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. CALCULATTONS OF THE PERFCRMANCE OF A COMPRESSION-IGNITION

ENGINE-COMPRESSOR TURBINE. COMBINATION
I - PERFORMARCE OF A HIGHLY SUPERCHARGED
COMPRESSION-IGNTTION ENGINE '

By J. C. Sanders and Alexander Mendelson

SUMMARY

Small high-speed sing” -~cylinder compression-ignition engines
wore tested to determine their performance characteristics under
high supercharging. Calculations were made on the energy avail-
able in the exhaust gas of the campression-ignition engines. The
maximum power at any given maximum cylinder pressure was obtained
vhen the campression pressure was equal to the maximum cylinder
Pressure. Constant-pressure combustion was found possible at an
engine speed of 2200 rpm. Exhaust pressurss and temperatures were
determined from an analysis of indicator cards. The analysis showed
that, at rich mixtures with the exhaust back pressure equal to the
inlet-alir pressure, there is excess envrgy available for driving a
turbine over that required for supercharging. The presence of this
oxcegs energy Iindicates that a highly supercharged compression-
ignition engine might be desirable as a compressor and combustion
chamber for a turbine. :

INTRODUCTION

In view of the current interest in aircraft-propulsion systems
thet utilize gas turbines in the energy-conversion process (refer-
ence 1), the development of a means of supplying gas: at pressures
end temperatures suitable for turbine operation is desirabls.

The physical properties of materials available for turbine blades
1imit the maximum permissible gas temperature to approximately 1600° F.
In a cambustion-gas-turbine system consisting of a compressor, a com-
bustion chamber, and a gas turbine, the temperature is maintained
below the specified 1limit by supplying excess air. This limited tem-
perature reduces the available energy in the gas that can be extracted
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by the turbine end for this reason highly efficlent turbines and
compressors are required to obtaln over-all performance approaching
that of the reciprocating engine (reference 2).

A’'dual power unit consisting of a highly supercharged compression-
ignition englne geared to a turbine 1s proposed. The conditions of
the working cycle would be so adjusted that the turbine, supplied
with the exhaust gas from the englne, would produce a large propor-’
tion of the power. The caompresslion-ignition engine 1s proposed for
use 1n this englne-turbine combinatlon because 1t can operate at high
pressures without the occurremce of knock and preignition. Socme con-
trol of the temperature of the gas entering the turbine can be effec-
ted by varylng the fuel-alr ratio of the mixture burned in the engine.
Thls plan for a dual power unit, which 1s not new, 1s mentlioned in
reference 1.

A preliminary evaluation of the deslrability of a compression-
ignition engine-turbine cambination requires knowledge of the englne
performence with high Inlet-alr pressures and requires:information on
exhaust -gas temperatures and pressures. Information on exhaust-gas
temperatures and pressures and a dlscussion of the performance char-
acterlistics of a highly supercharged compression-ignition englne are
vresented hereln. No test data on performance at lnlet-air pressures
above 50 Inches of mercury absolute were availeble for the camputa-
tlons, Tests were therefore conducted on two small high-speed
compression-ignition englnes to determine the operating characterilstics
at inlet-alr pressures up to 90 inches of mercury absolute. Particular
emphasls was placed upon operation on the constant-pressure cambustlon
cycle in an effort to produce high lndlcated mean effectlve pressures
wlthout excesslve maximum cylinder pressure, Indicator cards were
analyzed to obtaln exhaust temperatures and pressures. These tests
wore run at the NACA Lengley Fleld laboratory during the summer of
1941. No attempt 1s made herein to estimate the performance of the
engline-turbine cambination.

APPARATUS

Two four-stroke-cycle compression-ignition engines were used 1n
these tests. One, which had a compression ratio of 13.1, consisted
of a single water-cooled cylinder mounted on an NACA universal test
engine crankcese. Hlgh turbulence 1n the cambustion chamber was pro-
duced by the use of a displacer-type plston shown in figure 1 and
more fully described in reference 3. The bore was 5 inches and the

stroke 5% inches, The other englinu, which had a compression ratio
of 15, used an alr-cooled cylinder with the sams type of combustlon
chambor as the water-cooled cylinder and had a bore of 2 inches and

a stroke of 5% inches.
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The simultaneous discharge from both cylinders of a two-
oylinder high pressure injection pump with plungers 1l millimeters in
diemeter metered fuel to a differential-area injection valve, which
was spring-loeded to have an opening pressure of 2500 pounds per square
inch. A multiple-orifice nozzle, designated K-4 1in table I of
reference 4, was used because it was found that this nozzle gave a
good mixing of the fuel with the air.

