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THE POWER or AIBCRAFT ENGINES AT ALTITUDE*

By Paolo Raga”" 3 1176 01329 1696

The consistent increase in flying speed‘is perhaps
thé most outstanding feature of modern aircraft design.
This rise is due in part to the progressive improvement
of the aerodvnamic characteristics of the airplane, and )
in part due to greater horsepower of the installed engines
and ‘the normal flying heights, As & result the airplane
designer is faced with the quest for engines capable of
developing greater performance and at higher altitude,

Among the many problems involved in the development
of high-powered altitude engines the prediction of engine
characterigtics presents many obstacles which increase in
the same measure as the power and the rated horsspower
ceiling. As & result of this the last few years have seen
numerous investigations in the attempt to find formulas
and methods by means of which the performance characteris-
tics established on the ground could be correlated to the
performance expected at altitude.

The conventional formulas and systems are accurate
enough for engines of average performance and low rated
horsepower ceiling, but not for engines with rated horse-
poer ceiling.of over 4,000 meters, as built today. The
formulas are then gquite inaccurate and fail altogether if
applied to engines intended for substratosphere flying.

The difficulties are particularly great 'in an at-
tempted comparison of the cooling conditions of air-cooled
engines at sea level with those at altitude..: By the pres-
ent state of knowledge this problem has not been solved
satisfactorily; it may even be contended that our present
technigue does not rest on reliable data on the basis of
which the results of engine-cooling flight tests carried
out at a certain flying speed and air density can be aceu-
rately compared with the diverglng conditions.

*TContributo allo studio del comportamento in quota dei
motori dlaviazione." Reprint of paper presented at meet-
ing of Lilienthal-Gesellschaft fiir Luftfahrtforschung,
October 12-15, 1938, Berlin.
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The efforts of numerous able engineers in the attack
of this problem have, to be sure, increased our knowledgs
enormously, but still fall short of generally applicadle
practical résults, The reason for this lies in the fact
that the formulas and coefficients are largely dependent
upon the cylindér form and cooling fins as well as on the
type of cowling used, i.e., on quantities which change
from one engine to the next and are subject to continuous
modifications and improvements.

The subject of the present report is confined to the
investigations and methods employed by the Fiat company
in their studies on the altitude performance of an air-
cooled engine of the production type. These studies, it
should be borne in mind, were not undertaken for the pur-
pose of obtaining scientific data or general formulas,
but primarily to assure all the data necessary for unin-
terrupted and constant progress in the manyfacture of the
engine and to predetermine the operating characteristics
in flight of new types.

: The experiments therefore have a more industrial than
scientific character; but even so, it is hoped that the
description of a complete test program on a modern engine
will contribute to the study of altitude performance of
aircraft engines.

DESCRIPTION OF TESTS

Experimental Set-Up

The altitude test stand, begun in 1932, (figs. 1 and
2) has already been described elsewhere (Rivista Aeronau-
tica, no. 5, May 1934). Originally designed for water-
cooled engines of 1,000 hp. at 5,000 m and 'for 500 hp. at
10,000 m, and for air-cooled engines of 500 hp. at 5,000 m,
subsequent improvements have made it possible to accomodate
air-cooled engines up to 1,000 hp., at 5,000 m at air
speeds up to 350 km/h.

Test-Engine Data
The engine used for the tests is an air-cooled, 18-

cylinder 2-row radial, type A 80 RC 41 (fig, 3) with the
following principal characterisitcs: '
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Bore and stroke

Displaéeﬁenf‘>w

2,100

140 X 165 mm

k]

~

45,720 cmd 1YY

Rated r.p.n. .

Rated altitude 4,100 m
Compression rati§ . .8.7 o
Ratéd suﬁercharge ratio \ 1;61

Rate boost pressﬁre 735 mm Hg>.
Rated full power at 4,100 m 1,000 hp.
Peak horsepower 1.100 hp.

The total cooling surface of a cylinder is 0.8930 m2

divided as follows:

Cooling surface of barrel 0.3350 m2

Cooling surface of head 0.5280 mnm?2
The design of the cooling fins and the disposition
of the baffles can be seen (fig. 4).

Mounting of Engine on Torque Stand

The engine was mounted on the stand with the same
baffles ordinarily used, and so was the cowling. The ex-
haust collector had the same section as employed on the
airplane, in addition to an outside water jacket with
which the cooling air was heated from the engine direct.

.The cowling was fitted to the outlet opening of the
cowling air nozzle by means of a conoid so ‘that the circu-
lating air passed across the cylinders. The engine shaft
was connected with the brake by means of an elastic coup-
ling of the same polar moment of inertia as the regular
propeller, -The original intention was to connect a fan
with the coupling so as ‘to give the cooling air the same
turbulent motion as afforded by the regular propeller, but
was dropped again because of the almost insuperable com-
plications in the measurement of the engine performance,
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"Particular attention was paid to the instrumental re-
cording of

a) The total pressure in the air inlet duct before
the conoid connecting the cowling,

b) The static pressure in the test chamber behind
the motor,

¢) The.total head and the static pressure under the
cowling ahead of the cylinders. It was found
that this pressure was practically egual to
the static pressure and that the velocity ef-
fect can be almost completely neutralized or
reduced to a simple turbulent motion. The
pressure was computed from the records of eight
suitably arranged (reference 2) pressure re-
corders,

d) Total head and static pressure behind the cowling,
measured as for (cJ.

