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A STUDY OF AIRPLANE ENGINE TESTS.
By Vicror R. Gaer.

RESUMER,

This report is a study of the results obtained from a large number of tests of an Hispano-
Suiza airplane engine in the altitude laboratory of the Bureau of Standards. It was originally
undertaken to determine the heat distribution in such an engine, but many other factors are
also considered as bearing on this meatter.

So many variables enter into the festing of multicylinder internal combustion engines that
even where every effort has been made to keep conditions constant the results of a large number
of tests must be studied in order to reach sound conclusions. Tbis has been done in the present
case. QGraphical methods of expressing the various relations have been used where possible,
and the results plotted in a wide variety of ways to check their accuracy. The use of logarithmic
coordinate paper has permitted the plotting of many of the relations as straight lines.

Considering the tests as a whole, there are three major variables: Speed, altitude, and
horsepower. Temperature during the tests was maintained practically constanf. The loss in
power through friction was assumed constant at any given speed regardless of altitude. This
appeared to be justified, as will be described later. Indicated horsepower has been considered
as brake horsepower plus friction horsepower. Indicated horsepower appears to decrease in
direct proportion to decreese density of the sir. Its decrease with increase in altitude is due
only to the fact that & variation in altitude necessarily implies an increase or decrease in density.
For a given temperature, density is directly proportionsal to barometric pressure. Hence, the
graphical representation of the varjation of indicated horsepower with barometric pressure,
when plotted on logarithmic coordinates, will be & straight line whose slope is unity.

A study of the heat distribufion under the verious conditions shows that:

(1) The brake thermal efficiency remains constant at about 24 per cent on fhe ground at
all speeds. As the altitude is increased its value drops to about 20 per cent; the maximum
value at altitudes occurring at a speed of about 1,600 r. p. m. The indicated thermal efficiency
remains nearly constent at 26 per cent for all speeds and eltitudes.

(2) The heat lost in the exhaust is at & maximum at 1,900 r. p. m. at all altitudes, and
amounts to almost 50 per cent of the heat supplied on the ground, decreasing to about 40 per
cent at 30,000 feet altitude.

(3) The heat lost through friction varies from 2 per cent at 1,700 r, p. m. and 3 per cent
at 2,100 r. p. m. on the ground to 6 and 8 per cent, respectively, at 30,000 feet altitude.

(4) The heat lost in the jacket water is about 17 per cent of that supplied at all speeds on
the ground, increasing to 28 per cent at 2,100 r. p. m. and 35 per cent at 1,300 r. p. m. at 30,000
feet.

Due to the fact that the heat supplied in the gasoline varies with altifude, the above per-
centages are not absolutely accurate. The heat supplied appears to be proportional to the
density of the air up to about 10,000 or 15,000 feet altitude. As the density is further decreased
relatively more gasoline is necessary and the proportionality between heat supplied and density
ceases. The heat utilized and lost appears to follow about the same relation as the heat
supphed. r-w- vy

Fuel consumptmn varies from a minimum of 0.50 pound per B.QH ]; ?er hour on thé:gibund

to & maximum of 0.69 at 30,000 feet.
The study of the relation between power and speed shows that the incredsd - povver through

increase of speed is at a maximum on the ground; the gain becoming legh.af the altitnde is in~
Memarial AR asucal

macaialory.
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creased, until at 30,000 feet there is practically no gain in power with increase in speed above
about 1,700 r. p. m. After reaching a sufficient sltitude, the curves show that the engine
would stall at from 450 to 500 r. p. m., with wide-open throttle, as there would not be sufficient
power to overcome the friction losses.

The power lost in friction is a very important Iactor in the performance of the engme at .
high altitudes. While its value can not at present be deterinined with extreme accuracy, owing
to the fact that no satisfactory indicator for high-speed internal-combustion engines is now
available, a careful investigation was made of all the data bearing on this question. After
carefully considering these results and the fundamental laws governing the subject, it is con-
cluded that friction mean effective pressure is practically a constant for a given speed and is
independent of altitude.

Considering the matter of carburetion, the results indicate that the optimum proportion
of gasoline fo air for maximum fuel economy is not a constant at constant speed with change in
altitude. Apparently the leanest mixture could be used at about 15,000 feet with greater
weight proportions of fuel to air at other altitudes. S

SUMMARY OF CONTENTS.

INTRODUCTION— QUTLINING THE PROBLEM.
I. AveraGING THE TrSTB. ’

Description of the graphical methods used in averaging the results of the several tests, as applied to B. H. P.,
B. t. u. supplied, B. t. u. utilized in B. H. P., B. t. u. in exhaust, and B. t. u. in jecket water. Use made of
logarithmic curves, plotiing the several items vs. barometric pressure, each speed by itself (in these tests
barometric pressure is proportional to air denaity).

Indicated horsepower computed upon the assumption of a constant friction loss for any one speed.

Plots 1 to 15,.inclusive, belong to this section of the report. The average values of the customary items of an
engine teat report are given in Tables 1 and 2, and are also shown on the plots.

Brake torque versus speed and versus barometric pressure, plots 22 and 28 properly belong to this section.

II. GRAPHICAL PRESENTATION OF EAT DISTRIBUTION AND ENGINE CHARACTERISTICS.

Including plots 16 and 17. Curves plotted with the item being considered versus speed erch altitude separately.

The several altitudes so arranged that the curves from left to right represent incressing eltitude.
III. RELATION BETWEEN POwWER AND SPEED. .

B. H. P. versusr. p. m., plot 19. I. H. P. versus r. p. m., plot 20, Indicated torque versus r. p. m., plot 21.

Brake torgue versus r. p. m., results, plot 24.
IV. Friorion Lossgs.

A study of friction, etc., losses on the Hmpano -Suiza and other engines. Tebles 3and 4. F. H, P. versusr. p. m.
on plot 25. Fnct.mn torque versusr. p. m., plot 28. Logarithms of F, H, P. versus logarithms r. p. m. on plot
27. Assumptions made in Group I apparently justified.

V. Gaix or Power THROUGH INCREASE OF SPEED.

Teble 5, I. H. P. and B. H. P. versus depsity, plot 28. Gain of power versus density, plot 20. Per cent gain of
power versus density, plot 30 The use of demty in plottmg the reaults of urplane engine tests is recom-
mended.

VI. ErFrecrs oF CEANGE oF DENBITY AND SPEED ON CARBURE’!‘ION’.

Plota 31, 32, and 33. <The carburetion apparently was consigtent throughout these tests.
APPENDIX.

Rasults of tests used as a bagis for this report.

INTRODUCTION.

This work was undertaken, primarily, to study the distribution of heat in an internal-com-
bustion engine, such as is used for airplanes. The energy supplied to the engine per unit of time
can be accurately determined by weighing the gasoline supplied and determining its calorific
value. Likewise, the measures of the energy delivered at the brake, the heat rejected in the
exhaust, and the heat removed by the jacket water, can be readily ascertained. The amounts
of energy lost in overcoming friction, in drawing in and compressing the charge, and in expelling
the products of combustion, are not measurable by any direct means at the present time. The
future may bring forth an indicator suitable for high-speed internsl-combustion engines, but
there is none at present. The power required to drive the various pumps and the magneto
could be, but have not been, determined. All of these unknown losses have here been lumped
together and called friction.
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In order to obtain an idea of the magnitude of the friction losses, the assumption was made
that the force driving the piston is directly proportional to the weight of the charge in the
cylinder. Thermodynamic and ‘‘indicated” thermal efficiencies sre dependent upon com-
pression ratio, not upon absolute compression pressures. The consistent results and the checks
obtained seem to justify this assumption.

In testing multicylinder internal-combustion engines there are so many factors that influence
the operation of the engine that the results of two tests under apparently the same conditions
may not agree as closely as would be expected by & person accustomed to testing steam engines
or turbines. A few of the many variables that may affect the results of tests of internal-combus-
tion engines are: Temporary or permanent valve leakage due to carbon deposits or werping;
lubrication changes, slight changes in carburetion due to temperature effects or humidity;
alteration in ignition by change of spark gap, electrical leakage of porcelain, or by preignition;
cheénges in weight of charge due to change of temperature of piston and cylinder wells, although
jacket water was so regulated as to leave the engine at about 140° F. in all tests; ete.

Of these possible variable factors, lubrication was maintained as constant as possible by the
use of a uniform grade of oil and by maintaining the oil temperature as uniform as was prac-
ticable. Air temperatures were maintained within & rather narrow limit except at ground level.
Humidity was not controlled but for all observations at other than ground level, the humidity
wes extremely low due fo precooling of the air. Spark-plug gaps were carefully maintsined
constant and extreme care was exercised to avoid all irregularities of ignition, including
preignition.

In spite of the care exercised to secure uniform conditions, it is necessary to average a large
number of tests in order to determine the general laws and the fundamental relations of the
veriables. Graphical methods were given preference over other methods. If any desired
relation can be shown by a straight line, then the method of averaging by plotting the data is
exceptionally reliable. It was found that any one small group of tests was liable to lead to
conclusions slightly at variance from the average of the whole, and it is advisable to consider,
together, all tests under similar conditions.

Because of the conditions outlined above, the results of these tests, 890 in number, were
graphically analyzed in nearly ss many different ways as could be thought of: Plotting, eross-
plotting, and replotting the various items. This method of handling furnished somewhat of a
check on the fruth of the necessary assumption. It also makes strict search into the accuracy
and consistency of the handling of the data.