The usuval laboratory equipment was smployed to measure power
and fuel consumption. Combustion air was supplled at high pressure
from a central supply system. Inlet-air pressure was measured at
the surge tank and the air was unheated. Meximm cylinder pressures
and indicator cards were obtained with & modified Farnboro engine:
irndlicator described in reference 5.

PROCEDURE

Four series of tests were run, three at a compression ratio
of 13.1 and one at a compression ratio of 15. In the first serles
of tests inlet-air pressure, fuel flow, and injection advence angle
for maximum power at several maximum cylinder pressures were detoer-
mined with the englne baving a compression ratic of 13.l1. A maximum-
Povwer tewt at a compression ratio of 15 and a meximum cylinder pres-
sure of 1225 pounds per square inch absolute was run in the second
series of tests to show the effect of compression ratio on maximum
nower. In the third series the cffect of injectlon advance angle,
fuel-alr ratlo,and inlet-air pressure on fuel consumption at a maxi-
mum cylinder pressure of 1400 pcunds per square lnch absclute was
determined. Indicator cards to show the effects of inlet-alr pres-
sure and Injecticn advance angle on combustlion were obtalned during
the fourth series of tests. The last two serles of tests were run
on the engine having a compredsion ratio of 13.1. All tests were
run at an englns speed of 2200 rpm and atmospheric exhaust.

Maximum-power tests at low comprossion ratio. - At each of a
number of fixed inlet-alr pressures in the range from 45 to 80 inches

of mercury absolute and with the fuel flow adjusted to give maximum
power, the injectlon timing was sdvanced umtll an arbitrarily chosen
maximum cylinder pressure was obtalned. The inlet-air pressure,

brake mean effective pressure, injection advance angle, and maximum
cylinder pressure were recorded. The tests were repeatud at suc-
cssalvely higher inlet-air pressures; the injection was retarded in
each case. until the inlet-air proseure could not be further increasod
without increasing tho maximum cylinder pressure, regardless of how
.much the InJjectlon was retarded. Similar tests were run at maximum
cylinder pressures of 770, 955, 1135, 1225, 1315, and 1410 pounds per
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square inch absolute., The engine having a compression ratio of 13.1
was used for these tests, .

The indicated mean effective pressure was calculated from the
1ndicated power obtoined by addlng the measured brake power and the
motoring power required to drive the engine at test speed and at
test inlet-alr pressure when no fuel was injected. Friction tests
wvere made with a cold englne because ignition of the lubricating
oll interfered with motoring measurements when the engine was werm.

Maxioum-power tests at high compression ratio. - The maxrlimum-
power tests were conducted at a compression ratio of 15 in the same
manner &s the maximum-power tests at e& compression ratio of 13.1,
excopt thet the only value of maximum cylinder pressure tested wam
1225 pounds per square inch absolute.

Fuel-consumption test. - Fuel-consumption characteristics
were obtalned ot inlet-alr pressures of 68.2, 73, 76.5, 8l.4, and
84,4 inches of mercury absolute. At eech inlet-alr pressure, suf-
ficient frel wes lnjected to produce maximum power and the injec-
tlon timing wes edjusted to give a maximum cylinder pressure of
1400 pounds per square inch absclute. Observations were mede of
fuol consumption at varlious loads at the inlet-alr pressure end
tke injection timing thus obtainsed.

Indicetor-card tusts, - Two serles of indicator cards were
obtained. All the cards in one series were taken on cycles having
peak pressures of 1415 pounds por square inch absolute. At inlet-
air pressures of 45, 60, 70, end 80 inches of mercury absolute, the
injection was advenced until a meximum cylinder pressure of 1415 pounds
per squere inch absolute was cbtained end indicator cards were taken,
The fusl flow was that for maximun power at each inlet-alr pressure,

The other series of indicator cards was obtalned with the
injJectlion~advance angle so adjusted that combustion was as near con-
stant pressurec.as pessible, These Indicator cards were obtained at
inlet~-cir pressures of 48, 58, 70, 73.6, and 80 inches of mercury
absolute 2nd maxigum-power fuel flow,

