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TEE PERFORMANCE OF A COMPOSITE ENGINE ‘CONSISTING OF -
A RECIPROCATING SPARK-IGNITION ENGINE, A BLOWDOWN -
TURBINE, AND A STEADY-FLOW TURBINE

By L. Richard Turner, and Robert N. Noyes

SUMMARY '
An analysis 1s presented of Yhe performance of a composite

engine consisting of a reolprocating espark-ignition emgilne, two

superchargers, a blowdown turbine, and & stesdy-flow turbine. The

performance of composite engines with geared-in turbines and of

composite engines using auxiliary propellers to absorb ‘the excess

power of the steady-flow turbines was analyzed in oxder to deter-

mine the sultability and cost of design compromises when the slze

of *turbines and superchargers and all gear ratios are assumed
fixed,

The analysls indicated the possibility of attaining at an
altitude of 30,000 feet the minimum brake specific fuel consumption
of the order of 0.336 pound per horsepowsr-hour with turbines and
superchargers operating at an sssumed maximum efficiency of
70 percent.

INTRODUCTION

The composite engine, consisting of a reciprocating engine as
the primary stage with one or more gas turbines to act as addltional
stages of expansion, is currently being considered. for use in the
propulsion of long-range alrcraft, Several analyses have been made
of composite-engine systems using a single steady-flow turbine.
(Ses, for ~example, references 1 and 2. )

The blowdown turbine, which usés exhaust gas discharged inter-
mittently from separate cylinders of the primary engine (described
in reference 3), can remove energy from the exhaust gas without
imposing any additional back pressure on the engine., In addition,
the blowdown turbine recovers power from the kinetic energy of the
gas 1n the exhaust portes and stacks that is ordinarily wasbted in the
exhaust collector when the exhaust gases are used to drive a steady-
flow turbine. The output of a blowdown turbiné increases less
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rapidly, however, than that of a steady-flow turbine as the tuxbine-~
dlacharge pressure 1s decreased, For most cases, more power may be
recovared from the exheust gas by using a blowdown turbine and a
steady-flow turbine in serles then by using either turbine separately.

This anelysis presents the calculated performence for various
flight condltions of the following three compeoslte-engine systems,
each of which includes & spark-ignition engine, a blowdown turbine,
a steady-flow turblme, two supervchargers, end a 50-percent effective
intercodler.

(a) Variable-component system: For every point of the calcula-
tlon, the size and rotative speed of the componsnts are assumed to
be correct for operation at maximum efficiency at that polnt. Each
turbine directly drives a supercharger and any eXcess power from
the turbines ies delivered to the engline through gear trains, and
convergely, any defilciency in turbine power required by.the super-
chargers 1s provided by the englne.

(p) Fixed-component system: Turbines and superchargera of
fixed size are connected to the engine with fixed gears. In such
a system the speed of the components will necessarily depend on
engine speed, and losges in the efficiency of the turbines and losses
due to throttling the auxllilary supercherger will occur.

(¢) Auxiliery-propeller system: This system is the same as
the fixed-component system except that steady-flow-turbine power
in excess of that required by the auxiliary supercharger is absorbed
by an suxillary propeller, In such a system, it is unnecessary to
throttle the auxiliary supercharger. ' ’
The varilable-component system represents the best performance
attainable with the assumed component efficlenclies and therefore
gerves a8 a basls of evaluating the performance of the more real-
igtlc fixed-component and suxiliary-propeller systems,

The performence of the variable-component system is compared
with the performence of gystems composed of the same reciprocating
‘engine using only a geavred steady-flow turbine and the same englns
with individual oylinder Jet stacks used for jet propulsion. In
evalvating performance, no consideration was gilven to the difference
in welght of the various systems belng compared.

ot . _ . PROCEDURE N e
In this ahaiysis, the net power of a compOSite;enéiné'system o ;
is defined as the sum of the indicated engine power and the power
- o C T e
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developed by the turbines and jet propulsion less the power consumed
by englne friction, supercharging, and drag of picking up the inlet
.charge air,

The indicated engine power as determined from an engine cali-
bration 1s here defined as the sum of the brake power, the power
"absorbed by the supercharger, and the engine friction power meas-
ured or calculated for equel intake and exhsust pressure. The
engine friction power is therefore a function of engine speed. ' -

The specific alr consumption was calculated from test volumet-

" ric efficiencies of a reciprocating engine and the calculated net
pover of the composite engine, The specific fuel consumption is the
product of the specific air consumption end the fuel-air ratio. The
computetion of specific fuel consumption.was made for & fuel-alr’
ratlo of 0,067 for all conditions. In the interpretation of the
results of the analysis, it must be remembered that the specific
fuel consumption will be increased in proportion to the fuel-air
ratio for those conditions that require enriching because of knock
limitations of the fuel.

When the computations;for the aﬁalysis wore started, the only
available engine data applicable to the analysis were from tests of
a single cylinder of & current high-performence nine-cylinder air-
craft engine having a displacement of 1820 cubic inches and & nomi-
nal valve overlap of 40°., These.test date were for an engine speed
of 1700 rpm and a fuel-air ratio of 0.10. Calculation of the per-
formence of the composite engine was made usihg this engine data,
assuming that the power and air flow of an engine for a fusl-air
ratlio of 0,10 was equal to that cbtainéd for a fuel-air ratio
of 0,087, .

Subssquently, sultable multicylinfer-engine data became avail-
able a8 a result of tests of a current 18-cylinder aircraft engine
heving a displacement of 2800 cubic inches and & nominal valve over-
lap of 40°. These data were taken at an engine speed of 2000 rmm,
en Intake-manifold pressure of 30 inches of meroury absolute, and a
fuel-alr ratio of 0.069. As a check on the validity of the use of
the single-cylinder date to compute the performance of full-scale
composite enginesg, the performence of the composite engine was cal-
culated for an engine speed of 2100 rpm and an intake-manifold pres-
sure of 35 inches of mercury absolute by extrapolating the available
multicylinder-engine data. .

The details of caloulating the rerformaence of the composite
engine are given in appendix A. :
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DISCUSSION

L
-

Variable-Component System

The varlable-component system consists of the following compon-
ents: a conventlonal four-stroke-cycle spark-ignitton engine, blow-
down and steady-flow turbines, a tail pipe designed for jet propul-
slon, and two Independent stages of supercharging.= A dlagram of
this arrangement ls shown ln figure 1. The auxillary-stage snporm-
charger ls connected to the shaft of the steady-flow turbline and
the englne-stage supercharger 1s connected to the shaft of the blow-
down turbine. Each combination of turbine and supercharger:is so
goared to the englne through separate gear trains thet any excess
or deficlt in power may be delivered to or made up by the engine.
The exhaust gas flows from the individual engine cylinders to the
blowdown turbine, then through the steady-flow turbine, and 1s dls-
charged through the jJet-propulsion nozzle.

Ths baslic reciprocating engine of the composite engines die3
cussed is assumed to be an 18-cylinder englns having & bore of S

inches and a stroke of 6 inches. The displacement volumwe of such
an engine would be approximately 2800 cubic inches. '

Nozzle area for blowdown turbine. - In the calculation of the
performance of the blowdown turbine, the kinetic energy assoclated
with the exit velocity from the blowdown turbine was assumed to be
digsipated and not conssrved for use by the steady-flow turbine;
the total pressure at the inlet to the steady-flow turbine was
assumed to be equal to the static pressure at the outlet of the blow-
down turbine.