The cited pressure recorders were purported to give
the pressures and velocities to which the temperature
values during the cooling tests were referred. For com-
parison with the velocity conditions encountered in free
flight, it was decided to assume the velocity bpetween the
cylinders, which corresponds to the difference between the
total pressure before the conoid and the static pressure
downstream from the engine as flow velocity, This is not
guite exact, since the pressure diiference between entry
and exit from the cowling is not merely dependent upon
the airplane speed, but also on other factors, such as
the cowling form, type of baffles, etc. But for the pur-
pose of our investigations the approximate values obtained
on this premise were sufficient. For more accurate ap-
praisals, we refer to figure 5, which gives the pressure
difference between air entry and exit from the cowling in
relation to the recorded velocity as indicated above,

Other than these instruments, we used
e) Thermocouples and special thermometers for cylin-
der temperature, cooling air, air intake, mix-

ture temperature at cylinder entry and exhaust
gases,

£) An air flowmeter mounted outside,
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e) The customary other ‘instruments used on altitude
test stands, such as revolution counters, flow-
meters, exhaust-gas analyzers, altimeters,
pressure gages,. etc, .’ )

EXPERIMENTS CONCERNING TﬁE HORSEPOWER CHARACTERISTICS

The change in power of supercharged engines in rela-
tion to altitude is a problem of capital importance with
which numerous investigations within the last few years
have been concerned.

The prediction of the power at altitude on the basis
of sea-level data is generally achieved by either one of
two methods, one derived from English, the other from
N.A.C.A, researches and experiments,

The N.A.C.A. method is based on the determination of
the sea-level power with open throttle, either measured
direct {(but under abnormal operating conditions) or, if
this is impossible, determined by extrapolation.

The altitude performance is computed from the sea-
level data by means of suitable formulas. This method
has found widespread use in the United States for the
lightly supercharged engines built there during the years,
because the low supercharge of the U.S5. engines enables,
by quick execution of the measurements, the determination
of the sea-level power of the engine without mechanical
injuries,

In Europe, where for military reasons higher super-
charging is customary, the English method has proved more
suitable, In this method an altitude depression box is
hooked up to the air intake and the power computed with
well-known correction formulas.

At times a compound system is employed, The power
at rated altitude is determined by the English method,
after which formulas starting from the rated altitude give
the decrease in power with increasing height.
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DISCUSSION OF FORMULAS OF REDUCTION OF POWER WITH ALTITUDE
The best-known formulas are:

_ Bz /g (A)

which rests on the relative air density.

P T - -
PO T

2

(N.A.C.A. Report No., 295)

P 1+mE -% (n-1)(L - K,)
K = — L Yy e - (c)
Pa n m
(From Devillers: Le Moteur & Explosion 1935)
K = <8 - ' (D)
7 55

(Formula by Gagg and Farrar, SAE Journal, June 1934)

D, 529 + 15 '

D, 529 + b,

(Formulas of the Italian Committee for Aircraft Specifi-
cations) PFormula B is derived from formula A,

In experiments with a liquid-cooled noansupercharged
engine in the Italian altitude test chamber, the follow-
ing formula was arrived at:

- 60 817 - &

700 . 817 - t,

(Aerdtecnica, May 1935)

Experiments with liquid-cooled supercharged Fiat en-
gines (A 30 RA and similar) in the altitude test chamber

gave the formula
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. p, ~ 85 350 - ¢ o =
K= L& - 2 o (@)

o]

375 350 - ¢
which resembles F.

From tests on air-cooled supercharged engihes tested
in the Fiat altitude test chamber the following formula
was developed: :

Pﬁpo Pmpo - €z

= 2 (1 + ) - + (Fiat) ()
Po Pmeo Pmeo Pmeo

Herein:
Py is air density at altitude =z
Pos air density at altitude o
Pmpo, mean piston pressure corresponding to the power
loss due to parasite resistance in operation

with full throttle at altitnde 0

Pmeo, mean effective piston pressure of engine operat-
ing with full throttle at altitude o

z, operating height (km)
€, proportionality factor of equation
Pmpz = Pmpo - €z (1)

The above formula presents the change with altitude
of sthe mean piston pressure corresponding to the power
loss at sea level. For the A 80 engine, the value

¢ = 0.0455
was experimentally arrived at.

Formula H rests on the assumption that the mean in-
dicated piston pressures at the various helghts are pro-
portional to the respective density, i.e,,

Pmez + Pmpz a;%i (Pmeo + Pmpo)
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Substitution herein of the value of equation (1) for Pmpz
gives formula (H).

It should be noted that when applying the above for-
mulas the engine power as well as the total power losses
at o altitude must be determined.

For the A 80 engine with full throttle at altitude
o, a power of 1,625 hp, by a brake mean effective piston
pressure (Pmso) of 15.24 kg/cm® and a pressure loss.
(Pmpo) of 2.44 kg/cm2 was established.

The potential errors involved in measurements of this
kind are deleterious factors in the application of these
formulas as regards accuracy.

Figure 6 illustrates the actual power drop starting
at the rated altitude of 4,100 m in comparison with the
percent of power drop at altitude o computed on the basis
of formulas (4), (¢), (D), and (H).

The degree of accuracy of the various formulas is
readily apparent,

If the power at rated altitude can be obtained di-
rect (either in altitude test chamber or by dynamometer
hub in free flight), this power may be used as the start-
ing point of the calculations, beginningwith the horse-
power at rated altitude instead of with the power at sea
level. In this case, the accuracy of the formulas is
noticeablv greater, as seen in figure 6.

