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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1602

CALCULATED PERFORMANCE OF 12-CYLINDER LIQUID-COOLED ENGINE
WITE EXHAUST-GAS TURBINE GEARED TO CRANKSEAFT
By Leland G. Desmon end Ronald B. Doyle

SUMMARY

Computations were made of the horsepower and specific fuel con-
sumptlion of a compound engine composed of an exhesust-gas turbine and
en auxlliary supercharger geared to the crankshaft of & 1l2-cylinder
liquid-cooled engine. The required reciprocating-engine data were
obtained from the results of a dynamometer-stand investigation made
to determine the effect of exhsust pressure on engine performance.
The turbine and the auxillary supercharger were assumed to have
constant values of efficiency.

The calculations covered a range of englne speeds from 1600
to 3200 rpm, fuel-alr ratios from 0.063 to 0.100, inlet-manifold
pressures from 30 to 60 Inches of mercury absolute, and altitudes
from sea level to 45,000 feet. The effects of changes in the system
variables on compound-engine performance and a comperison with a
turbosupercharged engine are shown. The effect of operation at
fuel-alr ratlos richer than stolchiometric and provision of enough
air in the engine exhaust system to afterburn the exhaust gas and
to cool 1t to a turbine-inlet temperature of 2260° R is also glven.

The compound engine investigated herein is compared with two
other compound englines of the same general configuration but each
including a different model of an 18-cylinder air-cooled engine.

Additional calculations were made on an engine system in
which the engine-stage supercharger end the intercooler are removed
and all the supercharging is done by a turbine-driven supercharger
with aftercooling.

INTRODUCTION
The results of calculations made to determine the performance

of compound engines composed of & steady-flow turbine and an
auxiliary supercherger mounted on the same shaft and geared to the
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engline orankshaft have been presented In references 1, 2, and 3.
These references show that the compound engine produces more power
wlth higher efficlency than that produced by either the conventionel
goeared or the turbosupercharged engine.

The results of references 1 and 2 are based on deta cbtained
from two different models of an 18-cylinder air-cooled engine.
Results of calculations made at the NACA Cleveland laboratory
simlilar to those of references 1l and 2 but based on data chtailned
from & 12-cylinder liquid-cooled engine (reference 4) and assuming
the seme general system configuration are presented herein.

The effect of changes in engine aspeed, fuel-air ratio, inlet-
menifold pressure, altitude, and exhaust pressure on net brake horse-
power end specific fuel consumption are shown for several constant
values of turbine, auxiliary-supercharger, and drive-gear effi-
cliency.

An investigatlon was made of the effect on performsnce of
operation at reciprocating-engine fuel-air ratios richer than
stolchiometric and of addition, by means of an additional super-
charger, of sufficlient air to the engine exhaust gas to complete
combustion of the unburned fuel and to cool the resultant mixture
to a temperature of 2260° R at the turblne lnlet. A comparison
1s mede with a turbosupercharged engine and alsc with the systems
incorporating the two alr-cooled engines.

Additional calculations were made on an engine system in which
the englne-stage supercharger and intercooler ars removed and all
the supercharging is done by a turblne-driven supercharger with
aftercooling.

METHODS AND ASSUMPTIONS

A schemetic dilagram of the compound power plant assumed in
this report is shown In flgure 1. The turbine and the auxlliary
supercherger are cn & single shaft connected, through a gearbox,
to the engline which, as in reference 4, incorporates an engine-
gtage supercharger. The charge air enters the auxiliary super-
charger and passes through the intercooler, the carburetor, and
the englne-stage supercharger to the Inlet manifold. The engine
exhaust gas expands through the turbine and is directed rear-
wardly by an exhaust nozzle. At low altltudes and certain
engine conditions, the engine-gstage supercherger could provide
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the desired inlet-manifold pressure and for these conditions the
auxiliary supercharger and the intercooler were cmitted from the
calculatlions. )

Although the performence of the reclprocating engine 1s dbased
on experimental data, that of the remalinder of the compound power
plant is obtalned by ocalculatiom.

