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NATIONAT, ADVISORY COMMITTEE FOR AFRONAUTICS
RESFARCH. MEMORANDUM
EVATUATION OF PISTON-TYPE GAS-GENERATOR
ENGINE FOR SUBSONIC TRANSPORT OFERATTON
By A. F. Lietzke and Hugh M. Henneberry

SUMMARY

A piston-type gas-generator englne was evalusted by camparing the
performance of a transport airplane powered by thls englne with the
performance of an alrplene having the ssme characterlstics powered by
other types of engine. The engines chosen for camparison were & tur-
boJet engine, a Gurbine-propeller engline, a compound engine, and a
turbosuperchargsd reciprocabting engine utllizing a varisble-area
exhauat Jet nozzle. The camparison was mede alb turbine-inlet total
temperatures of 1400° and 1800° F for the turbojet, turbine-propeller,
and gag-generstor engines. Incresses In englne pressure ratlo and air-
handling capacity were assumed 4o accompany the increase in turbing-
inlet temperabure. The comparison is based on the pay-load ton-miles
per hour of opersblion per ton take-off gross welght.

The relative merit of the piston-type gas-generabtor engine based
on this comparison was found to increase ag the flight range increased.
The performance of the piston-type gas-generator engine was found to
exceed the performance of the other engines at all £flight speeds investi-
gated for £light ranges greater than 1600 mliles at a turbine-inlet tem-
perature of 1400° F and for £light ranges greater than 2000 miles at a
turbine-inlet temperature of 1800° F. For the purpose of obteining the
meximmm value of pay-load mlles per hour, the most desirsble cruising
altitudes for the gas-generator englne in this analysis are between
35,000 and 45,000 feet for all flight veloclties consldered.

INTRODUCTIONR

The high efficiency that 1s expected from compounding the recip-
rocating engine is of particular interest for long-raenge flights. A
speclflc campound englne celled a piston-type gas-generator engine 1s
proposed in reference l. Thils engine disgrammatically shown in figure 1,
utilizes a high degree of compounding in which the plston camponent does
only the work of compression. Reference 2 includes & pay-load-range
study of a reciprocating englne with varying degrees of compounding.

This reference, however, comperes the highly campounded reciprocating
engine only with & conventlonal turbosupercharged reciprocatling engine
and the comparison includes only one altitude and one velocity.

UNCLASS!P!C‘!»
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The piston-type gas-generator engine i1s further evaluated herein
by comparing it with other engines when installed in a transport air-
plane. This evaluation was mede at the NACA lLewls laboratory. The
basie for camparison is the product of pay load per unlt airplane
gross welght and block speed or the pay-load miles per hour of oper-
ation per unit alrplane grosas welght.

The performsnce estimates of reference 1 are for a series of gas-
gonerator engines, sach designed for a perticular eltitude. Although
conglderable development might be necessary to produce a single engine
deslgn caepable of approximating the performance indicated in reference 1;
determination of the potentlalities of this englne is desirable in order
to determine 1if further research should be directed to this fleld.

The piston~type gas-generator englne of reference 1 ls compared
herein with other englines at flight ranges from 500 miles to ultimate
range and velocitles from 200 to 500 miles per hour. The engines
chogen for comparison are a turbojet, a turbine-propeller, a campound,
and e turbosupercharged reciproceting engine utillizing a variable-area
exhaust Jot nozzle. The camparlson was made at turbine-inlet total
temperatures of 1400° and 1800° ¥ for the turboJet; turbine-propeller,
end gas-generator engines. Increases In engine pressure ratlio and alr-
handling capacity were assumed to asccompany the increase in turbine-
inlet temperature.

SIMBOLS

The following symbols are used in this analysis:

A effective aspect ratio

C:D min alrplene minimm drag coefficlent

L/D alrplane lift-drag ratio

M resultant specific engine weight, Installed englne plus

propeller welght per pound of resultant thrust (Term
"resultant” refers to net performence of complete power-
plant unit including engine, propeller, nacelle, and heat

exchangers.)
N resultant specific fusel consumption, pounds of fuel plus oil
per resultant thrust horsepower-hour
(D/L) N
Q instantansous fuel rate,—"sy's——,poxmdspermile per pound

ingtantaneous gross weight
CoNGERENINE,
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Qg initial fuel rate, pounds per mile per pound teke-off
gross weight

Qe campressible dynamic pressure, pounds per square foot

R range or length of txrip, miles

r ratio of totel fusel carried per trip to fuel burned per ixip

s wing area, squere feet

Ty block time per trip, % + To’ hours

To net time lost per trip in climb, descent, and taxl, howrs

t " ratlo of total fuel weight plus tank weight to totel fuel
welght

Y cruise velocity, mliles per hour

We alrpleane take-off gross weight, pounds.