POWER AND FUEL-CONSUMPTION CHARACTERISTICS

Maximum-power tests. - Figure 2 shows that at any given maxirnum
cylindor pressure between 770 and 1410 pounds per squere inch abso-
lute, the maxicur power was attained when the compression pressure
wes approximately equal to the maximum cylinder pressure, For exam-
ple, at c waximum cylinder pressurc of 1225 pounds per square inch
obsolute, the maximum powsr was obtained when the inlet-air pressure
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was 75 inches of mercury absolute and the .corrgsponding’compression
pressure without fuel was 1170 pounds por square Inch absolute,

“which ihdicates that the engine was operating on approximately a

constant -pressure combustion cyole. - Becauseq the compression pres-
sure in the oylinder whlle the engine 1s under power is- slightly
higher. than the compression pressure while the engine 1s belng
motored, the real agreement between the maximum cylinder pressure
and the compression pressure is clogser than is shown by figure 2.

The limit of supercharging for a given maximum cylinder pres-
sure is reached when the compresslion pressure equals tho maximum
cylinder pressura. In all these tests the highest power was reached
at the limit of supercharging as shown 1n figure 2,

Evaluation of the power characteristics of the compression-
ignition engine by comparison with a spark-ignition engine may be
obtained from figure 3. For the same power the spark-ignition
engine requires an inlet-alr pressure about 8 percont lower than
the compression-ignition engine when the injectlion is advanced to
8lve a ccnstant-volume combustion cycle. When the inJjection 13
retarded to simulate a constant-pressurc combustion cycle, however,
the Inlst-alr prossure required for the same powor by the compresslon-
ingitlion engins 1s 25 porcent greater than thut required by the
spark-ignition engine. Whon a maximum cylinder pressure 1o achleved
in the compression-ignition engine as low as in the spark-ignition
engine, this loss must be incurred. As can be seen from fligure 3,
the compression-ignition enginc with a compreassion ratic of 13.1 has
about the same ratio of maximum cylinder pressurs to indicated mean
effective pressure as a spark-ignition engine with a compressicn
ratio cf 6.4. The maximum-pcwer fuel-ailr ratic 1s used 1n each case.

Effect of compression ratio on pressure-limited power. - The
effect of compression ratio on the meximum power obtainable with a
glven maximum cylinder pressurec 1s illustrated in figure 4. The
maximum indicatod mean effactive precssure attalnable with & maximum
cylinder pressurs of 1225 pounds pecr square inch absolute 13 264 pcunds
per square Inch at a compression ratlo of 15 and 300 pounds per square
inch at a compression ratio of 13.1. The corresponding inlet-air
Pressures were 62 and 75 lnches of mercury absolute, rsapectively.

Those data 1llustrate that,because a higher inlet-air pressure
cen be usod,more power cen be obtained by using a low compression
ratlo for a highly suvercharged compression-ignition engine deliv-
ering exhaust gas to a turbine than by using a high compression ratio.
The minimum compression ratio of a compression-ignition engine ie
1limited by tho 1gnitibility of the cylinder charge. Starting becowmes
difficult ln werm climates when the comprussion ratio 1s less than 12
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and in cold climates when the compression ratio is below 14 unlese
an alr preheater is used. For increased powsr output for the
compression-ignition engine-turbine combination, lower compression

retios seem desirable and may be practicel if a hot plug i
to ignite the fuel. R

Tuel consumption. - The fuel-alr ratios were computed, assuming
& volumetric efflclency of 0.90, and were plotted with fuel consump-
tion and injection-advance angle in figure 5. The reciprocal of the
indicated specific fuel consumption wes used because the reciprocal
1s proportional to the indicated effiociency. This figure clearly
shows that, when lhe injection 1s retarded, the indicated efficilency
1s reduced. Figure 6 shows the volumetric efficlency for a similar
type engine.

Indicator-card tests. - An example of an original record
obtalned with the Farmboro indicator 1s shown in figure 7; records
presented in such form are lndistinct. The curves on the indicator
cards cbtained (figs. 8 and 9) were therefore drawn by hand to
ropresent the mean of the polnts gemerated for each test condlition
by the Farnboro indicator. The pressure scales are not lirfpar in
the low ranges.

