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NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVATICE RESTRICTED REPORT

CAT.CULATIONS OF THE ECONOMY OF AN 18-CYLINDER RADIAL
ATRCRAFT ENGINE WITH AN EXHAUST-GAS TURBINE GEARED
TO THE CRAFKSHAFT AT CRUISING SPEED

By Richard ¥, Hamnum and Richard H, Zimmerman -

SUMMARY - -

Calculations based on dynamometer test-stand data obtained cn
an 18-cylinder radial engine were made to determine the improvement
in fuel consumption that can be obtained at various altitudes vy
gearing an exhaust-gas turbine to the engine crankshaft in order to
increase tle engine shaft. work.

The calculations indicate that, for turbine and auxiliary
supercharger efficiencies of 85 percent, net brake specific fuel
conswmpbion of 0.362 pound per brake horsepower-hour at 10,000-feet
altitude ard of $.325 pound per brake horsepower-hour at 30,000 feet
can be obtained by gearing the exhaust-gas turbine to the engine
crankshaft and operating the engine at a speed of 2000 rpm, an inlet-
manifcld pressurs of 40 inches of mercury absolute, an exhaust pres-
sure cf 42 inckes of mercury ebsolute, and a fusl-air ratio of 0.083.

The reduction in net brake specific fuel consumption that can
be obtained if the exhaust-gas turbine supplies all the auxiliary
supercharger power and its residual power is transmitted through
gears to the engine crankshaft, as comparsd with the usual combin-
ation of geared and turbosupercharging, is approximately 14 percent
at 10,000-feet altitude and 21 percent ab 30,000 feet.

The net brake specific fuel conswmption with a geared turbine
is a minimum for sngine exhaust pressures approximately 25 percent
above inlet-manifold pressure and varies only slightly from the
minimum for a range of exhaust pressures from 5 to 45 percent above
inlet-manifold pressure,




2 NACA ARR No, ES5K28

INTRODUCTION

The use of an exhaust-gas turbine to drive a supercharger at
high altitudes is an effective method of maintaining sea-level
engine power at altitude, Analysis has shown, however, that the
waste energy of exhaust gases is. reccvered more effesctively by main-
taining an engine exhaust pressure higher then the minimum required
for turbosupercharging and thus increasing the work output of the
exhaust-gas turbine. The extra turbine power beyond that required
for supercherging can be supplied to the engine crankshaft through
suitable gearing.

The purpose of the analysis reported in this paper is to deter-
mine the improvement in net brake especific fuel consumption that can
be obtained if an engine is equipped with a suitable geared turbine
and supercharger as compared with the engine uwsing a standard turbo-
superchargsr. The calculated valuss of gpecific iuel consumpiion
Presented in this report for an engine-turbine combination were
based on NACA test data obtained on an 18-cylinder vadial engine,
Operating conditions for which the brake specific fuel consumption
of the combination is e minimm are given.. The required turbine-
nozzle area is also calcuwlated to indicate the size of turbine suit-
able for geared operation,

Because the engine, the turbine, and the supercharger have
different characteristics, elements designed to give maximum effi-
ciency at some operating conditions are incorrectly matched at other
conditions. Provisicn must, therefore, be made to obtain satisfactory
rerformance over the entire operating range, The problem of obtaining
a wide operating range is briefly discussed,

METHODS
This analysis is bagsed on dynamometer test-stand data obtained
with an 18-cylinder radial engine operated at various speeds, inlet-
manifold pressures, and exhaust pressures. Psrtinent specifications
of the engine are given below:

Displacement, cubic inches . . . . . . . . . . . . 4 4 . . . 2804
Compression TabiO & v 4 4 4 4 v 4 o 4 4 o o 4 o o o o o & + o 6,865
Valve tinming:
Inlet opens, degrees B.T.C. . . . . v . ¢ v v v v v v o o+ + 20
Inlet closes, degrees A.B.C. ., . . . . . . . 4+ s 4 4., .18
Exhaust opens, degrees B.B.C. . . . . . . . . .. .. . ... 1758
Exhaust closes, degrees AT.C, . . . . . . . . . .. ... .20
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Valve overlap, Aegrees . o+ o o o o o o s &
Eng}ne-stage supercharger impeller_diameter,
Engine-stage supercharger gear ratio . . . . . « . .
Spark advance, degrees B.T.C. . . . . . .

e e e o o s e o o 4 40

inches , . . . . . 11
e e . T1.6:1
e e s e e s e e & s s 25

The carburetor-inlet pressure was adjusted by a butterfly valve
in the charge-air intake pipe ahead of the engine to provide the
desired inlet-manifold pressure with wide-open engine throttle in
all runs,