I. AVERAGING THE TESTS.

The Hispano-Suiza engine upon which these tests were made was a stock airplane engine
rated 180 horsepower at 1,700 r. p. m., with 8 eylinders 4.72 by 5.12 inches, arranged in 2 90°
vee, with compression ratio of 5.8 to 1. The engine was tested in the altitude chamber with
barometric pressures such as are normally associated with altitudes of ebout 5,500, 11,5€0,
19,200, and 29,500 feet, but with nearly constant temperature of about 0° F., on sll tests. At
each ‘“‘altitude’ tests were made with speeds of abeut 1,300, 1,500, 1,700, 1,800, and 2,100
revolutions per minute, the change of speed being secured by change of load on the Sprague
dynamometer, with throttle wide open on &ll tests. The carburetor was a Claudel, and the
proportion of gasoline to. air was adjusted to give maximum power on the lean side for each
test. One grade of gasoline (called X) was used for 171 tests, and nine other fuels were used
during the other 219 tests. The X gasoline was used as a standard, for the purposes of com-
parisons, in sll of the seven groups into which the tests were divided. It was found that the
variations in results using X gasoline were of the same order of magnitude as the variations
between X gas and the other fuels. Hence all of the data, irrespective of fuel, taken under
similar operating conditions, were plotted together. _

Looking at the tests as a whole, there are three major variables—speed, altitude, and horse-
power. The relation between altitude and power, taking the various speeds separately was
the first selected for study.
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With an engine running at constant speed, if the weight proportion of fuel to air is
unchaenged, the weight of charge drawn into the cylinder will be directly proportional to the
density of the air. The power developed by the burning of the charge (indicated horsepower)
will decrease in direct proportion to the demsity. For a given temperature, the density is
directly propormonal to the barometric pressure. The relation between saltitude and baro-
metric pressure is— - :

Barometric pressure at ground.
Altitude =Constant X log Barometric gressure at %lrtztude

These tests were made at nearly constant temperature, hence if the indicated horsepower
for a constant speed is plotted as ordinates and the barometric pressure is used as abscissae
upon cross section paper having logarithmic instead of arithmetic spacing, the relation should
be a straight line with a slope of unity. The brake horsepower would differ from this only by
the mechanical and pumping losses of the engine. The values of brake horsepower at the
various altitudes are plotted in this manner on plots 1, 4, 7, 10, and 13, each for a different
speed. The relation is a slightly curved line, suggesting an equation of the form:

B. H. P. — (a constant friction H. P. for each speed)=TI. H. P.

Generalizing upon the matter of the friction horsepower for any one speed, it would seem
reesonable that it should be nearly a constant. The fluid pumping losses, the power required
to drive the magneto, the pumps, and the valve gear should change little, if any, with change
of altitude. The bearing friction loss is of the form:

Total friction = (constant X load) - (constent X viscosity X speed). For the present the
case of constant speed has been selected. Viscosity may increase with increase of altitude
because less heat is generated in the engine at greater altitudes. An increase of viscosity will
increase the friction loss. The load factor in the friction equation is an unknown, in the sense
that it is a composite of inertia and gas pressure factors, whose relation changes with design,
gpeed, altitude, etc. The pressures on the bearings mey or may not reverse in direction.
However, a large change of bearing pressure will cause only a comparatively small change of
total friction. On the whols, the bearing friction is & small part of the mechanical losses of the
engine, and may be assumed constant. The piston friction is probably the largest single item
of all the losses, and apparently will be nearly constant for a given speed, depending more upon
inertia forces than upon fluid pressures.

Therefore the assumption was made that the friction horsepower is constant for a given
speed. Combining with this one the other assumption, or fact, that the I. H. P. is directly
proportional to the density of ihe air, use was made of the fact that

BHP + FHP=IHP.

Two values of B. H. P. were read from one of the curves, plots 1, 4, 7, 10, and 13, corre-
sponding to any two altitudes. Onse of the unknown quantities, I. H. P., was multiplied by
the relative densities at the two altitudes. The other unknown, the F. H. P., was thus found
by algebraicmeans. This wes repeated, using other eltitudes, and a general mean of the F. H. P,
for a given speed was thus determined. This value of F. H. P. was then added to the B. H. P.
curve values, the I. H. P. values thus obtained were plotted, and & straight line with unity
slope (45° on this log scaling) was drawn through the points. The fact that the straight line
with unity slope does pass through the points indicates that the two assumptions stated above
are not inconsistent. Reading from these I. H. P. and B. H. P. curves, the I. H. P. and B. H. P.
values were recorded in Table 1 for altitudes of 0 (ground), 5,000, 10,000, 15,000, 20,000, 25,000,
and 30,000 feet.

The tesf results of heat units (B. f. w.) supplied in the fuel per minute, discharged in the
exhaust gases and in the jacket water, as well as the B. H. P. expressed in B. t. u., are plotted
on the same plots as the B. H. P. The numerical values of these items tabulated in Table 2
were read from the curves. The fest results on fuel consumption were plotted on arithmetically
scaled coordinates on plots 2, 5, 8, 11, and 14, together with the mechanical and thermal effi-
ciencies as derived from the curvesion plots 1, 4, 7, 10, and 13.
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By using relative density of air instead of altitude, many of the relations can be changed
from sharp curves to nearly sfraight lines. As a matter of fact, the density is the controlling
variable, altitude enters only because of the density associated with it. The heat distribution
at the several spesds, plots 3, 6, 8, 12, and 15, are plotted in this way, using relative density as
absciss®m with an altitude scale superposed. One set of curves shows the quantity of heat in
B. t. u. as ordinates, which was supplied in the gasoline, utilized in the I. II. P., rejected in
exhaust, and absorbed in jacket water. The other set gives the same items in per cent of the
heat supplied in the fuel (gasoline).

The heat distribution results of the 2,100 r. p. m. group were first worked up by plotting
the percentage of heat accounted for in the various items, as originally computed on each test.
In fairing the curves an effort was made to keep the total per cent heat accounted for down to
a3 low a value as possible, consistent with the data. Later the curves thus obtained were super-
posed on the plotted poinfs of the test values, plotted as in the other speed groups, and were
found to agree quite well. For the other speed groups the heat distribution was studied by
plotting heat units instead of percentages. This statement will explain why the 2,100 r. p. m.
totals of ‘“Heat accounted for” (Table 2) are somewhat lower than those of the other speeds
The difference is greater at the higher altitudes. The results for other speeds are obtained in
the more logical manner. It hardly seems possible that so much of the heat supplied could be
accounted for in the observed items of the tests as shown in Table 2. Surely there is considerable
conduction, convection, and radiation of heat from the engine which was not measured. The
exhaust gases were not analyzed, but undoubtedly they contained some unburnt gasoline and
some products of incomplete combustion. How much heat energy is supplied in the lubricating
oil is, of course, unknown; but the oil consumption of airplane engines runs somewhere around
6 to 7 per cent of the volume of gasoline, or 8 to 9 per cent by weight. The heating value of the
lubricating oil is substantially the same as gasoline, about 20,000 B. t. u. per pound. Some
portion of this oil consumption must be burnt with the gesoline. Perhaps it might be well to
consider that the heat supplied in the fuel should be 3 to 5 per cent greater on account of the oil
than is shown by the gasoline measurements. In case the heat in the exhaust is measured by the
rise of temperaturs of & known weight of water which is mixed with and cools the exhaust gases,
it is obvious that the higher heating value of the fuel must be used in computing the heat supplied.
In these tests the higher value was used and correction was made for water vapor in the exhaust.
When the lower heating value of the fuel is used, the engine is not credifed with receiving all
the energy which is actually supplied. The exhaust calorimeter measures this heat, because
it condenses most of the water formed by the burning of the hydrogen of the fuel. The amount
of heat thus charged sgainst exhaust and not credited as supplied would be about 6 to 8 per
cent with gasoline fuel (depending upon which one of the many lower heating valuos is used).

IL GRAPHICAL PRESENTATION OF HEAT DISTRIBUTION AND ENGINE CHARACTERISTICS.

Reading values from the curves drawn through the plotted points of test results for the
speeds of 1,300, 1,500, 1,700, 1,900, and 2,100 r. p. m. and for altitudes of ground 5,000, 10,000,
15,000, 20,000, 25,000, and 30,000 feet, the I. H. P.’s, B. H. P.’s, and fuel consumption per
B. H. P. hour were tabulated on Table 1. In this table are also given other results of the
graphical analyses: Mechanical efficiencies (B. H. P.+I. H. P.), F. H. P. (as originally com-
puted; also I. H. P. minus B. H. P.); fuel consumption per 1. H. P. per hour, the relative
““indicated” torque, relative friction torque, and the brake torque as derived from original
data on plots 22 and 23. In a similar manner the values of the heat distribution are assembled
in Table 2, on both a B. t. u. and a percentage basis, as well as the total per cent accounted
for. The last was obtained by adding together the brake thermal efficiency and the per cent
heat lost in exhaust, in jacket water, end in friction for each speed and altitude. Using the
values from these tables, the data were assembled and plotted on the basis of r. p. m. as abscissa,
each altitude treated in a separate curve, plots 16 and 17. The three major variables entering
into the engine performance are power, speed, and air density. The original plotting of the
data considered the variation of power with density for constant speeds. If points are read
from these curves, and plotted as power versus speed for constant densities, the result should
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be & smooth curve. If the three variables are plotted on three dimensions, & smooth surface
should result. (See Plot 18.) By plotting in this manner, if the points are consistent with
each other, it means not only that the data were consistent, but also that the various speed
groups were handled alike in the graphical analyses.