Figure 8 shows that, when the Inlet-air pressure 1s increased
end the injection retarded, the cycle changes from an approximation’
of the constant-volume combustion cycle to a constant-pressure com- ,
bustion cycle. It is not always possible, however, to obtain a
constant-presgure combustion cycle with a retarded injection, as
shown in flgure 9. At low maximum cylinder pressure, a large delay
in ignition of the fuel 1InJected resulted in most of the fusel ignit-
ing at one time and causing a sharp rise in pressure. The Injection
congequently was considerably reterded after top center to prevent
the maximum cylinder pressure from exceeding the campression pressure.
A test at a maximum cylinder pressure lcwer than 770 pounds per
square Inch absolute was attempted but 1t was found necessery to
retard the Injection to such an extent that 1gnltlion was irregular
os a result of the low campression temperature during injectlon.

The data from the Farnmboro Indlcator for a constant-pressure
combustion cycle were transferred to o pressure-volume basls and are
presented in figure 10. A true Diesel cycle was not attalned bucause
the expansion aftor cut-off was 1sothermel (the expansion exponent
being approximetely 1.0) resulting from the continuation of combus-
tion during the oxprnsion stroke. The isothermal expansion 1s
undesirable buceuse the economy and power at a glven meximum cylin-
dor pressure ure less than those cbtained with a true Dlesel cycle
having adiasbztic oxpension. The close epproach to the Diessl cycle
shown by the indicator dlegram in figure 10, however, 1s consldered
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remarkable for a small compression-ignitlon engine operating at a
high engine speed of 2200 rpm

Energx available in the exhaust*gas - The energy avallable
in the exhaust gas was obtained by analysie of an indicator card.
Observations of exhsust-gas temperatures as measured by a thermo-
couple could not be used for this purpose because temperature
measured in this manner 1s much lower than the true value, as 1s
explained in reference 6.

A desorliption of the method eof analyzing the indicator cards
is glven in appendix A and the results of thls analysls are shown
in figures 11 end 12. From figure 11 the release temperature and
pressure may be obtalned for computation of exhauwst temperature
and energy avallable at various operating conditlons. Such com-
putatlons were made for the special case of a fuel-alr ratlo of
0.065 and sea-level amblent pressure with intske-manifold and
exhaust-manifold pressures equal. The method of making this com-
putation 1s described in appendlx B and the results are showrn in
figure 12 together with the energy required fcr supercharging.

The emergy avalleble in the exhaust at bigh inlet-alr pressures
exceeds ths required supercharger power. The combined efficlency
of a representative supercharger and turbine is 50 percent. The
required energy to the turbine, computed by dividing the energy
reguired for supsrcherging by 0.5, 1s shown to be less than the
avallable energy, thoreby indicating the possibility thet the tur-
bine can develop excess energy, which could be used to augment the
power of the englne, particularly at high inlet-alr pressure.

SUMMARY OF RESULTS

From the tests made on small high-sreed compression-lgnition
engines to determine the sultability of this type of englne for use
in an engine-gas turblne combination, the following results were
obtained:

1. The maximum power attainable in & cylinder witk meximum
pressure limited by structural atrength was obtalned by super-
charging until the compression pressure equaled the meximum cyl-
inder pressure. The lowsst ratic of maximum cylinder pressure to
indicated mean effectlve pressure wes 4 when the compression ratilo
was 13.1.

2. Englne operation with approximately constant-pressurs com-
bustlion was found possible with the displacer-type chamber at an
engine speed of 2200 rpm.
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3. The exhaust energy avalleble with rich mixtures at sea
level with the exhaust back pressure equal to the inlet-alr pres-
sure exceeded the energy requlred to drive & turbosupercharger.

Alrcraft Engine Research Laboratcry,
Natlonal Advisory Committee for Aeronautics,
Cleveland, Ohlo.



NACA ARR No. ESKO6 9

APPENDIX A
INDICATOR-CARD ANALYSBIS

In order to find the temperatures and pressures before release,
an analysis of indicator cards was made. The release pressure can-
not be directly read from the indicator cards obtalned with a modi~-
fled Fernboro englne indicator because the pressure scale 1s lnacou-
rate below 300 pounds per square linch.