The test data and the values of air flow and brake horsepower,
corrected to a carburetor-air temperature of 90° F, are shown in
table I. Although the carburetor-air temperatures obtained in flight-
depend upon the amount of auxiliary supercharging and intercoolirg
used, the arbitrary use of a temperature of 90° F for all calculations
was considered Jjustified in this analysis because specific fuel con-
sumption is almost independent of carburetor teumperature., The engine
performance at an engine speed of 2000 rpm, an inlet-manifcld pres-
sure of 40 inches, and a fuvel-air ratio of 0,063 for various engine
exhaust pressures were compubed from the data in table I and are
listed in table IT,

The exhaust-gas temperatures used in computing turbine power
are included in tables I_and II. The temperatures in table I wsre
measured approximately l§ feet dowmstream from the Jjunction of the

two halves of the exhaust manifold. When the exhaust manifold was
lagged to prevent loss of heat, the measured temperatures were
approximately 250° F higher than those given in table I,

The calculated turbine work is that resulting from expansion
of the entire engine exhaust-gas flow from engine exhaust static
pressure to the altitude atmospheric pressure. The calculated
auxiliary supercherger power is that required to compress the engine
combustion air flow from the altitude atmospheric static pressure to
the engine carburetor pressure, All supercharger computations in
this report relate to the auxiliary supercharger because the power of
the engine-stage supercharger is contained in the measured engine
pover listed in the teblec of test data. A supercharger adiabatic
efficiency of 85 percent and a turbine efficiency of &85 percent were
used in most of the computations; efficiencies of 70 percent were
vged in calculations showing the cffect of supercharger and turbine
efficiencies on performance of the combination.

Fgy the computation of nét brake horsepover of the combination,
the au¥iliary supercharger and turbine were assumcd to be on the
game shaft and the difference between their powers to be transmitted
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through gears to the engine crankshaft, A gear efficiency of 95 per-
cent was used for the calculations. The net power when the turbine
power is greater than the supercharger power is therefore:

engine power + 0.95 (turbine power - auxiliary supercharger power)

The fuel flow was divided by the net power to give a net brake
gpecific fuel consunption for the combination.

At each condition comp“ced the supercharger and the turbin

were asgsumed to be matched to the engine for opera ion with eﬂOLne
throttle full open and turbine waste gate .closed,

DISCUSSION OF CURVES

Figure 1 shows the variation of exhaust-gas temperature with
engine exlhaust pressure at two fuel-air ratios and thres inlst-
manifold pressures av an engine speed of 2C00 rpm.

Variation of the gas constant R, for exhauvst gas with fuel-
air ratio and of the ratio of mean snecific heats Th vith exhaust-
gas temperature for three fuel-air ratios were taken from reference 1
and plotted in figure 2, These values were used in the egquations of
reference 1 to compute the turbine power, The values of 7y, are
accurate for °xpan°701 from the exhaust-gas temperatures throvgh a
preasure ratio of 3, and a negligible error is introduced in the
range of pressure ratios considered in this repcrt,

H

.

'he net gpecific fuel cens umptlon of the engine-turbine-
supercharger comblnation at various engine speeds for a fuel-z

ratio of $.085, an inlet-manifold pressure of 40 inches of mercury
absolute, and an altitule of 30,000 feet is given in figure 3, This
figure indicates that minimum spec_llc fuel consvmption can bhe
obtained at a speed of approximately 2000 rpm. Because it is reason-
abie to expect that this speed will also give minimum specific fuel
consumption for fuel-air ratics less than 0,085, all subsequent curves
are plctted for a speed of 2000 rpm.

The variation in net dbrake specific fuel consumption of the
combination with engine exhaust pressure at an engine speed of
2000 rpm, an altitude of 30,000 feev, and at various 1nlou-man1fold