DISCUSSION OF CONVENTIONAL CORRECTION FORMULAS

ENPLOYED IN TBSTS WITH ALTITUDE DEPRESSION BOX

The formulas in the engine test specifications of the
Italian Air Ministry, which are largely patterned after the
British (reference 3), stipulate that, to determine the
power at altitude 2z, the power obtained at sea level
from an altitude depression box at negativc pressure 2
must be multiplied by the following coefficients:.

. 529 + t | )
W, = WoXl+ 0.00063 P2 (t - t,) o -(1 Lol 780~ pg)
100 35

529 + b,

(2)
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L .. Tnese three coefficients serve, as is known, at alti-
tude 2z to account for. T :
a) The increase in the boost ratio of the supercharger

b) The change in temperature of the inducted air

¢) The drop in exhaust back pressure,

/ The method of checking the total error deriving from
§ the application of altitude depression boxes and the rela-
tive conversion formulas was as follows:

The engine was tested in the altitude test chamber
under the same conditions as in the test with altitude de-
pression box, i.e., at a 760 mm Hg exhaust back pressure
and 15¢ C. intake-air and cooling-air temperature. The
charge pressure and the power with full throttle up to
83,000 m were computed by the official formulas, The above
cited formulas are valid only up to 7,000 m, while, for
the sake of clarity, the tests were made up to 8,000 m.

Subsequently the actual power and the charge pressure
under otherwise identical conditions were measured on the
altitude test stand under actual conditions of altitude
operation.

The findings of the two tests made at normal r.p.m.
are compared in figure 7. For other r.p.m. the curves are
very similar.

4n examination of the curves reveals two very signifi-
cant facts:

a) The actual power decrease (curve B), beyond the
rated altitude differs from that computed on
the basis of the test with altitude depression
box {curve A),

b) The actual rated boost pressure (735 mm Hg). 1is
considerably below that established on the
basis of the formula (765 mm Hg)

¢) In spite of this pressure difference the effective
power at rated altitude is little different
from that arrived at by formula, This inpdi-
cates that the formulas lead to a substantial
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‘minus error and that the relation between
boost pressure and amount of mixture inducted
into the engine (and hence the engine power)
varies considerably on changing from the test
conditions in the altitude depression box to
the actual operating conditions at altitude,

The verification of the change of this relation and
of the accuracy of the individual factors of the correc-
tion formula are treated next.

EFFECT OF DECREASE OF EXHAUST BACK PRESSURE

In nonsupercharged engines a reduction in exhaust
back pressure is synonymous with an increase in effective
displacement and hence in the horsepower, which is a func-
‘tion of the difference between intake pressure and exhaust
back pressure.

In supercharged engines the variation in power is
more complicatedly connected with this pressure differ-
ence, A change in pressure, owing to decrease in back
pressure, of the burned rest gases in the cylinder changes
at the instant of inlet-valve opening the conditions on °
the outlet side of the supercharger and hence it operating
conditions. A chance in alir volume and boost ratio re-
sult, i.e., the supercharger opsrates at a different point
of its characteristic power curve,

The increased engine power represents the -algebraic
sum of the following factors: :

.a) Power galn resulting from greater cylinder charge,

S b.) “hange of .power absorbed by supercharger through
increased voluuwetric output,

¢) Gain due to changed pumping cycle.
Two 1mporta;t observations follow herefrom, namely:

a) It is not correct to employ the same formulas for
englnes with and without superchargers,

:b) The test specifications make no allowance for the
changze in intake pressure resulting from the
changed delivery volume at the different exhaust
back pressures,
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Since this change in boost pressure is a function of
the delivery volume, it natarally is dependent upon the
type of supercharger. . From this it becomes clear that it
is very difficult to establish a formula of general valid-
ity accurately enough for all engines,

Tne above cited pressure change, which has also been
treated by Gagg and Farrar (reference 4), afforded an ex-
planation for many abnormal phenomena during the testing
of carburetors with diffusers of different diameters on
the Fiat altitude test stand; it also explains the defi-
ciency in effective charging pressure observed on many en-
gines in relation to that obtained by formula, which is
particularly noticeable in climbing where the auxiliary
action of the dynamic pressure is lower.

VARIATION OF CHARGE PRESSURE IN RELATION TO EXHAUST

BACK PRESSURE

For the determination of the effect of exhaust back
pressure on the charging pressure, the procedure was as
folliows: At 760 mm Hg. exhaust back pressure the engine
was so regulated that the charging pressure at altitude
with full throttle and a constant intake temperature of
150 ¢, amounted to 800 mm Hg, The throttle was locked in
that position and the back pressure lowered by stages
while the charge pressure was measured,

Tae charging pressure range from 800 to 500 mm Hg,.
was plotted which gives the decrease in charging pressurs
in relation to the back pressure (fig.'8).