Vg engline welght, pounds of installed engine plus propeller welght
per pound teke~off gross weight

We fuel plues oll burmed per trip, pounds per pound teke-off gross
welght

wp pay load carried per trip, pounds per ;pouﬁd. take -off gross

' welght
v airplane empty weight less engines and fuel tanks, pounds per

pound bake-off gross weight

METHOD OF EVALUATION

A piston~type ges-generator engline was eveluated by comparing the
porformance of a transport alrpleane powered by this engine with the
performance of an alrplane having the same characteristice powered by
other englnes.

Pay-load ton-miles per hour of cperation was used as the criterion
because it is a measure of the rate at which transport work is sccom-
plished. In order to make the analyslis independent of airplane size,
this crilterion was divided by alrplane teke-off gross welght.

OGRS,
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The condlitions for the alrplane and the engines are given iIn
appendix A and are summarized in figures 2 to 4. Performance data for
the piston-type gas-generator engine were obteined for the 1800° F
turbine-inlet total-temperature condltions from reference 1 and were
calculaved for the 1400° F conditions according to the methods of the
same reoference. Reference 1 also includes a welght estimate for a
particular gas-generator englne, which was not considered applicable to
the present report for reasons given in appendlix B. Other welght estimates
wvere therefore required and are shown in appendix B along with a determi-
natlion of speclfic frontal ares for the gas-gensrator engine.

Trensport Performance Equations

The 'Bz'aneport performance expressed as pay-load ton-miles per houxr
per ton teke-off gross welght is gliven by the following egquation:

ton-mil VpR
o8
. - ( l)

(ar)(ton) % +

(o]

Pay~-load weight per unit take~off gross welght wp 1s the
difference between take-off gross weight (unity) and the combined
weight of airplane structure, englne, and fuel plus tanks.

wp=l-<ws+we+wfrt) (2)
Engine welght W, can be determined from

D
Tfe =£M

Practical limitations on wing loading require the esirplane to
fly at a lift-drag ratio less than maximum at high dynemic pressures

but permit the alrplane to fly at maximm lift-drag ratio at low
dynaniic pressures by a reduction in wing loading below the maximm

ellowable.

O
8 /max

1110
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oy (%)
% =2 c:D 1ét:.:!.n vhen q, < S / max
/\/ TACD ;min
Vg
where 5 is maximum ellowable wing loading.

The fuel weight Wy depends on the flight plan. Range and vel-
ocity are treated as independent varisbles. The lift-drag ratio and
the velocity during crulse are maintalned constant by climbing to higher
altitude as gross welght decreeses because of the consumption of fuel.
The resultant specific fuel consumption i1s assumed constant throughout
cruise and the fTuel requlred to ralse the airplane is neglected because
most of thils energy is avallable as potentlal ensrgy. These assump-
tions allow the use of the Breguet range equation from which

QR

wfal-e

Determination of Optimum Altitude

The performance of an engine-ailrplane combination may be grestly
affected by the flight altitude as cen be seen by the effect of aliitude
on ailrplane lift-drag ratio. For a typical airplane operating at
500 miles per hour, the lift-drag retio variles from 4 at sea level to
16 at 50,000 feet. This varilation in lift-drag ratio affects both the
power required and the fuel consumed and therefore the elirplane perform-
ance. Flight altitude also affects engine specific welight and specific
fuel conswmption, which in some cases campensates for the effect of
lift-dreg-ratio variation and in other cases adds to 1t, depending on
the characteristics of the engine. The performance of the transport
airplane is most sensitive to variatione in flight altitude at high
veloclties and long ranges.