(
v

pressurcs and fuel-air ratios is shown in figure 4. TFor a fuel-a

ratio of 0,085, the minimum net brake specific fuel consumption
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decreases as inlet-manifold pressure is increased; a large drop in
net brake gpecific fuel consumption also occurs when the fuel-air
ratio ie decreased from 0.085 to 0.063. The effect of reducing
fuel-air ratio is much greater than that of increasing inlet-
manifold pressure, and small changes in inlet-manifold pressure do
not materially affect the net brake specific fuel consumption, It
may be concluded that the most efficient operation cccurs at a
fuel-air ratio of eapproximetely 0.063 and at the highest inlet-
manifold pressure permiscsible from considerations of engine knock
and cooling, %t a fuel-air ratio of 0,063 and an engine speed of
2000 rpm, using AN-F-28, Amenlment-2, fuel, incipient knock occurred
during the tests at an inlet-manifold pressure of 32 inches of
mercury absolute, and an engine exhaust pressure of 28 inches of
mercury absolute, The knock becams progressively worse as exhaust
pressure was increased. The tests at this fuel-air ratio were there-
fore limited to an inlet-manifold pressure of 38 inches of mercury
abgolute. Figure S vresents curves cf net brake horsepower of the
combination that corresponds tc the specific-fuel-consumption curves
of figure 4.

Figure 6 shows net brake horgepower and net brake specific fuel
consumpticn for an engine speed of 2000 rpm, an inlet-manifoid pres-
sure of 38 incnes of mercury absolute, and a fuel-air ratio of 0.053
at various altitudes and engine exhaust pressures. These curves are
based on engine test data given in table I, Similar curves, calcu-
lated for an inlet-manifold pressure of 40 inches of mercury absolute,
based on the computed performance given in table II, are presented
in figure 7. In Tigure 7, maximum nct power at 30,000-feet altitude
occurs at an engine exhaust prcssure of approximately 33 inches of
mercury atsolute, Minimum nct brake spccific fucl conswmption av
30,000-feet altitude occurs at an engine exhaust pressure of approxi-
mately S50 inches of mercury absolute. There is a trend toward lower
optimum engine exhaust pressure at higher altitudcs, but the curves

ro very flat and little chenge in net brake specific fuel consump-
tion occurs between engine exhazust pressures of 42 and 60 inches of
mercury absolute, In general, not brake specific fuel consumption
is a minimum for engine exhaust pressures approximately 25 percent
abcve inlet-manifold pressure ard varies cnly slightly from the mini-
mum for a range of exhaust pressures from 5 to 45 percent above
inlet-manifold pressure. The minimum net brake specific fuel con-
sumpbions at 10,006-Teet and 30,0C00-feet altitudes are 0.357 and
0.323 pound per brake horsepower-hour, respectively. If the system
is designed to operate at the exhaust pressurs for maximum net power,
a sacrifice in specific fuel consumption of approximately 3 percent
would result.
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Table IITI shows the power produced by the engine and turbine
and the power required for the auxiliary supercharger.

For comparison with the optimum-geared-turbine arrangement,
cross curves are shown in figures 6 and 7 that represent the
following cases:

(2) Engine with geared auxiliary supercharger and no turbine
(t) Engine with ungeared auxiliary turbosupercharger

Present turbosnupercharger operation with closed waste gate is
approximated by case (b). Figure 7 indicates a reduction in net
brake spocific fuel consumption, as compared with case (b), of
21 percent at 30,000-feet altitude and 14 percent at 10,000 feet
with the optimum geared-turbine arrangenent,

Calculations were also made for case (a) with individual
exhaust stacks for auxiliary jet propulsion, assuming the cptimum
stacks for no engine-power loss, a spesd of 35C miles per hour, and
a propeller efficiency of 85 percent. The stacks provide an effec-
tive increase in engine shaft power of 152 horsepower at 10,000-feet
altitude and 203 horsepower at 3C,000 feet. The net brake specific
fuel consumption is reduced to $.375 pound per brake horsepower-hour
at 10,000-feet altitude and 0.401l pound per brake horsepower-hour at
30,000 feet.

Figure 8 presents the effect on net brake specific fuel con-
sumption of dscreasing the supercharger and turbine efficiencies
from 85 to 70 percent and the gear efficiency from 95 to 85 percent.
These calculations were made for an engine speed of 2000 rpm, an
inlet-manifold pressure of 4C inches of mercury absolute, a fuel-air
ratio of €.063, and an altitude of 30,000 feet., The reduction in
the efficiencies of turbine, supercharger, and gears causes an
1ll-percent increas¢ in the minimum net brake specific fuel consump-
tion, This percentage change in fuel consumption may be assigned to
the several changes in component efficiencies as follows:

Reduction in com- Increase in net brake
Component  ponent efficiency specific fuel con-

(percent} sumption

From To (percent)
Turbine 85 70 5,3
Supercharger 85 70 1.6
Gear 95 85 3,1

Total 11.0
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The attaimment -of an efficiency of 85 porcent in a single-stage
turbine woulé require considerable refinement of design. - A reduc-
tion in turbine efficiency from 85 to 80 percent would cause
approzimately & 2.l-percent increase in the net brake specific
fuel consumption.

