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EESEARCH MEMORANDUM

COMPUTED PERFORMANCE OF A COMPOSITE ENGINE BASED ON EXPERIMENTAL
DATA FOR A SHGLE-~CYLINDER CONVEHTIONAT. ATRCRAFT ENGINE
CONVERTED T0 COMPRESSION-IGNITION OFERATION

By J. Arnold McCoy and Frank Szel

SUMMARY

The performance of a sinpgle-cylinder sperk-ignition engine
modified to operate on a compression-ignlition cycle with & compres-
sion ratio of 8.0 was deterwined. ZExperimental date were obtalined
at an inlet-manifcld preasure cf 100 inches of mercury absolute,
fuel-air ratiocs of 0.040 and 0,025, and engine exhaust pressures of
30 to 100 irches of mercury absoclute, These data were then used to
compute the sea-level performance of an engine having nine cylinders
with a ccompressor and a turbine mounted on a common shaft and gesred
to the engine crankshaft. An engine speed of 16800 rpm was used
throughout this investigation because a preliminary Investigstion
showed that the power outpub and combustion-air flow increased very
glowly with engine speeds above 1600 rmpm,

The calculatlona for the full-ascale composite engine at a
fusl-air ratlo of 0.040 and compressor and turbine efficlencies of
85 percent indicated that maximum power occurred at an englne exhaust
pressure of TS5 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 wore 288 pounds per
sguare inch an 0,405 pound per net dpraxe horsepower-hour, respec-
tlvely. The minimm net drske spscific fuel conswmption occurred at
an engine exhaust pressure of 100 inches of mercury abeolute, AL
this condition, the net breke specific fuel consumpilon was
0.385 pound per net brake horasepower-hour for a net brake horsepower
and nst breke mean effective pressure of 1010 and 274 pounds per
square inch, respectively.

A reduction of the fusl-gir ratio from 0,040 to 0.025 caused =a

28-percent redvction in marimmm net brake horsepower with a 9-percent
decresge in the net brake specific fuel consumption.

ey
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INTRODUCTION

Considerseble ressarch has been conductod on the combination of a
spark-ignitlion engine wlth a turbine and a compressor geared to the
crankshaft to incrsase the power and efficiency of the powor plant.
Computations based on engine tests (reference 1) show that the maximrm
pericrmence was cbtalned by operating et high inlet-menifold and exhaust
nressures. A spark-ignition engine must be operated witii rich mixtures
at high inlet-manifold pressured in order to avold detonation; therefore,
relatively high specific fuel consumptlions are obtained. A compression-
ignition engine, however, may be operated with leansr mixtures.

Computations besed on experimental data from a high-speed single-
cylinder compressicn-igniticn engine (re*urence 2) showed that at a
fuel-air ratio of 0.067 the exhaust energy available at ssa level with
the exhaust pressure egnal to tie inlet-uanifold pressure (for the
pressure range of 3U to 90 in. Heg abadlute) exceeded that required for
supercharger work.

Reference 3 ia baszed on the experimental data of releronce 2.
Tie engine performance wad extrapolated to ongine exhaust pressures
that were twice the iniet-manifold pressare and computations were made
whioh showed that the net brake horsepower of the commosite syslem
increased with decrsasing compression retio and increasing fuel-alr
ratio and engine spsed. The net brake specific fuel consumptlion was
found to be near its minimum value at a compression ratio of 17 and a
fuel-alr ratio of 0,035.

Another theoretical analysis (reforence 4) indicated that high net
brake horsenowsre at low net brake specific fuel consumpticns might be
obtainsd on a composite engine comprising a compreseion-lgnitlon engine
at a compression ratio of 8.5 and a compressor and e turbine geared to
the engine crankshaft.

The present investigation was mede at the NWACA Cleveland laboratory
on a gingle-cylinder engine using a cylinder from a radisl air-cocled
alrcraft engine to determine exporimentally whether a modified spark-
ignition engins could be operated efficiently on a comprsssion-ignition
cycle at conditions approximating thoge indiceted 1n reforence 4. The

, experimental data wore usmed to compute the gec- level pbrformance of a
Full-scale composgite engina.

APPARATUS

A cylinder from an R-1820-Gl00 engine with a piston from an R-2600
ongine was used; this cowmbination had a compression ratio of 8.0.

oengy ¢
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Chromium-plated compression rings were used in ihe three compression-
ring grcoves to give long ring 1ife for the high inlet-manifold nres-
sures used. Two fusl-injection nozzles were inserted in the cylimder
in place of the spark plugs, as shown in figure 1. The cylinder was
mounted on an R-1820-G crenkcasse having 40° valve-overlap cams. A
300-horsepower dynamcmeter equipped with the necessary accessories
and instrumentatlon wae 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-typve primery vwmp and a cam-operated injection
pusp connected in series. The fuel had a cetane number of 50, a
specific gravity of 0.835 at 60Y F, and a hydrogen-carbon ratlo of
0.156, Fuel flow wes measured by a rotameter.