Unlese altitude is restricted by prior consideration, the englne-
airplane combinetion should be allowed to start the flight at the
altitude that gilves best performance. The initiel crulsing altitude
was chosen In each case to give maximm pey-load ton-miles per hour of
operation per ton gross weight. For any one range and velocity, this
altitude will give meximum pey load. This altitude will hereinafter
be designated optimmm altibude.
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The determination of the optimm altitude for a given range and
veloclty was simplified by assuming that the pounds of fuel burned
per mile flown was constant and equal to 1ts value at the stert of
crulsing. This zssumption was not made in the determinstion of trans-
port performsnce but only in the determinstion of optimum altitude.
The errors in ton-miles per hour per ton grose welght lncurred by
this asgumption were checked by itrial=-and-error celculatlons con
unpublished dabte and were found to be within the accuracy of the cal-

oculatlons.

Ag previously mentioned, the optimm altlitude for any one range
and veloclty 1s that altitude which ylelds meximum pey load. Differ-
entiation of equation (2) with respect to altitude Z gives

aw. daw aw
i - S | —F
iz dz+:|;-‘t. A

and with the dexivetive set equal to zero

.d_.-‘w—G. = = 1t (5)
d.Wf

Application of the aspumption that welght of fuel burned per
mile flown is constant at initial value throughout the flight yields

ve = QoR
Then, for any glven renge
awy =R &R, (0)
and combination of equations (3) and (4) gives

dwe

Q4

= - Rrt

The ‘approximate optimum altitude 1s therefore that altitude at which
the slope of the curve of engine welght plotted sgalnst initial fuel
rate is equal to -Rrt. This sltitude camnnot be found by differ-
entiation because no simple equation exists for wg = £(Qp). The

approximete optimm altitude was graphically found from a plot of L
against Q‘O' Thies plot can be used for any range but only for one
velocity.

1110
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RESULTS AND DISCUSSION
Optimm Altitude

The optimum altitudes for each engine are shown In Figure S5 for
eny glven flight range and several velocltles. In all cases, the
optimum altitude Iincreased with an increase in range or velocity. As
the range was Increased, the fuel welght became a greater pexrcentage
of the dispomeble load and the speclfic fuel consumption therefore
beceme more limportant. The over=~all efficlency for eny one velocity
wee Incressed by increasing the crulsing altltude. This increase In
efficiency was effected by an increase In lift-drag ratlo, a decrease
in resultant specific fuel consumption, or both, and at a sacrifice
in engine weight.

Transport Performance

The veriation of ton=-mlles per hour per ton teke-off gross
welght wlth renge at severasl velocltles ls shown in figures 6 and 7
for the slrplans powered by each of the engine types considered.
The turbine-inlet temperstures for the turbolet, the +urbine-propeller,
and gas-turbine engines in figures 6 and 7 are 1400° ang 1800° F,
regpectively. The gas=generator englne has a marked advantage over
the other engines at long range at all the velocltles consldered. The
advantage is due to the relatively low epecific fuel consumptlon of
this type of engine. At short range, this advantage decreases because
efficiency is of leas importance. The high efficlency of the gas-
generstor engine 1s a result of operating at a high pesk-cycle temper-
abture and a correspondingly high peak-cycle pressure. These peak-
cycle condltlions are possible because they occur in the reclproceting
component and not at the inlet to the turbine as in a turblne-propeller
engine. The turbine can operate at the same limiting conditions In
both engines, but in the ges-generator engine the work of compression
has already been done, which leaves the turblne to accomplish only the
useful work of the cycle. As allowable turbine-inlet temperatures
increase, the advantage of the gas-generator engine over the turbine-
propeller engine can be expected to decrease. This expectatlon 1s
confirmed by & comparison of figures 6 end 7. The relative merit of the
piston-type gas-generator englne based on thls comparison lncreased as
the flight range increased. For a 500-mile-per-hour condltlion, the cal-
culated ultimate range of the plston-type gas-generator engine exceeded
the ultimate ranges of the other engine types by the followlng percenteges:
spark-ignition compound engine, 25 percent; turbline-propeller engine,
55 percent; turbojet engine, 61 percent; and conventional reciprocating
engine, 94 percemnt.
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Inesmuch as the estimated pexformance of the compound engine and
the reciprocating engine were taken from two independent sources, the
engine conditions are probably not comparable. These englnes should
not be compared with each other in order to evaluate the two methods
of utlllzing exhaust gas fram a reciprocating englne.

