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Preliminary Study of Propulsion Systems and Airplane Wing
Parameters for a 0.8, Navy Subsouic V/STOL Aircraft

by C.L. 2o0la, L.H., Fishbach, and J.L. Allen

Lewis Research Center

SUMMARY

Performance is evaluated for two V/3STOL propulsion concepts
in a common aircraft configuration. One propulsion system
consists of cross- coupled turboshaft engines driving
variable- pitch fans. The other system is a gas- coupled
combination of turbojet gas generators and tip- turbine
fixed pitch fans. The systems are evaluated primarily for
endurance at low altitude, 1low speed 1loiter with egqual

takeoff fuel loads. BEffects of propulsion system mizing,
bypass ratio, and aircraft wing planform parameters are
investigated and compared. Results show reasons for

preferring low bypass ratio in either gas- or shaft- driven
propulsion systems. Shaft- driven propulsion systems appear
to result in better overall performance, although at higher
installed weight, than gas systems. At gross weights and
wingspans of interest for the aircraft, low wing areas
appear preferable. Increased wingspan appears desirable, but
may exceed practical 1limits for the type of aircraft
studied.

INTRODUCTION

This study presents pre2liminary results of an evaluation of
propulsion systems for a subsonic V/STOL type of U.S. Navy
aircraft intended to operate from small ship facilities.
Projected use of the aircraft emphasizes V/STOL capability
along with long endurance, making tke choice of propulsion
system critical in terms of performance and weight.

The backqround of this study lies in original proposals for
such V/5TOL aircraft made by The Boeing Company and
McDonnell Douglas Aircraft (references 1 and 2 ). The Boeing
airplane used a propulsion system, proposed by Detroit-
Diesel Allison (DDA), consisting of cross- coupled
turboshaft engines driving variable- pitch fans. The
McDonnell proposed airplane was to be pcwered by a Gereral
Electric (GE ) propulsion system which is a gas- «coupled
combination of turbojet gas generators and tip- turbine
fixed- pitch fans. These studies were complete preliminary
desiqns which included airplane aerodynamics, aircraft
weight schedules, and propulsion system weight breakdowns.
The propulsion system bypass ratios, component efficiencies,



and operating characteristics vere outlined and specified.
Thus, comparimons of the two propulsion systems, such as
referenca 3, were based only on these particular proposals.

The purpose of this study is to compare performance for the
two basically differant V/5T0OL propulsion systeas over a
wide range of hypass ratios and system sizes. Propulsion
system variations are to be darivatives of the basic systess
described in references 1 and 2. In this study, to allow
greater focus on the propulsion system comparisons, the two
systems are instzlled in a common aircraft configuration
vith egual fuel 1load. A brief examination is also made of
the effect of aircraft wing area and wingspan. Other topics
such as life cycle costs, reliability, maintainability, and
vulnerabjility are also iasportant but are not considered
here. :

The discussion and study results are presented in four main
parts. The first part covers cycle performance and weight of
the shaft- coupled and gas- coupled systems at different
bypass ratios. This part of the study makes use of the NNFP
and WATE-1 engine cycle and engine weiqht computer codes
described in references 4 and 5. The next part of the study
evaluatss and compares the performance of tie baseline
propulsion systems on a baseline aircraft. PFor the same
bageline aircraft, the third part of the results shows the
effect on performance of propulsion system size, bypass
ratio, anil mission <constraints. The final part of the
results investigates +he combined effects of the aircraft
wing area and span, mission requirements, and propulsion
system bypass ratio on selecting the total systen.