These curves digclose that the decrease in back pres-
sure is followed by an increase in delivery volume and
simultaneously by increased engine power, while the charg-
ing pressure drops almost proportionally to the increase
in delivery volume, ‘

The drop in charging pressure fgllows along a very
flat curve, approaching at great heights the abscissa
asymptotically. This is indicative of a consistent de-
crease in the effect of the back-pressure reduction with
decreasing back pressure; it approaches zero when the ex-
haust back pressure becomes zero (absolute vacuum). Up
to 3,000 or 7,000 m the curve remains practically linear,
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which greatly facilitates the development of a correction
formula and this allows for the effect of the too-high ex-
haust back pressure in test with altitude depression box,

The correctlon factor is a function of charge pressure
and altitude, from the equation for the rectilinear part
of the curves in figure 8 the correction factor

z 350 + P
= 1 - ——e 2 (3)
1000 250 P,

where z 1is operating height

Py boost pressure at altitude o.
This formula holds only for engines with supercharger
characteristics similar to those of the A 80 type, since
the boost pressure decrease is intimately related with the
type and the operation conaitioqg.of the supercharger,

Discrepancies of about the same order of magnitude
were observed in the altitude chamber tests of 7 and 9
cylinder radials of different design from the A 80.

CHANGE OF ENGINE POWER IN RELATION TO EXHAUST BACK PRESSURE

To establish the formula for computing the change in
horsepower in relation to exhaust back pressure, the engine
was operated at various back pressures, while all other
factors controlling the power change, such as r.p.m., boost
pressure, mixture ratio, etc., were kept constant, These
tests were mads for the whole practical range of boost
pressures, and theé results plotted for altitudes up .to 8,000
m (26,250 ft.) at constant r.p.m. (2,100) and constant in-
duction temperature (15° C.) (fig. 9). The tests were so
carried out that in the recording of the curves only one
variable was changed at a time,

Admittedly this method afforded only individual points,
but the chosenr.p.m. ranges were characteristic - and the
unifornity of the test values constituted an 1mportant
check on the accuracy of the measurements.

The plotting of the test curves for different helghts
is, besides; of great importance because it enables one to
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determine the engine power at throttle r.p.m. (cruising

~.speed )., where the formulas for--the -power decrease and the

formulas for power computations based on altitude depres-
sion-tank tests are inapplicable.

Figure 9 indicates a different rise for the curves
plotted at different heights under altitude conditions and
also that the engine requires by increasing altitude a
lower boost pressure for the same power output. For that
reason it is not possible to compute the actwal course of
the calibration curves at altitude on the basis of sea-
level test data nor from formulas, These calibration
curves were developed by the Fiat Company and applied to
all altitude engine testing (reference 5).

It affords the double advantage of obtaining valuable
data for flight testing as well as a simple method of
studying the effect of the different factors governing
horsepower at altitude., Figure 10 shows the engine power
plotted against the exhaust back pressure for different
boost pressures., As far as 7,000 m the curves are ap-
proximately linear. Applying to each of these straight
lines a formula similar to that given in the official test
specifications the correction factors for the different
boost pressures are as follows:

For 800 mm boost pressure: K = 1 4+ e e
For 750 mm boost pressure: K =1+ = —e

For 700 mm boost pressure: K = 1 4 === ———im .

For 550 mm boost pressure: K =1 4 —-=—
For 600 mm boost pressure; K = 1 4+ —= _Lp N

For 550 mm boost pressure: K = 1 4+ ——

For 500 mm boost pressure: K =1 + i _Lp S oh
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The formulas differ merely by a numerical value in the de-
nominator, The -formula -given in the test specifications
and containing only the numerical value 35, is therefore
not applicable for all operating conditions of the engine,
but merely for boost pressures around 760 mm for which it

was established. At lower boost pressures the formula gives

too low , at higher boost pressures, too high values.

To make the formula applicable for all boost pres-
sures, the denominator must be made a function of the
boost. pressure instead of a constant,

Figure 11 gives the change in the denominator term
in relation to the boost pressure. Writing the equation
for this curve in the formula of the test specifications

gives a formula applicable to any other boost pressure P,.

Correction factor =

750 - h
1 + 2 z (4)

2295 + 7.55 (P, - 650) + 1.52 (P, - 650) °°°2

This correction factor allowing for the exhaust back prés—
sure has proved satisfactory for engine types similar to
the A 80. -

EFFECT OF INDUCTION PRESSURE ON ENGINE HORSEPOWER

Tests of Fiat engines with natural aspiration in the
altitude test chamber indicated that the power correction
formula can be suitably expressed by

350 - t,

= B ———

350 - tg

The approximate results witﬁ this formula are much better
than are obtainable with

X = /273 + t4
273 + t,

or with thée official Italian acceptance test formula

.
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529 + tz

Subsequent tests with supercharged engines disclosed
‘that for this type no general formula, which reproduces
the change in engine power in relation to the temperature
of the aspirated air alone with sufficient accuracy, can
be established for the reason that the power of the super-
.charged engine is not dependent upon the temperature of
the inducted air but-on that of the mixture entering the
cylinders, i.e., on the density of the charge. The mix-
ture temperature depends upon the following factors:

a) temperature of inducted air

b) temperature rise due to the work of the super-
charger

¢) cooling due to evaporation of fuel

d) heat input of the oil circulation through the
walls of the supercharger

8) cooling due to the outside air through the out-
side walls of the supercharger and the gas
leads to the cylinders

f) heating of mixture in the induction pipes in
proximity of the cylinders because of con-
duction, convection, and friction,

Since the mixture temperature is the resultant of
all these factors no constant proportionality with the
temperature of the inducted air is possible, and as a re-
sult the correction factor for engine power cannot be
made exclusively a function of the air temperature. In
consequence, to establish this relation the correction
factor must be changed according to height and induction
pressure,

The height effect can be eliminated by referring the
correction factor to the mixture temperature instead of
to the temperature of the inducted air,.