A better comparison smong the various englnes at short ranges 1is
shown In figure 8. The speed-range spectrum in this figure is divided
into areas showing which englne has the beat performance for any given
range and velocity. The reciprocating and the compound englnes do not
appear in this figure because thelr performance was always exceeded by
gome other engine. The dotted contours of figure 8 represent the pay-
load ton-miles per hour of operation per ton take-off gross weight for
each engine in the area in which it dominates. At any one range, vel-
ocities lower than the velocity yielding the meximum transport perform-
ance wlll be of little importance. Any point that lles in an area
where the dotted contours have a posltive slope 1s therefore relatively
unimportant.

The performance of the plston-type gas-generator engine was found
to exceed the performance of the other englnes at all flight speeds
inveatigated for flight ranges greater than 1600 miles at a turbine-
inlet temperature of 1400° F and for flight ranges greater than
2000 miles at a turbine-inlet temperature of 1800° F.

The turboJjet engine compared more favorably with the turbine-
propeller englne when operating at the‘low turbine-inlet temperature
(figs. 6 and 8(a)) than i1t does when operating at the high turbine-inlet
temperature (figs. 7 and 8(b)). This difference is to be expected
because an incresse in turbine-inlet temperature increased the cycle
efficiency of both engines but decreased the propulsive efficlency of
the turbojet engine, whereas the propulsive efficlency of the turbine-
propeller engine remasined the same. — - L

Consideration of only thome wveloclties &bove that ylelding optimum
performance at each range can leed to a slgnificant conclusion concerning
the necessary range of crulsing altitudes over which the ges-generator
engine muat operate. Velocities under 400 miles per hour for short range
are undesirable because the dotted contours have positive slopes (fig. 8).
Application of this reasoning to figures 8 and 5(c), indicates that for
this analysis the most Important cruise altitudes for the gas-generator
engine are between 35,000 and 45,000 feet for all ranges. As previously
mentioned, the data used for the gas-generator englne were for an ldeal-
1zed engline; consequently, operation at an altitude other than design
would incur some sacrifice in performance. This sacrifice in performence
would be of small consequence, however, 1f the range of desirsble cruis-
ing altitudes 18 as restricted as indlcated by the foregoing
conslderations. :
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SUMMARY OF RESULIS

A comparison of e plston-type gas-generator englne with other
engine types for use in subsonic transport operations led to the follow-
ing results:

1. The reletive merit of the piston-type gas-generator englne
based on this comparison increased as the fllight range increased. For
a 500-mile-per-hour condition, the celculated ultimate range of the
piston-type gas-generator engline exceeded the ultimate ranges of the
other engine types by the followling percentages: spark-lgnitiorn com-
pound engine, 25 percent; turblne-propeller engine, 55 percent; turbo-
Jet engine, 61 percent; and conventlonal reclprocating englne,

94 percent.

2. The performance of the piston-type gas-generator engine was
found to exceed the performence of the other engines at all flight
speeds investligated for flight renges greater than 1600 mlles at =a
turbine-inlet temperature of 1400° E and for flight ranges greater
than 2000 miles at a turbine-inlet temperature of 1800° F.

3. For the purpose of obtalning the maximm value of pay-load
miles per hour, the most desirable crulsing altitudes for the gas-
generator engine in this analysls are between 35,000 and 45,000 feet
for all flight veloclties considered.

Lewis Flight Propulsion Laboratory,
National Advisory Comnittee for Aeronautics,
Cleveland, Ohlo.
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AFPPENDIX A
DETAILED CONDITIONS

The detalled condltlons used in the comparison of englnes are
presented.

Adrplane .- The airplane characteristics are:

Minimum drag coefficlient of airplane less nacelles . . . . . . . 0.019

Effective agpect yatio . . ¢« « & « ¢« + o . « o e . 8.0
Nacelle dreg coefficlent based on maximum engine frontal area:
Jot enginea . . . 0.04
Prope].’l.erengines... . .« . 0,055
Ratlo of airfreme weight (without engines) to gross weight .« .. 0.45
Maximm allowable wing loading, 1b/sq £t « « « « ¢ « ¢ o « « « 80
Fuel-tank welght, percent of fuel welght . . . . . « . « « + . . 10

The wing loading was reduced below 80 pounds per square foot to
provide meximum lift-drag ratio at dynamic pressures below 116 pounds
per squere foot. Changes In the ratio of tobtal engine power toc gross
weight can be accompliished by varieations in the number of engines and
in the engline size.