Reclprocatin ine, - The performence of the l2-cylinder
liquid-cooled engine Eincluding the englne-stage supercharger) was
obtained from the results of the dynamometer-stand investigation
reported in reference 4. The 12-cylinder ligqulid-cooled V-type
engline has a displacement volume of 1710 cublc inches. Other
pertinent englne specifications are:

Compression ratlo . « ¢« o v ¢ v ¢ 4 o ¢ ¢ ¢ o o ¢ ¢ o ¢« o o« o 6.65
Valve overlap, 88 . « ¢ ¢ ¢ o « o o ¢ o o o ¢ s s « o « o o ¢ T4
Engline-stage supercharger
Impelier dlameter, In. . . « ¢ v ¢ ¢ « ¢ ¢ o o o o o o o o 8.5
Gear rablo « ¢ o ¢ s ¢ 6 o 6 s 6 s e s e e e o e s o o o 8,121
Spark advanocs, deg B.T.C. -
Inlet por 31dO@ . o ¢ o ¢ ¢ ¢ « e o o o s s s s a s o s o « o« 28
m.aust pom side . L] L] . * L L] . ® L] L] L] L] . L] . . . L] * L [ ] 34

Turbine and auxiliary supercharger. - The turbine horsepower
1s that obtained by expanding all the exhaust gas from engine
exhaust pressure and temperature to amblent altitude pressure
and was calculated using the varlable-specific-heat data of ref-
erence 5.

The auxiliary supercharger horsepower is that required to
compress the charge air from ambient altitude pressure and tempera-
ture to full-throttle carburetor-top-deck pressure with an allowance
for duct pressure losses.

Unless otherwlise speclified, the turbine, auxiliary-supercharger,
and drive gears are assumed to have constant efficlencies of 80, 80,
and S5 percent, respectlively. The assumptlion of constant effi-
clencles demands that the three camponents be redesigned at each
succegsive point of calculation.

The intercooler 1s assumed to have a constant effectiveness of
50 percent.

Calculation of net brake performance. - The net brake horse-
power of the compound power plant when the turbine power is greater
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than the auxillary supercharger power ls given by
nbhp = bhp + g (thp - shp) (1) i
where
bhp reciprocating-engine brake horsepower
nbhp compound~power-plant net brake horsepower
shp auxiliary-supercharger horsepower
thp turbine horsepower

g drive-gear efficiency

For the conditions at which the auxlliary-supercharger horse-
power is greater than the turbine horsepower, the net brake horse-
power is given by :

nbhp = bhp - #; (shp ~ thp) (2)
g -

The net brake specific fuel consumption is

W

£ .
nbhp . (3)

nbsfc =

where

nbafc net brake specific fuel oconsumption, pounds per horsepower-
hour

We fuel flow, pounds per hour

Calculation of net thrust performance. - Net thruet performance
wae also caloulated for several conditions. These calculations were
mede assuming an airplane speed of 400 miles per hour, 85-percent
ram-pressure recovery, and a propeller efficiency of 85 per-
cent.

Net thrust horsepower of the compound power plant is gliven by

nthp = 7y (nbhp) + Jhp - php + chp (4)
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where

chp cooling-alr horsepower

Jhp exhaust-Jjot thrust horsepower

nthp net thrust horsepowsr of power plant

php horsgepower required to take on board charge air

Tp propeller efficlency
The cooling horsepower was obtalned from the relation
chp = ga5 (V1 = V) V, (s)
where
M mass flow of cooling alr, slugs per second
Vi velooclty of cooling air at cowling exit, feet per second
Yo alirplane velocity, feet per second

The cooling-air mass flow and the cowllng-exit veloclty were obtalned
from the performance characterlstlics of an aluminum-tube~and-fin
radiator with a face area of 3 square feet. The area was determined
by the condition that the radietor provide adequete cooling at an
elrplane speed of 120 miles per hour in the Initial climbing condl-
tlon from sea level. The cooling-air drag powers of the intercooler
and the oll cooler are not included in the net thrust horsepower
because calculations show them to be negligible,