This factor is suitable,_howeve}, for comparative
tests but not for correction formulas intended for the

—
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calculation of the altitude performance of an engine at
altitude temperature on the basis of depression-tank tests
and ‘'of intake-air-temperature measurements. So long as

the formula is applied to the temperature of the inducted
air, both values appearing in the formula are known, i.e.,
the temperature of the outside air which can be measured,
and the air temperature at altitude which is assumed to

be equal to the standard air temperature for this altitude,
But the use of a formula based upon the mixture temperature
lacks the altitude reference values. Depression-tank testis
afford the mixture temperature at sea level but not at al-
titu?e, which is dependent upon the factors cited under a)
to £).

In our tests on the A 80 engine the effect of changes
in intake-air temperature on tne power in operation under
normal air conditions at rated altitude was investigated.

Calibration curves for varying inlet-air temperature
at full throttle (fig. 12) were plotted, and the curves
(fig. 13) giving the power in relation to the mixture tem-
perature at constant boost pressure, derivated. Figure
14 follows from figure 13, It gives the change in correc-
tion factor K when value 1 (base point for the correc-
tions) corresponds to 159 C. inlet-air temperature,.

Figure 15, giving'the correction factor plotted
against the temperature of the inlet air was obtained in
the samo manner.

The correction curve is seen to.be much more uniform
wnen referred to mixture temperature than if referred to
the inlet-air temperature,

) The correction percentage decreases with the charge
pressure. Figure 15 indicates at the same time a compari-
son with the values obtained on the basis of the official
specification formula

From figure 14 a linear relation giving the change
in correction factor X in function of the mixture tem-
perature can be deduced, while from figure 15 a much more
complicated formula results for K. :
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CORRECTION FORMULA FOR THE BOOST RATIO

1

In the study of the effect of inlet-air temperaturse
on the supercharge ratio, the engine was operated at rat-
ed altitude and the change in supercharge ratio measured
between -409 and 4400 by changing inlet-air temperature,

Mixture ratio, cylinder temperature and all other
factors of potential influence on the supercharge ratio
were kept comnstant,

In the attempt to define ﬁhe change in supercharge
ratio by means of a formula similar to the well-known

1 + 0.00063 Pa(t - t,)

it was found that the numerical value for the rated height
is 0.00045 rather than 0.00083 (fig. 18).

To check the effect of the suction head on the super-
charge ratio, the suction pressure at full throttle was
gradually reduced -~ starting at 4,100 m - to a value cor-
responding to that of 8,000 m altitude, whereby the super-
charge ratio was found to increase with altitude, as shown
in figure 17.

Figures 8, 16, and 17 illustrate the change in super-
charge ratio under changing air conditions of the engine.

-CONCLUSIONS FOR THE PERFORMANCE DETERMINATION

From the foregoing test data it is clear that the
formulas in the present test specifications are no longer
applicable to modern sengines.

In the FPiat factories every engine type was subjected
to tests similar to those described, and correction for-
mulas or curves established waich were satisfactorily ap-
plicable to engines of similar design.

The Fiat method is as follows:

a) The engzine, receiving the inlet air from a depres-
sion tank, operates at an induction pressure
corresponding to altitude 2z; the charge pres-
sure is recorded.
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b) The charge pressure is corrected according to for-
mula 3, giving the pressure corrected for re-
duced exhaust back pressure effect.

¢) The supercharge ratio is computed and corrected
for temperature effect according to the known
formula by applying a suitable correction fac-
tor; it affords the true charge pressure at
altitude =z.

d) Read from the sea-level calibration curve the sea-
level power at the real charge pressure corre-
sponding to altitude 2z as established in (e).

e) Correct this power with the factor given in for-
mula (4), which gives the power corrected for
exhaust back pressure,

f) Reduce this performance in accord with the air-
fuel temperature (fig.1l4) or the inlet-air tem-
perature (fig. 15), which gives the true power
at altitude z. ‘

This method is very advantageous for normal torque-
stand use because it enables computation of the power at
altitude from torque-stand tests by means of the calibra-
tion curves without having to resort to measurements on a
dynamometer brake,.

If the test is made on .a dynamometer brake the proce-
Aure is reversed, i.e.,, the sea-level power at charge pres-

sure corresponding to altitude =z 1s measured on the basis
of the calibration curves, followed by (e) and (f).

ENGINE COOLING

)

The factors governing the cylinder temperature of an
engine may be classified into:

a) Factors governed by engine design:
1, Engine diameter and cylinder arrangement
2. Design and dimensions of cooling fins

3. Design of cowl (baffles and N.A.C.A. cowling)
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b) Factors governed by loading of engine*
1. Indlcated horsepower developed in cyllnder
‘2. Air-fuel ratio and type of fuel used
c) Factors governed by atmosphere:
1. Speed of cooling air
2. Temperature of cooling air
3., Density of cooling air
4. Temperature of inlet air
d) Factors governed by (a), {b), and (c):
1. Mixture temperature

In our altitude chamber tests, the factors cited un-
der (a) were disregarded since they already had been es-
tablished in the design, neither did we explore the abso-
lute effect of every single effect for itself, but rather
attempted to study the actual behavior of the engine at
altitude,

First we studied the relationship existing between
spark plug and cylinder-flange temperature and the mean
cylinder temperature,.

The cylinder temperature of an engine is, in general,
gaged by the temperature of the spark plugsand that of the
cylinder flange.