The best area for the nozzles of the blowdown turbine can be
chosen for any ratio of blowdown-turbine static discharge pressure
to intake~-manifold pressure without determining the performance of
the entire composite engine. As the area of a nozzle at the end of
an indfvidual exhaust stack is reduced, the mean exhaust=gas jJet -
veloclty V., developed at the nozzles of—the blowdown turbine
1H6¥BABes., The englne power at first remalins constant and then
decreanes with no change in air welght flow. Finally the air welght

flow decreased. The ratio van/A has been shown by reference 4
to be the controlling parameter in this process, where vy 1s the

displacement volume of the engine, n is the engine speed, and A
le the exhaust-stack-nozzle area.
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The change in nst power of the engine and blowdown turbine
AP 1s given by the eguation

Tl
AP = (ny o + Ang)(1 + f)<2 = TQ\[; )Aq! (1)

where
My volumetiic effliciency of engine

volumetric efficiency of engine with stub stacks having no
restriction

Tv,o0

2

Anv change in ym due to stack restriction (assumed zero)

B fuedteln  rafld. |

Bp intekesmanifold absolute static pressure, (1v/sq £t)

g acceleration of gravity, 32.2 (£t)/(s0c?)

R ges constant for ailr, 53.35 (£4-1b)/(1b)(°F)

T4 gtandard total intake-manifold temperature, 540 (63)

1) total intake-manifold témperature, (°R)

S meen blowdown-turbine efficlency

Ad  change, due to stack restriction, in the ratio of indicated
nean effective pressure of engine to 1ntake-manifold

pressure

All the symbols used are defined where first used and, for
convenience, are also recapitulated in appendix B.

Equation (1) may be simplified by expressing the change in
power in the nondimensional form

22 |

2
- (1+2)7
29 = (ny,o + Aw)N— ’— ;8 = Té T | 4 ad (2)
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Flgure 2 shows Ad as a function of the ratio vdn/Ab for var-
lous values of the retio of blowdown-turbine static dlscharge pres-
sure to intake-manifold pressure, where A; 1s the blowdown-turbine
nozzle aree. The variation of the intakeqm&nifold temperature T}
with engine speed was neglected and Tj was assumed equal to the
gtandard temperature Th.

In ah instellation of fixed mozzle area, the ratio van/Ay
increasss in proportion +o englne speed. If it is tentatively
assumed thet desirable operation of the composite engine will be
obtained in the range of ratloa of blowdown~turbilne static dlscharge -
pressurs to intake-manifold pressure between 0.6 and 1.0, operation
&t nearly maximum A will be obtained if & value for vdﬁ/Ab of
200 feet per second le chosen for a crulsing engine speed of 2100 -
rpm, For current alr-cooled engines, rated-powsr and emergency
speeds are about 15 and 30 percent higher, reapectively, than
cruising speed; that is, 2415 and 2730 rpm. On thls basis, the values
of wvgn A for rated and emergency speeds become 230 and 260 feet
por secong respectively. Over the range of vgn/A, from 200 to
260 feet per second, figure 2 indicates that at any ratio of blowdown-
turbine static dilscharge pressure to lntake-manifiold pressure between
0.6 and 1.0, the value of A® is-nearly comstant at its maximum
value. For this partiocular case, the effective blowdown-turbine
nozzle area Ay 1s 40.8 square inchea. This effective area is equal
to the physical area only when each engine cylinder discharges
through & separate group of nozzles in the nozzle diaphragm.

The effect of exhaust-stack restriction on cylinder-head tom-
perature for constant cooling conditions is shown in figure 3. These
results, which are similer to results obtalned at other engine oper-
ating conditions, were obtained from the single-cylinder data. For
a value of- vdn/A of 260 feet per second, which corresponds to the
assumed emergency engine speed, cylinder-head temperatures are approx-
imately 10° F higher then with no stack restriction where van/A
values range from approximately .100 to 120 feet per second for the
same engine speed. These results indicate that the reduction of
exhaust-gtack-nozzle area will cause only & small increase In cylinder-
head temperature.
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Performance of variable-cquonent'system. - The resulta of the
analysis for the variable-componsnt system based on single-cylindexr
date are presented for the following four altlitudes: sea level,
15,000, 30,000, and 45,000 feet. Computetions were made for engine
speeds of 2100, 2415, and 2730 rpm and for three or four intake-
manifold pressures, The net brake mean effectlve pressure and net
brake specific fuel consumption are plotted in figure 4 agalnst the
ratio of total pressure at inlet of steady-flow turbine to intake-
manifold pressure pg/pm. These results were obtalned using tur-
bine and supercharuery efficlencles of 70 psrcent and gear sfflcilen-
cles of 85 percent. The results obtained by using multicylinder-
engline data and the sames vslues of turbine, supercharger, and gear
efficiencies are also shown in ¥igure 4 for an engine speed of 2100
rpm and an intake-manifold pregsure of 3% inches of mercury absolute.
These results are-for & fuel-gir ratio of 0,067, which is a repre-
sentative fuel-ailr ratlo for an engins rumning at crulse conditions.
For higher power output, the plotted spsciflc fuel consumptions
would be increased in proportion to any increase in the fuel-air
ratio,

Some signifilcant Peatures of the performance of the variable-
component system baged on single-cylinder dabta in the computation
of the performance of the recgiprocating engine with turbine and
supercharger effliclencies of 70 percent, gear effilciencles of
85 percent, a fuel-air ratic of 0.087, and an altitude of 30,000 feet
are skown In the following table:

Intake- |Brgine |{bsfCimin | (Po/Pmlo (bmep)o

manifold |speed , (1b/sq in.)
pressure | I (1b/np-nr) | = (1) (2)
Pm | (rpm) : :
(in. He
absolute) f
35 2100 0,344 - 0.93 199
27130 , 203 .80 188
=0 2100 0,333 _ 0.94 283
: 2730 « 346 H .92 271

e ratio (pé/pm)o dqnotés the ratio of blowdown-turbine

exhaust nressure to intake-monifol3 pressure for which the
breke specific fuel co;sumpb¢on ig & minimun,

27he expreossion (bmep), denotes the orake mean sffectlve pres-
sure that corresponds to minimum brake specific fusl
congumption.
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For low '/p ratlos, the specific fuel consumption, as cal- -
culated from the multicylinder data, is slightly higher and the power
slightly lower than that obtained when calculated from the single-
cylinder data, For high ratios of 1p!/p , the opposite is true.
For a ratio’of near unlty, the rgsulte obtained from sither
multicylinder da or single-cylinder date are in clese agreement.

The wvalues of net-brake mean effective pregsure and net brake
specific fuel consumption ‘for the variable-component system computed
using alngle-cylinder date, a blowdown-turbine efficlency of 70 per-
cont, steady-flow turbihe end supercharger efficlencles of 85 per-
cent, and gear efficiencles of 95 percent are shown in figure 5.

For these efficlencies, the analysis indicated that e minimum brake
specific fuel consumption of 0.303 pound per horsepower-Hour could

. be obtained at an altitude of 30,000 feet, an engine speed of 2100
rom, an 1ntake-man1fold~pressure_of 50 inches of mercury absolute,
and a fuel-air ratio of 0.067 (fig. 5(c)). A comparison of figure 5
with figure 4 shows that the regions in which maximum power and
minimum £uel consumption occur are located &h slightly higher values
of '/p for the higher steady-flow turbine, supercharger, and
geaxy efflciencies in figure 5., Regardless of which set of component
efficlencies are used for the computation, maXimum power and min-
imum fuel consumption occur approximately in the p%/pm range from
0.5 to 0.7 and 0,85 to 1.1, respectively.

