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SUMIIARY

Engine test results are presented for simulated alti-
tude conditions. A disvlacer-piston combustion chamber on
a 5= by 7-inch single-cylinder compression-ignition engine
operating at 2,000 r.n.m. was used. Inlet-air tempera-
tures equivalent to standard altitudes up to 14,000 feet
were obtained by using solid (05, Prestone solution, and
kerosene in an air-cooling and dehumidifying apparatus.
The inlet air was throttled and tihe exhaust surge tank
evacuated to give pressures corresponding to the standard
altitudes. The inlet—air temperature, inlet-air pressure,
and inlet and exhaust pressures were also varied over a
wide range and over a range of fuel quantities from part
load to maximum load.

Comparison between maximum performance £t altitude of
the unsupercharged compression-ignition engine and a car-
buretor engine showed that the compression-ignition engine
compared favorably with the carburetor engine.

Analysis of the results for which the inlet-air tem-
perature, inlet-air pressure, and inlet and exhaust pres-—
sures were varied indicates that engine performance cannot
be reliably corrected on either the basis of inlet-air
density or weight of air charge. ZEngine power increases
with inlet-air nressure and decrecases with inlet-air tem-—
veraturc~ very nearly as straight-line relations over a
wide range of air-fuel ratios. Correction factors are ac—
cordingly suggested.

INTRODUCTION
The effect of altitude on the performance of carbu-

retor engines has becen thoroughly investigated, but very
little actunl experimenting has bcen done in this country
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to determnine the effe ct of altitude on thc performance of
a conmpression-igniti engine, The purpose of this report
is to nrcsent the rcsults of tests that were made during
the latter part of 19236 at the Langley Field laboratories
of the W,A.C.A., Tests wecre mande on o compression-ignition
engine for simulated altitude conditions and various com-
binations of inlet-asir tempernture and pressurc and ex-
haust back nressure. '

In order to make tae most accurate altitude tests of

any tyne of engine, an altitude chamber similar to the
one at the National Bureau of Standards (reference 1) is
decirable; however, if such equipment is lacking, reliable

esults can be obtained by the methods described in the
present paner. The general test procedure used in this
investigation may be called an "approximate'" method. Re-

sults obtained by this aporoximate method have been di-
rectly compared with results obtained by the National 3u-
reau of Standards in an altitude chamber (reference 2);
the discrepancy between the data obtained by the two meth-
ods is so small as to be within the limits of experimental
accuracys. The approximate method of making altitude tests
has been used for some time by the air services for test-
ing carburetor engines.,

All changes in altitude are, fundamentally, changes
in air density as o result of changes in the temperature
and mressure. These factors nre present regardless of
sunercharging and have a pronounced effect on engine per=—
formance. The scope of these tests was accordingly broad-
encd to include the effect of o wide range of temperaturcs
and vressurcs of the inlet air.

APPARATUS AND TESTS

Tegt Engine

The development of the disnlacer-oiston combustion
chamber and fuel-spray arrangement used in these tests
(see fig. 1) has been completely described in references

4 The more important parts of the test unit and

L )
some btest conditions were a2s follows:
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Fuel-~injection pump . . .
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Cperating temperatures .
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Sinzgle-cylinder 4-stroke cy-
cle, 5-inch bore by 7-inch
strolee (127 a5mensdnt: dig-
placement).

2000 s pieims
l4—'.5.

Inlet sopems 27° BuB.Cs
Exhaust opens 66° 1BeBabs
Inlet elosess28% AeBoCs
Exhaust closes 41° A.T.C,

Auto Diesel fuel; 0.83 spe-
cific gravity at 80° Bey il
sec. Saybolt Universal vis-—
cosity at 100° F.; 62 cetane
number.

N.A.C,A. cam-operated, con-
stant-stroke type.

N.A,C.A. automatic, spring-
loaded to 3,500 1lb. per
sq. in. opening pressure
(injection period 25 crank
degrees at 3.86 X 107¢ 1lb.
per cycle).

Electric dynamometer unit.

Inlet: 4-inch Roots type,
separately driven,

Exhaust: 8-inch Roots tymne,
separately driven.

