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CALCULATIONS OF ECONOMY OF 18-CYLINDER RADIAL AIRCRAFT ENGINE WITH
EXHAUST-GAS TURBINE GEARED TO THE CRANKSHAFT

By Ricearp W. Hannou and RicEARD H. ZDMMERMAN

SUMMARY

Calculations based on dynamometer test-siand data obtained
on an 18-cylinder radial engine wers made to determine the
improvement in fuel consumption that can be obtained at various
altitudes by gean'ng an erhaust-gas turbine to the engine crank-
shaft in order to increase the engine-shaft work.

The calculations indicated that, for turbine and aunhary
supercharger efficiencies of 85 percent, minimum net brake
apecific fuel consumptions of 0.357 pound per brake horsepower-
hour at an altitude of 10,000 feet and of 0.883 pound per brake
horsepower-hour at 80,000 feet can be obtained by gearing the
exhaust-gas turbine to the engine crankshaft and operating the
engine af a speed of 2000 rpm, an inlet-manifold pressure
of 40 inches of mercury absolute, and a fuel-air ratio of 0.088.

The reduction in net brake specific fuel consumption that can
be obtained if the exhaust-gag turbine supplies all the auxiliary
supercharger power and if its residual power is transmitted
through gears to the engine crankehaft, as compared with auxil-
tary turbosupercharging, is approrimately 14 percent at an
altitude of 10,000 feet and 21 percent at 80,000 feet.

The net brake specific fuel consumption with a geared turbine
i8 @ minimum for engine exhaust pressures approrimately $5
percent abore inlet-manifold pressure and varies only slightly
Jfrom the minimum for a range of exhaust pressures from § to
48 percent abore inlet-manifold pressure.

INTRODUCTION

The use of an exhaust-gas turbine to drive & supercharger
" at high altitudes is an effective method of meintaining sea-
level engine power at altitude. Analysis has shown, however,
that the waste energy of exhaust gases is recovered more
effectively by maintaining an engine exhaust pressure higher
than the minimum required for turbosupercharging and thus
increasing the work output of the exhaust-gas turbine. The
extra turbine power beyond that required for supercharging
can be supplied to the engine crankshaft through suitable
gearing (compound operation).

The purpose of the analysis reported is to determine the
improvement in net brake specific fuel consumption that can
be obtained if an engine is equipped with a geared turbine
and supercharger as compared with the engine using a stand-
ard turbosupercharger. The calculated values of specific fuel
consumption presented for an engine-turbine combination
were based on NACA test data obtained on an 18-cylinder

radial engine. Operating conditions for which the brake
speclﬁc fuel consumption of the combination is & minimum
ere given. The required turbine-nozzle area is elso calcu-
lated to indicate the size of turbine suitable for geared
operation.

Because the engine, the turbine, and the supercharger
have different characteristics, elements designed to give maxi-
mum efficiency at some operating conditions are incorrectly
matched at other conditions. Provision must therefore be
made to obtain setisfactory performance over the entire
operating range. The problem of obtaining a wide operating
range is briefly discussed.

The investigation reported was conducted at the NACA
Cleveland Laboratory in the fall of 1944.

METHODS

This analysis is based on dynsamometer test-stand data
obtained with an 18-cylinder radial engine operated at verious
speeds, inlet-manifold pressures, and exhaust pressures. The
data were obtained with the carburetor-inlet pressure
adjusted by a butterfly valve in the charge-eir intake pipe
ehead of the engine to provide the desired inlet-manifold pres-
sure with wide-open engine throttle in all runs. Pertinent
specifications of the engine are as follows:

Displacement, cuble inohes________________________________ 280+
Caompression ratio_ . ____ 6.65
Yalve timing:
Inlet opens, degrees B. T. C._ . _________ 20
Inlet closes,degrees A. B. C.__.__ . __________ 76
Exhaust opens, degrees B.B. C.___.___________________ 78
Exhausf closes, degrees M. T. C.o oo __ 20
Valve overlap, degrees ________________________________ 40
Engine-stage supercharger impeller dia.meter inches_____._... 11
Engine-stage supercharger gear ratio. ... _____ 7.6:1
Spark advance, degrees B. T. C. oo 25