Multiple-orifice and pintle-type. fusl-injoction nozzles were
tried singly end in pairs to determine thelr effects on engine per-
formence, The single multiple-qrifice nozzles had five or six ori-
fices. When two multiple-crifice nozzles wers used, each nozzle had
three orifices. The total orifice areas ranged fram 0,000660 to
0,001400 squars inch, The pintle-type mnozzles all produced a conse,
coaxial with the nozzle conter lins. Nozzles with cones of 30°, 60°
and 90° each were tried. Preliminary investigations showed 'bha:b the
best combination was two multiple-orifice injection nozzles with
flat, fan-shaped sprays with offeet tips directed marallel to the
top of the piston. The total orifice areas was 0,000847 sguare inch
for six orifices, three in each nozzle. (See fig. 1.)

High~pressure combustion air was obitained from the laboratory air
system., The weight Fflow was controlled by suiteble valves and was
measured by a thin-plate orifice instsalled according to A.S.M.E.
speciflcations. Surge tanks located before and after the engins were
oquipped with pressure taps to measurc the inlet-manifold and exhaust
Pressurcs.,

A formed 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 copnditions wers held constant. The
following table summerizes the constant conditions used in this

investigation, as well as those suggested by the analysis of vefer-
ence 4:
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Analysie

Experiment (refer-

ence 4)

Compresaion ratio ¢ « v « s o« v 4 s W v v =3 8,0 8.5
Engine speed, TTm . .+ . . . .o . . . . 1800 F10 2400
Inlet-manifold pressure, in. Hg absolute. . « « 100 %0.15 120
Inlet-manifold alr temperature, O £ J 8 200
FPusl-air ratio . . . s+ » « 0,040, 0,025 +0.001 0.037
Meximum cylinder pressure, lb/sq in. .. . . . 1200-1400 1200

A compression ratio of 8.0 instead of 8.5 (reference 4) wae used
because 1t was the highest that could be obtained with the available
interchangeable pistons and cylinders.

An engine speed of 1600 rpum was chosen because a preliminary
investigaticn showed that the power outyput and combusticon-alr flow
increased very slowly with engine speeds above 1600 rpm, Seveoral moans
were tried to ilmprove the turbulence and combustion within the cylinder
at engine speeds above 1600 rpw. In additlion to variocue types of injec-
tion spray and various inlet-manifold air temperatures, spiral vanss in
the entrance to the intake pcrt, water injection into the inlet mani-
fold, and a cylinder with enlarged intake and exhaust ports were tried.
As nons of these modifications gave the desired effect, the investiga-
tlon was completed with the englne in its original configuratilon.

The inlet-manifold prossure was held constant at 100 inches of mer-
cu’y absolute because a prossure of 120 Inches of mercury abeoclute was
uncbtalnable with the laboretory combustion-alr control gystem. The
inlet-manifold air temperaturc of 160° F was used because it was found
to give botter engine performance then the temperature of 200¥ F com-
puted from the analysis of reference 4. The maximun cylinder pressurs
was held betweon 1200 and 1400 pounds per squars inch by adjusting the
injectlion advance angle.

The oil-in temperature was held at 150° F for all runs, The cocling-
alr pressure dron CAp (where ¢ 1is the density ratic used to correct
to NACA standard silr conditions) was held between 23 and 25 inches of
water for a fuel-air ratio of 0.040 and betwsen 13.5 and 15.5 inches of
water for a fuel-air ratio of 0.025. The temmeraturs of the cooling air
upstream of the cylinder wam 93Y F.

An approximation of the mechanical-friction powsr wae obtainsd by
motoring the engine with ssu-level oxnmaust aend inlet-manifold prossures.
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METHOD OF COMPUTATION

The full-scals composite engine for which the psrformance was
computed was assumed to consist of an engine (nine cylinders with a
displacement volume of 1820 ou in.), a compressor, and a turbins.
The performance wag computed for sea-level conditions from gingle-
oylinder experimental datas as follows:

(a) The full-gcale indicated mean effectlve pressure was assumed
to be the sum of the brake and mechmnicel-friction mean effective
pressures obbtained 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 pressurs, the full-scale
indicated horsepower was ccmpubted and ths corresponding gross brake
horsepower was obtained by subtracting e full-scale mechanical-
friction horsepower. The mechanical-friction horsepower was computed
from the squation

fhp = E(N)?
where
fhp wmechanlcal-friction horsepower
X constant, ©,00002394
N engine speed, rpm

