the corresponding gross brake
horsepower was obtained by subtracting a full-scale mechanical-
friction horsepower. The mechanical-friction horscpower was computed
from the equation

fhp = K(N)z

where

fhp mechanical-friction horsepcwer
K congtant, 0,00002394

N engine speed, rom

The value of K corresponding to the bore, the stroke, and the numbor
of cylinders of the engine was determined from an empiricel equation
based on a large amount of experimental data on various types of
reciprocating engine., From this equation the mechanical-~friction
horsepower at 1600 rpm is 61.3 for the full-scalc engine,

(c) The full-scale combustion-air flow was taken as ninc times
the single-cylinder air flow, The compressor horsepower was con-
sidered that required to compress the combustion air from NACA sea-
loevel pressurc and temperaturc to inlet-manifold pressure with an
adiabatic officiency of either 70 or 85 percont. The combustion air
wag assumed to be cooled from compressor-cutlet temperature to 160° F
with an aftercooler having an effectiveness of either 66 or 60 per-
cent depending on the comvressor cfficiency.

(d) The turbinc horsepower was taken as that availlable from oxpan-
gion of the exhaust gas from cxhaust vressurc and temperature to
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gea-level pressure with an adiabatic efficiency of either 70 or 85 per-
cent. Reference 5 was used in the ccmputation of the turbine horsepower.

The exhaust-gas temperatures were assumed to be 1800° and 1200° R
for fuel-air ratios of 0.040 and 0,025, respectively. hese values
were checked by later runs and found to be approximately correct,

(e) The turbine and the compressor were assumed to be mounted on a
common shaft and the difference in their powers was transmitted to or
from the engine through gears having an efficiency of 90 percent. The
horgepower difference wag divided or multiplied by the gear efficiency
depending on whether the turbine horsgepower wes legs or greater than
that of the compressor, and the result was subtracted or added, respec-
tively, to the engine gross brake power (item (b)) to obtain the net
brake horsepower of the gystem,

The agsumption of congtant turbine and compressor efficiencies for
these computations implieg that a different turbine and a different com-
pressor are used at each exhaust vregsure in order to meet the required
operating characteristics for that condition.

RESULTS AND DISCUSSION
Single -Cylinder-Engine Exverimental Data

The best single-cylinder engine performance was cobtained at an
engine speed of 1600 rpm., The indicatcd horsepower and combustion-air
flcw increaged very slowly for engine speeds above 1600 rpm, Because
none of the meodifications that were tried to improve the turbulence and
cembustion gave the desired effect, the investigation was completed
with the engine in its original configuration.

The c¢flfect of exhaust pressure on combustion-air flow, indicated
gpecific air consumntion, volumetric efficiency, indicated mean effective
pressurc, indicated spocific fuel consumption, and maximum cylinder pres-
sure of the gingle-cylinder engine at an inlet-manifold vressure of
100 inches of mercury absolute, an inlet-manifold air temperature of
160° F, and an engine speed of 1600 rpm for fuel-air ratios of 0.040
and 0,025 is shown in figure 4, For a fuel-air ratio of 0.040 and sea-
level exhaust pressure, the indicated mean cffective pressure based on
all four strokes of the cycle was 313 nounds per square inch (fig. 4(b)).
As the exhaust pressure was increased to 100 inches of mercury absolute,
the indicated mean sffective pressure decreased to 240 pounds per square
inch, a loss of 23 percent. Similarly, the combustion-air flow fell off
about 25 percent with an increase of the engine exhaust pressure from
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30 to 100 inches of mercury absolute (fig. 4(a)). At a fuel-air
ratio of 0.025 the corresponding decreages in indicated horsenower
and combustion-air flow were 31 and 25 percent, respectively.

The cylinder-head temperatures were below normal operating
temperatures for a spark-ignition engine (fig. 5). The temperatures
at the rear of the barrel were on the order of 315° to 355° ¥ for a
fuel-air ratio of 0.040 (fig, 5(a)) and 270° to 310° F for a fuel-
air ratio of 0.025 (fig. 5(d)).

The englne started readily with an inlet-manifold pressure as
low ag 40 to 45 inches ¢f mercury abgolute, an inlet-manifold air
temperature of 160° F, and an injection advance angle of 10° to 15°,
The engine ran evenly but wae noigy, as is characteristic of the
compression-ignition cycle. No pitting of the surfaces of the valves
or the piston was observed and the carbon deposits on the cylinder
head and the piston were moderate. The piston rings were renlaced
after 50 hours of operation because of wear caused by high barrel
temperatures and high inlet-manifold Dressures.