The test data and the values of air flow and brake horse-
power, corrected to a carburetor-air temperature of 90° F,
are shown in table I. Although the carburetor-air tempera-
tures obtained in flight depend upon the amount of auxiliary
supercharging and intercooling used, the arbitrary use of a
temperature of 90° F for all calculations was considered
justified in this analysis because specific fuel consumption is
almost independent of carburetor temperature. The engine
performance at an engine speed of 2000 rpm end & fuel-air
ratio of 0.063 for various engine exhausi pressures, obteined
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TABLE I.—SUMMARY OF PERTINENT TEST DATA ON 18-CYLINDER RADIAL AIRCRAFT ENGINE
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at an inlet-manifold pressure of 38 inches of mercury absolute,

was extrapolated to an inlet-manifold pressure of 40 inches of

mercury absolute. These date are listed in table II.

TABLE II.—ESTIMATED PERFORMANCE OF 18-CYLINDER
RADIAL ATRCRAFT ENGINE .

?ed, old pressure, 40 In. absolute; mbj
ocarburetor: -un'tempontm'e.w'r.mbmetw-dru&gm.ﬂuln.ﬂll 0.065:

Englne

o:.%‘mlt gine te:g:ng Charge-sir

&mlng)i o | @B anmm
10 1302 1004 8438
20 1900 1™
] 1201 1724 8000
40 117 1708 7710
50 1043 1877 3%
a0 o2 1048 T4

For the computation of net brake horsepower of the com-
bination, the auxiliary supercharger and the turbine were
assumed to be on the same sheft and the difference belween
their powers to be transmitted through gears to the cugine
crankshaft. The exhaust-gas temperatures used in com-
puting turbine power are included in tables I and II. The
temperatures in fable I were measured approximately 1%
feet downstream of the junetion of the two halves of the
exhaust manifold. The calculated turbine work is that re-
sulting from expansion of the entire engine exhaust-gas flow
from engine exhaust static pressure to the altitude atmos-
pheric pressure. The calculated nuxiliary supercharger 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 pre-
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sented relate to the auxiliary supercharger because the
power of the engine-stage supercharger is contsined in the
measured engine power listed in the tables of data. Super-
charger and turbine efficiencies of 85 percent were used
in most of the computations. In addition, some computa-
tions were made with efficiencies of 70 percent in order to
show the effect of supercharger and turbine efficiencies on
performance of the combinetion. A geer efficiency of 95
percent was used for the calculations. The net power, when
the turbine power is greatér than the supercharger power,
therefore is:

engine power--0.95
(turbine power— auxiliary supercharger power)
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Fracee 1.—Varistion of exbanst-gas temperature with engine exhanst preamare at two fuel-
alr ratios and three Inlet-manifold pressures. 18-cylinder radial afreraft engine; engine
speed, 2000 rpm.
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The fuel flow was divided by the net power to give & net

brake specific fuel consumption for the combination.

At each condition computed, the supercharger and the

turbjne were assumed to be matched to the engine for opera-
tion with engine throttle full open and turbine waste gate
closed.

DISCUSSION OF CURVES

The variation of exhaust-gas temperature with engine
exhaust pressure &t two fuel-air ratios and three inlet-
manifold pressures at an engine speed of 2000 rpm is presented
in figure 1.

Variation of the gas constant for exhaust gas with fuel-air
ratio and the variation of the ratio of mean specific heats with
exhaust-gas temperature for three fuel-air ratios were taken
from reference 1 and plotted in figure 2. These values were
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FIoURE 3.—Variation of net brake specific fuel consnmption with engine exhausi pressure
at various engine speeds. 18-cylinder radial atreraft engine with geared turbine and soper-
charger; fuel-alr ratio, 0.085; inlet-mantfold premyure, 40 Inches of mercury abschite; altl-
tude, 30,000 feet; carburetor-air temperatare, 90° F; turbine and supercharger eficiencies,
83 percent; gear efficienoy, 60 peroent.
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used in the equations of reference 1 to compute the turbine
power. The values of the ratio of mean specific heats are
accurate for expansion from the exhaust-gas temperatures
through a pressure ratio of 3, and a negligible error is intro-
duced in the range of pressure ratios considered.

The net breke specific fuel consumption of the engine-

turbine-supercharger combination at various engine speeds
for a fuel-air ratio of 0.085, an inlet-manifold pressure of 40
inches of mercury absolute, and an altitude of 80,000 feet is
given in figure 3. This figure indicates that minimum specifie
fuel consumption can be obtained at & speed of approximately
2000 rpm. Because it is reasonable to expect that this
speed will also give minimum specific fuel consumption for
fuel-air ratios less than 0.085, all subsequent curves are
plotted for a speed of 2000 rpm.