The following ranges of engine conditions are covered in cal-
culating the performance of the compound power plent:

. 1800 to 3200
« .. 30 to 60

0.083 to 0.100
. 0 to 45,000

Engine speed, DM « ¢« + o« o « o o« « e e o o o .
Inlet-manifold pressure, in. Hg absolute « o s e
Fuel-alr ratlo . ¢ ¢ ¢ ¢ ¢ o o ¢ ¢ o o o o o o
Altitude, £t o ¢ ¢ ¢ ¢« o ¢ o o o o s s o o o s

In order to obtain the best engine operating conditions for the
compound power plant, three of the followlng reference conditions
are held constant when the effect of varylng the fourth condition is
investigated.
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o
bl
(o))
Fnglne speed, DM « « o o+ o o e s . e e s o s s = o o « 2600 -
Inlet-manifold pressure, in. Eg absolute « e s s s s e e s . 40
Fu.el"'air I‘atio ¢« o o o o & s ® e & e 9 . e e o o o e o . 0 3 069
Altitude 3 ft L . * [ ] L4 . . L] . . L [ L] [ L] . L] [ L] . o L L] 30 ] 000

Turbosupercharged engine. - The performance of a turbosuper-
charged engine 1s included herein for purposes of comparison and 1s
also based on the engine date of reference 4. All the engine
exhaust gas 1s assumed to go through the turbine at a turbine-
Inlet pressure equal to englne exhaust pressure. For these com-~
putations, the turbine-inlet pressure is that at which the turbine
power 1s Just equal to the power required by the auxiliary super-
charger, the efficiencliea of both components belng 80 percent.

In addition to the previously discussed system, the comparative
performances of conpound and turbosupercharged engines is shown for
systems in which the englne-stage supercharger is assumed to be
removed and all the supercharging 1s done by =a single turbine-
driven compreasor with aftercooling.

Afterburning. - Calculations were also made In which the .
reciprocating engine 1s assumed to be operating at fuel-air ratlos
richer than stolchiocmetric and excess alr, provided by a separate
supercharger, 1s added to the engine exhaust gas in sufficlent
quantity to complete combustlon of the unburned fuel and to cool
the resultant mixture to a turbine-inlet temperature of 2260° R.
The horsepower of the supplementary-air supercharger ls that
required to compress the mass flow of supplementary air, as
determined from the charts of reference 6, from altitude pressure
and temperature to engine exhaust (turbine inlet) preasure. The
supplementary-aly supercharger has a constant officlency of 80 per-
cent and 1s assumed to be on the same shaft as the turbine and the
auxiliary supercharger.

The entire mass of the final gas mixture passea through the
turbine and the difference in power between that of the turbine
end the sum of the auxillary plus supplementary-air superchargers
is transmlitted through suitable gearing to the engine crankshaft,

Estimation of engine welght and frontal area. - For convenience
in making further calculations, an estimate was made of the welght
of the wvarlous englne systems and of thelr frontal area. Most of
the data was obtained fram manufacturers' literature, mllitary
technical orders, and actual measurement. When the data could not
be obtained in this way, an eatimate based on simllar equipment
was made, .
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The estimated welghts of the varlous englne systems are:

Turbosupercharged englne, 1b « ¢ o « &+ o ¢ ¢ » ¢ s o « ¢ o« o« « 3300
COmpound ensine, lb L] L] L] Ll L] L] L ] L] L] L ] L] L . L] L] L] . L] L] L ] * 3550
Compound engine with afterburning equipment, 1 . . . . . . . 3650

These welghts include the propeller, the lnstruments, the controls,
the coolers, and the normal supplies of oil and coolent.