Propellers. - The varlation of propeller specific weight with vel-
ocity and altltude 1s shown 1n figure 2. Propulsive efficlency veries
with flight Mach number, as presented in Tigure 3. These propelier
characteristics were obtained fram reference 3.

Engines. - The performance characlterisitics of the engines are
glven in figure 4. Data for the four-row air-cooled reciprocating
engine of 4360-cublc~-inch dieplacement equipped with a two-stage turbo-
supercharger were obtained from reference 4. Exhaust fram the turbine
pasges through a variable-area Jet nozzle to obtaln additional thrust.
The necessary welght additions for installation were assumed to result
in a totel Installed welght of 5000 pounds for the reciprocating engine
without propeller.

Performence of the compound engine, which is the seme as that of
reference 3, is based on calculations for e fou.r-rcw alr-cooled engine
of 4360=-cublc=-inch dlsplacement geared to a turbine and an auxillary
campressor. The performence characterlstics of the compound engine
are based on the following crulsing conditions:
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Meanpis'bonspeed_,ft/min....................2200
Fuel-&irra‘bio-------.................-0.063
Inlet-manifold pressure, in. Hg ebsolute « ¢« ¢« ¢ « ¢« ¢ « o« « o & 40
Exhaugt-manifold pressure, in. Hg absolute « « « « ¢ « o « ¢ « & 40
Brake specific oil comsumption, 1b/BP=hY . « « « « o « o « « o o 0.01
Compressor adlabetic efficlency, percent . . ¢ o @ e s s o 80
Turbine adiebatic efficiency (total to sta:bic) s percerrb « . .. 80
Intercooler effectiveness, percent « « « « ¢« « o« o 2 o « o s o @ 50
Gear efficiency (between turbine and engine), percent .« « « .« . 5
Installed crulsing speclfic welight at sea-level static

conditions, 1b/DHD « « « o « o o = o o o o o s o « o o & 4 & & 2418
Ratio of installed welght to frontel ares &t sea-level

staticconditions,l‘b/sqft.................. 280

The installed welght in this tebulation does not include that of
& propeller. In estimating the specific welght of the compound engine
at each flight condition, 1t was assumed that the turbine, the auxil-
lary compressor, and the Intercooler are redesigned to suit each alti-
tude - The erulsing turbine-inlet total tempersture is approximately
1700° F for the campound engine.

Calculated data for the other sngines were based on the assump-
tions given In table I. The installed weight in table I is without
propeller. In calculating the performance of the turbojet and turbine-
propeller engines st each altitude and velocity, the englnes were
assumsd to be redesligned without change In weight per unit of corrscted
gir flow in order to maintain the assumed crulsing conditions. Alr
flow at each flight condition for the turbojet and turbins-propeller
engines was celculated assumling a constent Mach mumber at the com-
pressor lnlet. The ratio of propeller thrust to Jet thrust for the
turbins-propeller englne was chosen at each flight condition to yileld
the maximum thrust per pound of alr flow per second.

Other conditions. - The alrplane was assumed to be flown in stlll
alr, assuming NACA standard atmospheric conditions. Only cruising
condlitions were consldered. Inglnes and propellers were installed to
fulfill erulsing requirements and satisfactory teke-off and climb per-
formance were assumed attainsble by the Increase 1In engine output that
usually accompanies & reduction 1n altitude and by an increase in engine
output for short-period operation. The net time lost per trip To is
C(J.ZO hox)u:' and the required fuel reserve was 5 percent of crulsing fuel

r=1.05).
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APPENDIX B
DETERMINATION OF SPECIFIC WEIGHT AKD
FRONTAL AREA OF GAS-GENERATOR ENGINES

Bpecific Welght

A welght estimate, which leads to & specific-welght figure for
& particular gas-generator engine, is included in reference 1. This
wolght estimate, however, was not considered applicable to the pur-
posee of this report because the englne wes limited to an altitude of
20,000 feet and because no data were given in reference 1 for the gas-
generator englne operating at the low turbine-inlet temperature (peak
cylinder presgure of 1200 1b/sq in. end & turbine-inlet totel temper-
ature of 1400° F). Furthemmore, recent information indicates that
some of the component-weight values used in reference 1 were too high.
Accordingly, the analysis 1s repeated here for the high turbine-inlet
temperature (peak cylinder pressure of 1600 1lb/eq in. and turbine-
inlet total temperature of 1800° F) with corrected component weights
and with operation extended to an altitude of 50,000 feet. AlL values
were based on an engine of 3000 brake horsepower at the upper altitude
1limit and the component weights were evaluated for elther the sea-
level or altltude conditions, whichever was greatest.