The reduvction in fuel consimption possivle if the turbine were
provided with an éxhaust nozzle for jet propulsion is shown in fig-
ure 9, IT{ was assumed that the tail pipe and nozzle conserve the
turbine exit veleocity with negligible loss, Calculations indicated
that, for the cases of figure 9, there is little gain in decreasing
the Jjet-nozzle area and increasing the engine exhaust pressure. Jet
propuleion provides an additional reduction in net brake specific
fvel conswmption at 350 miles per hour of 3.2 percent at 10,00C-feet
altitude and 3.7 percent at 30,000 feet.

Figure 1C gives the cooling-air pressure drop required to main-
tain a temperature of 4000 F at the rear spark-plug boss on the
average cylinder and approximately 450° F on the hottest cylinder
(assuming NACA standard atmosphere) at various exhaust pressures -
and altitudesg. A cross curve is included to show the pressure drop
availabls at an indicated airspeed of ‘200 miles per hour, assuming
that 80 percent of the dynamic pressure can be made available for
cooling.

hie curves of figurc 10 indicate that operation with a high
-exhaust pressure incrcases the pressure drop required for cocling.
Other NACA tests have shown that high exhaust pressure tends to
induvce knock. It is possible to reduce the cooling-air pressure
drop required, to lessen tendency toward knock, and to increase net
power with omly a osmall increase in specific fuel consumption by
operating at an exhaust pressure below that recuired for minimum
nev brake specific fuel ccnsumption. Tor example, figure 7 shows
that minimum specific fuel consumption at 3C,000 feeb is obtained
at an exhaust pressure of 50 inches of mercury. The follcwing table
is a compariscn of the specific fuel consumption, required cooling-
air pressure drop, and engine pover for this exhaust pressure and
for an exhaust pressure of 42 inches of mercury absolute, taken from
figures 7 and 10, :

Engine exnaust! Tzt brake specificiNet Required cooling-

pressure fuel cornsumption |power|air pressurs drop
(in. Eg abso- (1v/bhp-hr) (hp) (in. water)
lute)
50 0.323 1445 - 14.8

42 . 325 1500 11.8
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Figure 11 gives the effective turbine-nozzle areas required at
various engine gpeeds and exhaust pressures for an inlet-manifold
pressure of 40 inches of mercury absolute, The areas are almost
independent of altitude if supercritical flow exists through the
turbine nozzles. A% an engine speed of 2000 rpm and an engine
exliaugt pressure of 50 inches of mercury absolute, figure 11 indi-
cates a required effective turbine-nozzle areas of 8 square inches,
For an exhaust pressure of 42 inches of mercury absolute, the
required area is 10 square inches,

It is noted in figure 4 that minimum specific fuel consumption
is obtained at nearly a constant ratio of engine exhaust pressure
to inlet-manifold pressure regardless of the inlet-manifold pressure.
A given turbine-nozzle area would provide a nearly constant ratio of
engine exhaust pressure to inlet-manifold pressure for a given engine
speed, Hence, a turbine-nozzle area cliosen to give minimum specific
fusl consumption at one inlet-manifold rressure would give minimum
gpecific fuel consumption-at other inlest-manifold pressures at the
same engine speed, Figure 1l indicates that the required turbine-
nozzle area to hold a constant ratio of engine exhaust pressure to
inlet-manifold pressure increases nearly proporitionately with engine
speed, S

DISCUSSION OF CPERATION

The characteristics of conventional aircraft engines, super-
chargers, and exhaust-gas turbines are such that a given set of
elements can be made to match for compound operation over only a
limited range of ergine and flight conditions, A full discussion
oi the operating problems of a compound engine that will give maxi-
mum efficiency over the entire operating range is beyond the scops
of this report; nevertheless, a compromise that can be used to
obtain tlhie benefits of compound-engine operation over a range of
cruising conditions will be discussed herein.