In some engines where the spark plugs are especially
cooled (for instance, by lateral arrangement on the cylin-
der), it is standard practice to mount thermocouples at
the rear portion of the cylinder head, that is, at the
points considered characteristic of the mean cylinder tem-
perature by the designer.

On the A 80 the rear spark plugs are in fact the hot-
test part of the cylinder and the rear of the cylinder
flange the hottest part of the cylinder barrel, which are
therefore fitted with thermocouples intended as a check
on the engine cooling in flight as well as on the torgue
stand.
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The method of exploring the relation between the rear
spark-plug temperature and the mean barrel temperature was
as follows:

While the engine was operated at constant air-fuel ra-
tio and constant rate and temperature of cooling, the temper-
ature was recorded with thermocouples at different loads,
To avoid interference with the flow of cooling air at the
fins the thermocouples were not all mounted at once, but
in several stages. ZFigure 18 shows a cylinder ready for
such a test. By averaging the temperature readings and
proportional distridution of the cooling surface covered
by each thermocouple the mean temperatures were established.

In this manner the curves of figure 19 were obtained,
which show the temperature of the rear spark plug and of
the flange plotted against the mean cylinder-head tempera-~
ture and the mean barrel temperature.

The same measurements were repeated on the altitude
test stand with a smaller number of suitably distributed
thermocouples., It was fournd that the relation shown in
figure 19 remains applicable without excessive error up to
heights of 8,000 m for standard air ard speeds between 200
and 350 km/h (125 - 217 m.p.h.)

It was found that pressure and temperature changes of
the outside air have an identical effect at any point of
the cylinder,

Changes in air speed increase the temperature differ-
ence between front and rear cylinder portions. The mean
cylinder temperature rises a little faster with altitude
than the spark plug temperature, although It causes no
perceptiblc change in the curve of figure 19 at the
speeds and heights in guestion.

To determine the mean temperature increment the air-
outlet temperature at the cyliader-head bpaffles and barrel
as well as the mean alir-outlet temperature at the cowling
aft of the engine were recorded separately. Of course,
this temperature included the temperature rise due to beat
dissipation from the crankcass.

The temperature measurements at the cylinder head and
barrel are guite inaccurate, since the radiation of the
cylinder itself ‘affects the thermocouples. For this rea-
son the mean temperature difference of the cooling air be-
tween entry and exit from the cowling was assumed in first
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approximation as mean temperature increment between cyl-
inder.and cooling air.. . . .

COOLING TESTS

These comprised chiefly the total change in cylinder
temperature with increasing height in standard air and
constant cylinder output, the cooling air temperature in
standard air being varied in stages of 1,000 m from sea
level to 8,000 m, To keep the indicated power constant
the inlet temperature, the air-fuel ratio, the engine r.p.m.,
the charge pressure, and the back pressure were kept constant,

As the cylinder temperature drops the effective power
drops despite constant charge pressure as a result of the
increasing friction losses and the mixture temperature,
thereby causing a reduction in indicated power,

This power loss can be avoided by so changing the in-
let temperature that the volume and hence the indicated
power remains constant. It was therefore assumed that at
constant- charge pressure the indicated horsepower could be
considered constant, Moreover, the cited power changes
are not so great as to cause an essential change in the
obtained mean temperature records,

To afford at the same time the facility of exploring
the effect of speed changes, the speed of the cooling air
was changed in 25 km stages at every altitude between 200
and 350 km/h. The charge pressure was varied at every
speed value and the correlated cylinder temperature re-
corded.

The execution of such tests is guite difficult and
exacts great demands on the patience since the thermocou-
Ples used for the cylinder temperature records are very
apt to yield errors of the order of magnitude of 20 to 3°
and imperceptible changes in the constant factors can
cause appreciable variation in the cylinder temperatures,

After tedious and exacting tests the curves (fig. 20)
were obtained, They give the mean spark plug temperatures
from sea level to 8,000 m in relation to the air speed at
constant charge pressure (constant cylinder output) for
all practical charge pressures of the A 80 engine.
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FProm figure 20 follows figure 21, which gives the
change in spark-plug temperature in relation to the air
density at constant horsepower and constant speed. It
will be noted that the temperature rise becomes so much
greater as the air speed decreases. loreover, it drops
rapidly with the density. Figure 22 gives the tempera-
ture change at constant horsepower plotted against the
air speed at different heights and standard air. The
temperature decrease is seen to increase with altitude as
a result of increasing speed,

In addition, we studied the actual cooling conditions
in the engine. with increasing height instandard air, con-
stant charge pressure, and an effective output correspond-
ing to curve B in figure 7. To simulate actual conditions
as closely as possible the speed was changed proportionally
to the third root of powcr and in the inverse ratio of the
air density.

Figure 23 shows the temperature distribution of the
rear spark. plug of a cylinder which is cnaracteristic of
the mean temperature of all rear spark plugs.

The firs test was made by starting from normal charge
pressure of 76C mm Hg and raising the altitude beyond the
rated altitud= up to 8,000 m with full throttle, Curve C
in figure 23 indicates the computed speeds for each alti-
tude stage.

The second test was made by starting from a 500 mm
charge pressure and increasing the height, while keeping
the charge pressure constant, until the throttle was wide
open. The correlated speeds are shown as curve D,

The spark-plug temperature increases up to the rated
power altitude where the peak output occurs; above it, it
decreases.

Figure 24 gives instead of tne spark-plug tempera-
ture the temperature increment between cylinder and air
recorded in the test as difference between mean cylinder
temperature and mean temperature difference of the air
enterinz and lesving the cowling.