The variation in net brake specific fuel consumption of the
combination with engine exhaust pressure at an engine speed
of 2000 rpm, an altitude of 30,000 feet, and at various
inlet-manifold pressures and fuel-air ratios is shown in figure
4. For a fuel-air ratio of 0.085, the minimum net breke

.60
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Fiourx 4.—Variation of net brake specific fuel consumption with engine exhaust pressurc at
various inlet-manifold presstires and fuel-air ratios. 18-oylinder radisl aircraft engine with
geared turbine and supercharger; engine speed, 3000 rpm; altitude, 30,000 feet; oarburetor-
air temperature, 00° F; turbine and suporcharger efficiencles, 85 pereent; gear eficlency, 96
percent. .

specific fuel consumption decreases as inlet-manifold pressure
is increased ; & large drop in net brake specific fuel consump-
tion also occurs when the fuel-air ratio is decreased from
0.085 to 0.063. The eflect of reducing fuel-air ratio is much
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greater than that of increasing inlet-manifold pressure. It
may be concluded that the most cfficient operation occurs at
a fuel-air ratio of approximately 0.063 and at the highest inlet-
manifold pressure permissible from considerations of engine
knock and cooling. At a [uel-air ratio of 0.003 and an engine
speed of 2000 rpm, using AN-F-28, Amendment -2, fucl,
incipient knock occurred during tests at an inlei-manifold
pressure of 39 inches of mercury absolute and an engine
cxhaust pressure of 28 inches of mercury absolute. The
knock became progressively worse as exhaust pressuro was
increased. The runs at this fucl-air ratio were therefore
limited to an inlet-manifold pressure of 38 inches of merewry
absolute. Figure 5 presents curves of net brake horse-
power .of the combination that correspond to the specific-
fuel-consumption curves of figure 4.
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FraUuRE 5.—Varlation of net brake horscpower with englne exlutust pressure at various infet-
manifold preasures and fuel-air ratfos. 18-oylindar raclial afrcraft engine with genred tuibine
and supercharger; cngine speed, 2000 rpm; altitude, 30,000 feet: carburetoralr tempern.
ture, 90° F; turbina and supercharger «fllclencics, 88 percent; gear offickency, 88 percent.
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Net brake horsepower and net brake specific fuel
consumption are shown in figure 6 for an engine speed of
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2000 rpm, an iolet-manifold pressure of 38 inches of"

mercury absolute, and a fuel-air ratio of 0.063 at various
altitudes and engine exhaust pressures. Similar curves were
calculated assuming e fuel having & higher knock rating than
AN-F-28 in the lean range for en inlet-manifold pressure of
40 inches of mercury absolute, based on the extrapolated per-
formence given in table IT (fig. 7). In figure 7, maximum
net power et an altitude of 30,000 feet occurs at an engine
exhaust pressure of approximately 33 inches of mercury ab-
solute. Minimum net brake specific fuel consumption &t an
altitude of 30,000 feet occurs at an engine exhaust pressure
of approximately 50 inches of mercury ebsolute. There is
a trend toward lower optimum engine exhaust pressure at
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FIOURE 7.—Variation of net brake horsepower and brake specific (uel consumptiion with
engine exhanst pressure at various sBitudes. 18-cylinder radial aireralt engine with geared
turbine and supercharger; foelalr ratlo, 0.063; engine speed, 2000 rpox; Inlet-manifold
pressure, 40 inches of mercury absolute; carburetor-alr temperature, 90° F; twrbing and
supercharger efficiencies, 85 percent; gear efficiency, 05 percent.

higher eltitudes, but the curves are flat end little change in
net brake specific fuel consumption occurs between engine
exhaust pressures of 42 and 60 inches of mercury absolute.
In general, net brake specific fuel consumption is 2 minimum
for engine exhaust pressures approximstely 25 percent above
inlet-manifold pressure and varies only slightly from the

minimum for a range of exhaust pressures from 5 to 45 per- __

cent above inlet-manifold pressure. The minimum net brake
specific fuel consumptions at 10,000 and 30,000 feet are 0.357
and 0.323 pound per brake horsepower-hour, respectively.
If the system is designed to operate at the exhaust pressure
for meximum net power, a sacrifice in specific fuel consump-
tion of approximately 3 percent would result.
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Table ITI shows the power produced by the engine and
the turbine and the power required for the auxiliary
supercharger.