The brake thermsal efficiency, plot 16 (based on power delivered), remains constant at
about 24 per cent on the ground through speed changes of from 1,300 to 2,100 r. p. m. As
the altitude is increased, the brake thermal efficiency drops to about 20 per cens, showing a
maximum value at about 1,600 r. p. m. and with a tendency to decrease more rapidly with
increase than with decrease of speed from this ‘“best speed.”
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The “indicated” thermal efficiency, plot 16 (based on B. H. P. plus friction, as equivalent
to the horsepower that should be shown by an indicator card), remains nearly constaent at about

26 per cent for all speeds and altitudes. There may be a tendency for the indicated thermal -

efficiency to increese with increase of speed at the ground, reversing to a decrease of efficiency
with increase of speed at 30,000 feet. This is not shown definitely enough at present, as such
tendency is hardly more than an allowable difference.
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The heat discharged in the exhaust, plot 16 (found by bringing the exhaust gases back to
their original temperature and measuring the heat absorbed, neglecting unburnt and incom-
pletely-burnt fuel), is at its maximum percentage at 1,900 r. p.m. st all'altitudes. It isalmost
50 per cent of the heat supplied when on the ground, decreasing to about 40 per cent at 30,000
feet.

The percentage loss in friction, plot 16, drops very slightly as the speed is increased from
1,300 to 1,700, where it is a minimum at all altitudes, increasing again more rapidly as the
speed is increased above 1,700 r. p. m. At a given speed an increase of altitude causes an
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increase of the percentage heat wasted in friction. Friction takes 2 per cent of the heat sup-
plied when the engine is on the ground and turning over at 1,700 r. p. m. At 30,000 feet, 6
per cent is wasted, at the same speed. At 2,100 r. p. m. for the same altitude change, the
increase is from 3 to 8 per cent.

In making the tests, the jacket water, as it left the cylinders, was constantly kept at about
140°F. A change of this temperature would certainly change the percentage values for exhaust
Josses and for thermal efficiencies. Perhaps friction would be altered, to & minor extent, through
change of viscosity. The engine pumping work might also be slightly changed. As operated,



A STUDY OF AIRPLANE ENGIKE TESTS. 587

the jacket heat loss on the ground, in per cent, is about constant at 17 per cent, through the
speed changes. As the altitude is increased the percentage increases at all speeds and becomes
& variable with speed for altitudes, so that at 30,000 feet altitude it is 35 per cent at 1,300 r. p. m.,
dropping to 28 per cent at 2,100 r. p. m.

Because of the change in amount of heat supplied in the gasoline, increasing with speed
and decreasing with altitude, the perceniage basis does not give a complete showing of all
the varistions. On plot 17 it is seen that the heat supplied increases (apparently) directly
with incresse of speed at the ground. At 30,000 feet it approximates this relation up to around
1,500-1,700 r. p. m., but a further increase of speed is not associated with as great
an increase of energy supplied. From the curves on plots 1, 3, 4, 8, efic., for constant speeds,
it is seen that the heat supply is proportional to the density of the air, up to about 10,000 or
15,000 feet; then, as the density decreases, relatively more gasoline is necessary, and the pro-
portionality between density and heat supply ceases. This can also be indirectly seen from
other curves, and will be taken up more fully later on. Apparently the change can not be
charged entirely fo carburetion.

The heat (B. t. u’s.) lost in the exhaust, in the jackets, and utilized in indicated horsepower
seem to follow, in a general way, the same relations with speed and with altitude as those indi-
cated for the heat supplied.

The friction losses shown on plot 17 are shown to such an open scale of B. t. u. that the
internal variations are appsarently large, although really they are relatively small. Exsctly
the same curve has been drawn through the points for each separate altitude, and it seems
to fit all of them equally well. From this it may be deduced that altitude does not directly
affect the friction losscs. The basic assumptions are that the indicated power of an engins is
proportional to density, and that the friction loss for a given speed is nearly independent of the
density. The fact that this one curve does fit all the independently computed points is a sort
of indirect evidence that the two assumptions are at least fairly consistent. Later an attempt
will be made to check this sssumption by indirect means.

On plot 16 are plotted the tabulated values of mechanical efficiency. This is found to be
& maximum at about 1,700 r. p. m. for all altitudes. At ground level it is nearly constant
at 92 per cent for speeds from 1,300 to 1,700 r. p. m., falling off to aboub 90 per cent at 2,100
r. p. m. As the altitude increases, the mechanical efficiency decreases, until at 30,000 feet
the tests show about 74 per cent at 1,300 r. p. m., rising to 77 per cent at 1,500 to 1,700 r. p. m.,
falling to 70 per cent at 2,100 r. p. m. There may be a tendency for the point of maximum
mechanical efficiency to be at lower speeds at the higher altitudes, although this is only shown
as a possibility. It is perfectly evident, however, that the effect of speed change upon mechan-
ical efficiency is small at ground, but at high levels it is very marked, and the efficiency will
rapidly fall off when the speed is altered from the optimum. According to Prof. G. B. Upton,
‘“‘Airplane performance determined by engine performance,” Sibley Journsal, June, 1918,
pages 137-142 (reprinted in S. A. E. Journal, October, 1918), the mechanical efficiency, as
a function of altitude, is represented by

Density—Constant
Density

The constant for & given engine is density at ground X (1 — mechanicsl efficiency at ground).
Applying this to the results of these tests (Table 1), it is found that when the mechanical effi-
ciency at ground is 0.915, the efficiency to be expected at 30,000 fest is 0.726. The arithmetic
average of the tabular values at ground is 0.91540.012, and at 80,000 feet is 0.745 +0.040.
This checks within the accuracy of the methods and data used.

The fuel consumption, in pounds per horsepower per hour, both for I. H. P. and B. H. P.,
is also plotted on plot 18. 'When based on B. H. P. the effect of change of mechanical offi-
ciency with altitude increases the best economy from 0.50 pound per B. H. P. at ground to
0.61 pounds (or morse) at 30,000 feet. At ground the maximum economy is obtained at 1,500
T. p. m., possibly shifting to 1,700 r. p. m. at 30,000 feet. Also the change of mechanical efﬁ-
ciency at high levels, with change of speed, a.lters the fuel consumption per brake horsepower,
so that at 30,000 feet 0.85 pound is required at 1,300 r. p. m., dropping to 0.61 at 1,700, and
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again increasing to 0.69 at 2,100 r. p. m. (The values are perhaps in error for 1,500 and 1,700
r. p. m., being, respectively, too high and too low, at altitudes of 25,000 and 30,000 feet).
On the ground similar speeds change the consumption from 0.515 to 0.50 to 0.525. Thisis a
5 per cent variation from the optimum at ground, compared with a 13 per cent variation (—)
at 30,000 feet. The fuel consumption per 1. H. P. per hour, for a given speed, remains about
constant at around 0.46 up to 10,000 or 15,000 feet; above this it increases with altitude.
At ground, 1,500 r. p. m. seems the most economical speed, with a maximum variation of
about 3 per cent for the changes of speed shown. At 30,000 feet, 1,700 r. p. m. appears to be
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the most economical speed, with about 4 per cent variation. The fuel consumption data
will be considered later, utilizing the B. t. u. supplied as a means of attack, instead of the pounds
per horsepower hour.

The tabulated velues of I. H. P. and B. H. P. were also plotted on plot 16 in the.same
manner as the other values shown on plots 16 and 17. Deduction can be mads more rapidly
if the horsepowers are plotted, one curve for each altitude with r. p. m. as absciss® and horse-
power as ordinates, as on plots 18, 19, and 20.

IIl. RELATIONS BETWEEN POWER AND SFPEED.

Plot 18 is interesting as showing how the relations between power, speed, and relative
density of the air (altitude) form a warped surface when plotted on three dimensions. The
B. H. P. would be zero when the relative density of the air became sbout 0.1 of the
density at the ground. Also, no power can be secured from the engine, with open throtile,
when it is loaded until the speed drops to about 450 r. p. m. For a given density the relation
between speed and power is the intersection of a plane through the relative density coordi-
nates and the warped surface. Such curves are shown more accurately on plot 19, in
the customary manner of presenting engine characteristics. The extensions of the B. H. P.
curves to speeds much below 1,200 r. p. m. are, to & large extent, speculation, hence the exten-
sions are shown in dashes. At ground level a fairly large incresse in brake power comes from
increasing the speed from 1,300 to 2,100 r. p. m. The gain is less and less as the altitude
increases, until at 30,000 feet practically no gain in power results when the speed is incressed
above 1,700 r. p. m. The total gain from 1,300 to 2,100 r. p. m. at 30,000 feet is about 40 per
cent, 33 per cent gain being made from 1,300 to 1,700. On the ground, the per cent increase
of power is the same (33 per cent) between 1,300 and 1,700 r. p. m., while the total gain from
1,300 to 2,100 is about 50 per cent.

The curves of I. H. P. versus speed, for several altitudes, plot 20, differ from the B. H. P.
curves by the addition of 2 variable friction loss to the B. H. P. curves.

The I. H. P. curves apparently would converge, and at about 450500 r. p. m. the engine
would “stall” at open throttle, because no power would be available above that required to
overcome. the friction of about 10 horsepower at this speed. In the actual engine it is probable
that carburation would go bad before this point was reached.