The distribution of powser between the various auiiliar& unite
thet maks up the veriable-cpmponent system 1s shown in figure 6.
These powers were evaluated at & pl/p, ratio of 1.0 for turbine

and supercharger efficlencies of 70 percent. The englne conditione
for thia distrivution are en intske-manifold pressure of 35 inches
oft mercury ebsclute and an englne speed of 2100 rpm. Single-cylinder
date were used for computing the air flow and the power of the recip-
rocating engine., The corresponding net breke mean effective pres-
gure for the variable-coimponent system can be obtained from figure 4.
The resulis obtalned for other engline conditions are similar to

those shown. For ratlos of pé/rm ‘near unity, the powers of the
blowdown turbine end the steady-flow turbine always exceed those
roguired for the engine-stage and auxlliary-stage  puperchargers,
respectively. '

Comparison of varlable-component system with other types of
composite engine. - For comparison with the variable-component - -
system, ‘the performance of a supercharged engine with a geared-in
steady~flow turbine and & Jet-propulslon nozzle and of a super- -
charged sngine with individual oylinder Jet stacks having optlmum
stack diescharge area to be used for Jet propulsion was computed.,
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The results of analysis of these two syastems were calculated using
single-cylinder data, turbine and supercharger efficiencies of

70 percent, gear efficlensies of 85 percent, an inteke-manifold
pressure of 35 inches of mercury absolute, andengine speed of

2100 rpm, a fuel-air ratio of 0,067, an altitude of 30,000 feet,
and an alrplans velocity of 375 miles per hour. The results are
presented in the following table:

[
(vare) . 1(pp/p ) | (bmep)
(1b/hp-hr) (1b/sq in.)
Geared-in 0.382 1.01 175
steady-flow
__Surbine
Individual . 0.429 [e-=e--=- 182
cylinder
Jet stacks
Variable-component 0.348 0.93 199"
system including
blowdown and steady-
flow turblnes

The variable-component system not only has the lowest net specifilc
fuel consumption but also has the greatest power output.

For direct comparison with the system described in reference 2,
¥hich consists of an englne and a steady-flow turbine (similar to
the geared-in steady-flow turbine system used in ‘the preceeding com-
parison), the variable-component system with blowdown and steady-flow-
turbines was analyzed for an engine speed of 2000 rpm, an lntake=-
manifold pressure of 40 inches of mercury absolute, and a fusl-air
ratio of 0.063; the multicylinder-engine data for this analysis werse
obteined from table IT of reference 2. The net brake specific fuel
consumptions for these two systems are shown in figure 7 as & func-
tion of ' /p for various altitudes. A blowdown-turbine efficlency

of 70 percent, steady-flow-turbine and supercharger efficlencies of
85 percent, and gear efficlencies of 95 percent were used in the cal-
culations. For the engine conditions shown, the fuel consumption of
the varilable-component system was from 0,01 to 0.02 pound per - .
horsepower-hour lower than that obteined with the system described
in reference 2. :

Choice of fixed nozzle areas for steady-flow turbine. - The
variation of steady-flow-turbine nozzle area’ wlith the ratlo pﬁ/ﬁm

for the chosen blowdown-turbine nozzle area (40.8 sg in.) is shown
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in figure 8. Reference to figures 4 and 5 shows that the mean Pﬁ/Pm
value for maximum power output veries from approximastely 0.7 at sea
level to 0.6 at an altitude of 45,000 feet. If operation &t low intake-
manifold pressures at sea level is excluded from consideration, it

mey be seen from figure 8 that with a steady-flow-turbine norzle area
approximately equal te 21 squere inches, the engilne will operate in

the neighborhood of py/py values for maximum power output.

Similarly from figures 4 and 5, the mean Py/p, velue for mini-
mum fuel consumption variles.from approximately 1.05 at sea level to
0.95 at an altitude of 45,000 feet. Again excluding operation at
low intske-manifold pressures at sea level, it may be seen from fig-
ure 8 that with a steady-flow-turbine nozzle aree of approximately
14 square inches, the engine will operate in that range of Pb/Pm
values for minimum specific fuel consumption.

Thus, if oporation of the composite engine in the reglon of maxi-
mum power output 1s desired, a fixed steady-flow-turbine nozzle area of
21 square inches should be used, If, on the other hsnd, minimum spe-
oific fuel consumption ls the more important consideration, a fixed
gteady-flow~turbine nozzle ~rea of 14 square inclLes should be used.

Turbine speeds. - The variation of the ratio of pitch -line
veloclty of the steady-flow-turbine wheel to engine speed for maxie-
mun turbine efficiency with the ratio pé/p is also shown in fig-

ure 8. For convenience, a pair of dotted lines showing the variation
of the ratio '/b with engine operating conditions for the steady-
flow-turbine nozzle ayeas of 21 and 14 square inches are superimposed
upon the lines of steady-flow-turbine speed veriation. Thus, for a
steady~flow-turbine nozzle area of 21 square inches, the ratio of
plich-line velocity of the steady-flow tEr ine to engine speed fox
maxlimum turbine efficlency varies from 7 feet per engine revolution

at sea level for an engine speed of- 2100 rpm and an intake-manifold
pressure of 35 inches of mercury absolute to 332 feet per engine

revolution st 45,000 feet for the same engine operating conditions.
Because of the wide variation of the ratlo of pitch-line veloclty

" to engine speed for maximum turbine efficiency with altitude, it 1=

impossible to gear the steady-flow turbline to the engine with a

fixed gear ratio and have the turbine operate at nearly peek effi-

clency at all altitudes from sea level to 45,000 feet for all of

the assumed engine operating conditions,

If-the steady-flow turbine is geared to the engine with a
single gear ratio and required to operate at all altitudes between
ses level and 45,000 feet, the magnitude of the loss in turbine effi-
clency that will.occur can be illustrated by the following exampls:

Iy
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Assume thet 1t is desired to operate the composite engine, having a
steady-flow-turbine nozzle area of 21 square inches, at sea level
and et an altitude of 45,000 feet, an engine speed of 2100 rpm, and
an intake-manifold pressure of SO inches of mercury absolute, If
the gear ratio between the turbine and the engine 1s so chosen that
the turbine efficlency is the same at both altitudes, the value of
thig efficiency, assuming thet turbine efficiency variles parabol-
ically with blade-to-jet-speed ratio, will be only 0.728 times the
peak efficlency of the turbine. Thus if the peak turbine efficiency
is 70 percent, the efficlency.at sea level and 45,000 feet will be
approximetely 50 percent. . . .

_ The ratio of the pltch-line wvelocity of thé'blowdown-turbine
wheel to engine speed required for maximum turbine efficlency is
shown in figure 9. This ratio is a function only of pﬁ/pm, engine

speed, and altitude., A smell variation-of thls speed ratio occurs
with altitude because of the variation with altitude of the intake-
menifold temperature. The variatlon of the ratio '/bm_ with
intake-manifold pressure at each engine speed for steady-flow-turbilne
nozzle areas of 21 and 14 square inches is shown by broken lines
that correspond to those in figure 8. For either of these steady-
flow~turbine nozzle areas, the variation of the ratlo of blowdown-
turbine -wheel pitch-line velocity to engine speed with engine
operating conditions is sufficiently restricted so that a fixed

value of gear ratio may be used between the blowdown turbine and the
engine, TFor example, If gears are so chosen.that the ratio of the
pitch-line velocity of the blowdown-turbine wheel to engins speed

is 20 and 17 feet per engine revolution for steady-flow-turbine nozzle
areas of 21 and 14 square inches, respectively, it was found that the
blowdown-turbine power output was always between 92 and 100 percent
of the power output corresponding to maximum efficlency for all con-
dlitlions of engine operation. :

Effect of blowdown turbine on stresses in gteady-flow turbine. -
For an engine speed of 2730 rpm, which is the assumed smergency-
speed rating, the pltch-line velocity of the blowdown -turbine wheel
. for a speed ratio of 17 feet per engine revolution is only 775 feet
per sscond. Because of this low pitch-line veloclty, a reasonably
sized blowdown turbine may be designed that can operate at high
exhaust-gas temperatures without being overstressed.