For comparison with the optimum geared-turbine arrange-
ment, cross curves are shown in ﬁgures 6 and 7 that mprmt
the followmg cnses:

(¢) Engine with geared auxiliery supercharger and no

turbine

(b) Engine with ungeared auxiliary turbosupercharger
Current turbosupercharger operation with closed waste gate
is approximated by case (b).
in neb brake specific fuel consumption of 21 percent at an
altitude of 30,000 feet and 14 percent at 10,000 feet with the
optimum geared-turbme arrangement as compared with
case (b).

Figure 7 indicates a reduction.
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Calculations were also made for case (&) with individual
exhapst stacks for auxilliary jet propulsion, assuming the
optimum stacks for no engine-power loss, & speed of 350
miles per hour, and & propeller efficiency of 85 percent. The
stacks provide an effective increase in engine shaft power of
152 horsepower at 10,000 feet and 203 horsepower at 30,000
feet. The net brake specific fuel consumption is reduced to
0.376 pound per brake horsepower-hour at 10,000 feet and
0.401 pound per brake horsepower-hour at 30,000 feet. The
net brake specific fuel consumption obtained for case (a)
with individual exhaust stacks for auxiliary jet propulsion
was lower than that obtained for the engine with ungeared
auxiliary turbosupercharger (case (b)) at 10,000 feel, cqual
at 30,000 feet, but higher than that obtained with compound
operdation at both altitudes.

TABLE IIL—ENGINE, TURBINE, AND AUXILIARY SUPERCHARGER POWERS

[Engine spoed, 2000 rpm; inlet-manifold pressure, 40 In, Hg abs.; fuel-alr ratio, 0.063]

Auxiliery Auxlih.ry Excess
Engine Torbine saper- hn‘l:'o:a Net Turbine super- turbine Net
o] Kg'lp) 82 pacoent Ponr‘ " | ofpecosat powe m‘m’ Powarl e of peroent powsr .
(in. Hgabe.) ﬁp)u’l etleney | ofipincy (bhi) ey | affiency
- (hp) (bhp) ) (bhp)
Altitnde, 10,000 feet
2.5 1257 - 0 24 -3 1218 0 £5 -5 1904
30.00 1901 184 % 112 133 127 4 7l 1272
40.00 nar a5 5 206 1338 07 42 140 1987
50.00 1043 311 33 263 1308 256 41 183 1208 t
00.00 om 844 -] 27 1M0 %3 ) 207 118
Altitude, 30,000 foet
18,78 1290 0 20 —08 1194 0 100 -128 1161
20.00 1200 108 8 [ 1329 130 108 19 1279
30. 00 120 06 86 208 1800 25 105 128 1329
40.00 s 388 8 89 140 319 101 185 1312
50, 00 1043 £33 » 308 1370 30 220 1303
00.00 o2 453 8 3% 1311 b red 20 1101
Altltude, 30,000 fost
8.88 m ] 148 —154 115 0 m ~209 1007
10,00 52 148 -0 1203 43 brid -158 1144
20.00 1260 a7 143 178 1435 200 174 81 1341
30.00 1201 455 138 01 1502 378 108 176 I
40.00 1137 al 133 208 1408 420 o 102 w7 1354
50.00 1043 583 138 404 1447 455 158 25 18
00.00 52 [+ 123 418 3N 463 148 8 180 i
Altitude, 5,000 feet
4.0 1819 0 285 —260 1050 [}] 810 ]
10.00 1302 338 o] ™ 1381 m 307 -85 1207
20,00 1360 508 M7 304 1864 407 300 142 1402
90,00 1901 008 M0 407 1608 850 1 20 4
40,00 naw 711 281 458 1083 536 281 250 1388
50.00 1043 T a1 478 1821 506 200 1 1331
60,00 o2 715 21t 47 1481 50 6 -] 1235 "
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The effect on net brake specific fuel consumption of decreas-
ing the supercharger and turbine efficiencies from 85 to 70
percent and the gear efficiency from 95 to 85 percent is pre-
gented in figure 8. These calculations were made for an