From manufacturers' drawings 1t 1s estimated that a nacelle

with a frontal area of 8—2]-'- square feet would be required to

accommodate any one of the three aforementioned englne systems if
the intercooler, oil cooler, and coolant radiators could be sub-
merged in the alrplane. If limitations require that additional
frontel srea be provided for the aforementioned coolers, the
followlng estimates may be used: .

.Intercooler, (air-to-alr), 8¢ £ . ¢ o 2 ¢« ¢« « ¢« « o oo o 15 to 2

oil oooler, sq ft * L] . - [ ] - L ] L] L ] - [ d L] * L] L] . L ] - . L] - . L ] l
Coolant radlator, 8@ £t . « ¢ ¢ ¢« o o o o o » ¢ o ¢ o o o o o o. 3

RESULTS AND DISCUSSION

The performance of the campound power plant 1s, in general,
represented by net brake horsepower and net brake specific fuel
consumption. The effects of englne speed, fuel-air ratio, Inlet-
menifold pressure, altitude, and component effliclency on per-
formance are presented in plots of power and fuel consumption
againat the ratio of engine exhaust pressure to inlet-manifold
pressure pe/pm for several values of one of the previous varisbles
when the others are maintalned constant.

Upon campletion of the Investigation of the effect of each
variable on performance, a value 1s asslgned to that varlable for
the remainder of the analysis. This value 1s usually a compromise
between power and economy at crulsing conditions with most of the
emphasis placed on low specific fuel consumption.

Engine exhaust pressure. - The effect of engine exhaust pres-
sure on performance 1s shown 1ln figures 2 to 5, which will be
discussed in more detall with respect to the other variables,
where net brake horsepower and specific fuel consumption are shown
plotted against pe/pm. The curves show that independent of engine
speed, fuel-alr ratio, inlet-manifold pressure, and component




8 NACA TN No. 1602

efficiency at an altitude of 30,000 feet, net brake horsepower is
near maximum at & pe/pyp of 0.8 and specific fuel consumption is

. near minimum at a pe/p, of 1.0. This is in general agreement with
the resulta of references 1, 2, and 3,

Engine speed. - The effect of engine speed and pe/p, on per-
formance 1s shown in figure 2. Net brake horsepower lncreases at a
decreasing rate as engine speed ls raised. Brake specific fuel con-
sunption is minimum for an engine speed of 2000 rpm and although 1t
increases as speed is changed from this value, the total spread in
fuel consunption at a Pe/Pm of 1.0 for the speed range from 1600
to 3000 rpm 1s about 4 percent. Operating the englne at 2600 rpm
rather than 2000 rpm produces an increase 1ln power of 20 percent
with an increase 1n fuel consumption of only about 1 percent.

Fuel-air ratio. - The effect of fuel-air ratio and pe/py on
performance is shown in figure 3. The curves indicate that the
maximum velue of net brake horsepower occurs in the region of fuel-
air ratio between 0.069 and 0.085 and that the minimum value of
gpecific fuel ¢onsumption occurs in the reglon of fuel-ailr ratio
between 0.063 and 0.069. At best-power pe/Py, however, the
system produces 10 percent more power at a fuel-ailr ratio of 0.069
than at 0.063 wilth negligible difference in specific fuel consump-
tion.

Inlet-manifold pressure. -~ The effect of inlet-manifold pres-
sure and De/Dy On net brake horsepower and specific fuel con-

sumption is shown in figure 4. Net brake horasspower increases
almost linearly and specific fuel consumption decreases at a
decreasing rate as lnlet-manlifold pressure ls incressed. The inlet-
menifold pressure for most efficlent operation is then the highest
value of this pressure at which the engine will run. The highest
inlet-manifold pressure at which an engine will operate properly
is, of course, limited by the knock characteristics of the fuel
used. NACA investigations Indicate that the englne of reference 4
operating at an engine speed of 2600 rpm and & fuel-alr ratio

of 0.069 will have just reached the knock limit at an inlet-
manifold pressure of 50 inches of mercury absolute at sea-~level
exhaust pressure with the fuel used in the investigation of refer-
ence 4 (AN-F-28, Amendment 2). Although operation at an inlet-
nanifold pressure of 50 inches of mercury absolute 1s desirable for
both high power and low specific fuel consumption, the hrake mean
effective pressure 1s considerably higher then that usually
assoclated with crulsing conditions. At an engine speed of