Water (out) 170° F,

Lubricating oil (out) 175° F,

Synchronized electrically op-
erated stop watches and rev-
olution ccunters.

Trapped-pressure type.
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Air-Conditioning Equipment

A photograph of the equipment assembled to simulate
altitvude conditions is reproduced as figure 2 and a dia~
grammatic representation of the apparatus is presented in
figures 3 and 4. In figure 3 by an adjustment of the gate
valve D in the air line to the inlet surge tank L any
reduction in inlet pressure could be maintained at the en-
gine inlet, the pressure being indicated by a mercury ma-
nometer E connected at a point about 18 inches from the
intake port. The Roots blower H connected to the ex-
haust tank I was used to evacuate the tank to the pres-

sure corresponding to the altitude that was being simulated.

The sehitefdi ffilenlity Sinr al ti tude st ests rial Fofl courisies
the nroblem of reproducing the corresponding air tempera-
ture. For these tests the air-cooling apparatus showa in
figure 4 was designed and constructed. Because of the
necessity of taking care of the moisture as it was con-
densed out of the air, the cooling of the air was divided
into two stages. In the first stage a 50-50 solution of
Prestone and water was used as the conolant, Prestone being
selected because it is hygroscopic and can be used to ab-
sorb water condensed from the cooled air. The 50-gallon
tank of the coolant was directly charged with 40-pound
cakes of solid (€0, wuntil the temperature was reduced to
approximately -20° F. The rate of charging was controlled
to hold this temperature during the owneration of the sys-
teme In the second stage, kerosene was used as the cool=-
ant because the temperature could be lowered without a~ de-
cided increase in viscosity. As Dbefore, 40-pound cakes
of solid CO, were placed into the 50~gallon tank of ker-—
osene and the temperature was maintained Dbetween -35% and

o)
U L

Inlet air for the engine was brousght into the first-
stage cocler for dehumidifying and cooling. This cooler
consigted of a radiator having 60.9 square feet of cooling
area with 27.7 square inches of area for the air flow.

The rate of flow for the engine-operating speed of 2,000
TePefas Was approximately 70 cubic feet per minute at sea-
level pressure. Circulation of the cold Prestone-water
solution through the tubes of the radiatcr cooled the
first—-stage cooler. A secondary de-icing circulation was
naintained to spray the outside of the tubes with the same
solution. This de-icing spray was necessary to prevent
the radiator from becoming clogged with ice. The air and
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de~icing spray at a temperature of about =5° F. passed to
the snow box where the entrained solution, which had taken
up the moisture from the air, was settled out. In the
second stage the cold dry air went to two kerosene coolers
of the same capacity as the Prestone cooler, arranged in
parallel, where it was further cooled to =307 B

Although the temperature of the air leaving the sec-
ond-stage coolers could be kept at —=30° F., the lowest air
temperature at the engine was -3% P, owing to the absorp-
tiomrof heat from the roon. Thig rise in tempesrature ob-
tained despite 2 inches of hair-felt lagging on the piping
and surge tank. Conputations indicated that little bene-
fit would be gained by additional lagging. With a redue~
tion in inlet pressure and the consequent reduction in rate
of flow, the lowest air temperature that could be held was
8° F, which, in a standard atmosphere, corresponds to an
altitude of 14,300 feet (reference 5).

The equipment just described was used to nmake engine
tests at simulated altitudes from sea level to 14,000 feet
and runs for which the inlet-air temperature, inlet-air
pressure, and exhaust back pressure were controlled as sin-
gle variables. Blectric air heaters were used to obtain
inlet-air temperatures from room temperature to 256° F,