-~ Turbine Super- Geor
é,&-ﬁ efficiency chorger efficiencyt—]
] efficlency, 1]
3% (percent) (mrcencg (percent)
0x.42 M o.7g o7 ass
8 XN — 85 .o 83
é‘ N 85 a5 85
v A 85 65 85
S8 W
53 s e
. S —
.30
g g 30 17 50 67 7a 80

£ngine exhoust pressure, in. Hg aba

Fratex 8.—Variation of net brake spectfic fnel consumption with engine exhaust pressure
for various torbine and supercharger efcfencies. IS-eylinder radial alreraflt engine with
geared turbine and supercharger; fusl-air ratio, 0.063; engine speed, 2000 rpm; altftude,
30,000 feet; nlet-mantfold pressure, 40 Inches of mereury abaclute; carburetor-afr tempers-
tare, 90* F. .

engine speed of 2000 rpm, an inlet-manifold pressure of 40
inches of mercury absolute, a fuel-air ratio of 0.063, and an
altitude of 30,000 feet. The reduction in the efficiencies of
turbine, supercharger, and gears causes an 11-percent increase
in the minimum net brake specific fuel consumption. This
percentage change in fuel consumption may be assigned to
the several changes in component efficiencies as follows:

Reductlon In com-
ponent eMelency w
Component (percent) specific fisel
consumption
From— | To— | (percent)
85 n 8.3
85 T LG
05 85 a1l
1L0

The reduction in fuel consumption possible if the turbine |

were provided with an exhaust nozzle for jet propulsion is
shown in figure 9. It was assumed that the teil pipe and the

.
L ISSSh
" -36 < < -
9 NI Withoul, jet progulsion
b Q ‘\Q_ ‘\\ 7
.34 S
E L Aipine)
532 NSO soeed
ﬁ \:r\\‘\\\ ]
AT,
33 Mﬁ[fh fflbr'anblian ~95% ]
< 8,000 2 34,000 42000 80,000
Alfftude, 1t

Fraczx §.—Comparison of net brake specific fuel consumption for engine with geared turbine
with and withoat Jet propulsion at varfous atrplane speeds and altitudes. I1S-cylinder
redial aireraft engine with geared turbine and supercharger; foel-alr ratio, 0.063; engins
speed, 2000 rpm; inlet-mantfold pressure, 40 inches of mercury abeolute; earbaretor-air
temperature, 90° F; turbine and supercharger efficfencies, 85 percent; gear efclenay,
06 percent.
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nozzle conserve the turbine-exit velocity with negligible loss.
det propulsion provides an additional reduction in net brake
specific fuel consumption at 350 miles per hour of 3.2 percent
at 10,000 feet and 3.7 percent at 30,000 feet. Calculations
indicated that, for the cases of figure 9, there is little gain in
decreasing the jet-nozzle erea and increasing the engine ex-
haust pressure.

The cooling-air pressure drop required to maintein & tem-
perature of 400° F at the rear spark-plug bosson the average
cylinder and approximately 450° F' on the hottest cylinder
(assuming NACA standard atmosphere) at various exhaust
pressures and altitudes is given in figure 10. A cross curve
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£ngine exhaust pressure, in. Hg abe.

F10CRE 10.—Variation of cooling-air pressure drop with engine exhaust pressure at various
altitudes. 1S-cylinder radisl afreraft engine with geared turbine and supercharger; fosl-
alr ratlo, 0.063; engine speed, 2000 rpm; inlet-manifold pressure, 40 Mnches of mercury
abaolnte; carburetor-afr temperature, 90° F; allowahle average rear-spark-plug-boss temper-
ature, {00° F; allowable maximum rear-spark-plug-boss temperature, 430°* ¥; NACA
standard atmosphere.

isincluded to show the pressure drop available at an indicated
airspeed of 200 miles per hour, assuming that 80 percent of
the dynamic pressure can be made aveilable for cooling.