The mean temperature increment between air and cylin-
der is seen to increase steadily throughout the investi-
gated height of 8,000 m, The change in the mean tempera-
ture increment between sea level and rated power altitude
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follows a law different from that between rated power al-
titude and. tne hlghest experimentally obtalned altitude.’

The change in mean temperature increment was studied
for the normal as well as for 500 mm charge pressure,
Figure 24 includes the temperatures recorded at entry and
exit of the cowling. These curves give a complete picture
of the engine behavior at altitude, so that mo further
cooling tests on .the A 80 were necessary.

Mention should also be made of the change in spark-
plug temperature in relation to the outside temperaturse
at constant power, height, and speed, as obtained on sin-
gle-cylinder models of the same design at 0.83° for 1°
change in outside temperature, Although this law of
change could not be checked very accurately in the engine
test, various trial tests seem to confirm it.

As a result of these experiments on the altitude
test stand it should be borne in mind that the power of an
air-cooled engine is no little affected by the cooling
conditions of the engine. .Even though we are unable to
give the laws governing the change in power in relation to
spark-plug and o0il temperature, it still remains a fact
that under otherwise identical conditions the power of an
engine in flight is dependent also on the type and the de-
sign of its cowling,

REMARKS AND CONCLUSIONS

In conclusion, it may be practical to touch upon the
general points of view of the torque-stand engineer in his
methods and means of defining the characteristic curves of
altitude engines,

For moderately supercharged engines on which the de-
termination of the power output with full throttle can be
established at sea level, the experimental formulas of Gagg
and Farrar, Fiat, and other give the horsepower curve with
certain approximation; they can therefore be of practical

‘use to the test enginseer.

On fully supercharged engines where the direct deter-
mination of the sea-level power with full throttle is im-
possible, these formulas lead to uncertain results, unless
the power can be exactly measured at any height in an alti-
tude test chamber or, when in flight, by dynamometer hub.
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The method employing an altitude depression tank and
a corresponding correction formula- does not appear to be
gquite suitable in its present form for altitude engine
testing, As regards the applicability of the various coef-
ficients contained in the correction formulas, the experi-
ments on the altitude test stand manifest the following

Correction factor for the. 1' 1 780 - p
effect of the lacking back =1 + X 2
pressure on the power j 100 35

This formula is applicable to altitudes up to 6,000 m
and charge préssures of around 760 mm, dbut beyond these fig-
ures it makes no allowance for the change in charge pressure.

The numerical value in the denominator is dependent
upon the charge pressure and on the type of supercharger,

Sorrection factor for 873 + t 529 +
inlet-air temperature or

273 + t, 529 + t,

This formula .affords aporoximately correct values for
pressures of around 700 to 760 mm and small temperature
changes, but introduces great errors at other pressures and
great temperature changes. The accuracy of the formulas
varies, moreover, with the supercharger characteristics and
the air temperature within which the engine operates.

Correction factor for super- . .
charger compression ratio ‘} =1 +0.00083 p (%t - tz)

The formula gives sufficiently exact values for heights
up to 4,000 to 5,000 m, Above these the value of the numer-
ical factor, which to a certain extent ie dependent upon
the type of supercharger and the compression ratio, varies.

The altitude chamber tests have made it possible to es-
tablish new formulas and factors which, when applied to the
test values obtained from altitude depressioun-tank tests,
give the altitude performance of an engine fairly accurately.

On the other hand, the Fiat experiments disclosed that
the numerical values of the correction formulas change con-
siderably with the pecullarwtles of different engines due
to deolan. '
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"Hence, to maintain the method involving the use of

~an-altitude depression tank would necessitate the classi-

fication of the engines into several types (for instance,
into liquid-cooled engines with 12 c¢ylinders, air-cooled
engines with 18 cylinders and superchargers of désign x,
as well as with superchargers of type ¥, etc.) and then
write into the formulas for. each class the numerical val-
ues previously obtained on the altitude test stand for an
engine of this same class.

However, this method'is‘not simple and is fraught
with danger of dispute and controversial opinions between
manufacturer and test stations,

Even though the obtained formulas are more accurate
than those in the official test requirements, their po-
tential use is limited and susceptible to error under 4dif-
ferent outside operating conditions of the engine,. Hence
it should not be hoped that altitude. chamber tests could
Yield correction formulas of general applicability and
precise accuracy.

But the method using an altitude depression tank
should be abandoned in favor of direct tests on torque
stands with reduced exhaust back pressure and cooled inlet
air,

The costs of installing and operating such plants are
not excessive; besides, it should be borne in mind that
engine manufacturers will be forced to erect such plants
within the next few years in order to be able to predict
the characteristic curves of substratosphere engines,

The absence of exhaust back pressure and cooling of
the air not only renders all studies about the cooling
behavior at altitude difficult, but is also the source of
many errors during the determination of the horsspower
curves, The errors are in many cases negligible if an al-
titude test chamber is used, or at any rate substantially
smaller than by the altitude depression-tank method.

Although no accurate and specific investigation has
been made on the subject, it is nevertheless.of interest
to point out the discrepancies brought out in the Fiat
altitude test chamber on operating the same engine once

in cooled air at low pressure and then at normal sea-level

pressure and temperature., The principal difficulties at-
tributable to the absence of depression were as follows:
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1., Penetration-of oil in the cylinder at the piston
rings and valve guides because of the greater
outside pressure,

2. Leakage of o1l past the 1abyr1nth pac&1ng of the
supercharger (may be eliminated by an energetic
blast of compressed air through the air vents
of the labyrinth packing),

3. Faulty operation of carburetor due to air sveping
into the chamber of the membrane and into the
casing, hence abnormal fuel consumpition at al-
titude.