ANALYSIS AND PPOCEDURE
Aircraft Configurations

For comparability, ¢the gas- and shaft- driven propulsion
systems are assumed installed in similar aircraft with equal
mission objectives. The nominal configuration shown in
figure ' is a medium- gross- weight, 1low- wing aircraft
with three high- airflow fans and two gas generators or
turboshaft cores installed as the propulsion system. The
shaft- driven aircraft in figure 1(a), and the gas- driven
aircraft in figure 1(b) have one fan installed in the nose
section of the fuselaqge which is remotely driven for Vv/STOL
mapneuvers, but is inoperative during cruise. The remaining
two fans are located on or near the fuselage, aft of the
wing leading edge. The cores are in the nacelles, as in the
shaft system, or are located in the fuselag=2, as in the
gas-driven system of fijure 1(b).
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The two aircraft are assumed, as much as possible, to have
common Jdesijn features in the wings, tail section, and
fuselaygye. Specific differences in configuration are intendeAd
to provide a more suitable match for each propulsion systen.
Hence, in 4this study, the shaft- coupled system uses holy-
mounted tiltiny nacelles aft of the wing whereas the gas-
coupled systes has over-the-wini partially-blended fixed
nacelles with lobster~ tail type deflectiny nozzles.

The shaft- driven iircraft in part(a) of figure 1 shows the
cross- shaftet: tilcing nacelles containing the +turboshaft
cores and —earel, wvariable pitch fans. The necessary
combiner-pox/vransmission with forward skafting to the nose
fan is also suown. Th: jas- driven aircraft shown in figure
1(b) illustrates cthe assumel placement of the gas genarator
cores, their inlets, ani necessarv ducting. The lift/ cruise
nacelles containing the tip- turtine fans ara shown cross-
ducted through the fuselajge.

An airframe weight moiel is wused in this study which
reflects the higher internal fuselage requirements of the
gas- Ariven system sugr:astel by the schematic. On  the other
hand, winy wediyht for a4 given span is lower in the gas
aircraft than the shart aircraft due to structural support
given by the partially blenied nacelles.

Mission Definition

The baseline mission 1s shown schematically in figqure 2.
This mission is not intendel o correspond to any soecific
military requirerment bnut rather has been set up as a
reasonable framework for system performance comparisons in
the present study. In the following performance evaluations,
segment (A), takeoff, is :ither vertical (VT0) or short
takeoff (3TN). The qground rule usedl 1in the present study
siecities that a vertical *akeoff 1is onlv possible when the
rativo of vertical thrust to airplane gross weight egnals or
exceads 1.08 . This value aliows for a 3 or U4 percent thrust
loss due to suckdown effects at VTD initiation. The
alternative takeoff mole, 570, 1is assumed possible as lonqg
as the +thrust to weight ratio is 0.80 or greater. As noted
in the figure, both €70 ani VTN are assumed to require 2.5
minutes at maximum power.

Nperating radius, definedl as the distance from takeoff to
the loiter arva, is 150 gn.mi. in the bas2lin® wilssion. For
conservative purposes, no distance credit is given for <linb
to cruise, descent to loiter, or climb to return cruise.
Hence the outbound ard return cruise distances are equal to
the operating radius. Fach cruise leqg allows selection of
the best cruise altitnde and velocity (BCAV) +o minimize
fuel nsaqe on that leg but in all cases, the loiter altitude



is 10 000 feet. Loiter MXachk numher 1is optimizel to yield
maximum time orn station (F03) at the loiter altitude.
However, in any case, loiter Mach number 1is restricted to
lie hetween .30 and 0.50 .

The baseline mission emphasizes endurance at the 1loiter
cenditions of low altitude and ™ach number. Hence, for
contrist, 41n alternate "all cruise™ missinn 1is noted at the
bottoa of figure 2. The purpese of this wmission is to place
more ewmphasis on sustaiasd cruise canmability by evaluating
the maximun operating ralius (RMAX) of a Jiven aircraft when
no low altitude loiter is required. This wission will be
used later in this stnily +to evaluate the alternate mission
role of aircraft desiqnel tn meet the specific objectives of
the primary low altitude 1loiter aission. In addi+ion,
rejardless or the mission, i1 possihle ons-enjine-out (0F0)
emerJency situation must also he satisfiel din  that the
aircrat+ aust land vertically with a thrust/ weight of at
least 1.03 with the three fans powered by the one repaining
core an;yins. The imuvact of this egcerdgency vertical landina
(EVL) roquirement will be discussed later.