Assvme that on each engine two turbosuperchargers are connected
by ducts to operate in parallel, with a modification which permits
all the exhaust gas to be paszed through one of the turbosuperchargers
at low engine speeds and a clutch and gear train to connect that
turbosupercharger to the engine crankshaft, At high engine apeeds,
both turbosuperchargers are frse and operate in parallel, At low
engine speeds, both are free bubt only one is required to supercharge
the engine. At medium engine speeds, only cne is used and is geared
to the engine crankshaft and operates with a high nozzle-box pressure
to provide extra power for the propeller.
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For example, consider a system designed for geared operation
with maximum economy at the following conditions:

Engj.ne Speed’ rIm . L . . . L4 . [ L4 . . . . [ . L] L] . L4 L] L4 L] zooo
Inlet-manifold pressure, inches mercury absolute . . . . . . . 40
Altitude 3 feet L] L] o L] . . . L] L] Ld . L . . . . L] . ] . . . 30,000

At these conditions, a turbine with a closed waste gate and
an effective nozzle area of 10 square inches will produce an engine
exhaust pressure of 42 inches of mercury absolute and, according
to figure 7, will give a net brake specific fuel consumption very
clogse to the minimum. For expansion from 42 inches of mercury
absolute to atmospheric pressure at 30,000-feet altitude, the
theoretical turbine-nozzle discharge velocity is 3115 feet per
seccnd, For a turbine-whecl pitch-line velocity of 1200 feet per
second, the corresponding blade-to-jet speed ratio is 0,385, vhich
gives an efficiency close to the peak valuve for a single-stage
impulse turbine. The turbine should be equipped with a gear train
to provide the correct pitch-line velocity at an engine specd of
2000 rpnm,

With the same engine speed and inlet-manifold pressure at
lower altitudes, engine exhaust pressure remeins at 42 inches of
mercury absolute down to the altitude at which the pressure ratio
across the turbine nozzles is subcritical and then increases to
approximately 44 inches of mercury absolute at sea level., The
turbine-nozzle discharge velocity is reduced to 1560 feet per second
and at constant enginc speed the corresponding blade-to-Jjet speed
ratio is 0,723, giving a low turbine efficiency. Also the inlet-
manifold pressure provided by the engins-stage supcrcharger and the
geared turbosupercharger incrcases with a reduction in altitude, and
throttling of the superchargers is necegsary, At some low altitude
the logs of turbine efficiency, tho wastc of supercharger power, and
excessive heating of the charge would make it advantageous to dcclutch
the turbosupercharger.

Efficient cruisc operation at altitudes lowcr than 30,000 fect
can be obtained by slightly reducing the engine speed without chang-
ing the ratio with which the turbosupercharger is gearcd. Little
throttling of the supercharger would then be neccssary, the turbine
officiency would be near its peak, and over a widc range of altitudes
the engine exhaust pregsure could be maintained at a high cnough
valuc to realize a substantial decrease in nct brake specific fuel
consumption,
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t high altitudes and at engine speeds considerably lower than
2000 rpm, the geared turbosupercharger (designed for the conditions
listed) opevates at tco low a gpeed and is unable to maintain the
required carburetor pressure. At very high engine speeds (relative
to 2000 rpm) at all altitudes, the turbosupercharger tip speeds
exceed the safe value., Yor both these cases the turbosupercharger
hould be dsclutched and operated as a free turbosupercharger.

.

=l L

. The range of satisfactory compound operation could be greatly
increacged by the use of a variable gear ratlo between the engine

ané the turbosupercharger, variable turbine-nozzle area, and variable
diffuser vanes to prevent supercharger surge, but these features
reguire congiderable development.

Although present equipment cannot be combined to give satis-
factory compound operation over the entire range of engine speeds,
the foregoing discussion indicates that reductions as great as
21 percent in the minimum brake specific fuel consumption at which
the engine can cruige can be attained over a narrow ranze of engine
speeds by the addition of a clutch between the engine and one turbo-’
supercharger; the turbosupercherger can be connected to the engine
a% these specds and disengaged at other speeds,

Celculations, based on test data for an 18-cylinder radial
aircraft engine having 2804 cubic inches displacement and 40° valve
overlap, give the Tollowing resulis concerning operation of the
enzine with a geared sxhaust-gas turbine and superchargsr:

fuel consumption decreases with decrease in fuel-
uel-air ratio in the neighborhood of C,063.

1. Specifi
air ratio to a

ok .
0
<

2. Specific fuel consumption decreases with increase in inlet-
menifold pressure for a constant fuel-air ratio,

3. Minimum specific fuel consumption is obtained at the maximum
inlev-manifold pressure for lmock-free operation at a fuel-air ratio
of about 0.063. Any appreciable incrsase in fuel-air ratio to avoid
knock has a greater adverse effect on economy than the favorable
effect of the corresponding permissible increase in inlet-manifold
preasure,

4, Minimum specific fuel consumption of this combination occurs

at an engine speed of 2000 rpm for the engine under consideration.
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5, The net brake specific fuel consumption of the combination is
a minimm for engine exiaust pressure approximately 25 percent above
inlet-manifold pressure and varies only slightly from the minimum for:
a range of exhaust pressures from 5 to 45 percent above inlet-manifiold
pressure.