The optimum wheel speeds of the steady-flow turbine are much
greater under some conditions than those of the blowdown turbine.
(See fig. 8.) For this reason the steady-flow turbine cannot oper-
ats at its optimum speed with high inlet exhsust-gas temperatures
without being overstressed. Removael of ensrgy from the exhaust gas
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by the blowdown turbine reduces the ges temperature an average of ) ' -
about 150° F before the ges reaches the steady-flow turbine. This

reduction in temperature increases the allowable centrifugal stremses

that the turbine wheel and buckets can withstand. o

- . . 2 P ARSI T ot
Fixed -Component System ' N -
In the preceding discussion on turbine speeds, it was shown

that the steady-flow turbine with a fixed nozzls aree could not be
geared to the engine with a fixed gear ratio and always operate near
peek efficlency at all altitudes between see level and 45,000 feet.
If flight is restricted to a maximum altitude of 30,000 feet, the
steady~flow turbine of fixed nozzle area can be geared to the engine
with a single gear ratio and operate with an efficiency that is greater
then 0.8 of 1ts peak efficiency for cruise and rated-power operation
of the engine et altitude., If the turbine efficiency is to be greater
than 0.8 of its peak efficiency for sea-level operation, intake-
manifcld pressures must be greater than 50 inches of mercury absolute,
In a syetem having fixed-sized components and fixed gear ratios,
additional losses occur at many points of operation because, except -
at a few points, a stage of supercharging must be throttled.

L8 an example of the performance that may be obtained by gearing
the steady-flow turbine of fixed nozzle ares to the engine with a
single-gear ratio, the fixed-component system incorporating a blowdown
turbine, a steady-flow turbine, and two stages of supercharger, all
of which are geared to the engine, is discussed: The steady-flow
turbine 1s comnected to an assumed two-speed-and-disengaged super-
charger by means of an idler shaft. The turbine power is transmitted
to the idler shaft through gears of 90-percent efficlency. The super-
charger power is teken from the idler shaft through e second set of
gears also operating at 90-percent efficiency. Excess power is
transmitted to the englne from the idler shaft through gears of
85-percent efficiency. (See fig. 10.) In order to determine the
sources of the power losses in the fixed-component system, the loss
in power caused by the decrease in turbine efficiency and the inoreased
losas in power occurring because the auxiliary-supercharger power
was tranemitted from the steady-flow turbine through a gear train (as
contrasted to the direct transmission of this power in the variable-
component system) were separtely evaluated. The remainder of the
difference between the power of the variable-component system and
the fixed-component system was interpreted as a loss due to throttling
of the auxiliary supercherger.

Cholce of gear ratios between components. - The system was
analyzed for a steady-flow-turbine nozzle area of 21 square inches,
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which corresponds to operation of the composité engine in the region
near maximum power. For this nozzle area, the blowdown turbins was
assumed to be geared to the engine as shown in figure 11 so that the
ratio of pitch-line velocity of the bdPlowdown-turbine wheel to engine
speed would be 20 feet per engine revolution. The variation of com-
poslte-engine power for high powers at sea level and crulse power at
an altitude of 30,000 feet is shown in figure 12 as a function of
steady-flow-turbine speed. The best power output is obtained at
different ratios of turbine speed to engine speed at different
altitudes. A compromise gear ratio mey be chosen for an actual
engine to favor the more important opevating condition., For the sub-
sequent analysis of the fixed-component system, a gear ratio was
chosen that produces & ratlo of the pitch-line velocity of the steady-.
flow-turbine wheel to engine speed of 18 feet per engimne revolutlon;
this gear ratio causes spproximately equal losses. in engine poweyr
for an intake-manifold pressure of 65 inches of merocury sbsolute at
see level and the crulse condition at an altitude of 30,000 feet.
Gear ratios between the two-speed-and-dlsengaged auxiliary super-
charger and the steady-flow turbine were assumed that would give -
ratlos of supercharger impeller tip speed to turbine-wheel pitch-
line velocity of 1.6 end 1.0. The speed ratio of 1.6 was chosen to
allow nearly full-throttle operation of the auxiliary supercharger
at crulse and rated power operation of the composite engine at an
altitude of 30,000 feet. The speed ratio of 1.0 was chosen to allow
nearly full-throttle operation for rated power climb at an altltude
of 15,000 feet.

Performance of fixed-component gystem. - The computed values of
brake specific fuel consumption, brake mean effective pressure, and
the individual losses in composlite engine power caused by the use of
fixed gearing between the turbines and the engine and betwsen the
euxiliary supercharger and the steady-flow turbine are shown in -
table I for various conditions of engine opsration. These losses
are: (a) loss due to decreased turbine efficiency, (b) increase in
gear loss due to the introduction of the gear system having an idler
shaft between the steady-flow turbine and the auxlliary supercharger,
and (c) loss camsed by throttling the auxiliary supercharger, which
includes both the increase in supercharger work and the loss Iin
engine power due to higher intake-manifold temperatures. Thess
losses, in units of brake mean effective pressure, have been rounded
off to the nearest integer or to zero., The difference in power
between the variable-component system and the fixed-componsnt system
is the sum of the three losses. The ratio of auxiliary-supercharger
impeller tip speed to steady-flow-turbins-wheel pitch-line veloclty
ut/ua used to compute the performance at each point of engine oper-

ation is also shown in teble I.
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At the design operating conditions at 30,000 feet altitude, crulse
power (an engine speed of. 2100 rpm at.an 1ntake-man1fold pressure of b
35 in. Hg absolute), and at rated power (an engine speed of 2415 ¥rpm
at an intake-manifold pressure of 50 in. Hg absolute), the power out-
put-wes decreaged & meximum of 4 percent as comwpared with the power
output of the variable-component system. ILarger power losses were
incurred at an engine speed of 2730 rpm for the take-off and for high-
nower operation at altitude because at this engine speed 1t was always
necessary to throttle the suxiliery-stege supercharger. Different
cholces of speed ratio than those discussed, or a different choice
of operating altitudes, could be made in order to favor other desired
engine operating conditions.

I
W
v

" Auxiliary-Propeller System

At the suggestion of Mr. John G. Lee of United Alrcraft Corpor-
ation, calculations have besn made of the performance obtalnable
when & variasble-plich auxiliary propeller is used to absorb the
excess power of the steady~flow turbine. The propeller, which ls
geared to the turbine and the auxilisry supercharger, controle the
engine intake-manifold pressure by conbrolling the supercharger
speed.. This type of system ls schematlcally shown in figure 13.

Cholce of components, - A propeller dlameter of 7E feeot was
assumsd for the computaetion of propeller performance and the pro-
peller efficiencissy. The calculations were based on current test
date of & two-blade propells? at high forward speeds over a range of
free-stream Mach numbers. In the calculation of propeller perform-
ance, it was assumed that the airplane veloclty was 350 milea per
hour at-an altitude of 30,000 feet for a brake power output from
the variable~-component system of 2800 horsepower per engine. Values
of alrplane velocitied at other altitudes and powers were obtailned
assuming that the veloclty varied as the cube root of the quotient
of the total power output of the variable-component system to the
altitude density ratio.