RESULTS AND DISCUSSION

Engine Performance at Altitude

Unsupercharged.- Figure 5 shows the variation of indi-
cated and brake engine performance for the obtainable
range of standard altitudes from sea level to 14,000 feete.
The maxinun cylinder pressures decreased with increasing
altitude, the values shown being optinum to give naximun
nean effective pressure at each altitude. Any further in-
crease in injection advance angle at zny altitude would
have increased the maxinum cylinder pressure with no fur-
ther zain in engine performance. It is noteworthy that
the fanily of curves of nean effective pressure converge
to algingle eurve below 1.5 % Tt pounds of el perieys
cle, Figure 5 also shows that, at any altitude, nmaxinun
power is obtainable with dut little increase in fanells con=
sunption over that at sea level,
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The decrease in maximum sea—-level power with alti-
tude for the single-cylinder test engine is shown in fig-
ure 6 comnpared with that of a l2-cylinder unsupercharged
carburetor engine. The carburetor—-engine data are given
on a brake-horsepower basis and are representative of the
best carburetor-engine performance obtnined under standard
altitude conditions (reference 6). Both brake and indi-
cated single-cylinder performances are shown because the
sen~level mechanical efficiency was only 76 percent, where-
as that of the carburetor engine was 88 percent. A nulti-
cylinder conpression-ignition engine would have a suffi-
ciently high nechanical efficiency (reference 7) to give a
percentage change in power with altitude equal to or bet-

4

ter than that of the carburetor engine.

Previous reports of the altitude performance of -air-
craft compression-ignition engines have indicated that
this tyve of engine loses power much less rapidly with in-
creasing altitude than does the carburetor engine, fhads
possible that this conclusion may have been drawn because
the engines were operated with excess air at sea level so
as to give a clear exhaust; whereas with increasing alti-
tude the air-fuel ratio was decreased toward maximum power
(fhgn 5) st Hhe expense of a smoky exhaust. Comparison
under these conditions is unfair to the carburetor engine.
The results of figure 6 show that, for the same inlet-air
conditions, the nerformances of the two types of engines
are approximately the same.

When the altitude performances of the two types of
engine are compared, however, consideration must be given
the fact that the compression-ignition engine can induct
its air a2t the low temperatures existing at altitude and
‘thereby obtain a maximum weight of air charge.

Bor the simulated altitude tests of figure 5 there
was no sign of misfiring at the 14,000-foot altitude con-
ditiong dbut, with the continued decrease in compression
temperature and pressure, a critical altitude might be
reached where compression ignition would cease. Then heat
would have to be added, or the inlet—air pressure boosted,
so that more heat -~ although not a higher temperature -
would be available to cause ignition. If ignition con-
tinues and the compression-ignition brake curve of figure
6 1s extended, zero brake mean effective pressure is indi-

ated at about 34,000 feet for the unsupercharged enginee.
For o nulticylinder engine with its greater mechanical ef-
ficiency the maxinum altitude of operation would be corre-
spondingly higher.
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There remains the question of whether the tempera-
ture at the end of .compression is sufficiently high at
34,000 feet to cause ignition. In order to answer this
question, the temperature at the end of compression Boz s
series of inlet—-air tempmeratures from 2HEe T e OYNEY
was calculated from the compression pressure and weight of
air charge and the results plotted as a curve of final
temperature agzainst inlet-air temperature. The curve was
then extrapolated back to the minimum temperature of the
troposphere, -67° F., and the temperature at the end of
conpression obtained from the curve. This temperature,
980° F., was considered sufficiently high to insure
against failure of ignition owing to low inlet-air tem-
perature, Therefore, the prediction made from the exten-
sion of the altitude curve shown in figure 6 seems reason-
able, i.e., that operation of the engine could be obtained
up to an altitude of 34,000 feet. It seens that the inlet
air®would hawve fo be heated but Little, If any, bto insure
ignition even at the lowest atmospheric temperatures.

In oy 1934 a Bristol ‘Phoenix compression-~ignition
engine was flown to 27,450 feet where the atmospheric air
tenperature was —=40° F., (reference 8). This engine had a
compression ratio of 14.0 and was supercharged to 7,000
feet. No failure of combustion was indicated at the maxi-
mum altitude attained.

A summary of the effects of altitude temperature and
pressurc on friction and charging characteristics of an
unboosted engine is shown in figure 7. The decreasing
weight of air charge causes the motoring compression pres-
sure to decrease and likewise causcs the friction mean ef-
fective pressure to decrease. The mochanical efficiency
also decrcascs because the brake mcan effective pressure
decrcascs much faster than the friction mean effective
pressurc. The low compression prcssure of 290 pounds per
square inch at 14,000 feet resultod in an increase in ig-
nltdon lag from 11° to 21°, tho rates of pressure rise
became oxtremely high, and enginc ope ratlon becamec roughe.