The value of K oorresponding to the bore, the stroke, and the numbor
of cylinders of the engine was determined from an emplrical eguation
based on a large amount of experimental data on various types of
Yeciprocating engine. From this equatlon the mechanical~friction
horsspower at 1600 rpm 1s 61.3 for the full-scale engins,

(¢) The full-scale combustion-sir flow was taken as nine times
the single-cylinder air flow. The compressor horsepowelr was con-
sldered that required to commresg the combustion air from NACA sea-
level pressurc and temperature to inlet-manifold preossurs with an
adiabatic officiency of either 70 or 85 porcent. The combustion air
was assumed to be cooled from comprossor-outlet temperature to 160° F
wilth an afborcooler having an effectiveoness of either 66 or 60 por-
cent deponding on the campressor cfficiency.

(d) The turbine horsepowor was taken as that available from oxpan-
slon of the oxhaust gas from exhaust pressurc and temporaturs to
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pea-level pressure with an adisbatic efficiency of eithexr 70 or 85 per-
cent. Reforence 5 was used in the coumputation of the turbine horsepower.

The exhaust-gas temperatures were assumed tc be 1800° and 1200° R
for fuel-air ratics of 0.040 and 0.025, respectively. These values
were checkeod by later runs and found to be approximately correct.

(e) The turbine and the ccmpressor were assumed to be mounted on a
common shart snd the difference in their powers was transmitted to or
from the englne through gears having an efficiency of 90 percent. The
horsepower dilfference was dlvided or mmltinlied by the geaxr efficiency
dopending on whether the turbine horsepower was less or greater than
that of the compressor, and the result was subtracted or sdded, respec-
tively, to the engine gross breke power (item (b)) to obtain the net
brake horssnover. of the systenm.

The assumption of constant turbino snd compressor efficiencies for
these computations implies that a different turbine and a different com-
presgor are used at sach exhaust pressure in order to meet the required
cperating characteristics for that condition.

RESULTS AND DISCUSSION
Single ~-Cylinder-Engine Experimental Data

The best single-cylinder englne performancs was obtained at an
engino aspeed of 1800 rpm. The Indicated horsepower and coambustlon-alr
flow inoreased very slowly for engine speeds sabove 1800 rrm. Because
nons of tho modif'lcations that were trisd to Improve the turbulonce and
combustion gave the desired effect, the Investigation was completed
with the engine in its original configuration.

The effoct of exhaust pressure on combustion-air flow, indlcatoud
svecific air consumption, volumetric efficiency, indicated mean ofisvctive
pressurc, indicated spocific fusl consumption, and maximum cylinder pres-
sure of the single~cylinder engine at an inlet-manifold prossurs of
100 inches of mercury absclute, an inlet-manifold ailr temperature of
160° P, and an engine speed of 1600 rpm for fuel-air ratios of 0.040
and 0.025 is ghown in filgure 4, For a fucl-alr ratio of 0,040 and sva-
level oxhaust nressurc, the indicated moan offective pressurc bascd on
ell four strokes of the cycle was 313 pounds per square inch (Pig. 4(b)).
As the exhsust nressure was increased to 100 inches of morcury absoluto,
the Indicated mean effuctive pressure decreased to 240 pounds per sguarc
inch, a loegs of 23 percont. BSimilarly, the combustion-air flow fcll off
about 25 percent with an Increase of the engino exhaust proseure Lrom
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30 to 100 inches of mercury absolubte (fig. 4(a)). At a fusel-air
ratio of 0.025 the corresnoniing decreases In indicated horsencwstr
and combustion-alr 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 am the order of 315° to 355° F 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. S(b)).

The englne started readily with an inlet-manifold npressure as
low as 40 to 45 iInches of mercury absolute, an inlet-menifold aix
temperature of 160° ¥, and an injection advance angle of 10° to 15°,
The engine ran evenly bub was noisy, as is characteristic of the
compression-ignition cycle. Ko pitting of the surfaces of the valves
or the piston wes observed and the carbon deposits on the cylinder
head and the piston wore nmoderate. The niston rings were roplaced
after 50 hours of opermtlon because of wear caused by high barvel
temperatures and high inlet-manirold pressurss.