The absence of outside coolling had the following ef-
fect:

4, Change of mixture temperature at cylinder inlet
as a result of less heat radiation from the
supercharger casing and the mixture pipes,.
The result was higher mixture temperature than
when the engine operates at correct air tem-
perature at altitude. In consequence the re-
corded adiabatic efficiency of the supercharger
is lower than under actual altitude conditions.
The error varies for every engine and depends
upon the location of the supercharger and the
area exposed to the air., In genseral, it may
be stated that this error is greater in liguid-
cooled engines where the supercharger is more
exposed to the outside air influences than on
radial engines where the temperature of the
supercharger walls is practically kept constant
by the oil circulation and the cowling,

A11 these difficulties are avoided if the torque
stand - permits the production of depression and the cooling
of the outside air. The expense of installation and oper-
ation is not very much greater than for a torque stand
which permits only the production of depression in the in-
let and exhaust,.

At the present rate of development engines of 1,000
hp. at 10,000 km altitude are feasible w1thin the near
future, :

The design of test plants where such engines could be
tested under actual altitude conditions presents no diffi-
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culties so long as it relates to liguid-cooled enginses,
..The air input of an engine of this. horsepOWer is around
3,100 zg/h and the weight of exhaust gas about 3,250 kg/h.

The inducted air can be.cooled to —50° ‘(temperature
of standard air at 10,000 km) in three stages -~ the first
two - to about -35° - might be designed as spray cooler
with intermediate refrigerating agent, the third, would
raise the tamperature to -50° by means of an expansion
turbine. - :

The refrigerator for the first two stages would have
to be designed to develop about 100,000 cal/h, requiring
an input of around 80 to 100 hp. for cooling the interme-
diate agent. )

The removal of the exhaust gases wWould regquire a
multistage turboblower of.about 400 hp.

To reproduce the atmospheric conditions the engine
would have to be installed in a cooled depression chamber
capable of evacuating the heat given off by the engine,
The amount of heat removal depends on the design of the
engine, By creating an energetic air current in the
chamber the conditions encountered in free flight can be
closely simulated, but the amount of heat removal is also
increased considerably. It is therefore better to in-
stall a low-power air-agitating device designed simply to
improve the heat transfer between engine and refrigerating
elements. This would avoid abnormal changes in the heat
balance of the cooling water and the oil between tests
under sea-level and altitude conditions. The cooling of
the engine chamber would have to be effected by direct ex-
pansion, by means of a central, noninflammable refrigerant,
such 'as Freion, for instance. The theoretical maximum
cooling power .is about 250,000 cal/h requiring around 150
hp. -

But the conditions are altogether different for an
air-cooled engine of the same horsepower. Based on the
present installation of the Fiat company, the characteris-
tics of a refrigerating plant for testing a 1,000-hp. en-
gine in standard air at 10,000 m would be as follows:

To begin with, .the pressure difference between air
inlet and exit from the cowling must be great enough to be
equivalent to a flying speed of at least 600 km/h (372
m.p.h.). This requires a fan-shaft power of about 700 hp.
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for an air circulation of around 35 kg/s. With a fan hav-
ing two adjustable propellers, the speed and volume of the
air could be regulated at will, Assuming the test chamber
to be made of metal and of the dimensions similar to that
of the Fiat company, the refrigerating plant for the cool-
ing of the circulating air in two stages would be about as
follows:

The first stage with ammonia compressors and brine as
refrigerant would lower the air temperature to about -209;
the second stage with a refrigerator with expansion direct
in the refrizerating chamber would lower it from -20° to
-500, Pigured on the basis of a heat removal of around
825,000 cal/h from engine to cooling air a heat production
of around 450,000 cal/h due to the fan and a radiation
loss of the engine chamber of around 40,000 cal/h the total
refrigerating capacity to be supplied by the refrigerating
plant is of the order of 1,315,000 cal/h., This corresponds
to a power input of compressor and its auxiliaries of
around 800 Wp., with a first-stage refrigerating capacity
of at least 1,900,000 cal/h and an engine output of 900 hp.

The maximum figures quoted above indicate that such a
plant is far beyond the range of an industrial plant and
can be owned and operated only by a large scientific insti-
tute.

With such experimental equipment it would be possible
to study on different types of engines the laws of horse-
power variation, the knowledge of which would enable the
engineers of the various manufacturers to check their own
data obtained on simple test stands operating only with
inlet and exnaust depression. The same holds for the cool-
ing data which could serve as standards for the preliminary
calculation of the cooling capacity of newly developed en-
gines as well as for the interpretation of flight tests.

In flight tests the calibration curves obtained on depres-
sion test stands are particularly valuable for the compu-
tation of the power output to which the measurements of
consumption, speed, temperature, etc.,, must be referred.

Dynamometer hubs and torque-reaction devices incorpor-
ated in the engine assure greater instrumental accuracy
and represent a real progress in this direction. I would
recommend these instruments to the particular attentlon of
design engineers, since their application should increase
within the next few years.,

Translation by J. Vanier,
National Advisory Committee
for Aeronautics,
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Figure 3.- The Fiat ASORC41 engine.
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