2600 rpm, a fuel-alr ratio of 0.069, an inlet-manifold pressure
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of 40 inches mercury absolute (the reference conditions), and a
Pe/Pm of 0.8, however, the brake mean effectlive pressure of the
present englne 1s 180 pounds per sguare inch or only about 15

to 20 percent higher than the usual values for crulsing operation.

Turbine, auxiliary-supercharger, and drive-gear efficlency. -
The effect of component efficiency and pe7pm on performance is
shown in figure 5 where the net brake horsepower and specific fuel
consumption resulting from individually reducing the efficlency of
the components (turbine, auxiliary supercharger, and drive gear)
10 polints from the standerd values of 80, 80, and 95 percent is
plotted. A decrease of about 4 percent in net brake horsepower and
the same lncrease in specific fuel consumption ls caused by the
10-point reduction in turbine efficlency at best-power Pe/Pm-

Effect of altitude. - The effect of altitude and pe/Py on
net breke performance 1s shown in figure 6., The figure shows that
the values for botk best-powsr Pe/Pm and best-economy pe/pm
decrease with lncrease in altitude; the wvalue of pe/pm for best
power changes from 0.9 at sea level to 0.8 at 45,000 feet, whereas
that for best economy changes from 1.15 at sea level to 1.0 at
45,000 feet.

Net brake horsepower Increases wlth altitude from sea level
to about the tropopause (approximately 35,000 £t). As altitude is
further lncreased, net brake horeepowsr decreases because of the
combined effects of the assumption of an intercooler of constant
effectivensess, the increased auxiliary-supercharger temperature-
rise ratlo, and the constant amblent temperature. These factors
cause inlet-manifold temperature to increase sharply, resulting In
a decreased indlicated horssepower. Net brake specific fuel con-
sumption decreases as altlitude 1s Increased throughout the range
Investigated.

The data of fligure 6 are cross-plotted in figure 7 to show the
effect of altltude on the performance of the compound engine at
best-power p./p, and best-economy pe/Py. As in figure 6, the
englne speed 1s 2800 rpm, the fuel-alr ratio is 0,069, and the
inlet-manifold pressure is 40 inches of mercury absolute.

The increase 1In compound-engine power from sea level to the
tropopause ls 27 percent for best-power pe/pm and 32 percent for

best-econony Pe/Pm- For both best-power and best-economy pe/gm,
the decrease 1n economy for thils increase 1ln altitude is aboutb
19 percent.
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Comparison of compound and turbosupercharged engines. - The per-
formance of the turbosupercharged engine 1s also included in fig-
ure 7 for the purpose of comparison with the performance of the
compound englne.

The turbosupercharged-engine net brake horsepower increases
about 9 percent from sea level to 25,000 feet and the specific fuel
consumption 1s nearly constant with altitude. At an altitude of
35,000 feet, the compound engine operating at best-power pe/pm
produces 21 percent more power than the turbosupercharged engine
with 23 percent lower specific fuel consumption. Each point on
these curves ls a design polnt in that the turbine and auxiliary
supercharger are selected for operation at that point.

Performance at high-power levels. - The performance of the
campound engine at high-power levele is shown in figure 8. Repre-
sentatlive curves are presented for engine speeds from 2600 to
3200 rpm and inlet-manifold pressures of 50 and 60 inches of mercury
absolute. The fuel-air ratio of 0.083 for 3200 rpm at an inlet-
manifold pressure of 60 lnches of mercury absclute wes obtained by
adding 10 percent to the knock-limlted fuel-ailr ratlo lndicated by
previously obtained NACA knock data. The compound engine operating
at these engine conditions and an altitude of 30,000 feet has a net
brake horsspower of 2137 at best-power pe/p, with a corresponding

specific fuel consumption of 0.4192 pound per horsepower-hour.