Full-Scale-Engzine Calculations

Although the engine vowoer decreasess with an increase in exhanst
Pressurec, the powsr develoned by the turbine incrcases. In addition,
the power sbsorbed by the compressor decroases with an increase in
exhaust prossure becanse of the reduction in combustion-air flow due
to the ilnorease in residual gescs in the engine. As a result of the
relative ratu of thesc variations, thero 1s some engine exhsust
Drossurs where the not powsr of the engine with the compressor and
turbine atteched is a maximum,

The computed sea-level performance of a full-scale composite
campruaglion-ignition ongine ia shown in fizure 8, At a fuel-air ratilo
of 0.040 and an exhaust-gas temperature of 1800° R (fig. 6(a)), the
composite engine with a ccmprossor and a burbine each having an
efficiency of 70 porcent dovelons a maximum of 952 net brake horses-
bower at an exhaust pressurc of 75 inches of mcrcury absclute. The
corresponding net brake mean effective npressure and specific fuel
consumntion are 258 pounds ver squarse inch and 0.450 pound per net
trake horsepower-hour, respectively. For these conditions the turbine
and ccupressor powers are almost equsl, Any Mmrther increase in the
exhaust pressure causes a decrease in the net brake horsepower, The
minimim net brake specific fuel consumption cccurs at an exhaust
bressure of 100 inches of mercury absolute at which condition the net
brake specific fuel coensunption 1s 0,435 pound per net brake horsepower-
hour and the net brake horsepower and the net brake mean effective
Pressure are 900 and 244 pounds per square inch, respectively.
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FPor efficlencies of 85 percent the turbirne and compressor nowers
are equal at an exhaust pressure of 55 inches of mercury absclute. The
meximum net brake horsepcwer, however, again occurs at an exheust pres-
sure of 75 inches of mercury abgolute. The maximum net power and corre-
0.405 pound per net brake horsepcweruhour, respectively. These values
reprosent & S-percent ipncrease in net power and a lZ2-percent decrease
in the net breke spocific fuel consumption over the values for which
the turbine and compressor powers are cqual. The minimum net brako
spocific fuel congumption is 0.385 pound per net brake horaepower-hour
and again occurs at an exhaunst pressure of 100 inches of morcury absolute.

The perfoimance of the ccmposite engine is shown in figue 6(b) for
s fuel-air ratic of 0.025 and an exhaust-gas temperature of 1200° R.
The maxlimum net bralw horsepowsr for turbine and compressor efficlencles
of 85 percent is 26 percent less than that for a fuel-alr ratic of 0.040
and the correspondlng net braka specich fuel consumption 1s 3 percent
loas, s

The exhsust pressure for maximum net brake horsepower 1s 65 inches
ol mwercury absolubte for both the 70- and 85-nercent efilclencles, and
for minlmum net breke specifilc fuel comsumptlon it is approximately
85 inches of mercury absolute; howaver, the net brake specific fuel con-
sumption changes very little for -sxhaust pressures from 65 to 100 inches
of mercury gbasolute,

Inspection of figure 6(b) shows that at a fucl-air ratio of 0,025,
when the turbine and comprossor efficlencles exo 70 perocont sach, tho
turbine horsepower is always less than the compressor horsgepowsr for
tho range of exhaust pressures covered (30 to 100 in. Hg absolute). For
elflciencles of 85 percent the turbine asnd comprussgor horsepuwers are
vqual at an exhaust pressure of approximately 75 inches of mercury abso-
iute at which point the net braku horsopowur ie GlOSu to its maximum
value.

The maximum net brako horsepowere and minimum net breks specific
Tuel consumptions of the hypothetical full-scale composite ccmmresslon-
ignition ongine are summarlzed in the following tablo for an inlet-
manifold pressure of 100 inchea of mercury absolute at an englne spucd
of 1600 »pm:
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Turbine and compressor efficiencies
Exhaustl Fuel - :
pres- aiy 0.70 0.85
sure ratiof— r
{(in. Hg Net braks Net Net brakeiNet brake Net Ret brake
abso=- nean offec-|brake |apecific jmean effec-| brake |specific
lute) tive pres- |horse-{fusel con~{tive pres- |horse-|fuel con-
suve power |sumption |sure power | sumption
(1b/sq in.)| (1b/nbhp-| (1b/eq in.) (1b/nbhp-
I | hr) hr)
Maximmm net braks horsepower
75 0.046} 258 952 0,450 2688 ! 1060 | 0.405
65 .025| 185 680 426 213 | 785 | .370
Minimum net brake specific fuel consumption
100 |0.040] 244 900 | 0.435 274 1010 | 0.385
85 .025I 175 645 +420 203 746 | 360

Satisfactory combustion could not be obtained at engine speeds
above 16800 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 cen 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 oxbrapolated value of ths maximum net brake horsepower
for compressor and turbine efficiencies of 70 percent is 1550 net
brake horsepower, which is approximately 75 percent of that shown in
reforence 4., Becausc of the assumptions necossarily made in refer-
ence 4, this agreemont 1s considered to be a satisfactory check of
the predicted performence., Ssatisfactory performance at speeds of
2400 rpm might be obbtalined by use of a cylinder designed specifically
Tor compression-ignition operation.