The curves of figure 10 indicate that operation with & high
exhausf pressure increases the pressure drop required for
cooling. It is possible to reduce the cooling-air pressure drop
required, to lessen tendency toward knock, and to increase
net power with only a smell increase in specific fuel consump-
tion by operating at an exhaust pressure below that required
for minimum net brake specific fuel consumption. For
example, figure 7 shows that minimum specific fuel consump-
tion at an altitude of 30,000 feet is obtained at an exhaust
pressure of 50 inches of mercury. The following table is &
comparison of the specific fuel consumption, required cooling-
air pressure drop, and engine power for this exhaust pressure
and for an exhaust pressure of 42 inches of mercury absolute,
taken from figures 7 and 10, respectively:

Engine Net brake uired
:x::t me:;.-_‘ m::lﬂomel Net (ipo)“ gﬂ“"‘k
A Wi frop G
)] 0.333 1445 14.8
4 <338 1000 11.9
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The effective turbine-nozzle areas required at various
engine speeds and exhaust pressures for en inlet-manifold
pressure of 40 inches of mercury absolute are shown in figure
11. The areas are almost independent of altitude if super-
critical flow exists through the turbine nozzles. At an engine
speed of 2000 .rpm and an engine cxheust pressure of 50
inches of mercury absolute, figure 11 indicates a required
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Fiovex 11.—Variation of turbine-norsle area with engine exhanst pressure at various engine
speeds. 18-cylinder radial airoraft engine with geared turbine and supercharger; fuel-air
ratio, 0.063; inlet-manifold presstre, 40 inches of mercury absolute; catburctoralr tem-
perature, W* F, .

effective twrbine-nozzle area 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 speclﬁc fuel consump-
tion is obtained at nearly a constant ratio of engine exhaust
pressure to 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, & turbine-nozzle area chosen to give minimum spe-
cific fuel consumption at one inlet-manifold pressure would
give minimum specific fuel consumption at other inlet-

’

' turbine.
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manifold pressures at the same engine speed. Figure 11
indicates that the required turbine-nozzlo area to hold a con-
stant ratio of engine exhaust pressure to inlet-manifold
pressure increases nearly proportionately with engine speed.

DISCUSSION OF OPERATION

The characteristics of conventional aireraft engines,
superchargers, 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 cngine and flight con-
ditions. A full discussion of the operating problems of a
compound engine that will give maximum efficiency over the
entire operating range is beyond the scope of this report;
nevertheless, a compromise that can be used to obtain the
benefits of compound-engine operation over a range of
cruising condijtions will be discussed.

It is assumed that on each engine two turbosuperchargers
are connected by parallel duets with a modification that per-
mits all the exhaust gas to be passed through only onc of the
turbosuperchargers and a clutch and gear train to conneet
that turbosupercharger to the engine crankshafi. At high
engine speeds, both turbosuperchargers are free and operate
in parellel. At low engine speeds, both are free but only one
is required to supercharge the engine. At medium enginoe
speeds, only one turbosupercharger is used and it is geared
to the engine érankshaft and operates with a high nozzle-box
pressure to provide extra power for the propeller.

For example, a system designed for geared operation with
maximum economy at the following conditions is considered:

Engine apeed, rpm .o v e ————— . 2000
Inlet-manifold pressure, inches mercury abmolute......... -. 40
Altitude, feet_ e e a—————— 30,000

At these canditions, a turbine with a closed waste gate and
an effective nozzle arca 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 con-
sumption very close to the minimum. For axpansion from
42 inches of mercury absolute to atmospherie pressure al an
altitude of 30,000 feet, the theoretical turbine-nozzle dis-
charge velocity is 3115 fcet per second. For a turbine-
wheel pitch-line velocity of 1200 feet per second, the cor-
responding blade-to-jet speed ratio is 0.385, which gives an
efficiency close to the peek value for a singlo-stage impulse
The turbine should be equipped with a gear train

- to prowde the correct piteh-line velocity at an engine apood

of 2000 Tprh.

With the seme engine speed and inlet-manifold pressure at
lower altifudes, engine exhaust pressure remains at 42 inches
of mercury absolute down to the altitude at which the pres-
sure ratio across the turbine nozzles is suberitical and then
increases to approximately 44 inches of mercury absolute at
gea level. The {urbine-nozzle discharge velocity is reduced
to 1660 feet per second and at constant engine speed the
corresponding blade-to-jef speed ratio is 0.723, giving a low

, turbine efficiency. Also the inlet-manifold pressure pro-
" vided by the engine-stage supercharger and the geared turbo-

supercharger increases with a reduction in altitude, and
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throttling of the superchargers is necessary. At some low
altitude, the loss of turbine efficiency, the waste of super-
charger power, and excessive heating of the charge would
make it advantageous to decluteh the turbosupercharger.