Effect of afterburning. - The effect of adding air to rich-
mixture exhaust gas to afterburn and cool the resultant mixture
to 2260° R before expanding through the turbine is shown in fig-
ure 9. The curves for an engine speed of 3000 rpm, a fuel-air
ratio of 0.100, and an inlet-menifold pressure of 50 inches of
mercury absolute show that afterburning increases the net hrake
horsepower at bhest-power Pe/Pm by 31 percent and decrsases the
corresponding speclfic fuel consumption by 24 percent. Incrsesing
the fuel-air ratio from 0.069 to 0.085 and 0.100 at the assigned
cruising condition (engine speed, 2600 rpm; inlet-manifold pres-
sure, 40 in. Hg absolute) and afterburning increased the maximum
power 18 and 30 percent, respectlively, with increases of 6 and
14 percent in the corresponding specific fuel consumption.

Comparison between l2-cylinder liguid-cooled compound engine
and two 18-cylinder air-cooled compound engines. - The effects
of De/Pp, &altitude, and afterburning on the specific fuel con-
sumption of the 12-c¢ylinder liguid-cooled engine system and the
two l8-cylinder alr-cooled engine systems of reference 2 are compered
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in figure 10. The liquid-ocooled engine has a valve overlap of 74°
and the two air-cooled engines have valve overlaps of 40° and 62° 3
respectively. The crulsing speed and fuel-air ratioc of both air-
cooled systems were glven as 2200 rpm and 0.063, respectively.

The figure 1s constructed for an Inlet-manifold pressure of
40 Inches of mercury absolute, turbine and auxiliary supercharger
efficlencies of 80 percent and a drive-gesr efficlency of 95 percent.
The efficiency of the liguid-cooled engine system (valve overlap, 74°)
is between the efficlencies of the two air-cooled engine systems
(valve overlap, 40° and 62°) in the region of pe/Pp between 0.6
and 1.2 (fig. 10(a)) without afterburning. At & pe/p, of 1.0, the
fuel consumption for the 62°-valve-overla.p air-cooled engine system
is higher than that for the lligquid-cooled englne system by about
6 percent and that for the 40° valve overlap engine is lower than
that for the liquid-cooled engine system by about 6 percent.

The specific-fuel-consumption curves for the 62°-valve-overlap
alr-cooled englne system and the liquid-cooled engine system are
essentially the same when both systems are operating at cruising
speed and inlet-manifold pressure at & fuel-air ratio of 0.100

with afterburning.

The effect of altitude at best-ecomamy pg/py on the three
engine systems is shown in figure 10(b). As in figure 10(a), the
values of specific fuel consumptlion for the liguid-cooled compound
engine fall between those for the two air-cooled compound engines.

The similarity in curve trends and levelas between the air-~
cooled compound englnes of reference 2 and the liquid-cooled
compound engine exists also for various englne speeds, fuel-air
ratios, inlet-manifold pressures, and component efflclencles.

Comparison of these three engines on the basls of net thrust
specific fuel consumption would not chenge the relative performance
eppreciably from that which has been shown in figure 10.

Modified system. - The compound and turbosupercharged engines,
the performance of which hes been shown in the preceding figures,
represent practlicel arrangements that would require no modifica-
tion of the engine and engine-stage supercharger Investligated
except for the addition of auxiliary supercharger, intercooler,
turbine, and gears for connecting the components where necessary.
Improved performance may be obtained, however, by modlfying the
systems.
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The engine-stage supercherger and intercooler are removed from
the previously assumed systems and replaced by a turbine-driven
supercherger and an aftercooler in the modified systems. Charge air
enters the supercharger where 1t is compressed from inlet total pres-
sure to engine-inlet-manifold pressure with an sllowance for duct
and aftercooler pressure losses. The charge alr then passes through
an aftercooler and into the engine inlet manifold. All the engine
exhaust gas passes through the turbine and the discharge nozzle to
the atmosphere. The dlscharge-nozzle inlet pressure 1ls assumed to
be that for maximum net power of the system. The turbine and the
supercharger are each assumed to have an efficliency of 80 percent
at each point of calculation; the aftercooler has an effectiveness
of 50 percent.