SUMMARY OF RESULTS

The perfcormance of a single-cylinder spark-igniticn sngine modli-
fled to opsrate on a compression-ignition cycle with & comprossion
ratio of 8.0 was determined., From these date, the performance was
computed for a full-scale composite englne, which was assumed to con-
sist of an engine wilth nine c¢ylindors having a displacement volume
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of 1820 cubic inches, with a compressor and a turbine mounted on a
commen shalt and geared to the engine orenkshaft. The composlte engine
wae assumed to cperate at an inlet-manifold pressure of 100 incles of
mercury abaclute and a spesd of 1€00 rpm, The followlng results wore
obtained:

1. The best single~cylinder engins parformance was obtained at an
engine speecd of 1600 rpm. The ladiceted hersepower and combustion-air
flow increased very slowly for engine sreede above 1600 rpm.

2. At an engine speed of 1600 rpm end en inlet-manifold pressure
of 100 inches of mercury abscluts, the ecgbustion-air Tlow of the
gingle-cylinder engine decreased 25 perceat as bthe exhaust pressire was
increased. from 20 to 100 Inches of wmeroury sbsolute. For fuel-air
ratios of 0,040 and 0.025, the corresponding decrease in indicatcd mean
effective pressure was 25 and I1 perceut, respectively.

3. The maxlimum net brake horsepowsrs; of the comwposite enginec were
952 and 1060 (net brake mean effective pressurea cf 258 and 288 1b/sq in.)
8t net breke specific fuel consumptions of 0,450 and 0,405 pownd per net
brake horsencwer-hour for turbine and comprosscr erficiencies of 70
and 85 percent, respgctively, at a fuel-alr ratic of 0.040, an exhauet-
gas temperaturs of 1800° R, end an exhaust pressure of 75 1nchea cl mwer-
cury absoclute. : -

4. The minimum net braks specific fuel consumptions of the composite
engine for a fuel-air ratio of 0,040 (exhaust-gas temporeturs, 18c0Y R}
are 0.435 and 0.385 npound per net brake horsepowor-hour with net brake
horsepowers of 900 and 1010 (net brake mean effective pressures of 244
and 274 1b/sq in.) for turbine and compresscr efficiencies of 70 and
85 mexrcent, revapectively, st an exhaust pressure of 100 inchea of mur-
cury absolute, :

5. Reduction of the fuel-alr ratic from 0.040 to 0.025 caussce a
26-percent decrease ln mayimum net brake horsepower of the composite
eririne with a 9-percent decrease 1m nest brake speciflc fusl consump-
tion at turbine and compressor efficiencies of 85 percent.

Aircraft Engine Research Iaboratory,
National Advisory Camittee Tor feronsutics,
Cleveland, Chilo.
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Figure 1. - C\itaway sketch of air-cooled cylinder showing
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Figure 4, - Performance of a single-cylinder engina converted t0o compres-
slon-ignition operation for various engine exhaust pressures. Inlet-
manifold pressure, 100 inches of meroury absolute; inlet-manifold air
temperature, 166° F; engine speed, 1600 rpm; compression ratlo, &,0;
cooling-alr temperature, 93° F,
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Performance of a single-cylinder engine converted

to compression-ignition cperation for various englne exhaust pressures.
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Flgure 5., - Variatlon of coollng-alr pressure drop and barrel and head

temperatures of a single-oyllinder engine oonverted to compresslion-
ignition operation for varlous engine exhaust pressures.
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Figure 6. - Computed sea-level performance of a composite engine comprising engine
converted to qompression-ignition operation, compressor, and turbine st variouas
Inlet-manifold pressure, 100 inohes of merocury absolute;

engine exhaust pressures.

inlet-manifold alr temparature, 160° F; engine speed, 1l
8.0; cooling~-air temperature, 93° P; gear efficlency, 90 peroent.

rpa; compression ratlo,
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Figure §, - Concluded. Computed sea-level performance of a couposite engine
comprising engine converted to compresslon-ignition operation, ocompressor,
and turblne st varlous engine exhaust pressures. Inlet-msnifold pressure,
100 inches of mercury absolute; inlet-manifold air temperature, 1 P °
engine speed, 1600 rpa; compresslon ratio, §,0; cooling-alr temperature, 93 F;
gear effliclency, 90 percent.
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