1V. FRICTION LOSSES.

On plot 20 is also shown the friction horsepower, a constant for each speed, which was added
to the original B. H. P. altituds curve for each speed in order to obtain the I. H. P. The plotted
value at 1,700 r. p. m. falls below the curve as drawn, and if the curve were drawn through it,
the shape would be distinctly changed. The friction horsepower at speeds below 1,300 r. p. m.
was speculated upon, in the absence of data. On plot 21, speed is used as abscisse, but the
ordinates are proportional to the ‘‘indicated” torque. A constant times the numerical scaling
used will give true indicated torque &s the scaling numbers are the I. H. P. times 100 divided
by r. p. m. The same scaling is used for friction torque. The dash curve, which is the most
logical extention of the friction horsepower curve on plot 20, indicated & decrease of friction
torque with increase of speed, from 500 to 1,500 or 1,700 r. p. m., increasing again for higher
speeds. The dotted curve is frankly a constant friction torque line from lowest speeds to about
1,500 r. p. m. It is reproduced on plot 20 in dots. The dash curve (reverse curve on torque)
is more neerly the truth as shown by these tests.

A plain bearing, with constant load, and using an oil of constant viscosity, will show
friction torque increasing with increase of speed. Increase of speed, however, decreases the
viscosity of the oil due to heating by the increased total friction. In the engine the heating is
considerably greater than in & plain bearing because of the greater heat from the burning of
more fuel at greater speeds. This increase of temperature will reduce the viscosity of the oil
and this reduction of viscosity will reduce the friction, and may be sufficient to reduce the
total friction torque. The pumping loss (lower loop of indicator card) would be nearly constant
with open throttls, even over a considerable range of low speeds. The power required to over-
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come the friction of the bearings and to drive the gears, magnetos, pumps, etc., would not
change much at low speeds. Altogether it is suggested that the friction power loss can be ex-

ressed by a formule of the e
P by P F=a4+bN+eN*+dN3,
in which

F=friction losses.

N=r.p.m

a, b, e, and d,=coeflicients (not. necessarily constants) which include variables depending
upon bearing pressures (gas and inerti®), piston rubbing, pump and magneto driving
power, temperature, oil characteristics, ete.

At higher speeds, the friction losses would increase much more rapidly than at low speeds.

It may seem that too much attention is being paid to this matter of friction losses. The
reason for endeavoring to discover the fundamentel laws controlling the mechanical and other
losses is that the effect of these losses is much magnified at high altitudes. The mechanical
efficiency of the engine is & dominant factor in the performance of a plane at high altitudes.
A knowledge of the amount of the items of mechanical losses is therefore & necessary prelude
to improvements in design, as well as for use in obiaining information concerning the heat
distribution, the fuel consumption, ete. For these reasons, and in lieu of more definite data,
several indirect methods have been used in the attempt to deduce the truth.

Some attempts have been made to measure the losses of internal combustion engines by
measuring the power required to drive them at several speeds. Amother suggestion is to cut
off the ignition from each cylinder, in turn, and to note the power loss when speed is maintained.
Perhaps it would be well to repeat these latter tests with two or more cylinders cut out at one
time. - The errors in measuring friction by these methods need not be discussed here. By
taking the values of friction resulting from such tests, and from such assumptions as are here
made, it would seem possible to know the absolute accuracy of each method of assumption.
A suitable indicator is, of course, the logical solution of the problem.

The friction horsepower of the Hispano-Suizs engine is shown to a more open scale on plot
25, using the same values as on plot 20, and also &ll values shown in Teble 1. It seems to in-
crease very slowly from 1,300 to 1,700 r. p. m. and then to rise very rapidly. There is repro-
duced, also on plot 25, & curve given in Automotive Industries, January 23, 1919, page 212, for
a class B war-truck engine. The method of obtaining the data for this latter curve was not
stated, and is not known, but it probably was obtained by meesuring the power required to
run the engine at various speeds, while still hot from previous operation at open throttle. These
two curves have been changed to friction torque (friction mean effective pressure) by the device
of dividing F. H. P. by r. p. m., and thus shown on plot 26. The scaling is not the numerical
value of torque or M. E. P. The numerical values of F. M. E. P. are given in Table 833. The
curves for both Hispano-Suize and class B truck engines have the same general characteristics,
showing friction torque to decrease at first with increase of speed from the lower speeds, reaching
a minimum value at some intermediate speed (dependent, probably, upon the engine design),
and then increasing according to some funection of the speed, which function may be approxi-
mated by raising the speed to an exponent greater than unity. On plot 27 the curves of plot 25
are reproduced, plotting the logarithms of r. p. m. ageinst the logarithms of F. . P. The two
curves are seen to be of the same type (form of equation) but with different engine constants.
With the lower speeds the friction horsepower apparently increases with r. p. m raised to the
0.78 power, that is, F. H. P. increasing less rapidly than the r. p. m. After a short transition
period the F. H. P. seems to increase as the r. p. m raised to the 2.28 power—not quite the
cube of speed. It should be noted that there are separate numerical sealings for the two engines.

The matter of friction losses was considered in & paper ““ High Speed Internal Combustion
Engines,” by Mr. H. R. Ricardo, appearing in Engineering (London), May 24, 1918, page 588.
Some of the numerical estimates from this paper are abstracted in Table 4. The bearings and
accessories take about 1.8 pounds per square inch pressure upon the piston (of the mean effective
pressure), the piston friction about 7.2 pounds per square inch and the fluid pumping loss
(lower loop of diagram M. E. P.) about 3.4 pounds per square inch. As a check on the accuracy
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of these values, some data on the power required to drive the water pumps of the 200-horsepower
Austro-Daimler aero engine were found in Engineering (London) of November 8, 1918, page 537.
By extending the curve through the values there given, according to the law that the pump
power varies with the cube of speed, it was found that the pump would require from 0.14 to
0.41 pound per square inch piston pressure at normal engine speeds. This checks Mr. Ricardo’s
values of 0.3 to 0.5 pound per square inch. It also demonstrates that something besides the
water pumps causes the F. H. P. to rise nearly with the cube of the r. p. m. af higher engine
speeds. It probably means that inertia forces at high speeds cause metel-to-metal contact
between piston and cylinder. Inertia forces increase with the square of the speed. Therefore
the power required to overcome friction from inertia forces will tend to increase with the cube
of the speed, and it may be concluded that speed is more of a factor than mean effective pressure
in determining friction of the piston.

The subject of piston friction deserves special study. If it is possible to relieve the pistons
in internal-combustion engines of their function as & crosshead, it may be possible greatly to
increase the mechanical efficiency of the engine. Taking the friction losses in Table 4 (Ricardo’s
values), and eliminating the pumping losses, the bearing, etc., losses become about 20 per cent
of the total, and the piston [riction about 80 per cent of the mechanical losses of the engine.

Working upon the idea that the brake torque might shed some light upon the validity of
the assumption that the friction horsepower was dependent upon speed and independent of
altitude, and in order to furnish a check on the original B. H. P. and I. H. P. curves for each
speed group, the original data from tests are plotted on plot 22, “pounds pull on the brake
arm’’ versus r. p. m. This pull on brake arm is numerically equal to the brake torque, fimes
a constant, and also to the brake M. E. P., times a constant. Curves were drawn through the
mean of the points for each test altitude. Then, for speeds of 1,300, 1,500, 1,700, 1,900, and
2,100 r. p. m., the brake torque was read from these curves, and plotted on logarithmic cross-
section paper, plot 23, with brake torque versus barometric pressure, using a separate curve
for each speed. At 1,500 r. p. m., the brake torque is at-its maximum for all altitudes, appar-
ently being a straight line up to about 20,000 feet, with & slope of about 1.17 for its straight
portion. This means that the brake torque and B. M. E. P. are equal to & constant times the
density of the atmosphere raised to (about) the 1.2 power, and is not directly proportional to-
the density. The brake torque at 1,700 r. p. m. is the same as at 1,500 from. ground up to
20,000 feet, falling off from, proportionality at higher altitudes. For 1,300 r. p. m. the brake
torque is slightly less than at 1,500 or 1,700 on the ground, but meaintains, best of all, the

relation B. m. e. p.=cons. X {(density of atmosphere) *?

even up to 30,000 feet. At this altitude 1,300 r. p. m. gives greater torque than 1,700 r. p. m.
and nearly equal to 1,500 r. p. m. The 1,900 r. p. m. torque is nearly as great as the torque
of 1,300 r. p. m. when on the ground, but at 15,000 feet it begins to fall away from. the (density)"?
relation. The brake torque at 2,100 r. p. m. perhaps starts out by varying with (density)"?
but follows it only to about 12,000 feet, when it decreases more and more rapidly as the density
is decreased.

From fundamental facts, the indicated mean effective pressure upon the piston must be
almost proportional to the density of the air except for changes in the carburetion. The indi-
cated mean effective pressure, minus the mean effective pressure required to overcome the
friction losses,; gives the brake mean effective pressure. Plot 23 seems to show the brake mean
effective pressure, for & given constant speed, to be a combination of straight line at relatively
high densities of air with a curve dropping downward for the lower densities. Perhaps the
straight line is, in truth, not straight, but a curve, so slight as to appear straight within the
accuracy of the cross-section paper and data as used here. If these are really curves, then it
is incorrect to assume that the brake mean effective pressure varies with the.density of the
atmosphere raised to a certain power. If it is a curved line, then the relation may be an

equation of the form I M. E. P.—F. M. E. P.=B. M. E. P.
in which F. M. E. P. may be a constant for any given speed.
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It is the belief of the writer, based on the fundamental laws and on the data here pre-
sented, that this latter form is very close to the truth, i. e., that the friction mean effective
pressure is practically a constant for a given speed and independent of the altitude. Plots
22, 28, and 24 are comparable with the log curves of power versus barometer for the several
speed groups. But the B. H. P. of plots 1, 4, 7, 10, and 13 are replaced by brake torque in
plot 22. As this is a slightly different method of atiack and is carried out independently, it
tends to confirm the belief in the correctness of the original assumption.