Sunercharged.- In the case of a supercharged com-
pression-ignition engine, full blower pressure can bc used
at sca level and for any length of time as the enginc has
no limitation imposed by detonation or preignition char-
actcristics of the fucl, Figurc 8 shows the effect of
boosting with seca-level exhaust conditions and with con-—
stant inlct-air tomperatures of 87° F. Power increases
quite stcadily with boost pressurce but, for the pressure-
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rise type of combustion upon which this engine operates, "

it is necessary to increase the maximum cylinder pressure
in order to obtain the maximum increase in power from the
higher boost pressure. ZEnginec opcration is very smooth
under boosted conditions but the power is not quite maxi-
mum as the maximum cylinder pressure is limited to 1,100
pounds per square inch at 20 inches boosh. Bhe fuel ‘con—
sumption decrcases at vractically all fuel quantities with
increase of boost pressure. The results of this test and
of the following tests of the effects of boosting are not
corrected to a multieylinder basis nor for power to drixe
the supercharger, factors that would tend to cancel each
other. The power and fuel consumption as discussed and as
shown on the curves are, therefore, on a gross basis.

Results for a similar range of boost pressures were
also obtained for a series of exhaust back pressures equiv-—
alent to zltitudes up to 19,000 feet. The boosted tests
at the altitude exhaust pressures had the same general
characteristics as shown in figure 8, except that each de-
crease in exhaust back pressure caused an increase in mean

effective pressure and a decrease in fuel consumption. =

Further boosted-altitude data for maximum power are

shown in figure 9, for which the boosted brake mean ef- 2

fective pressure is corrected to show the value for in-
duction air at the standard altitude temperature, as will
be discussed later. The unboosted brake mean effective
pressure decreases rapidly; whereas, by boosting to con=
stant manifold pressures and cooling the inlet air to
standard altitude temperature, the gross brake mean ef-
fective pressure will increase with altitude. The in-
creases in the brake mean effective pressure result from
diminishing exhaust back pressure and, to a greater ex-
tent, from the low akr temperatnres:of, the particular: sl
titude. The results at 35 and 45 inches of Hg manifold
pressure are for limiting conditions of air temperature

as cooling t» the altitude temperature could never be en=
“tirely achieved. Furthermore, the boost rressure of 45
inches of Hg is extremely high, approximately 31 inches

of Hg nbove the altitude pressure at 19,000 feet, so that
the cost of obtaining the boost pressure would be larges
The gross brake mean effective pressure of about 225

pounds ner square inch, however, is obtainable at a 19,000~
foot altitude at a maximum cylinder pressure of about 14100
pounds per square inch. At 35 inches of Hg absolute preés—
sure and at an altitude of 19,000 feet, the torque required y
to operate a blower, if an over—all adiabatic efficiency of
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70 percent is assumed, would be equivalent to 26 pounds
per sguare inch mean effective pressure, leaving a net
brake mean effective pressure of 158 pounds per square
ineh. Under the same conditions, but with 45 inches of

Hg boost, aporoximately 43 pounds per square inch mean ef-
fective pressure would be required, leaving a net brake
mean effective pressure of 182 pounds per square inch. In
both cases, the power required assumes the air delivered
to the engine to be cooled to the altitude temperature.

As has been previously pointed out, this condition 1s im-
possible and is only presented as representing the maximum
power conditions.