Full-Scale-Engine Calculations

Although the engine power decreases with an increase in exhaust
pressure, the power develoved by the turbine increases. In addition,
the power absorbed by the compreggor decreases with an increase in
exhaust pressure becanse of the reduction in combustion~air flow due
to the increase in residual gascs in the engine., As a result of the
relative ratc of thesc variations, therc is some engine exhaust
bressure where the net power of the engine with the compressor and
turbine attached is a maximum.

The computed sea-level verformance of a full-scale cownosite
compression-ignition engine is shown in figure 6, At a fuel-air ratio
of 0.040 and an exhaust-gas temperature of 1600° R (fig. 6(a)), the
composite engine with a compresesor and a turbine each having an
efficiency of 70 percent develops a maximum of 952 net brake horse-
bover at an exhaust pressure of 75 inches of mercury absolute. The
corresponding net brake mean effective vressure and specific fuel
consumption are 258 pounds ver square inch and 0.450 pound per net
brake horsepower-hour, respectively. For these conditions the turbine
and compressor powers are almost equal. Any further increase in the
exhaust pressure causes a decrease in the net brake horsepower. The
ninimum net brake specific fuel consumption cccurs at an exhaust
Dressure of 100 inches of mercury absolute at which condition the net
brake specific fuel censumption 1s 0,435 pound per net brake horsepower-
hour and the net brake horsepower and the unet brake mean effective
pressure are 900 and 244 pounds per square inch, respectively.
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For efficiencies of 85 percent the turbine and compressor nowers
are cqual at an exhaust pressure of 55 inclies of mercury absolute. The
navimum net brake horsenower, lLowever,; again occurs at an exhaust pres-
gure of 75 inches of mercury abgolute. he meximum net power and corre-
snonding net brake specific fuel consumption are 1060 horsgepower and
0.405 pound per net brake horsepower-hour, respectively. These values
roprosent a S-percent increase in net power and a l2-percent decrease
in the net brake specific fuel consumption over the valueg for which
the turbine and compresgor powers ave oqual. The minimum net brake
specific fuel consumption is 0,385 pound per net brake horsepower-hour
and again occurs at an exhaust pressurc of 100 inches of mercury absolute.

The performance of the composite engine is shovn in figure 6(b) for
e fuol-air rotio of 0.025 and an exheust-gas temperature of 1200° R.
The meximum net brake horsepower for turbine and compressor efficiencies
of 85 percent is 26 percent less than that for a fuel-air ratio of 0.040
and the corresponding net brake specific fuel consumption is 9 percent
less.,

The exhauct pressure for maximm net brake horsepower ig 65 inches
of mercury absolute for both the 70- and 85-nercent e¢fiiciencies, and
for minimum net brake specific fuel consumption it is approxinately
85 inches of mercury absolute; however, the net brake specifiic fuel con-
sumption changes very little for exhaust pressures from 65 to 100 inches
of mercury absolute.

Tnapection of figure 6(b) shows that at a fuel-air ratio of 0,025,
when the turbine and compressor efficiencles are 70 percent each, the
turbine horgepower is always less than the comprossor horsepower for
the range of exhaust pressures covered (30 to 100 in. Fg absolute). TFor
eTriciencics of 85 percent the turbine and compressor horsepowers ars
cqual at an oxhaust pressure of approximately 75 inches of mercury abso-
lute at which point the net brake horsspower is close to its maximum
value,

The maximum not brake horsepowers and minimum net brake gpecific
fuel consuwptions of the hypothetical full-scalc compogite compression-
ignition cngine are summarized in the following table for an inlet-
manifeld pressure of 100 inches of mercury abgolute at an engine speed
of 1600 rpm:
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| Turbine and compressor efficiencies
Exhaust! Fuel-
Preg- air 0.70 0.85
sure recio—— Ty T T
(in. Hg INet brake | Net (Net brakeNet brake |Net iNet brake
abso- mean effec-| brake !specific !mean effec-|brake |specific
lute) tive pres- |lLorse-|fuel con-itive pres- horse-]fuel con=
sure I power |sumption |sure power |sumption
(1b/sq in.)% | (1b/nbhp-| (1b/sq in.) I(lb/nbhp-
i ' | ) | br)
Maximum net brake horsepower
75 [0,040] 258 | 952 | 0.450 268 | 1080 | 0,405
55 .025| 185 | 680 | .426 2N L e
Minimum net braike specific fuel consumption
P - - z
100 |0,040 244 [ 900 : 0.435 274 1010 i 04385
85 of .0251 L5 | 645 | .420 2035 748 «360

Satisfactory combustion cculd not be obtained at engine speeds
above 1600 rpm; therefore, a direct comparison could not be made with
the analysis of reference 4, which was based on an engine speed of
2400 rpm., The results obtained herein can be extrapolated, however,
to the conditions of engine speed, inlet-manifold pressure, fuel-air
ratio, and compression ratio of the analysis of reference 4; that is,

.2400 rpm, 120 inches of mercury absolute, 0.037, and 8.5, respec-

tively. The extrapolated value of the maximum net brake horsepower
for compressor and turbine efficiencies of 70 percent is 1550 net
braeke horsepower, which is approximately 75 percent of that shown in
reference 4. Because of the assumptions neccesarily made in rsfer-
ence 4, this agreement is considered to be a satisfactory check of
the predicted performance. Satisfactory performance at speeds of
2200 rpm might be obtained by use of a cylinder designed specifically
for compression-ignition operation.