The efficiencies of both the steady-fiow turbine and the blow-
down turbine were assumed to vary parabolically with blade-to-jet-
ppeed retio and had their maximup efficiency of 0.7 at a blade-to-
Jet-speed ratlo of 0.4,

The computations were made for a fixed nozzle ares for the
steady-flow turbine of 14 square inches, which was previously chosen
for englne operation in the region of minimum specific fusl consump-
tion. A piltch-line diameter for the steady-flow turbine of 13.25 inches
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wae chosen by scaling up the dimensions of an existing exhaust-gas
turbine to provide the required nozzle area. A gsar ratlo of 10.92:1
beotween the steady-flow turbine and the auxiliary propsller was
chosen from congiderations of maximum alloweble turbine veloocity

and propeller spesds for good efficiency. The blowdown turbine was
8o geared to the engine that the ratio of blowdown-turbine pltch-line
velooity to engine speed was 17 feet .per engine revolutlon.

A steady-flow turbine of the dimensions given probaebly will
have & stress-limited pitch-line velocity of approximately 1200 feet
per second. At this speed, maximum turbine efficiency ocours at a
theoretlcal Jet velocliy across the turbine buckets of 3000 feet pex
second, For some conditlions, the maximum combined power of the tur-
bine and the Jet-propulsion nozzle 1ldeally occurs at turbine-jet
velocities and wheel speeds higher than 3000 and 1200 feét per second,
respectively. For these cases, the turbine-wheel speed was arbil-
trarily limited to 1200 feet per second; the resulting emsll decrease
in turbine efficilency was neglected in.the computation of the Jet
veloclty across the turbine buckets.

The speed ratlios of the assumed itwo-speed-and-dlsengeged eux-
illary supercharger were chosen in the following menner: A high
supercharger-te-turbine speed ratio of 1.2 was chosen to correspond
to the grestest demand speed of the supercharger when the turbilne
was operating at maximum allowable speed. (This speed ocours at an
altitude of 45,000 ft, an engine speed of 2100 rpm, and an engine
intake-manifold pressure of 50 in. Hg absolute.) A low supsrcharger-
to~turbine speed ratio of 0.7 was chosen as a satisfactory compromise
for that range of conditions where small-to-medium boost is requilred.
A 15-inch-diameter impeller was selected. in order to obtain desir-
able supercharger performance characteristics with the required alr .
flow at high powafs and high altitudes.

Power of auxillary-propeller system. =- It is assumed that the
blowdown turbine and the engins-stage supercharger could be geared
to the engine in the manuer shown in figure 11 and that the power of
the steady-flow turbine could be distributed to the auxiliary super-
charger and propeller by means of the system of gears shown in fig-
ure 10, The sotal braeke power would then be gilven by

Pas' 'ﬁap
Brake power = (Py-Pp) +(Pp-Peg) ng + (Pt ng,1 - oy (B g,z + P}
~ 8,

(3)
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wihere I _ B

Pos pover required for auxiliary-stage supercharger, (ft-lb/seé)

Py shaft power of blowdown turbine, (ft-1¥/sec)

Pos power required for engine-stege supercharger, (ft-1b/sec)

Pp loss in engine power due to friction, (ft lb/sec)

By ~indicated engine power, (ft—lb/sec) ) _

Py shaft power of steady-flow turbine, (ft lb/sec) - -

Py net brake power credited to engine from jet propulsion,
(£t-1b/ssc) : -

Nap auxiliary-propeller efficlency i B

g gear efficlency, 0.85

Ng,1 . 8ear efficiency in power transmission between turbine or
’ supercharger shaft end idler shaft, 0.90

Ng,2 gear efficiency in pgéer transmission between idler ghaft
? and auxilisry-propeller shaft, 0,95

o main propeller efficlency, 0.85

Porformance of suxiliary-propeller system., - The computed brake
gpecific fuel consumptions and brake mean effective pressures for
the auxniliary-propeller system are listed in table II together with
the brake. specific fuel consumptions for the varieble-component sys-
tem and the difference in brake mean effective pressure between the
variable -component system and the auxilimry-propeller system. The
fixed ratio of auxiliary-supercharger impeller tip speed to steady-
flow-~-turbine-wheel pltch-line velocity wu /ht, which was governsd
in part by turbine-gpeed limits, is alao shcwn.

With the exception of ocne condition of engine operation, the
specific fuel consumptions obtained with the auxiliary-propeller
system were never more than 5 percent greater then those obtalned
with the variable-component system. In some ceses, the computed
brake specific fuel consumption for the auxiliary-propeller asyamtem
was lower than that obtained with the varlable-component system.

Where thls condition occurs, the efficiency of the auxiliary propeller

|
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computed from the test date and the calculated airspeed was greater
then the average value of 0.85 assumed for the main propeller. For

a few of the engine operating conditions shown in table II, the

brake specific fuel consumption for the auxiliary-propeller system
was not computed because the operating conditions for the auxiliary
bropeller are outside the range of the test data previocusly men-
tioned. (For the particular. propeller dismeter and ratlo of steady-
Plow-turbine speed to propeller gpeed chosen, the power coefficients
of the propeller are too high.) In practice, however, operation at
these exceptional adverse conditions may be avoided by adjusting

the engine operating conditions sc as to raise the steady-flow-
turbine-vheel speed. One such adjustment would be torelse the intake~
manifold pressure and to lower the engine speed. For the engine
condltions enalyzed, the poor fuel economies occurred at low turbine-
blade-to-jet-speed ratios. If the turbine speed 1s raised, the blade-
to-Jet-speed ratio will be increased to & value more nearly corres- .
ronding to maximum turbine efficlency and the auxiliary-propeller
power coefficient will be lowered into the range of normal operation
of the propeller. . . o

The auxiliary-propellsr system, as compared with the
fixed-component system, has a wider range of altitudes for which the
high powers and the low specific fuel consumptions characteristic '
of the varilable-component system are approached, The use of ths
‘auxlliary propeller as a variable-speed device eliminates throttling
of the supercharger and results Iln & small increase in steady-flow-
turbine efficlency. From considergtions of over-all operating econ-
omy, the lncreased weight of an auxiliary propeller may, however,
offset thls advantage.

SUMMARY OF RESULTS

The following results were obtained from the analysis of the
Performance of several composite engines, each consisting of an
internal-combustion engine, & blowdown turbine, and a steady-flow
turbine; all excess power from the turbines above that required to
drive @ stage of supercharging was utilized in various ways for
propulsion of the alirplane:

1. A brake specific fuel consumption of 0,336 pound per
horsepower-hour for the variable-component system using turbine and
supercharger efficiencies of 70 percent and a gear efficilency of
85 percent was computed for an altitudé of 30,000 feet, an intake-
menifold pressure of 50 inches of mercury absolute, and an engins
speed of 2100 rpm. When for the same case the efficiencies of the
steady-flow turbine and superchargers were increased to 85 percent
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(the eff'iciency of the blowdown turbine remaining 70 percent), the
brake specific Tuel consumption was reduced to 0.303 pound per
horsepower-hour.

2., With a blowdovmn turbilne in series with a steady-flow turbilne,
a fixed dblowdown-turbine-nozzle area could be soc chosen that at any
given engine speed nearly meximum power could be obtained from the -
combination of a blowdown turbine and an engine at any speed from
2100 rpm to 2730 rpm. '

3. Two steedy-flow-turbine nozzle areas could be so chosen
that one would cause the ratlio of engine exhaust pressure to intake-
manifold pressure to fall in the xenge of maximum power output and
the other in the range for minimum brake specific fuel consumption
at all engline speeds and powers at altltudes from sea lesvel to
45,000 feet,

4. When used In serles with a steady-flow turbine, the blowdown
turbine could be geared to the engine with a single gear ratio and
operate betwsen 92 and 100 percent of peak efflclency for all condi-
tlone analyzed.

5. A fixed-component system intended to operate in the restricted
altltude range from sea level to 30,000 feet was so designed that
the performance at crulse and rated power was within 4 percent of
that of the varilable-component system. Substantial power losses dus
to supercharger throttling were Incurred at high engine speed at
emergency power rating.