Effect of Air Pressure on Engine Performance

In order to determine how engine nerformance is in-
fluenced by reduction in inlet-air pressure alone, varia-
ble fuel-quantity tests were made for several degrees of
throttling of the inlet air to pressures, as noted in fig-
ure 10, The temperature of the inlet air and the exhaust
back pressure were kept constant at 66° F, and 30.5 inches
of Hg, respectively. ZEngine operation was becoming rough
at an inlet pressure of 21 inches of Hg and a run at an
inlet pressure of 17 inches of Hg could not be made because
the engine would not maintain the test speed of 2,000 re.ps.me
even without load. ZFor the conditions of these tests where
valve overlap was used and the exhaust pressure was greater
than the inlet pressure, the scavenging and charging of the
engine were exceptionally poor. The variable fuel-quantity
curves have the same characteristics as those of the alti-
tude tests and show the same convergence at decreasing fuel
quentity and inlet-air pressure. Although the maximum cyl-
indcr_proosures are different for the different inlet pres-
sures, the mean effective pressures are optimum in all
CaSCSe

In order to determine the effect of air pressure on
inlet and exhaust, the intake air pressure and exhaust
back pressure were varied tovetner with constant intake
temperature of 82° F. This condition can be considered as
an an altitude test using an air heater to maintain the in-
let 2ir at a constant temperature, a common practice in
the operation of carburetor engines.

The test results are shown plotted on figure 1ll. The
shapes of the power curves are similar and, except for the
values represented, are identical with those of the true-
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altitude tests. In this case, too, the maximum cylinder
pressure decreased with decrease in alr pressure even
though the injection advance angle was at all times main-
tained at an optimum value. The maximum cylinder pressure
could have been kept nearly constant during the variation
in air pressure but there would have been no increase in
power and the rates of pressure rise would have been ex-
cessive. At each air pressure the minimum advance angle

was used that would give maximum power.

The operation of the engine became rough with decreas—
ing air pressure until, at the lowest pressure for which a
variable load run was made, there was considerable combus—
tion knock. This knock occurred at a pressure altitude of
19,200 feet; on a density basis the equivalent altitude
would have been 24,700 feet. At a pressure altitude of
25,000 feet the engine would no longer run at 2,000 r.p.m.;
however, operation could be obtained at lower speeds and
at 1,500 r«pem. the drake load was appreciable. Operation
was obtained at a pressure altitude of 30,000 feet but the
maximum load was very light and the speed was only 850
repemrs The compression pressure under these conditions
was 120 pounds per square inch. The exact point at which
firing stopped could not be obtained with the equipment
assembled for these tests but it was only slightly in ex~
cess of a pressure altitude of 30,000 feet.

A summary of the effects of inlet-air pressure on en-
gihe vower and maximum cylinder pressure is shown in fig-
ure 12, The mean effective pressures plotted in figure
12 are the maximum obtainable and the points at pressures
less thon sea level were taken from figure 10 and figure
11 2t the lowest fuel guantity giving the maxi mum power.
It so hoppened that the air-fuel ratio was nearly constant
for thesec maximum points. .The boosted section of the
curves of figure 12 is for optimum power regardless of max-
imum cylinder pressure and also for power when limitea by
maximum cylinder pressure. d

The slope of the boosted curves can be influenced Dy
maximum cylinder pressure but the slope of the throttled
pressure curves is influenced only by inlet—-air pressure.
Although only three points were taken for the test in which
inlet pressure only was varied, additional results also in-
dicete that the trend with inlet-air pressure is practic-
ally o straight line of 7.4 pounds per square inch increase
in both broke and indicated mean effective pressure for 1
inch of Hg increase in inlet-air pressure. This rate of
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increase holds only for throttled inlet air as shown by a
comparison with the unlimited cylinder pressure boosted
testss The high rate of increase in the throttled tests,
where the exhausgst pressure is greater than the inlet pres-—
sure, is due to the change in scavenging as well as charg-
ing with increase in inlet pressure. When the inlet—air
pressure becomes equal to or greater thon the exhaust pres—
sure, the combustion chamber is well scavenged and the in-
crease in mean effective pressure is due only to increased
weight of air charge.

When inlet and exhaust pressures were varied, the
slope of the line for moximum indicated mean effective
Pressure shown on figure 12 is 6.0 pounds per square inch
per inch of Hg absolute, which is also at a constant air-
fuel ratioe The effect of pressure at different air-fuel
ratios was investigated by picking the corresponding in-
dicated mean effective pressures off the curves shown in
figure 11; the results are plotted in figure 13. A family
of curves of this type could be used for correcting the
power of this compression-ignition engine over a wide
range of loads for changes in barometric pressure.