An analyslis was made of the cycle shown :I.n figure 10 using the
following symbols:

n, exponent for compression atroke in equation PV = k

af

n, exponent for expansion stroke

Veo volume above viston at cut-off

Ve clearance volume

va dlisplacement volume

v
r. cut-off ratio, L0
Ve

Ve + va

r compression ratio, e

c
Ty temperature at release, °R

4  Dbressure at release, lb/sg ft absolute
T, inlet-air temperature, °r
P,  inlet-air pressure, 1b/sq ft absolute

Experimental values of n,, n,, and r, for rich mixtures
vere obtalned from lndicator cards taken in the tests reported
herein. The cards used for lean mixtures were taken fram figure 4
of reference 7. These cards were taken with an optical indicator
with the engine under power for only one cycle. The compression
ratio was 13.9. The exponent n, was found to be approximately
1.35, as ghown in figure 13. Flgure 13 also shows n, for a ranges
of fuel-air ratios from 0.0581 to 0.0027. The value of the cut-off
ratio was avallable only for rich mixtures from the indicator cards .
obtained in the present test. It was assumed that the cut-off ratio
is constant’ for rich mixtures and 1s proportiocnal to the fuel-air
ratio up to the thecretically correct mixture. The veriation of

ng, Dn,, eand r, with fuel-air ratios are shown in figure 14.
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Release temperatures and pressures for mnst operating condi-
tions at s compression ratio of 13.1 are plotted in figure 11.
These values were obtaeined by substituting the experimental values
of the constants from figure 14, in the followlng equations:

T, = TyrcRer R (1)
T
Pg = Py T—i (2)

With this information, the exhaust energy can be calculated for
almost any condlition.
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APPENDIX B

- v - - ———— ey —— - -

CALCULATION OF EXHAUST-GAS TEMPERATURE AND AVAILABLE ENERGY

Tho temperature of the exhaust gns can be calculated from the
ccnditione before release. During the release process two actlons
occur. Each smrll volume of gas escaping from the cylinder 1is
nssumed to undergo a freo oxpansion with practically no change of
temperature. The gases remalning in the cylinder undorgo an approx-
imately adlabatic expansion. The relation between the temperature
and tho density will then be anproximeately as shown-in the followlng
figure: >

G P

Both the temporature T end tho dcnsity P decrsase until the pres-
sure becomcs equul to the oxhaust pressure. The tempercture remains
congtant vhile the rewcinder of ths gases are exhecusted from the cyl-
indcr. The cvertgo tempercturo cf the oxheust gas can thervfore be
nbtcined by intograting tho area undsr the curve and dividing by the
rbaclssr,

The equation for the average temperature is derived as follows:

. Ps
T J T + TP W
av oy Py

From the gas equations:

=]
n

P \7-1
T4(o—g)

Pg z-1

o
'.r*_( Py )

1
Pg \:=-
95 = 94(.5-4-)7

H
n
1]
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Substituting the expression for T, Tg, emd pg in equation (1)

T P
Tow = —_;1- [1 + (7-1) -13-2-] (2)

end integrating

When the releass conditions and the exhaust-back pressure are known,

the exhaust-gas temporature can be calculated from equation (2).
values of 7 were obtalned from figures 2 and 4 of reference 8.

‘APter the exhaust-gas temperature was calculated from equa-

The

tion (2), thu emergy available for & turbine cycle was obtained from

figure 9 of reference 8. The results are shown plotted in figure
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Figure 7. - Typical record obtained with a Farnboro indicator.
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Figure B.- Bffect of inlet-alr pressure on cyclic pressure when the maximum cylinder
pressure 1s held at 1310 pounds per square lnch. Compression ratio, 13.1; engine
speed, 2200 rpm; inlet-air temperature, 95° F.
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Fig. 10 . NACA ARR No. ES5KO06
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Figure 10. - High-pressure dlagram obtalned with Farnboro indicator and
translated to pressure-volume card. (Compression ratio, 13.1; engine
speed, 2200 rpm; inlet-alr pressure, 80 inches mercury absolute; inlet-
alr temperature, 95° F; measured indicated mean effective pressure,

335 pounds per square inch; area of card, 8.7l square inches; equivalent
mean effective pressure, 318 pounds per square 1inch.
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Fige 12 NACA ARR No. ES5KO06
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ignition engine. Compression ratio, 13.1; fuel-air ratio, 0.067;
inlet-air temperature, 95° F; engine speed, 2200 rpm; exhaust back
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