6. An auxliliary-propeller system was 80 designed that the per-
formance for all powers end engline speeds analyzed was within 5 per-
cent of that of the variable-component system for altitudes from sea
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level to 45,000 feet, The variable-speed feature of the auxiliary
propeller permits eliminetlion of throttling losses,

Flight Propulsion Research lLaboratory,
National Advisory Committee for Aeronauties,
- Cleveland, Ohio; July 21, 1947.
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GENERAL CALCULATIONS

The reciprocating-engine data are represented by the dimension-
less ratio dp of the indicated mean effective pressure of the engine
t0 the intake-manifold pressure. The value of for the engine with
stub exhaust stacks having no restriction 1s ¢,. The ratio ¢

shown in reference 4 to be a function of the ra%io of engine axﬁaust
pressure to intake-manifold pressure.

For a glven ratio of engine exhaust preasure to intake-manifold =~ 7
pressure, le essentially independent of intake-manifold pressure
and varies slightly with engine speed. The variation of ¢. with
engine speed is, however, different for different engines. The values
of for the single-cylinder engine when operating at a constant
Intake -manifold temperature decrease with increasing engine speeds
- above approximately 2000 rpm. On the other hand, most multicylinder
data corrected to a constant intake-manifold temperature show that
increases with increasing engine speed up to 2200 rpm and is sub- .
s%antially constent for englne sypeeds between 2200 and 2600 rpm.
The volumetric efficlency qv for both engines varied wlth engine

speed in a manner similar to the variation of ¢. Because do and
“v,o vary with engine speed 1in different directions for different

engires, an average condition was approximated by the use of-a single
faired set of values of ¢, and Ny,o regardless of the engins

gpeed or the inteske-manifold pressure. The faired values of ¢o

and 1N, obtained from the slngle-cylinder tests at an englne

speed of 1700 rpm, & fuel-alr ratio of 0.10, and an intake-manifold
tomporature of 540° R are shown in the follcwing table-

il

Retlo of engline exhaust pressure to engine
inteake-manifold pressure
0.2 | 0.4 | 0.6 10,8} 1.0 1.2 |21.411.6
ﬁo 13.25(13.03(12.71112.,12{11.02| 9.96}! 9,05} 8,28
' nv,o 1.040{1.034(L,00710.97610.89410.828(0.778|0.737

The loss in d imposed on the reciprocating engine by the area
reatrlictlon In the nozzles of the blowdown turbine Ad was deter-
mined from figure 10 of reference 4, which shows the decrease in
due to nozzle restriction in Jet atacks having S-shape bends. -
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The power end the ailr flow of the engine wers assumed to vary
inversely as the squere root of the absoclute éry inteke-manifold
tewperature (computed neglecting fuel vaporization). The values
for ¢, amd 1q used in the analysis were based on a standard
total inteke-marfifold temperature Tg of 540° R.

The indicated power of the emgine Py is then given by

D4 gy Pova N [Th - '
Py = (4, + o) 2278 “]E,;T- (4)

and the mass flow of charge ailr M, . by

v TL h
M, = (n, _ +47n) m7a N |78 _(5)
20 V' 120'g R TLATY
where )
d ratlo of indicated mean effective pressure of engine to

intake-manifold pressure

do ratio of Indicated mean effective pressure of enéine with
stub stacks having no restrictlon to intake-manifold
pressure

Ad change in ¢ dus to sbtack restriction

Ny volumetric efficiency of engine

voluretric efficlency of engine with stub stacks having no
regtriction

An, change in 7, due to stack restriction (assumed zero)
Inteke-manifold absolute statio jrégsure,lb/sq £t
v3 displacement volume of engine, cu ft" |
N engine speed, rpm
T intake-manifold total temperatﬁre, °R
acceleration of gravity, 32.2 ft/sec?

gas constant for air, 53.35 £-1b/(1b)(°F)
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The Joss in engine power due to friction Py wes obmputed EF T
the following equation: ‘ -

P, = KON)Z . ()
where ' . | _ EE
K constent, 1.768 X 1072 (£1-1b)/(sec)(min?)

The velue of X corresponding to the bore, stroke, and number
of oylinders of thes engine was determined from an emperical. equa-
tion based on a large eamount of test date obtained on varlous types
of reclprocating engine. This engine friction power is the sum of
the powers due to rubbving friction and the valve and gear losses
and does not include, pumping power.

Blowdown-turbine caloulations. - The date used to calculate
the mean exhaust-gas Jjet vedocity V developed at the nozzle of
the blowdown turbine were taken from figure 10 of refexence S.

The shaft power of the blowdown turbine P, 1s given by the CooEe
equation

_____ T Pp=EM, (L41) T° 7 (7)

vhers T, 18 the mean blowdown-turbine efficiency, which was
assumed To have a maximum value of 0.7 at a blede~to-Jet-speed
ratio of 0.4. This mean blowdown-turbine efficlency 1is described
in vreference 3. . -

Exhaust-gas temperatures. - The power per pound of charge air
that is aveilable in the exhaust gases of an 1nterna1-combustion
engine is proportional to the quantity (1 + f) R,T) where R
the gas constent for.the exhaust gas and T} 1s tﬁe total exgaust-
gas temperature measured with no work abstraction from the exhaust
gea. The variation of the guentity (1 + f) RgT§ with the ratlo
of engins-exhaust atatic pressure to inteake-manifold pressure pe/p
is shown in figure 14. These data, from unpublished multicylinder
tests, are for an engine speed of 2000 rpm end an intake-manifiold
pressure of 40 inches of mercury absoclute. A% higher or lower
engine power levels, the magnitude of (L + f) R,T{ will be slightly
greater or slightly smeller, respectively, than %hat shown in fig-
uge 14,

-
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In -the region of princival interest (p / = 0.8 to 1.2}, the
value of (1 + f) R,TE varies less than 2 psrcent from the valis
12,11 x 10% foot-pounds per pound, whlch was assumed Iin the analysis.
The tempsrature of the exhaust gas as it entered the steady-flow
turbine was calculated by subtracting the temperature drop corres-
ponding to the work abstraction in the blowdown turbine from T..

Steady-flow turbine and Jet-propulelon power, - The total
power avellable to drive the steady-flow turbine and for Jet pro-
pulsion depends upon the absolute static pressure and the total tem-
perature at the exlit of the blowdown turbine and the absolute ambient-
glr pressure ©p,. In the analysis, this static pressure and the )
total temperature were assumed equal to the total pressurs pé and
total temperature I% exlsting in the nozzle box of the siteady-flow
turbins.

Within the accuracy of the data, it ls sufficlend,to assume
that the wvariation of specific heat of the exhaust gas with tenmper-
ature and pressure during the expansion through the steady-flow
turbine 1s negliglble. The speclfic heat was evaluated at the tem-
yerature Tf. '

The ideal Jet velocity V that would be obtained from a com-
plete expansion through the pressure ratioc pé/po is given by the

7bl

Poz b R, T < > (8)
7b-1g bL .

where 7y is the ratio of specific heats for exhaust gas evalu-
ated 8t Ehe themperature Ty . -

The ideal Jet velocity of the gas at the nozzles of the steady-
flow turbine V¢ obtained by eXﬂanding to the steady—floWbturbine-
discharge static pressure pt -1s given by the equation

71
2

Vi =2_.7_b_gReT~5 1-<"-°_t\ 4" (9)
rp-1 2/

The shaft power of the steady-flow turbine Pt is given by
the relation

1
Py=z M (1+£) 7V n (10)
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where 17 is the steady-flow-turbine efficilency based on the inlet
total dnﬁ dlacharge static pressures of the turbine. Two values of .
Ny 0.7 and 0.85, were assigned as maximum turbine efficiloncies -
occurring at a blade-to-Jet-speed ratio of 0.4.