Effect of Inlet-Air Temperature on Engine Performance

The effect of inlet-air temverature on.engine perform-
ance under sea—~level conditions of inlet and exhaust pres-
sure was determined for various fuel quantities and the
results are plotted in figure 14. During these tests the
barometric pressure variation was £#0.4 percent and the ex-
perimental error was approximately %1 percent. The test
results show the effect of inlet-air temperature for a
practically constant air pressure. The curves of mean ef-
fective pressure and fuel consumption have the same con-
vergence as the curve of altitude and air-pressure varia-
tion previously discussed. Maximum power for each temper-
ature run of figure 14 occurs at an air-fuel ratio that is
neatly eonstant at 12~l/2.

When replotted against temperature in figure 15, the
indicated mean effective pressures at a series of air-
fuel ratios from 12~l/2 to 25 are seen to vary nearly as
straight lines. From air-fuel ratios 12-1/2 to 20 the
slope of the lines is practically constant. TFor purposes
of correcting indicated mean effective pressure for dif-
ferences in inlet-air temperature, the slope of the curves
shown in figure 15 may be used. For the engine tested,
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the slope of the curves for air-fuel ratios from 12—1/8 to .
20, inclusive, was 0.22 pound per square inch increase in

mean effective pressure for ecach degree Fahrenheit decrease

in temperature of the inlet air.

A summary of subordinate test results similar to fig-
ure 7 is shown in figure 16 for beth pressure and tem-
perature variations. In the analysis of these curves 1%
should be remembered that increasing air temperature and
alr pressure have opposite effects on air density and
weight of air charge. This fact explains why the curves
of figure 16 are of opposite slopes and in most cases
cross each other. Although the injection advance angle
was increased with increasing inlet-air temperature to
maintain a constant maximum cylinder pressure, the engine
operation d4id not become rough. In fact, engine opera-
tion was smooth throughout the range of temperatures in-
vegstigated.

A section of the curve of air weight against pressure
is shown as a broken line because, at inlet pressures
greater than standard sea level, the overlap of the en- v
gine valves permitted some air to pass through the engine
so that the actual air-charge weight was less than the
measured weight. A volumetric efficiency of 100 percent -
was assumed for such inlet conditions and weights of boost-
ed air charge were calculated on this basis. It is recog-
nized that, because of the valve overlap of 68° used, all
air weights presented are subject to question; however,
for unboosted conditions the error should be small., Vari-
ation of compression pressure, friction mean effective
pressure, and mechanicael efficiency follow in most cases
from the variation of weight of air charge. When the in-
let pressure alone was varied, there was a large change in
volumetric efficiency, dbut for the other two conditions
the change was not very great. A small but definite in-
crease in volumetric efficiency can be noted with increase
in inlet—air temperature., Volumetric efficiency, as used
in this report, is defined as the ratio of the actual vol-
ume of air inducted by the engine on each cycle at the
temperature and pressure conditions of the air in the in-
let monifold to the displacement volume of the engine.
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Effect of Air-Charge Density and Weight on
Engine Performance

.In most engine~performance corrections, air-fuel ra-
tio and inlet-air density are considered fundamental foc-
torse In this report a range of air-fuel ratios including
the one giving maximum engine performance has been consid-
ered and comparisons have been made on the basis of maxi-
mum engine performance, Figure 17 is 2o plot of maximunm
enginc performance for inlet-air densitics obtained by in-
dependently varying the temperature and pressure to de-
termine the cxistence of a direct variation of engine per-—
formance with inlet-air density. For the same air densi-
ties the curves of mean effective pressure are displaced
one from another and are of different slopes depending
upon how the inlet-air density was obtained. Evidently
density of inlet air cannot be used as a basis for cor-
recting. engine power because vower does not vary directly
as the inlet-air density.