As 1s implied, maximum net power at any combinatlion of inlet
and exheust conditions in the system was obtained by varying the
discharge-nozzle inlet preasure. For the compound engine, maximum
power ocours when the discharge-nozzle inlet preasure 1s at amblent
altitude pressure because the turbine can convert the exhaust energy
into useful power more efflciently than the discharge nozzle. For
the turbosupercharged engine, however, the turbine can utilize only
that part of the exhaust energy required to do the work of super-
‘charging, the rest of the energy becoming available to the diacharge
nozzle. If the nozzle-inlet pressure ls increased, the engine
exhaust pressure is Increased to a wvaelue sufficlent to allow the
turbine to drive the supercharger. This Increase In engine exhaust
pressure ceuses a reductlon in charge flow and engine brake horae-
power but because of the lncrease in nozzle-inlet pressure, the
exhauat-jet power la increased. Inasmuch a&s charge flow and
engine brake horsepower decrease at an Increesing rate as englne
exhaust pressure ls lncreased and exhaust-jet power increases at
a ‘decreasing rate as nozzle-inlet pressure is raised, a nozzle-
inlet pressure higher than ambient altitude pressure exists such
that the net power of the turbosupercharged englne system is at
1ts maximum value. Inasmuch as the thrust power developed by the
exhaust Jjet 1s included, the system performance 1s presented on a
net-thrust basis.

The computed performence of the modifled engine is better
thean the orliginel englne system, which included the engine-stage
supercharger and an intercooler, because: (1) aftercooling
provides more reduction of the engine inlet-manifold temperature
than intercooling and (2) a higher efficiency (80 percent) was
agsumed for the turbine-driven supercharger then was obtained from
the relastively inefficlent flxed engine-stage supercharger. In
eddition, the modified engine does not introduce the throttling
losses incurred by the original engine system at low altitudes.

940 -
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The altitude performence of both the modified engine and the
original engine (designeted in fig. 1l as two supercharger) in both
the compound eand turbosupercharged configurations is shown in
figure 11 for an airplane speed of 400 miles per hour.

The increase in net thrust horsepower of the modified compound
engine when altitude is Increased from sea level to 33,000 feet
(meximum~power altitude) is approximately 26 percent for best~
power Pe/Em with a corresponding decrease in specific fuel con-
sumption of about 19 percent. The increase in net thrust horse-
powsr of the modified turbosupercharged engine resulting when
altitude 1s increased from sea level to 28,000 feet (approximately
maximum-power altitude) is about 16 percent with a corresponding
decrease 1n specific fuel consumption of about 10 percent.

The curves also show that both the compound and turbosuper-
charged engines of the medifiled system produce higher power than
those of the original (two supercharger) system over the altitude
range inveatigated.

The improvement in net thrust horsepower and specific fuel
consumption in changing from the original (two supercharger)
system to the modified system 1s greater for the turbosupercharged
engine than it 1s for the compound engine. At an altitude of
33,000 feet, the campound engine of the modlfled system produces
12 percent higher net thrust horsepower than the ccmpound engine
of the original (two supercharger) system. The corresponding
specific fuel consumption is 4 percent lower for the modified
system. At an altitude of 28,000 feet, the turbosupercharged
engine of the modified system produces about 27 percent higher net
thrust horsepowser than the turbosupercharged engine of the origlinal
(two supercharger)system with a corresponding reduction of
18 percent In specific fuel consumption. The Improvement in

‘turbosupercharged engine performance with change from the original

to the modified system i1s large because in addltlion to the afore-
mentioned advantages obtalneble by modifying the system:

(1) removal of the engine-stage supercharger shifts this load
from the engine to the turbine thus making greater use of the
turbine work available in the exhaust gas, and (2) increasing the
inlet pressure to the exhaust nozzle to the value corresponding
to maximum net power produces conslderable exhaust-jet thrusk.
The lmprovement in compound englne performance with a modifica-
tion of the engine under discussion 1s small relatlive to that of
the turbosupercharged engine because: (1) in both the modified
and original (two supercharger) systems, the turbine utilizes



14 NACA TN No. 1602

about the same percentage of the energy available in the exhaust gas
and (2) the jJet thrust of the exhaust nozzle is only that equiva-
lent to the turbine-exit veloclty.