In order to present these results in the usual form, the characteristic curves of torque
versus speed for different altitudes are given on plot 24. Again this shows the maximum torque
on the ground and up to 10,000 feet altitude to be at about 1,600 r. p. m. occurring at slightly
lower speeds as the altitude increases (around 1,500 r. p. m. at 30,000 feet). The actual loss
of brake torque (B. M. E. P.) on the ground, due to increasing the speed from 1,800 to 2,100
I. p. m., is twice that when at 30,000 feet altitude. On a percentage basis, the loss at ground
for this speed change is about 6 per cent. The loss at 30,000 feet is about 10 per cent. Using
values of indicated torque (I. M. E. P.) read from the curves of plot 21, a loss of about 5 per
cent of the indicated torque at 1,800 r. p. m. results from increasing the speed to 2,100, both
on the ground and at 30,000 feet altitude. Perhaps it is a little more at 30,000 feet than at the
ground. V. GAIN OF POWER THROUGH INCREASE OF SPEED.

The change of power due to a change of speed, at different altitudes, is a subject that has
been previously noted several times. These relations will now be taken up again in conneetion
with Table 5 and plots 28 and 29.

Teking the I. H. P. and B. H. P. values in Table 1, the gain of power was tablulated in
Table 5 for an increase of 200 r. p. m. from 1,300 to 1,500, from 1,500 to 1,700, etc., at each of
the altitudes previously used. These gains of power are also shown as percentages of the
power at the lower of the two speeds. '

It also seemed desirable to collect all of the original constant speed curves showing the
relation of horsepower and altitude (Table 1 and plots 1, 4, 7, 10, and 13) onto one sheet, and
to present them on ordinary instead of logarithmic scaling. This is done on plot 28, the ordi-
nates of which are I. H. P. and B. H. P, distances upon which are directly proportional to
horsepower (arithmetic scaling). By using relative density of the atmosphere an abscissae
(density at ground equals unity) the I. H. P. relations become siraight lines passing through
zero power ab zero density. The B. H. P. relations are nearly straight lines, curving slightly,
and apparently showing no power delivered when the density of atmosphere becomes about
one-tenth of that at the ground. It may be remarked that the curvature of these B. H. P.
versus density curves is exaggerated (to the eye) when plotted upon logarithmic cross-section
paper (compare with plots 1, 4, 7, 10, and 13). The curvature upon plot 28 is hardly noticeable.

A scale of altitudes in feet is superposed upon the relative density scale. Altitudes of 5,000,
10,000, 15,000, 20,000, 25,000, and 30,000 feet are also shown as abscissae. They are loga-
rithmically spaced, such spacing being due to the relation between barometric pressure and
altitude.

The temperature of the atmosphere for these tests was nearly constant. In actual flight
the temperature ehanges with the altitude. A change of temperature not only affects the
density of the air, but it may also affect carburetion. In so far as it alters the density it is
equivalent to a change of altitude. By the use of density instead of altitude in plotting curves
of engine performance, the temperature effects are accounted for except as they change engine
performance through carburetion or engine cooling.

The curves of plot 28 show graphically the fact that an increase of 200 r. p. m. means s
much greater gain of power at the lower speeds than at the higher, for any altitude. They also
show that as the altitude increases a smaller power gain is secured for the same speed change.

These gains are tebulated in Table 5, and plotted as curves (or straight lines) on plot 29. Using

percentages instead of horsepower, plot 30 shows graphically the values of Table 5. At 30,000
feet it is noted that a gain of 2 B. H, P. made on increasing speed from 1,700 to 1,900 r. p. m.,

167080—s. Doc. 807, 65~-3——385
*
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and 1 B, H. P. from 1,000 to 2,100. It has been noted that between 1,500 and 1,700 r. p. m.
the engine is most efficient. At the higher altitudes the gains are relatively very small for an
increase of spesd above 1,700 r. p. m. The percentage increase of B, H, P. for an increase of
speed from 1,700 to 1,900 or from 1,800 to 2,100 r. p. m. is smaller and smaller as the altitude
increases, showing the effect of the constant friction torque at a given speed upon the power
output, as the weight of charge decreases with the density of the atmosphere combined with
he more rapid increase of friction torque due to increase of speed at higher speeds (plot 26).
From 1,300 to 1,700 the friction torque apparently decreases with increase of speed. This is
the reason why the per cent increase of B. H. P. due to increasing the speed from 1,300 to 1,500,
and from 1,600 to 1,700 r. p. m, is nearly constant, as is indicated in Table 5. Altitude does
not change the per cent increase of indicated horsepower when speed is raised from one definite
rate to another,

V1. EFFECTS OF CHANGE OF DENSITY AND SPEED ON CARBURETION.

In studying the distribution of the energy supplied to the engine, the heat accounted for
in the various ways, including I. H. P. and friction, seems to follow rather simple relations
until the density of the atmosphere is greatly reduced. Then the relations apparently change
to some other less simple law. This may be due to an incomplete application and understanding
of the fundamental laws, or it may be due to difficulties of carburetion. In an endeavor to
obtain more information on this subject, the heat supplied in the fuel per unit time (this is
directly proportional to the weight of fuel supplied) was plotted against speed, using the
logarithmically spaced coordinates on plot 31. The values were obtainoed from Table 2. The
engine was operated with open throttle at all times. The carburetor was adjusted to give the
best mixture for each change of conditions. Preliminary tests had been made to determine
the best ignition timing, in which it was found that on the whole a fixed spark advance of about
23 degrees gave the best operating conditions at all speeds and altitudes, and that slight changes
hardly affected the results. The spark timing was therefore the same for all the tests here
considered.

The heat supplied per unit time was plotted on plot 32 against relative density of the
atmosphere, This plot is the assembly of the ‘“B. t. u. supplied”” curves from plots 3, 6, 9, 12,
and 15. The straight lines on plot 32 are frankly drawn through the zero-zero and then swung
through this point so as to fit the other points as well as possible. The dash curves through
1,300 and 2,100 r, p. m. really fit the data better. The deviation is of the order of about 10
per cent of the gasoline supplied, which would allow for a change of mixture between, say,
14 and 15.5 parts of air to 1 of gasoline (weight proportions).

The heat supplied per unit time (from Table 2) was divided by the revolutions per minute,
and is recorded on Table 6. These values are equal to a constant times the weight of gasoline
supplied per suction stroke, These values show the effect of volumetric efficiency in decrease
of charge with increase of speed at any given altitude. The values of the quotients of B. t. u.
by r. p. m. are shown on plot 33. Straight lines were drawn through the points of zero density-
zero gasoline and then forced to fit the pointa for 1,500 and for 2,100 r. p. m. The heavy curve,
shown in dashes, is drawn through the numerical average of the points at each altitude. This
plot shows, more plainly, the same facts as plots 31 and 32. Another method of attacking this
problem is by means of the fuel consumption per indicated horsepower per hour, which will
eliminate the variable efficiencies, both volumetric and mechanical., Fuel consumption curves
are given on plots 2, 5, 8, 11, and 14, and sometimes indicate the maximum economy at moderate
altitudes. As a rough check, the average weight of fuel per indicated horsepower at each
" altitude, as computed from Table 1, is given in Table 6, and is plotted on plot 33.

The deductions to be drawn from plots 31, 32, and 33 are as follows:

Assuming 100 per cent volumetric efficiency, the weight and the volume of air drawn into
the cylinders should be directly proportional to the speed of the engine. Also assuming a
constant weight proportion of gasoline to air for all speeds, the values on plot 31 should fall on
45° lines. They do not, but they show a maximum of 10 per cent more gasoline needed at
1,300 than at 2,100 r. p. m. The change of volumetric efficiency can account for this, because
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of the reduction of weight of air drawn in on each suction stroke at the greater speeds. Valve
timing (inlet opening 10° late and closing 50° late) and temperature effects may be other con-
tributing factors,

If the weight proportion of gasoline fo air were constant at the several altitudes, then the
distances between the plotted curves on plot 31 should be equal. This follows from the relation
between density and altitude thet the log of depsity equeals a constant minus another constant
times altitude. Hence equal increments of altitude will cause equal increments of log density.
The plotted curves of velues are not equally spaced for equal increments of altitude. As the
carburetor wes adjusted by hand for each test, the points indicate that the proper proportions
of gasoline to air are not a constant when eltitude is changed at constant speed. The 45°
reference lines on plot 31 are arbitrarily drawn to pass through the test points of 2,100 r. p. m.,
and to be equally spaced, the spacing being the distance between the 2,100 r. p. m. poinis at
the lower altitudes. This spacing is too great for the results shown at the higher altitudes.
It has been noted that the appearance of curves on logarithmic cross-section paper are some-
times deceptive, and, for thisreason, plot 33 is much better for this side of the problem. Evi-
dently the engineers making the tests found that the leanest mixture could be used at around
15,000 feet, and greater weight proportions of gasoline to air were necessary at the other altitudes.
Again, this change is of an order of magnitude, generally much less than 10 per cent. Too
much reliance should not be placed upon the indications or tendencies shown on this plot and
the two preceding ones. The remarkable features are the consistency with which the carburstor
wes adjusted at the beginning of each test. It is probable that the peculiarities of heat dis-
tribution at high alfitudes are not entirely due to carburetion.