From a further continuation of the analysis, it was
thought that the air-charge weight differed when the tem-—
perature and pressure were indevendently varied. Figure
18 was prepared on the basis of weight of air charge, and
better agreement is shown over a longer scction of the
curvese At low weights of air charge, as given by heat-
ing the inlet air, there still is incrcasing divergence
of the curves. Apparently weight of air charge is a better
method of correction than density of inlet air, but even
thon there ig not complete agrecment for corrections at
high inleot-cir tomperatures. The variations of power for
the boosted section of the curves are straight lines be-

ausc in these tests a maximum cylinder pressure of 1,100
pounds pner square inch was selected for the pressure at 20
inches of Hg boost and, for cach increase in boost above
5 inches of Hg, the maximum cylinder pressure was allowed
to increase in equal increments.

In this report, maxzimum engine performance has been
stressed regardless of air-fuel ratio. The air-fuel ratio
for the altitude test for maximum performance was 12-1/2;
for the inlet-pressure variation, 11-1/2; for the inlet and
exhaust-pressure variation, 13; and for the inlet-air-
temperature variation, 12-1/2. If a constant air-fuel ra-—
tio had been chosen, the performances obtained would not
have been maximums in all cases. Neither would perform-
ances at the same air-fuel ratio have been equal on the
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curves of air density or of weight of air charge. For
example, if a constant air-fuel ratio had been taken in
figure 18, the curves would have been separated rather
than being in partial agreement. Although maximum per-
formance was used for the purposes of comparison, the
curves at other air-fuel ratios, presented in figures 13
and 15, are necessary for the complete calibration of the
engine.

Veriation in humidity is not believed to have influ-
cnced the test results inasmuch ~s the naximum variation
in weight of water vapor was only 0.6 vpercent. Carbu-
retor-engine tests (reference 9) have indicated thnat hu-
midity offects engine power only to the extent of dis-
vlacing oir with water vapor, thus reducing the welght of
air available for combustion; the variation caused by hu-
midity changces was less than the cxperimental error.

In the foregoing analysis, methods have been kept in
mind of corrccting commression-ignition engine performance
to standard conditions. The most commonly accepted meth=~
od is based on density of the inlet air. BResults in fig-
ure 17 show this method to be incorrect. The commonly ac—
cepted method for spark-ignition cngines, 1l.¢., directly
as the inlet-air pressures and inversely as the square
root of the absolute temperatures, was tried and it was
found that it did not apply to compression-ignition en-
gines. Before the correction factors presented in this
report can be genecrally applicd, calidrations similar to
those of this investigation arc nccded on many types and
designs of compression-ignition engines.

Effect of Exhaust Back Pressure on Engine Performance

The effect of exhaust back pressure on the perform-—
ance of a compression-ignition engine is important because,
first, back pressure decreases with altitude and, second,

ack pressure increases with the application of an exhaust-
driven turbocentrifugal supercharger. TFigure 19 shows the
effect on the mean effective pressures of varying the ex-
haust back nressure as a single variable. Inlet air was
mointained at sea-level pressure and 85° F. The curves

are discontinuous at sca-levcl, back pressure because the
curves cre from two series of tests made at different max-
imum cylinder pressures, as noted on the figure. With de-
creasing back pressurc the steady reduction in frdcitilon
mean effective pressure causcs most of the improvement in
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brake mcan effective pressure. The trend of the indicated-
power curve docs not show the expected steady incrcase

with decrcase in back pressure. A possible explanation
foriilitis variable trenmd -is that.the deecreasing back pressure
first helps to improve clearance-volume scavenging and to
increase the weight of air charge and then, finally, the
large pressure difference during the valve-overlap period
upscts the ensuing air charging. For pressures greater
than those prevailing at sea level, the cngine performanco
is adversely affected and at an increasing rate.

These curves showing the effect of back pressure on
the exhaust indicate that a turbosupercharger would be de-
sirable for use with this type of engine, inasmuch as the
part of the curve at reduced cxhaust pressure shows that
relatively little gain in power is obtained from the reduc-
tion in back pressure. Therefore, if the pressure on the
exhaust is maintained constant and the increased pressure
drop through the turbine with increase in altitude is used
to hold the inlet pressure constant, the net loss of power
to the supercharger is relatively small, The curves of
positive pressure show that care must be exercised in the
design to ingure that the exhaust pressurc does not become
greater than the inlet pressure because the power drops
off rapidly with incrcase in back pressure.