Figure 11 shows that although the modified turbosupercharged
engine produces higher power than the origilnal (two supercharger)
compound engine up to an altlitude of about 40,000 feet, the
modlfled compound engine system produces the highest power of the
four systems presented over the altitude range.

SUMMARY OF RESULTS

Calculations of the performance of a compound engine having =
congtant-efficiency turbine and auxiliary supercherger geared to
the engine crankshaft and based on data from a dynsmometer-stand
investigation of a 1l2~oylinder liquid-cooled engine, indicate
that:

1. For the range of varlables investigated, the best fuel
economy of the reported system occurred at an englne speed of
2000 rpm, a fuel-alr ratio of 0.069, an inlet-manifold pressure
of 50 inches mercury absolute (knoock-limited with AN-F-28,
Amendment-2 fuel), and an altitude of 45,000 feet.

2. The values of the ratio of exhaust to inlet-manifold pres-
sure at which maximum net brake horsepower and minimum net brake
gpecific fuel consumption of the compound engine occur were
nearly independent of engine speed, fuel-air ratio, inlet-manifold
pressure, and component efficiency at a given altitude and
decreased only slightly as altitude was increased from sea level
to 45,000 feet. At an altitude of 30,000 feet, the value of the
ratio of exhaust-to-inlet-manifold pressure for best power was
0.8 end that for best economy was 1.0,

3. The power of the compound engine increased with altltude
up to about the tropopause and decreased as altitude was further
increased. The net brake horsepower at the tropopause was 32 per-
cent greater than that at sea level at best-economy ratio of
exhaust to inlet-manifold pressure and cruising conditions. Specific
fuel consunmption decreased with increasing altitude over the
entire calculated range (sea level to 45,000 feet) and was 19 per-
cent lower at the tropopause than at sea level.

4. At an altitude of 35,000 feet, the compound engine produced
21 percent more power then the turbosupercharged engine (turbine
driving auxiliary supercharger only) with a corresponding reduction

940
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in specific fuel consumption of 23 percent, both operating at an
engine speed of 2600 rpm, & fuel-alr ratio of 0.069, and an inlet-
menifold pressure of 40 inches mercury ebsolute.

5. Afterburning and cooling a rich-mixture exhaust gas (fuel-
air ratio, 0.100) at an engine speed of 3000 rpm, an inlet-
manifold pressure of 50 Inches of mercury absolute, and an altitude
of 30,000 feet, to a turbine-inlet temperature of 2260° R increased
the meximum net brake horsepower 31 percent and decreased the .
corresponding net brake specific fuel consumption 24 percent.

6. The l2-cylinder liquid-cooled campound engine and the two
18-cylinder alr-cooled compound engines of seimilar configuration
produced curves of net brake specific fuel consumption that are
simllar in both trend and level for various ranges of exhaust-to-
inlet-manifold pressure ratio, englne speed, fuel-alr ratio, inlet-
manifold pressure, altitude, and component efficlency.

7. The power and fuel consumption of both the compound and
turbosupercharged engines of a modiflied system composed of an
engine (with englne-stage supercharger removed) » & turblne-driven
supercharger, an aftercooler, and an exhaust nozzle were superior
to the power and fuel consumption of respective englnes of a
system composed of an engine with engine-stage supercharger,
auxiliary supercharger, Intercooler, turblne, and exhaust nozzle.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo, March 10, 1948.
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