6. The net brake specific fuel consumption of the combination
at an engine speed of 2000 rpm, a fuel-zir ratio C.0€3, and inlet-
manifold preszsure of 40 inches of mercury absolute, an engine exhaust
regsure of 42 inches of mercury absolute, and with turbine and super-
charger efficiencies each of 85 percent is 0.325 pound per brake
horsepower-hiour at 30,000 feet and 0.360 pound per brake horsepower-
hour at 10,000 feet.

7. A reduction in the efficiencies of both turbine and super-.
charger from 85 to 70 percent and a reduction in gear efficiency from
95 to 85 percent results in ll-percent increase in the minimum brake
specific fuel consumption at 30,000 feet, and the engine conditions
given above,

8, The effective turbine-nozzle area required at an enginc speed
of 2000 rpm to maintain the optimum ratio of engine exhaust pressure
to inlet-manifold pressure for minimum specific fuel consumption of
this engine combination is approximately 8 square inches at all alti-
tudes. The required nozzle aree increases with engine speed.

9. The provision of en exhaust nozzle to conserve the turbine
exhaust velocity for jet propuision would allow an additional reduc-
tion in fucl consumption at an airplane spoed of 350 miles per nour
of 3.2 percent at 10,000 feet and 3.7 percent at 30,000 fect.

10. The reduction in net brake specific fuel consumption possible
with this system, as comparced with the usual ungearcd-turbosupercharger
arrangement, is approximately 14 percent at 10,000 fect and 21 percent
at 30,000 fect.
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11, The engine cylinder temperature increases with increase in
engine exhaust pressure. Cooling considerations may therefore neces-
gitate the choice of an engine exhaust pressure somewhat lower than
optimum, with a small sacrifice in economy.

Alrcraft Engine Research Laboratory,
National Advieory Committee for Aeronzutics,
Cleveland, Chio,
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NACA ARR No, ES5SKZ28

TABLE IT - COMPUTED PERFORMANCE OF 18-CYLINDER
RADTAT, ATRCRAFT ENGINE

[ Engine speed, 2000 rpm; inlet-manifold
pressure, 40 in, Hg absolute; fuel-air
ratio, 0,0€3; carburetor-air tempera-
ture, 90° F; carburetor pressure,

7.35 in, Hg absolute ]

Engine Engine | Exhaust Charge-air |

exhaugt power | temperature|flow

pressure (bhp) (°F) (1v/hr)

(in. Hg

absolute)
10 1302.2 1694 8438
20 1260,0 1724 8247
30 1201.4 1724 8000
40 1127.0 1705 7710
50 1042.7 1677 73856
60 Gg51.7 1646 7034

National Advisory Committee
for Aeronautics
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NACA ARR No. E5K28 ’ Fig., 2
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NACA ARR No. EDBK28 . ’ Fig. 3
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Pigure S, - Variation of net brake specific fuel consumption with engine éxhaust
pressure at various engine speeds. 18-cylinder radial aircraft engine with
geared turbine and supercharger; inlet-manifold pressure, 40 inches of mercury
abgsolute; fuel-air ratio, 0.085; altitude, 30,000 feet; sarburetor-air temgerature.
90° F; turbine and supercharger efficiencies, 85-percent; gear efficiency 95 percent.
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Figure 4. = Variation of net brake specific fuel consumption with
engine exhaust pressure at various inlet-manifold pressures and
fuel-air ratios. 18-cylinder radial aircraft engine with geared
turbine and supercharger: engine speed, 2000 rpm; carburetor-air
temperature, 900 F; alti‘ude, 30,000 feet; turbine and super-
charger efficlencies, 85 percent; gear efficiency, 95 percent.
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Pigure 6, - Variation of net brake horsepower and bdbrake specific fuel consumption with
engine exhaust pressure at various altitudes. 18-cylinder radial aircraft engine with
geared turbine and supercharger; engine speed, 2000 rpm; inlet-manifold pressure,osa
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Figure 11l. - Variation of turbine nozzle area with engine exhaust pressure at
various engine speeds. 18-cylinder radial alrcraft engine with geared turbine
and supercharger; inlet-manifold pressure, 40 inches of mercury absolute; fuel-

air ratio, 0.063; carburetor-air temperature 900 F.
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