Indicator Cards

Figure 20 shows five indicator cards obtained while
the cngine was operating at the several conditions of this
series of tests. When studying those indicator cards, it
must be remembered that widely different inlet-air tempera-
tures and pressures were used. Both weight of air charge
and weight of fuel charge were varied with each condition
so that an indicated mean effective pressure comparison 1is
usually not possible. Card (c) was talken while the engine
was operating at normal unboosted sea—~level conditions and
is presented for purposes of comparison. For card (c) en=
gine opecration was smooth and regular. Comparing card (2)
with card (c¢) shows the effect of altitude on the indicator
carde The compression pressure is lowecred, although it is
about 50 pounds per square inch.higher than for the motor-
ing compression data of figure 7 owing to heat absorption
from the cylinder walls. This lowered compression pres-
sure with the resultant decrcase in air density and temper-
ature caused the ignition lag to incrense, as can be seen
from the cards, and permitted a greater accumulation of
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fuel prior to ignition. Then, uvon ignition the rate of
pressure rise is higher and is nearly a straight line as
the rough operation previously noted had indicpted. The
high maximum cylinder nressures are of little use because
they do not appreciably increase the area of the indicator
C AR

Caord (b) was taken while the engine was operating
with sea—-level inlet air and exhaust back pressure but
with an inlet-air temperature of 19 B,  Tenitilon Tag is
affected little, if any, by the low inlet-air tecmperature
while smoothness of operation was further improved, as
the lowercd rate of pregsure rise would indicate. Compar-
ing cards (a) and (b) shows the effect of air pressure or
density on ignition lag. Although the inlet-air tempera-
tures were slightly different, 8° F. compared with 1° F.,
the large decrease in ignition lag is caused by the in-
crease in inlet-air pressure or density.

Effects of high inlet-air temperature are shown by
cards (d4) and (e), the difference between the two cards
being moximum cylinder pressure and rate of pressure rise
as controlled by injection advance angle. Card (d) is for
the samc injcection advance angle ns card (c) and shows the
effoct of inlot-air temperatures of 258° F. and 71° F. At
the higher temperature the ignition lag was decreased,
which in turn decreased the fuel accumulated at ignition
and decrecsed the ensuing rate of pressure rise. Even the
23-1/2° injection advance angle of card (e) did not give
rough operation even with the early precssure rise that the
cerd shows. The high inlet-pir temperature and correspond-
ingly s
tion so that the rate of pressure rise is relatively lows

Hy v

CONCLUSIONS

l. The altitude performance of an unsupercharged
compression-ignition engine compared favorably with a car-
buretor engine; the low temperatures of altitude were es-
pecially important in maintaining the power at altitude
of the compression-ignition engine.

2« The sea-level performance of this unsupercharged
compression-ignition engine cannot be accurately corrected
on the basis of air density or weight of air charge o
differences of air temperature and pregsure. Maximum ner-

hort ignition lag prevented excessive fuel accumula-
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formance varied differcntly from part-load performance
with air pressure and temperature changes.

e

Maxinmum sea-level unsupercharged performance of
this compression-ignition engine can be corrected, when
naximun cylinder pressure does not limit output, as fol=
S lows:

For each inch of Hg increase in inleft-air pres-—
sure with constant sea-level exhaust

pressure, add
7e4 pounds per square inch indicated or brake mean
effective pressure.

For each inch of Hg increase in

inlet and ex-—
haust pressure, add 6.0 pounds per square inch indi-
cated or brake mean effective pressure,

For each 9F. increase in inlet-air temperature,
subtract 0.22 pound per square inch indicated or brake
nean effective pressure.

4, Maximum sea-level boosted performance can be cor-
pected as follows':

For each inch of Hg increase in inlet-air pres-
sure with conservative maximum cylinder pressures,

add 4,0 pounds per square inch indicated or brake
mean effective pressure.

For each inch of Hg increase in inlet-air pres-
gure with unlimited maximum cylinder pressure,

add
5.0 pounds per square inch indicated or brake nmean
effective pressure.
O

Reduced exhaust back pressure increased engine
power slightly and increased exhaust back pressure de-
creased engine power at an increasing rate.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va.,

September 14, 1937.
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