Power sectlon. - The welght of the gas-generator power sectlon
was based on figuree obtained from the Junkers 207 compression-
ignition aircraft engine, which indiceted that the weight of the power
section of this engine was approximately 800 pounds. This welght was
then increased to include such accessories as the starter and generestor.

The limiting condition for the power-section weight 1s obviously
the altitude conditions. A calculation of the performance of the gas-
genexrator engines shows that at an altitude of 50,000 feet the brake
output of the low-temperature engine is 0.0191l Btu per cycle per cubic
inch of clylnder volume and that the high-temperature englne 1ls 0.0350
Btu per cycle per cublc inch of cylinder volume. Th. required cylinder
volumes for the two englnes to deliver the specifled power are therefore
2775 and 1515 cublc inches, respectively, for engines operating at 2400
cycles pexr minute. If the clearance volume and the fact that only about
80 percent of the stroke will be usable because of the port height are
taken into conslderstion, the required displacements for the two englines
become 2970 and 1610 cubic inches. Correcting the weight of the power
section of the Junkers englne by the ratio of the required displacement
to that of the Junkers engine (1115 cu in.) and adding the extra 200
pounds results In power-sectlon welghts of 2330 and 1355 pounds for the
two englnes.

1110
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Campressor. - The welght of the compressor wes determined from
weight data from a current turbolet engine. This engine had a2 com-
pressor welghing 466 pounds, which was capable of handlling a sea-level
air flow of 50.5 pounds per second and used 11l steges to produce a
pressure ratio of 4. The welight of this compressor was corrected for
gas=generator application by the ratio of the alr densities at sea
level and 50,000 feet, the ratio of the required and actual weighi-
flow capaclty of the compressor, end the ratio of the logarithms of
the required and actusl compressor pressure ratios. The required
welght flows and pressure ratlos were determined from the gas-
generator performance dats, which indicated breke specific alr con=-
sumptions of 10.4 pounds per horsepower-hour for the low-temperature
engine, 8.0 pounds per horsepower-howr for the high-temperature
engine, and manifold pressures of 60 to 90 pounds per square Iinch
absolute for the two englnes, respectively. This calculation
resulted in compressor welghts of 1415 and 1245 pounds for the two
engines.

Turbine. - The turbine weight was determined using the relabtion of
stage welght against volume-flow capaclty, shown in figure 9 of refer-
ence 1. The volume flow shown as the absclssa of thls curve was cel-
culated for the gas-gensrator englnes by teking the aritimeticel
average of the twrbine-inlet and turbine-cutlet volume flows, which in
turn were calculated from a knowledge of the twrblne-inlet pressure

.and by use of the perfect gas law. Twrbine~inlet pressures of 54 and

82 pounds per square inch sbsolute were used for the two englnes. In
dotermining the turblne-cutlet temperature, expansion was assumed to
proceed to amblent pressure with an adiabatic exponent of 1.35. Thse
resultant stage weights of the two englines as determined by thils
calculation were 309 and 220 pounds.

A five-gstage turbine would be reanired to operate through the gas-
gonerator pressure ratio at an altitude of 50,000 feet. The previous
stage welght, however, includes the turbins shaft and all the necessary
housing, so that stages subsequent to the flrst stage were assumed to
welght 0.7 as much as the firat stage. The final turbine welghts were
therefore found to be 1174 and 835 pounds for the two engines.

Reduction gear. - The reduction-gear welghts were calculated
uging a figure of 0.143 pownd per transmitted horsepower, which was
obtained from welght data on a cuwrrent turbine-propeller engine. This
gear welilght was based on the brake horsepower of the gas-gensrator
engines at sea-level altitude. Thls camputation resulted in welghts
of 689 and 637 pounds for the two engines.