550 ANNUAL REPORT NATIONAL ADVISORY COMMITIEE FOR AERONAUTICS.

TaABLE 1.—Averaged fest data and resulls.
BRAKE HORSEPOWER (from ourves).
[From plots 1 to 15, fnclusive, 22 and 23.)

Altitude.
(R.P.M) ' g ted
. St 5 10,000 | 15 20, 35000 | 3000 | PULeC.
Groma.| G300 | 100 | 100 | FpM0 | FA0 | B
1,500 1 | 18 110 0.7 8.6 8.5
1,700 202 | 168 184 | 109 8 7.6
1,000 as | 1w 44 | 17 94.6 75
3,000 228 | 1855 0 | 1@ o %
#INDICATED” HORBEFOWER (from curves).
1,300 | 1845 | 137 m 5.2 80 66.7
1,500 | 195 162 845 | 112 .8 78.3
L0 | 218 181 150.8 | 135 105 §7.6
1,000 | 336 197.8 | 1643 | 136.8 | 1148 9.6
)100 | 25 213 176 148 @m0
FRICTION, ETC., EORSEPOWER (for altitudes, by difference).
1,300 18.1 2.1 18.1 13.1 13.1 13.1 151 13.1
1,500 16 16 8.5 5.8 16.3 14.8 4.7 4.7
1,700 16 16 8.5 16 18 18 1867 | .16
1,000 ai 2.3 2.3 19.8 2.9 2.6 s 2.3
2100 % 8.5 ) %, a5 P %9 | 28
MRECHANICAL EFFICIENCY. (B.H.P.+LH.P.)." -
1,300 2 90.4 88.5 .3 8.6 20.2
1,500 9L8 90.1 5.6 6.3 8.8 81
1,700 92.6 oL.2 80.1 8.2 84.8 8L.7
1,600 91 8.7 87.6 85.6 82.4 784
2,100 20 8 85.8 8.2 80 76
BRAKE TORQUE {relative B.).E.P.) (from ocurves).
(Pounds pull at 21 inch radlus.)
1,300 350 284 228 158 150 191 %
1,500 39 302 283 188 154 14 o
1700 359 20 258 18 15 13 97
1,900 345 230 25 188 148 ns 92
3,100 330 287 a1E 172 130 09 s

INDICATED TORQUEXCONSTANT (relailve LM.E.P.) (LH.P.+R.P.M.).

1,300 | 1,265 | 1,854 878 T3 615
1500 | 1,300 | 1,080 6 748 626
1700 | L33 | Y084 856 788 618
1900 [ I3 | Lo 70 804
2100 | L5 | Yoo 838 6% 581

FRICTION, ETC., TORQUEXC

FUEL CONBUMPTION (Lbs. per B.H.P. per hour) (from curves).

1,300 0.515 0. 530 0.528 0. 540 0. 560 0504 | 0.849 .

1, 500 500 <810 .520 597 548 . 580 035

1,700 508 510 .518 5% 549 573 810

1,900 513 533 534 551 578 .005 .850

2,100 526 . . 572 . 635 030

FUEL CONSUMPTION (Lbs, per I.H.P. per hour).

(Computed from B. H, F. consumption and mechanical eficiency.)

1,300 0.474 0.470 0.468 0.468 0.468 0.477

1,500 450 .460 +481 455 458 470

1,700 .468 485 461 .461 465 467

1,800 485 « 468 471 47 .A74

3,100 478 .471 .473 A7 479 483
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Tasre 2.—Averaged heat disiribution, date and resulls.
{From plots 1 to 15, inclnsive.]
B. T, U.SUPPLIED IN FUEL, PER UNIT TIME (from curves).

Altitude.
BB
- P 5000 | 10,000 | 15000 | sc000 | 25000 | 30,000
Ground.| feat | ‘fet. | feot. | feet. | feek. | feet.
1,300 | 28,800 400 800 | 15400 | 12,800 | 1L000 | 9,800
50 | 32,300 %900 %suo Lé,"sou 15,450 12,1'900 10,500
1,700 | 26,300 | 20,700 | 36,150 | 90,000 [ 16,90 | 14400 | 12,600
10000 | a0l200 | azs00 | 27,0%0 | 23700 | 19,100 | 16,28 | 13,000
20100 | 43,000 | 35,700 | 49,700 | 24,600 | 20,00 7000 | 14,100
FRICTION, ETC., LOSSES, B. T. U. (computed).
1,300 305 50 580 5™ 50 &85 a5
1,500 & 660 670 850 N
1,700 05 605 720 608 695 700 727
1,900 . 880 880 880 70 200 035
‘100 | 1,180 | 1,142 | 1,180 | 1,130 | 1,65 | 1,108 | 1,005
EXHAUST LOSSES, B. T, U. (from curves).
1,300 | 13,000 | 10,300 | s3%0 | 675 | 55w kuo 3,650
&0 | 15000 | 13,200 | 9,85 | 7,980 | 6,50 300 | 430
ro | 17750 | 16400 [+1208% | o400 | Zem | &m0 [ 50K
1’900 | 19/300 | 15700 | 140700 | 10300 | &480 | 6,8% | 5600
2,100 X i | 14010 | L340 | 6,00 060 | 5470
TACKET LOSSES, B. T. U. (from curves).
1,300 | 5000 | 4660 | 430 | 400 | 37| s40 i 3,20
LE0 | 5950 900 | 4400 | 4oon | 8600 | Z2%0
L100 | 6400 | 5870 350 20 | L& 2%0 4,000
e | &400 | 5050 550 1% | 480 &0 | 4,200
2,100 7 | 6730 | &0 | 5180 | 4,610 256 | 4,00
B.T, U.IN B. H. P. (from curves).
1,300 | 6,850 | B30 gm 2600 | 32,50 | 2,35 | 188
150 | 7700 | 63, 200 | 4 ga0 | o | 2me
Umo | &70 | 7| 5% | 4,740 le80 |z | 9,4%
1,000 | 9400 | 7,670 | 6230 § Lo | T2%0 | 2050
20100 | 10,320 | 8380 | 6,880 200 | 4185 | ¥ams | L6
B.T.U.IN I. K. P. (B.T. U.ln B. H. P.+mech. eff.-+100).
Lus | o0 | B0 410 | 880 | 205 | 3,50
1,500 ; ow | Essa | 4o | L0 | 340 | Tase
0700 | 9475 | T8 | &85 | 5435 | 4,55 | %8 | 3,177
r'ec0 | 100820 | 5% | 70 | &80 [ 4Lem | 4180 | 35488
2100 | 11,450 | @500 | 7,810 | 6420 | 5310 | 4390 | 3,715
THERMAL EPFICIENCY ON I H. P. (computsd).
1,300 25.9 2 26.0 7.1 .5 2.8 256
1, 500 26,0 26.2 26,2 K 28 267 2.6
1,700 26.2 285 7.3 7.2 7.2 6.4 22
1,000 2.3 233 28,3 2.0 26.0 6.5 209
3,100 2.7 s 263 2.1 25.9 258 25§
THERMAL EFFICIENCY ON B. H.P. (B.T. U.in B. H. P.X100+B. T. U. supplied).
1,300 2.8 B.7 23.7 3.4 2.0 2L§ 191
1,500 .8 3.5 233 s 9.5 Fi] 0.6
1,700 a1 262 24.2 BT 21 sl 19.8
1,900 2.0 215 2.0 1.2 a4 20.0 183
3,100 %5 285 s s 0.5 4 8.3
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TABLE 2.—Averaged heat distribution, data and results—COontinued.
FRICTION, ETC., LOSSES (p& cent).

Altitude,
ERHTD -

-P. M. 8000 | 10000 | 15000 | 30,000 | 35000 | 30,000

Ground.| foet, | Tfoot. | feet. | fest. | fast. | fest.
1,300 2.1 .5 31 3.7 [ %] 53 6.6
vso | 2:| 27| 9| se| 43| s1| a0
o | e | 8| o) x5| 43| 49| &8
Leo | 3s| 28| ms| s | 48| &5| &7
3,100 2.7 3.2 3.8 4.6 5.2 6.5 1.6

EXHAUST LOSSES (per cent).
1,300 4.8 #.0 4.5 48.9 43.2 41.3 37.4
LE0 | 488 | 454 | 463 | 0| @7 1| 8
1,700 8.9 85 478 0 | 455 3.3 01
1900 | 493 | 483 | 410 | 454 | 43 Y
3100 | 484 | 480 | 43| 457 | 4o | 45| No
JACKET LOSSES (per cent).
1 300 17.4 19.9 23.0 2.1 20.3 aL8 33.0
L50 | IR4 | 200 | 2o | .8 | aso | e | 31
n700 | JTe | 198 | 3| a4e | s | s | 37
1,900 18,3 18.3 20.5 n7 25.3 7.6 20.2
3100 | 180 | 190 | 3200 | 30| 25| 350 | 280
PER CENT HEAT ACCOUNTED FOR (B. H. P.tfrict.+exh +fit.).