SUMMARY OF RESULTS

The performance of a single-cylinder spark-igniticn engine modi-
fied to operate on a compression-ignition cycle with a compression
ratio of 8,0 was determined., From these date, the performance was
computed for a full-scale composite cengine, which was assumed to con-
sist of an cngine with nine cylinders having a displacement volume
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of 1820 cubic inches, with a compressor and a turbine mounted on a
commcn shaft and geared to the engine cranksheft. The composite engine
was assumed to operate at an inlet-manifold pressure of 100 inches of
mercury absclute and a speed of 1600 rpm. The following results were
obtained:

1. The best single-cylinder engine pcrformance was obtained at an
engine speed of 1600 rpm. The indiceted horsepower and combustion-air
flow increased very slowly for engine speeds above 1600 rpm.

2. At an engine epeed of 1600 rpm and en inlet-manifold pressure
100 inches of mercury absolute, the ccmbustion-air Ilow of the
ingle-cylinder engine decreased 25 percent as the exhaust pressure was
increassd from 30 to 100 inches of mercury absolute. For fuel-air
ratios of 0.040 and 0.025, the corresponding decrease in indicated mean
effective pressure was 23 and 31 percent, respectively.

o
O
e

3. The meximum net brake horsepowers of the composite enginc were
952 and 1060 (net brake mean effectlve pressurecs of 258 and 288 1b/sq in.)
at net breke specific fuel congumptions of 0,450 and 0.405 pound per net
brake horscpower-hour for turbine and compressor efficiencies of 70
and 85 percent, respsctively, at a fusl-air ratlo of 0,040, an exhaust-
gags temperature of 1300° R, end an exhaust pressure of 75 inches of mer-
cury absolute.

4, The minimum net brake specific fuel consumptions of the composite
engine for a fuel-air ratio of 0.040 (exhaust-gas temperaturs, 1800° R)
arc 0.435 and 0.385 nound per net brake horsepowsr-hour with net brake
horsepowers cf 900 and 1010 (net brake mean effective pressures of 244
end 274 1b/sq in.) for turbine and compresscr efficiencies of 70 and
85 percent, respectively, at an exhaust pressure of 100 inches of mor-
cury absolute.

1

5. Reduction of the fuel-air ratio from 0.040 to 0.025 causes a
26-percent decrease in meximum net brake horsepower of the composite
engine with a 9-percent decrease in net Lrake specific fuel consump-
tion at turbine and compressor efficiencies of 85 percent,

Aircraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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Figure 4, - Performance of a single-cylinder engine converted to compres-
sion-ignition operation for various engine exhaust pressures. Inlet-
manifold pressure, 100 inches of mercury absolute; inlet-manifold air
temperature, 160° F; engine speed, 1600 rpm; compression ratlo, 8.0;
cooling-alr temperature, 93° F,
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Figure 4 - Concluded. Performance of a single-cylinder engine converted
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Flgure 5. - Variation of coollng-air pressure drop and barrel and head
temperatures of a single-oylinder engline converted to compression-
ignitlon operation for various engine exhaust pressures. Inlet-

e manlfold pressure, 100 inches of mercury absolute; inlet-manifold
alr temperature, 160° F; engine speed, 1600 rpm; cooling-air tempera-
ture, 93° F. (The broken lines indicate that temperature readings
were not taken at an exhaust pressure of 77.5 in. of Hg absolute for

a fuel=-air ratio of 0.040.)
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Figure 6. - Computed sea-level performance of a composite engine comprising engine

converted to compression-ignition operation, compressor, and turbige at various
engine exhaust pressures. Inlet-manifold pressure, 100 inches of meroury absolute;
inlet-manifold alr temperature, 160° F; engine speed, 1600 rpm; compression ratio,

8.0; cooling-air temperature, 93° F; gear efficlency, 90 percent.
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Figure 6. - Concluded. Computed sea-level performance of a composite engine
comprising engine converted to compression-ignition operation, compressor,

and turbine at various engine exhaust pressures.

Inlet-manifold pressure,

100 inches of mercury.absolute; inlet-manifold alr temperature, 160° F; s
engine speed, 1600 rpm; compression ratlo, 8.,0; cooling-alr temperature, 93° F;

gear efficlency, 90 percent.
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