Compressor-drive gesr. - The welght of the compressor-drive gear
was calculated using a speclific welght of 0.7 of that of the propellex

SN,
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reduction gear because a smaller speed ratlo was involved. Compressor-
power requiremente were calculated using the welght flows and pressure
ratios at sea=-level altitude, as the compressor power required was
higher there than at 50,000 feet. In calculating the compressor power,
an ediabatic exponent of 1.395, an efficlency of 0.85, and a specific
heat for alr of 0.24 Btu per pound per ©R were used. The tranmmitted
power waa found to be 3520 and 2440 horsepower for the two engines,
which resulted In weights of 352 and 245 pounds for the drive gear of
the two engines. Thils welght was subsequently increased by 30 percent
to values of 458 and 318 poumds to take care of the condition at which
1t becomes necessary to divide the compressor Iinbo btwo parts that
operate at dilfferent speeds. For this condltion, two gear boxes would

be regquired.

Heat exchangers. - Heab-exchanger welghts were determinsd using
date from reference 5, whlch indicated heat-reJection rates of 2500 Bitun
rer mimube per square foot per 100° ¥ Initial-temperature difference
for oll coolers and 6000 Btu per minute per squere foot per 100° F
Initial~temperature difference for radiators. Wet welghts of 48 and 54
pounds per sguare foot of frontel area were used for these two coolers.

In determining the heat reJjection of the gas~generator englnes,
16 percent of the heat lnput of the fuel was essumed to be rejected o
the coolant and 2 percent wes agsumed to be rejected to the oil. The
bheat 1mpubt of the fuel was determined from the power output of the
englne and the braeke specific fuel consumption by use of a heating
velue for the fuel of 18,500 Btu per pound. Analysis showed thet the
sea-level conditlon was the limiting condition, where the heat-rejection
rates for the low-temperature engine were 89,500 Btu per minute to the
coolant and 11,200 Btu per minute to the oll. The corresponding flgures
for the high-temperature engine were 78,300 and 9,780 Btu per minute.

The radlator weights resulting from this calculation were 422 and
370 pounds and the oll-cooler welights were 126 and 110 pounds for low-
and hlgh-tempersture engines, respectively.

Instellatlon weight. - Necessary instelletion weight, including
engine mounting, cowling, alr scoop, oll, coolant, and fusl systems
and relpoforcement of the menifolds to withstend high pressures was
assumed for both englnes. The assumed figures were 840 and 620 pounds,
which ere in direct proportion to the total welights of the engines.

Total Installed welght. - The total instelled welghts of the gas-
generator englne are given by the sum of the componenis listed in the
following table:

OTIT
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Turbine-inlet Weight, (1b)
temperature
Camponent F—>

1400 1800
Power section 2330 1355
Compressor 1415 1245
Turbine 1174 835
Reduction gear 689 637
Compressor=-drive gear 458 38
Heeat exchangers 548 480
Miscelleneous for installation 841 620
Total Ingtalled welght 7455 5490

Specific welght. - The specific weight calculated for the
50,000-foot altitude or for 3000 horsepower was 2.48 for the low-
temperatwre engine and 1.83 for the hilgh-temperature engine.

Frontal Area

The frontal areas of the gas-generatocr englnes wers determined
from & considerabtion of the outside dimensiong of the Junkers engine
together wlth en allowance for the campressor, the bHurbine, and the
reduction gear.

The frontal area of the high-temperature ges-gensrator englne was
assumed to consist of a rectangle 21.5 Inches high by 52 inches wide.
These are the frontel dimensions of the Junkers engine. Whereas the
displacement of the Junkers engine is samewhalt less than that required
by the low-temperature gas-generator engline, 1t was assumed that the
displacement could be increased by increasing the engine bore end, if
necessaxry, adding in-line cylinders to the engine. Because the bore-
stroke ratio of this engine 1s rather low and because the outslde
dimensions are determined by the crankcase dimensions, the bore may be
increased without iIncrsasing the outside dimensions. Superimposed on
thils rectengle was a clrcular area of 30 inches in diemeter, which was
asgumed to cover the meximm regulremsnts of the compressor, the turbine,
end the reduction gear. The resultant ares of this configuration was

8.6 square feet.