Lao | oen1 | 1| w3 | el o | wme| o
1,500 90.8 oL.8 2.4 9.2 oL 957 8. 5
o | exs | o8| oz | 988 | ewe| saa| ero
1,900 91.8 02.3 8.8 | M1 956 o83 985
%500 | W6 | &7 | x5 | s28 | o3| ezd | o9

TasLE 3.—Friction, etc., horsepower and friction, etc., mean affective pressure
(j{. E. P. equals a constant times torque).

[To acoompany pls, 25, 28, and 27.]

8a. Class B war truck 3b. Hispano-Suiza alrplane
(computed from meo! cal éngine (omg&utedfrmnmo-
efliciency and I. H. P. chanical oy, eto.,
ourves, p. 213, Automotive | values given in Table 1 of
Ind es, Jan, 73, 1019). this report).
F.M.E.P. F.H.Ealz.
R.P.M. | F.H.P. l1,>er R.P.M.| F.H.P. per
square Square
inoh). inoh).
300 1.16 7.90 1,800 13.1 1
400 1.45 8.85 1,500 4.7 10.8
500 1.78 6.53 1,700 18.0 10.4
600 2.38 « T.10 1,900 2.3 1.8
700 2.73 T 2,100 .8 13.1
800 £.02 9.38
900 5.03 10.40
1,000 6.15 11.45
1,100 7.60 88 .
1,200 9.35 14.50
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TaBLe 4.—Friction losses.

[Abstracted and computed from Engineering (London).)
[Tosccompany pls. 25, 28, and 37}
‘HIGH-SPEED INTERNAL COMBUSTION ENGINES,’’ H. R. RICARDO, MAY 24, 1018, PAGE 5SS,

For petrol engines, losses are about:

1.—Bearings, etC........... 1. 8 pounds per square inch of piston area.
2.—Piston friction ......... 7.2 i Do.p o0 P
8.—Fluid pumping loss .... 3.4 Do.
Total ........... 12. 4 Do .
Brake M. E.P......... 118 Do.

Mechanical efficiency.. 90.6 per cent.

1.—Losses due to bearings, auxiliaries, eic.: . :
a ﬁea.rings .......... 0.76-1. 00 pounds per square inch of piston area. .
5) Valvegear........ .75~ .80 Do. '
¢) Magneto........... .06~ .10 Do.
il pump......... .15- .25 Do.
€) Watpump....... . 30~ .50 Do.
Total .......... 2. 00-2. 85

2.—Piston friction:
Largest single item; due te reciprocating motion, coniaminated oil, etc.; extent proportional to thrust on
walls, indirectly to rubbing velocity and area. Empirical formuls for which is:

Mean fluid pressura+2 X meaninertis pressure _

Piston friction= 4 10 8 -} Constant.

Constant varies from 1.5 to 4 pounds per equare inch of piston area. o
3.—Fluid pumping losses: _ N
=2.3 pounds per square inch at 100 feet per second gm velocity; to 9.2 pounds per square inch at 24 ¢
eet per second. (About as cube of gas velocity or R. P. M.)

‘“‘THR 200-HORSEPOWER AUSTRO-DAIMLER AERO ENGINE,’’ XOV. 8, 1018, PAGE 530.

Power required for water pump.
e
British E"‘EE “'::
P P‘:"n;-‘mn‘ x |b b -
am um &
R4 e 3 ddlivered | Iemr| B.B.A.
-BET | by pump. | clency= .
sd. 50 per
head. cent, _
1,000 13} coes | oo _—
1,200 7l L0294 .00
1,400 30 .0419 084 40
1,600 37 -0517 .103 245
1,800 43 ~0601 51" _

Extending curve on assumption that pump power varies with cube of speed.

Pump demand Pump demand
(ﬁ—paunl(,l delivery). (&poun% delivery),| FumpM.E.P.

Engine _
Dnglte | horse | BAMLEP. e e
o power. Harse- Horse- | s
power, |Fereent.| noper |Percent. d:ﬁvery. dellvery.

123.5 0.210 0.113 0.48 0.137 0.139 0.164 T

1,200 138

1,400 200 123.3 238 118 5 .28 146 345

1,500 213 122 - 266 135 .08 313 .158 .38 e
1,600 119.7 -203 .152 .76 343 158 41
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TaBLE B.—Gain of power through tncrease of speed.

[To accompany Pls. 20 and 30.]
INCREASE OF B. H. P. (from values in tabls 1).

Change of B. P. M. Altftade.

om— | o | croma.|samoer] 92 | 25300 [ 20 | g0 | e
1,30 | 1,600 | #me | m1] 11| wme | 17 0.9 8.3
VEo | Y700 | 3 19 15 s | W4 1 60
1700 | 10900 | 18 1 10 8 54 34 19
T'o00 | o100 | 13 8.5 6 5 2.4 H 11

PER CENT INCREASE OF B. H. P. (H. P. at lower speed=100 per cent),
1,30 | 1,50 | 18 18, 18 18 18 g 1
150 | L'7o0 | 18 1] 1 18 5 . 13
U0 | 100 s 7 7 7 8 5 3
1’900 | 27100 Y 5 H 4 ] P 2
INCREASE OF I. H. P. (from values in table 1),
1,300 1,500 30.5 25 20.5 16.8 13.8 11.6 2.8
r's0 | 70 | 2 10 18 18 L3 0.2 8
1’706 | 1eoo | 18 1.3 | 18.8 | 18 9.8 8 6.7
Too0 | 100 | 17 7 |17 0.2 7.3 8.4 5.5
PER CENT INCREASE OF L H. P. (H. P. at lower speed=100 por cent).

1,30 | 1,50 | 18 18 18 18 17 17 18
1,500 1,700 12 12 13 13 12 12 13
700 | 1o g ] 9 9 ? B #
%00 | %100 7 7 7 7 H 7 7

TasLE 8,—Relative amounts of energy supplied per stroke.

B, T. U. SUPPLIED IN FUEL PER UNIT TIME DIVIDED BY R. P. M. (values [rom table 2}

{To socompany pls. 31, 33, and 38.1

Altitude.
eohm
£ p. -1 5000 | 10,000 | 15000 { 30,000 | 25000 | 30.000
Ground. | ‘fher' | ‘foet. jt. | feat. | feet. | feet.
1,300..... 92.1€ | 18.00 | 1448 | 1185 9.85 8.48 7.8
1,500.... 21,50 | 17.95 | 14.86 | 12.38 | 10.30 8.60 7.20
1,700.....[ 21.38 17.45 14.20 11. 76 9.58 8.47 7.41
1,000..... . 21.4 17.15 1438 11.95 10.55 8.56 7.8
100 a0ds | 17.00 | I&YE | LT .75 8.10 6.56
Average.| 21.4 17.5 164 1.6 10.7 8.4 7.3
FCEL CONBUMPTION, LBS, PER 1. H. P. PER HOUR (averaged from table 1}.
Average.] 0.487 | 0.467 | 0.468 | 0.488 | 0.460 | O0.47¢ | 0451
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APPENDIX.

2,160 B.P. M.

A STUDY OF AIRPLANE ENGINE TESTS.
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RESULTS OF THE TESTS USED AS A BASIS FOR THIS REPORT.
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Results of the tests used as a basis for this report—Continued.
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A STUDY OF ATRPLANE ENGINE TESTS.
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Results of the tests used as a basis for this repori—Continued.