Efficient cruise operation et altitudes lower than 30,000
feet can be obtained by slightly reducing the engine speed
without changing the ratio with which the turbosupercharger
is geared. Little throttling of the supercharger would then
be necessary, the turbine efficiency would be near its peak,
and over & wide range of altitudes the engine exhaust pressure
could be maintained at a high enough value to realize a sub-
stantial decrease in net brake specific fuel consumption.

At high eltitudes and at engine speeds considerably lower
than 2000 rpm, the geared turbosupercharger (designed
for the conditions listed) operates at too lIow a speed and
is unable to maintain the required carburetor-gir pressure.
At very high engine speeds (relative to 2000 rpm) at all
altitudes, the turbosupercharger tip speeds exceed the safe
value. For both these cases the turbosupercharger should be
declutched and operated as a free turbosupercharger.

The range of satisfactory compound operation could be
greatly increased by the use of a variable gear ratio between
the engine and the turbosupercharger, variable turbine-
nozzle area, and variable diffuser vanes to prevent super-

-charger surge, but these features require considerable
development. -

Although current equipment cannot be combined to give
satisfactory compound operation over the entire range of
engine speeds, the foregoing discussion indicates that redue-
tions as great as 21 percent in the minimum brake specific
fuel consumption at which the engine can cruise can be
attained over a narrow range of engine speeds by the addition
of a clutch between the engine and one turbosupercharger;
the turbosupercharger can be connected to the engine at: these
speeds and disengaged at other speeds.

SUMMARY OF RESULTS

Calculations, based on test date for an 18-cylinder radial
aircraft engine having a 2804-cubic-inch displacement and
40° valve overlap, geve the following results concerning
operation of the engine with a geared exhaust-gas turbine and
supercharger: )

1. Specific fuel consumption decreased with a decrease in
fuel-air ratio to & fuel-air ratio in the neighborhood of 0.063.

2. Specific fuel consumption decreased with increase in
inlet-manifold pressure for a constant fuel-air ratio.

3. Minimum specific fuel consumption was obtzined at the
maximum inlet-manifold pressure for knock-free operation
at a fuel-air ratio of about 0.063. Any appreciable increase
in fuel-eir ratio to avoid knock had a greater adverse effect
on economy than the favorable effect of the corresponding
permissible inerease in inlet-manifold pressure.

4. Minimum specific fuel consumption of this combination

occurred at an engine speed of 2000 rpm for the engine

under consideration.

5. The net brake specific fuel consumption of the combina-
tion was a minimum for engine exhaust pressure approxi-
mately 26 percent abave inlet-menifold pressure and varied
only slightly from the minimum for a range of exhaust pres-
sures from 5 to 45 percent above inlet-manifold pressure.

6. The minimum net brake specific fuel consumption of

the combinetion at an engine speed of 2000 rpm, a fuel-

air ratio of 0.063, an inlet-manifold pressure of 40 inches of
mercury absolute, end with turbine and supercharger effi-
ciencies of 85 percent was 0.323 pound per brake horsepower-
hour at 30,000 f{eet and 0.357 pound per brake horsepower-
hour at 10,000 feet.

7. A reduction in turbine and supercharger efficiencies
from 85 to 70 percent and a reduction in gear efficiency from
95 to 85 percent resulted in an 1l-percent increase in the
minimum brake specific fuel consumption at 30,000 feef
and at the same engine conditions.

8. The efiective turbine-nozzle aree required at an engine
speed of 2000 rpm to masintain the optimum ratio of

engine exhaust pressure to inlet-manifold pressure for mini-

mum specific fuel consumption of this engine combination
was approximately 8 square inches at all altitudes. The
required nozzle area increased with engine speed.

9. The provision of an exhaust nozzle to conserve the
turbine-exhaust velocity for jet propulsion would allow an
additional reduction in fuel consumption at an airplene speed
of 350 miles per hour of 3.2 percent at 10,000 feet and 3.7
percent at 30,000 feet.

10. The reduction in net brake specific fuel consumption
possible with this system, as compared with the usual
ungeared-turbosupercharger arrangement, was approximate-
ly 14 percent at 10,000 feet and 21 percent at 30,000 feet.

11. The engine cylinder temperature increased with
increase in engine exheust pressure. Cooling considerations

may therefore necessitate the choice of an engine exhaust

pressure somewhat lower than optimoum, with a small sacri-
fice In economy.

ArrcrarFr ExainE REscircE LiaBORATORY,
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