In the caese of the low-temperabure engine, one Junkers engine is
not sufficlent to provide the necessary dlsplacement. Two such englnes
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were therefore assumed adjacent to each other. The resultent fronmtal
area configuretlon 1s therefore a rectangle 43 inches high by 52 inches
wide. Because this area is larger than the dlameter of the compressor,
the turbine, or the reduction gear, these elements need not be con-
gldered. The resultauv area of thls confilguration is 15.5 square feet.

L.

2.

3.

4.

S.
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TABLE I.

- ENGINE CONDITIONS

Turbine~inlet total temperature

1400° ¥ 1800° P
Gas - Tarbine Gas Turbine
|generator|propeller|Turbo Jet| generator|propeller| Turbo jet
Compresacr adlabatle erfflclency, percent 856 85 a6 a5 as 85
Turbine hdiabatic efficlency (total B 20 20 -———— 80 20
pressurs), percent
Turbline adiabatle sfficiency (total to 85 - ——— 86 ——— ———
atatio pressures), percent
Jet-noxzle adisbatic efficlancy, percent ——— 95 93 - 85 o5
Combustlon efflclensy, percent —— 2b 95 - 95 g9b
Reduction-gear efflolency, percent 96 25 -———— 06 96 ———
Ram=-preasswre recovery of dynamic preasure, 0 20 290 0 g0 80
parcant
Compresaor praasurs ratlo - 8 4 —— 10 10
Combustion pressure drop, percent of ———— 5 3 —— 3 3
scombuator~inlet totel pressurs
Peak cylinder pressure, (1b/sq in. abe.) 1200 - - 1600 ———— -
Mean piston spead, (ft/min) 2630 —— ——— 2630 —nn- —-
Heating value of fusl, (Btu/lb) 18,500 | 18,600 | 18,500 | 18,500 | 18,500 | 18,500
Brake aspecifioc oil consumpticn, 0.006 0 0 0.005 0 0
(1b/bhp-hr)
Ratlo of Inatalled weight to air flow at 360 80 28 380 65 32
sea~lavel static conditions (lb-sec/1b)
Ratio of installed welght to frontal area, 480 1g0 300 640 526 640
(1b/sq £t)

100563 N YOVN
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gear Compressor

Geay

|

T OO OO

|

J

Figure 1. - Diagrammatic eketch of gas-generator engine used in analysis (reference 1),
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Resultant speoific welght, 1b/1b thrust

Resnltant specific fuel gomsumption, 1lb/hp-hr

NACA RM ESDOI
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(a) Air=gooled reciprocating engine.

Figure 4. = Varlation of oruising resultant spocific enfl.ne weligh
apeacific fuel consumption with altitude at several velooitles.

t and regultant
Term *resultant®

refers to the net performance of the complete power-plant unift including engine,

propeller, nacelle, and hesat exchangers.
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Resultant specific fuel conswmption, lb/hp-hr

Resultant speolfic engime welght, 1b/1b thrust

ey
500
5.6 -
//
L.8 \\\ L~ =
I~ g "ﬁ”
h.o\‘
\\\ // z
3.2 \\ / //
o
s \\\ /‘/
200
1,60 —
.68
\
A
.60 \
\
.56 \\ \\ \
X
.52\ \\ \ \\
SO NS
.18 \~ \\ \ \\\
\\\\ \ \\
N 3 ~J 500
o \\\\
\\\ N
R ot | e
o 8 16 2l 32 4o 48 56 x 105

Altitude, It

(b} Compound engine.
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velocities. Term "resultant”™ refers to net performance of complete

power-plant unit including engine, propeller, nacelle, and beat exchangers.

2]



22

Resultant specific weight, 1b/1b thrust

Resultant specific fuel consumption, 1lh/hp-hp
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Altitude, £t
{c) Gas-generator engine.

Variation of oruising resultant specific engine welght

oifle fuel consumption with altitude at several velocities.
refers to the net performance of the complete power-plant
unit including engine, propeller, nacelle, and heat exchangera.

OTIT



NACA RM ESDO! TR, |

Resultant specific weight, 1b/1b thrust

Resultant specific fuel cansumptlion, lb/hp-hr
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Resultant gpecifioc welight, 1b/1b thrust

Resultant specific fuel consumption, 1b/hp-hr
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