The total tempersture at the exit of the steady-8low turbine T%
was calculated from the egquation _ _ =

‘ LT - - T —

£ =

2 . ’ ) : Ve oF

TE . ™ _ (11)
Mt - =
b 7b

A computation showed that the average discharge losses from a
steady-flow turbine amounted to 7 psrcent of the energy available
'to the turbilne. It wee sssumed that these dlscharge losses could bo
utilized for Jet propulsion withnan efflcioncy of 70 percent. The
velocity of the exhaust-gas discharged from the Jet-propulslon
nozzle V,, taking into account the tmmperature drop of the gas in
passing through the steady-flow turbine, is glven by the equutlion

. 5 5 :
Ve - T
vJ2 = 0.049 V,G2 + Ve (% (12)
' M, d Tb 7
where is a nozzle ef“iciency equal to unity when (Vz V%“) ias ) S

groeater %ﬁan zero or a diffuser efflclency equal tw 0.8 vhen

(Vz -V*z) 1s less than zero. The calculations were simplified by-
essuming that the temperature ratio T /Tg in equation (12) could
be replaced by T./TY. A sample cal oulation for a few representative
ceses showed that the error lntroduced by this approximatlion had
negligibvle effect-on the total_power of the composite englne.

The net brake powsr that can be credited to the engine from
Jet propulsion P after subtracting the drag of receiving the
inlet charge alr %o the englne is given by the equation

Yo
=My (1 +£) i T'I_f) (13)
whers is the wmain-propeller effioiency and VO ig the air-

plane regocity in feet per second.
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For each set of engine conditlons, a value of p. I1n equation
(9) was so chosen that the combined steady-flow turbine power and
Jet power was a maximum, -

, Supsrcharger calculations. - The power required for super-
charging was calculated on the basls of the followlng assumptions:

1. NACA standard slr temperature and air pressure were used
throughout the anslysls except at soca level where an ambient-alr
temperature of 540° R 1is assumed.

2. The supercharging of the englne-intake charge air to the
desired intake-manifold pressure 1s accompllshed with two com-
pressors driven py two burbines.

3. The air scoop to the auxiliary supercharger operates at
full-ram temperature and pressure.

4. An Intercooler with an effectiveness of 50 peroent_is uéed
between stages to decrsase the temperature of the charge air
entering the intake manifold.

5. In order to compensate for Intercooler and duct losses, a
pressure drop of 2 inches of mercury between stages is assumed.

6. Fusl 18 inJected after the engline charge air has been com-
pletely superchmrged. .

The pressure-rise and tempsrature-rlse ratios due to ram are
glven by

=1

: 2 : .
<Dés> - Yy _ (14)
2 y - 1 g8 R :O _ .

where

T , p! total temperature and absolute total pressure at entrance
as” ~as to auxiliary supercharger, [°R and 1b/sq £t

T, ambient-air temperature, °R

¥4 ratlo of specific heats for alr, l.4
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The pressure and temperature rise across the auxiliary-stage
supercnarger are related dy the equation

Tic - (Plc _i (15)
Tag Pag
where and pl are the total tempsrature and pressure at—the

inlet to %he intercoolsr end 1 1is the supercharger temperature-
rige efficlency.

The assumed intercocoler hetween stages causesg a temperature
drop in the charge alr leaving the auxiliary-stage supercharger

Tic ~ Tog = e (T'c - Tés) (18)

where TJ, 1is the total temperature at the inlet to the engine-
gtuge supercharger and Wic is the intercoocler efficlency.

Ihs pressure entoring the engine-stage supercharger will be
the pressure leaving the auxillary-stage supercharger minus a
pressure drop of 2 inchos of mercury. The Iintake-manifold pres-
sure may be obtained from '

el C: DN r)z
b2 60
w N\ L14g (17)
Pés/' -4 1
g R Tég
- - y -1
vhere _
pés absolute total pressure at inlet to engine-atage supercharger,
1b/sq £t
q supercharger pressure-rise coefficient based on inlet total

Pressure and outlet static prsssure _
D engine -stage supercharger-impeller diameter, 0.917, [%

r goear ratio of engine-stage supercharger, 7.6
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" The total dry intake-manifgld temperature 1s givéh by

2
(:rtDNr)
860

Th ~ Tdg = % (18)
7y~ 1
The powsrs necessary to drive the auxilisry-stage and the
engine-stage superchargers are glven, respectively, by
Yo H -
P&B’y_lSRMa(T:{c..'Tés) (19)
. : 2
't DN r q ) '
P ={e— = M 20
es ( 60 ) (n & _ (20)
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APPENDIX B

STMBOLS L

All symbols used in the text and appendix A are deflned here
in alphabetical order for convenience of reference.

A exhaust-stack-nozzle area, sq ft
blowdown-turbine-nozzle area, 8q £t

engine -stage supercaarger 1mpeller aiameter, o. 917 ft

g UD;P

fuel-alr retlo

acceleration of gravity, 32.2 ft/secz

8 _
M, maes flow of charge air to engine, slugs/sec E
N engine syeed, rpm _ | ) | i :;
n engline speeod, rps | - | | - : :_:%
Pas towar required for auxiliai'y-stage supercha.rger;'f:t—lb/sac
Py shaft power of blowdown tur'bine, ft-1b/sec | - ) __ j
Pes povwer required for engine gtage su_percharger , Tt- lb/sec i
Pf loss in engine power due to friction, ft-1b/sec _ ST
Py indicated engine power, ft-1b/eec : - . :_
PJ net bre,Lce power credlted to englne irom Jot propul sion, _—
ft-1b/sec R . o T

Py shalt power of steady-flow turbine, ft—lb/sec

Pas ebsolute total pressure at entremce to auxillary super-~
chexger, lb/sq i .
pg absolute total pressure at entrance of steady-Llow turbine )
(aesumed equel to atatlic pressure at exit of blowiown e
turbine), 1b/sq £t -
Pq absolute static pressure of exhaust gas leaving engine, -

1b/s8q Tt
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absolute total pressure at inlet to engine-stage suporcharger,
15/sq £t

absolute total pressure at inlet to intercooler, 1b/sq ft ..
intake-manifold abeolute statlic pressure, lb/sq £t .
absolute amblent-air pressurs, lb/sq £t

absolute static pressure at exlit of steady-flow turblne,
lb/sq £t

gupercharger pressurs-rise coefficient based on inlet total
pregsure and outlet static pressure

gas constant for air, 53.35 £1-1b/(1b)(°F)

gas constant for exhaust gas, ft-1b/(1b)(°F)

gear ratio of englne-gtage supsrcharger, 7.6

total temperature at entrance to auxiliary.supercharger{ °R

total temperature at entrance of steady-flow turbine (a2ssumed
equal to total temperature at exit of blowdown turbins),

°r

total temperature of exhaust gaes leaving engine,
total temperature at inlet to engine-stage supercharger, Or
total temperature at inlet to intercoolsr, °r

°gr

totsl temperature in inteke manifold,
smbientiaiy témperature, °R

standard total temperature (for these computations taken as .
540° R in intake manifold), °R

gtatlc temperature at exit of steady-flow turbine, °Rr

‘total temperature at exit of éteady-flow turbine, °r

auxillary-supercharger impeller tip speed, ft/sec

pitch-line velocity of steady-flow-turbine wheel, ft/seo
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ideal Jet velocity corresponding to total pewer available bo
drive steady-flow turbine and for Jet propulsion, ft/eec

mean exhaust-gas jet—velocity developed at nozzles of blow-
down turbine, ft/sec - R

airplane velocity, Tt/sec

idea} Jot velocity of-gas at nozzles of steady-flow turbine,
ft/secC .