1,500 R. P. M.,
Fueloon-

B.t.o.| B.t |B.touw
Test No, | Barom-| "y in iz ,Eﬁ;ﬁgd B.H.P. "i’glﬁ,“n
exhaust. [ Jacket. | B. H.P. H, B jbr.
®-A....f 02.0 | 10,20 | 5495 s,ms_l 33,100 ﬂﬁ’ 0.484
a« 15,750 | 5,468 | 6,385 | 47,060 | 144.0 58
B...d 4g.9 { ‘@300 | &0 | 5005 | 20,700 | 114.0 515
C..... &« 9,120 . 5605 | 21,820 | 118.7 53
$7.6 | 6410 | 460 | 3,600 | 156020 82.3 ~551
D...| & o800 | 4320 | 3825 | 16,080 2.0 540
E] es7 | 430 | b0t | 233 | 13,550 5.7 .71
“ 430 | ®)E | 2,265 | 12,100 5.2 .851
100-A....] 6o | 12,230 | 500 | 6400 | 325220 | 1.0 .43
" o | 5000 | 618 | 27,60 | 3.2 o558
B.... 49.8 | o7 | 4075 | 490 | 20,008 | 118.0 .838
L OBl | 4875 | 4900 | 270 | 188 LBl
2.5 | 6,58 | 4270 | 8828 | 20,980 0.9 Rt
D....| « TI78 | 4,270 | 8,875 | 14,498 8L8 .08
25.5 | 458 | 370 ‘265 | 10,800 51.9 .®1
E...| « €634 | 84m 20 | 10,07 5.8 .610
101-A....] el | 18,300 | 5480 | 6,000 | 26,410 | 1435 548
« 130940 | 5,750 | 5080 | 34,410 | I4L8B 507
B.... « 50 | see0 | &8s | 3,300 [ 181 L684
“ 12,0 540 | 5900 | 25300 | 1837.0 59
Corere| 6 1250 | &430 | 5000 | 2540 | 197.8 .59
9.9 | 11,040 | 4850 | 4,80 | 2,030 | 111.0 Rt
D....| « 100410 | 5020 | 480 | 18,860 | 110.8 536
s 10,200 | 4,055 4, 10, 630 108.9 .51
B...| « o780 | 5,200 | 4785 | 18,740 | 107.5 488
87.8 | 6730 | 4085 | 8,585 | 15100 1.2 .38
Pl @ 5660 | 3,50 | 3470 | 157X 8.1 .63
@] o 8115 | 5630 | 3480 | 15640 7.0 “561
“ 8,67 | 45 | 3,460 | 14,720 8.0 .53
H.. 20| ¢80 | 875 | %345 | 1,020 5.7 .613
o €510 | 3,620 [ 3,20 | 11,310 5.0 .633
I....d w 4 3,875 | 3,1 11,480 3.8 R
u 430 | 8,68 | 3,161 | 11,380 9.2 L0538
105-A....] el | 13, 5,80 | 6,20 | 37,80 | 144.0 .58
“ W10 | 548 | 8,080 [curaereced 130.0 [ocoiiinee
63.2 ‘560 | B,53L | 6,800 | 33,400 | 1445 W]
« W86 | 8 8290 | 36,290 | 1433 9
L...| <« 10060 | 5020 | 6,280 | 0,485 | 1448 =1
J o« W0 | BEY | 618 [ 0.0 fouernmeer
« 11,810 045 | 6309 | 98,230 | I4LS 53
PW0 | 5,163 | 463 | 19,50 | 1120 AW
'100 | 5360 | 4,846 | 33,50 | 110.8 .5T6
10,00 | 5,118 | 4,840 060 | 110.0 .583
9, 5199 | 4,80 | 21,430 | 1103 L5684
6160 | 583 | 8,88 | 14,180 0.2 st
700 | 4840 | 3,40 [..... eeee] TS leeena.. o
790 | 4,58 | 8,588 3 80.5 508
W0 | 4,843 | 34W | 14U w3 511
o5 | a0 | 5,1 | 10,87 51.% 609
£ | 3, 2jg¢ | 11,080 ;|1 5
T4w | 5,760 | 3,20 | 10,620 8.4 801
12,200 | 4,018 ,335 | 28,020 | 148.1 547
15,080 | 4, 6,101 | 26,500 140.3 8%
0382 | 4,330 2861 | 23,190 | 111.2 2563
9630 | 4,435 | 4,85 | 25800 | 1078 603
620 | 276 | 3,58 | 15880 80.2 .55
7105 | 4974 | 3,80 | 16,710 7.8 Y
4235 | 9,198 | 5,938 | 13,280 5.7 .678
4F% | 8,350 '206 | 18,165 50.5 5
920 | &1 | 815 | 35980 | 143.0 .516
9095 | 4910 148 | 76,30 | 1428 .58
7185 | 4276 | 510 [ 23,780 | 1174 .580
7670 | 4,005 | 520 | 5,80 | 1198 .50
g6 | smd | 8,4 | 16,870 88.7 .51
slgoo | 3,00 | 3,780 | 16,880 85.5 550
..... pA FTR A M A PO B T A%
.................................... el 8L 58
3,545 | 8,050 3 12,380 5.5 .685
5,006 | 2,00 | 597 2700 5.3 .838
si-E....| &9 | 100 [ 4085 | 630 | 2500 | 180 41t
R 10,840 | 5,060 | 6,080 | 95760 | 1I38.5 528
« 10420 | 450 | 8200 | 25 uLs “508
F....| 10.85 g,oso 405 | B 20,430 | 1188 488
B @ 'm0 | 4000 | 6870 : L0 L5385
Dol s1.8 | 6478 | 4190 | 8,635 | 15,650 8.1 J515
| g0 | 4100 | 8,528 Y 0.4 5
Bl es1 | B0 ! 3,880 | 433 | 10,795 55.8 540
Ao« 6450 | 3880 | 2,880 1 85.1 J551
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Results of the tests used as a basis for this repori—Continned.

1,300 R. P. M.
Fuoelcon-
B.t.u. | B.t.un. | B.t.u.
Test No, | Barom- | 'y i m | B 55 | B H. B [tqmmtn
exhanst.| facket. |B.H.P. n.ﬁ’.ﬁ:.
%-A....] 2.0 | 890 | 370 250 200 | 120 | 0.6
“ e | 470 210 B0 | I20.7 L850
B.... 409 610 | 4660 | 4710 96.2 51
c.l W 7,600 | 440 | £325 | 184 96.3 L3
¥ | 5E0 | L0 LOW | 1300 6.1 5T
P...|] « 060 | a,688 | Lo | 1x1s0 6.0 58
25.7 | 2,680 | 8360 | 1,605 | 9,860 L4 .z
B....f « 650 | 3,985 | 2000 | 10,580 41 .7
100-A....] 6L9 |eeeeeo...s emsmzzzed 5570 [eueee-..nd 128.5 o458
« 9,600 | 4,635 1 B30 %0 | 1226 58T
B...] 408 825 | 645 | 4,20 | 17020 o8.5 504
“ 7702 | 4340 | 4255 | 1825 .0 .81
Q... 8.5 | K535 | %65 | 300 | 15760 &6 .648
o Bz | xmo | nos | 1265 %1 518
255 | 415 | %260 | 1Le8 | 10,560 450 ~688
B.l « 4300 | 270 | s | 7148 53 .
101-A....] o1 | 10,80 | s10 | 510 [ 10,80 | 109 .488
Bo..| « 10,450 | 4740 | 4,80 | 20,100 | 16.3 508
e = 10,800 | 4,880 | 5,260 | 31,700 | 1305 L5I8
40.9 | 8,280 | £345 | 4130 | 17,070 o1 515
D...|] 8410 | 4320 | 4,130 | 17,400 2.9 453
BI] « 8140 | 460 ] 4160 | 17300 %90 -518
8.8 | 5000 | 4040 | 3010 | 1%si0 6.6 516
F...| & 618 | 280 | .00 | 15650 67.4 582
a.ll] o« 6460 | 4,500 | 2,880 | 18,170 8.5 519
« €00 | 475 | 2900 | 12720 65.9 548
H...} 260 | 400 | %35 | LM | 875 4.8 +550
“ 2840 | 2286 | 1,920 | 10900 433 -e63
w £520 | 8220 | Loos | 9,50 a1 .63
L.. « 50 | s | 180 | 1700 it g
“ 2,605 | Szm | Lss | gm0 0 ~650
105-A...4 621 ] 0,750 | 4,85 %06 | 23,800 | 1223 54
@3 | s | siE 543 | @100 | I47.8 814
L...| =« 10,605 2 4m 20 | 2oz | W8E 492
K.l « 10,140 | 4,060 a2 | 229 |oos.... .
s 10,020 | 5070 Q0 | EE0) 1345 -
Toooud 5.3 | 7.821 | 4624 | 4178 | 18460 5.4 585
I..... € 745 | 6547 | 4,210 | 10,20 %58 56
HI] « M0 | 452 | 432 | 16590 043 5B
“ "T0L | 4,600 | 4186 | 187180 9.3 <57
105-G....] LT 762 | 4,055 | 3,019 | 11,910 6.8 503
¥ @ 812 | 4735 | 040 | 13,240 6.3 58
b N 8,15 | 4101 | 2,020 | 13,940 &.5 55T
D] a0 | &m0 | %36 | Lsea | g0 i3 .66
0.0 w 958 | %28 | Lesz | 965 “®1 .69
: Nt I Eeos | %86 | Lo | eTal 45,2 27
“ 737 | 8356 | Lo | 9e20 ] 638
106-A...] 21| 10200 | 4,300 | 585 | 4,880 | 151 548
“ 10,350 | 4,587 | B 4%0°| 3515 | a3 50
B...] a8 885 | 3,857 | 4,280 745 o065 . 608
c...l] u gm0 | 410 | 4007 | 17,50 0.1 54l
875 208 | %913 | %104 | 1810 0.7 a2
D...] « 6025 | %780 | 2988 | 14,010 5.3 - 590
257 | 580 | 3430 | Lod5 | 90,18 4.3 586
B...l « 5928 | 3082 | 1873 | 11,80 2.6 T
H eL9 | 7,902 | ¢32: 180 | 10,770 | ums 482
[e? “ 7,685 | 4,330 20 | w60 | mLa .50
“ . 121.3 5l
408 |776,307TT,680° )4 820 (IS, 480 o1 V549
“ ams | 4050 337 | 26,010 0.3 +600
« 6850 | 4,108 456 | 10,410 | 1022 | 538
D...] s8] 40 | %o 173 | 13,90 73.6 554
G 700001 I D O Mt S St O - -5a1
G = 3,7 3,014 |78, 138 | 715,480 TL§ 530
Bl 27| %3i0 | o4 | Loss | 10,325 &8 .608
AL} = gost | goies | Lo | 10,000 @9 644
H-H...| 6L0 | 9200 | 448 %0 | 2,800 | 1314 500
“ 0,315 | 4340 90 | w0 | @y s
g.... = 1,00 | 430 200 20 | 16 B0
Poll 4008 4,030 250 320 .5 in2
RLY = 7. 2,000 o | 178%0 X .71
p..ll sne &5 | 3,60 | &z | 14000 72.4 539
. 70 | 868 | 31 170 720 510
c « 100 | S5 | 3.090 080 6.0 -7
B %7 | 3 a0 095 | 94m 48,0 551
A “ 3,812 | 9083 [ 2042 | 0,590 a1 19
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