displacemeirt volume of englne, cu It -
ratio of specific heats for alr, 1.4 T

*

ratlo of specific heate for exhauet gas at oxlt of blowdown
turbine : _ —

gupercharger temperature-rise efiiclency - : --

auxiliary-propeller efficiency

mean blowdown-turbine efficiency - -

gear efficiency, 0.85 ) : . - ' N Lo EE

gear efficiency in nower transmisslion between turbine or
'-eupercherge“_shaft ‘and idler ehaft, 0.80

gear efficlency in power tranemiesion between idler shaft and
auXiliary-propeller shaft, 0.95 : B o

intercooler efficiency, 0,50

nozzle and diffuser efficlency

main propeller efficlency, 0.85
steady-flowv~turbine efficilency
rolumetric efficlency of—engine - - e

volumetric efficiency of engine with stub stacks having ‘no

: restriction '

ratlio of i1ndicated mean effective pressure of engine to int&ke—'-
__manlfold pressure

tp
Ay
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¢o ratio of indicated mean effectlive pressure of englne with
stub exhaust stacks having no restriction to intake-munifold
Pressure

AP change in net power of engine and blowdown turbine, ft-lb/sec

An, change in 17, due to stack restriction (essumed zero in this
analysis)

A¢ change in ¢ due to stack vestriction

2 AP
Pp Vg 1
2
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TABIE I - PERFORMANCE QF FIXED-COMEONENT SYSTEM AND
~ INDIVIDUAL POWER LOSSES THAT MAKE UP DIFFERENCE I
POWER BETWEEN VARIABLE-COMPONENT AND
-FIXED~COMPONENT SYSTEMS
[Computations made for steady-flow-turbine nozzle-

ares equal to 21 square inches (nozzle
ares for maximum power).]

Altitude|Engine | Intake - Performance Power losses uy fug
(ft) |epeed |manifold bmep, (1b/eg in.)
(rpm) |pressure befc bmep (a) (o) {0}
D (1b/np-br)| (1b/sq in.)
(10" Hg :
abs.)
2160 50 0.370 274 2 0 (¥] O
65 .364 362 o] 3 2 1.0
Sea 2415 50 0.381 257 4 0 4] 0
level 65 375 337 G 3 18 1.0
2730 50 0.398 238 6 o] 0 0
65 393 309 0 4 33 1.0
2100 35 © 0.396 197 1 1 7 - 1.0
50 369 283 1 S 9 1.6
2415 35 0.3986 181 1 2 15 1.0
15,000 50 .382 287 0 3 0 1.0
2730 35 0.391 183 2 0 0 0
. 50 379 - 261 O 3 14 1.0
2100 35 0.365 209 3 3 4] 1.6
50 feecmcamma] emamaaaaoo SN [T R Ty
30,0090 2415 35 0.379 190 2 4 11 1.6
50 361 286 6 ] 9] 1.6
2730 35 0.375 192 1 2 3 1.0
50 .389 250 5 8 24 1.6

87088 due to decreased turbine efficlency.
Increase in geaxr loss due to use of gear system with idler shaft~
®Loss caused by throttling auxiliary supercharger.
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TABLE II - COMPARISON OF EET BRAKE SPECIFIC FUEL CONSUMPYION AND POWER OF AUXILIARY-PROPELLER

SYSTEM WITH THAT OBTAINED BY VARIABLE-GOMPONENT SYSTEM

{Computations made for a nozzle area of steady-flow turbine equal to 14 square
inches (nozzle area for minimum fuel consumption). “HAGA
Altitude | Engine | Intake- | bsfc of bmep of bsfc of variable-] bmep of variable- u /ut
(ft) speed | manifold| auxiliary- | auxiliary- | component system | component system 8
{(rpm) | pressure | propeller | propeller (1b/hp«hr) minus bmep of '
{in, Hg | system system auxiliary-propeller
abs.) {1b/hp-hr) | (1b/sq in.) system
{1b/sq in.)
2100 35 0.398 161 0.399 1 0
50 mmcmmnae PO I — 2363 | ecmeaooe-- Po—
Sea 24156 35 0,413 151 0,413 0 0
level 50 «568 253 371 -1 0
2730 35 0.437 138 0.435 11 0
50 « 383 235 +385 =1 0|
2100 35 0.362 - 198 0.364 0 0.7
50 2391 287 « 348 3 o7
2415 35 | wmmm——- e e 0,370 | eseeccmcmccccoacaaa- - | 0.7
15 ’000 50 0 OML 274 g351 -l .7
27150 35 0.583 171 0,384 -1 0
50 + 365 251 " 358 5 o7
2100 35 0.357 200 0.349 6 1.2
30,000 50 347 289 + 337 9 1.2
2415 35 0.355 193 0.354 0 0.7
20 2051 _ 271 +540 12 1,2
2730 35 0.3570 177 0.363 2 1.2
50 | emem—rmnee | meaavas m——— 2346 memmensmsanancesnne | 1,2
2100 35 0,363 190 0.345 11 1.2
50 2362 272 2908 11 1.2 |
£415 35 0.564 181 0.350 7 l.2
45,000 20 1554 259 +340 11 1.2
2730 35 | mmmmemmcca | concccecna. 0,360 2 | ee=ceee- -——————— -1 1.2
50 0.364 241 «347 12 1.2
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Figure 1. - 5chematlc diagram of variable~component system composed of biowdown and utendy-ﬂow
turbines connectod 4o engine through gear tralns.

Auxiliary-stage supercharger

S o Lad v

547

*ON N1 YO¥YN

|

Ly

.1‘-'“.21"---;1.

Bl




| L LA BB J TN LELA B L E B A LR BJ LR LB B A LB A BRI "'-" T Trrr LA A J

" .
: 3
2.8F ]
[ Ratlo of blowdown-]
- . turbine static ]
2e4 — discharge pressure .
[ L—~" T to engine iIntake- J
i / . \manifold pressure
8'0 . // \ -
'3' 1.5' \ 0,8 .
1.2f = ﬂr\
: // T~ .6 ]
" a8F ]
C " ;,—-’/—-—-‘ 1 1.0 b
.4 3 4/ :
o rareny A L A A A 8 & & a4 & A 8 a4 B A 4 2 & Iy P Y A 2 2 22 & J Fa a1 I | A A A A ' | i el A & L 't -q

0 100 300

200
vdn/Ab » rt/sec

Figure 2. - Varistion of net change in engine and blowdown-turbine power with ratio vyn/A,. Single-

cylinder-engine data.
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Cylinder-head temperature minus cooling-alr inlet
temperaturs, OF

Eagine speed, ¥
{rpu)
(o] 1700
o 1800
A 2100
< 2300
220}
a
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¢ ‘,f"’ o]
4”””f'
200 o | o HAa
N > —
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190
180
0 80 100 150 200 250 300 550 400

vdn/l. ft/sec

figure 3. -~ Variation of cylinder-head temperature with exhaust-stack nozzle area for constant cool-

ing conditions.

Single-cylinder-engine data; intake-manifold pressure, 30 inches mercury absolute;

|, exhaust pressure, 24 inches mercury absclute; fuel-air ratio, 0.08.
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Figure 4. - Net brake mean effective pressure and brake specific fuel
consumption of variable-component system for various intake-manifold
pressures and engine speeds. Fuel-air ratio, 0.067; turbine and
supercharger efficiencies, 70 percent; gear efficiencies, 85 percent.
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specific fuel consumption of variable-component system for various in-
take-manifold pressures and engine speeds.

Fuel-air ratio, 0.067;
turbine and supercharger efficiencies, 70 percent; gear efficiencies,
85 percent.
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