Aerodvnarics

For both gas and shaft propulsion systems, the presenrt study
assumes that aerodyramic iraa characteristics of *+he gereral
aircratt continuration ot figure 1 are the same. Zxamples of
the total drag coeffisient, Cp , as a ftinction of 1ift
coefficient, Cp , and flight “ach rumber are shown in fiqure
3. As not:4 in the fi7ture, the aircraft for this example
has a beily fineness ratio of A and a winy planform with
aspect ratrio (M) of %, taper ratio of N.?3, and 4 mean
tnickness/ chord of J2.18 . In this fijure the bas=eline
aircraft his a zero- 1lift drag coefficient ( CTpg) of 0.N35 .
It is assumed that externil stores are already mounted orn
the aircraft, contributing a Arag coefficient dincrement of
about 0.0930 . Thes curves in the figure are based on the
dray relation "

(C-L.‘ ca.o)

mMeE R

where the Oswald afficiency, €, ot the wing planform is a
function of both ¢, and Mach number. The effact of @€
produces a sharp drag rise at Mach numbers above 0.7 and
alters the parabolic natur=s of the Cp versus C, curves at
C, values above 6.3 .

Cp =CDo +

Engine Calculations

Propulsion system variations for the present stuly are
assumed to be derivatives using, as a baseline, the cores,
fans, and other parts of the gas and shaft systems proposed

-—
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ir. references 1 ard 2. To sirculate +the two baseline
propulsion systems (an ailvasced DDA T7CG1 with Ham. S+i. Fan
for the shaft system and alvanced GF J97 with LF459 Pan for
the gas system - bhoth unscaled), it was necessary to have

component performahce maps. These were obtained from the
appropriate company {( DDA or GE ) and incorporated into the
NNEFP computer cole (ref, O) to calculate the enqgine

pertormance, The computer sipulation was matched to baseline
crnaine perforaanc2 suppli=21 by 6E and DDA for the gas and
shaft systems, respectively. The cycle simulations adhered
to cenponent Iiwits, such as on speeds and  temperatures,
imposed by the manufacturers. The optimization capability
of MNEP was alsc enploved to aidust fan pitch setting anAd
bypass nozzle area for the shaft system and nozzle area for
the gas system to maximize vertical <thrust ratings or to
mirimize SFC  at part-pow:r operation. Engjine component
woeilghts ware alse raleulated using the WATE-1 computer code
(ref. 5) ftor liter inclu=ior in ectimates of the weights of
the instatled propulsion systems. These system weiqghts will
ke discussed later.

The shaft system w»as modeled to have a water injector
hatween the fan ani the 1dvanced T701. When water wvas used,
an amount equal to that required to saturite the airflow at
the compr2ssor face was assumed in calculating basic engyine
pertormance. For conservatism, liter mission ztudies for the
shatt system assumed less thrus+t augmentition fo: water
injection, «corresponding to 80 nercent »f +he saturation
water flow rate. For th- gas system, U percent water
injection before the coahustor was used in calculatingy the
pertormdance data base. Later nissiorn studies indicated that
b wercent water was rejguired.

In the presant study, the term water inijection actually
refers to water-alcohol mixtures to avoid freezing. Water
injection thrust aunjmantation is often considered
objectiorable on the bhaisis of adverse effects on engirne
operation such as vibratian ard material problems. Hovever,
the use of water injection as applied here is restricted to
emergency conlitinns, making the guestion of reduced engine
life acadenmic.

Tropical day (std.+31°F) sea level static performance for 2
fans on (i.e. driven by’ 2 cores, 3 fan—- 2 core, and 3 fan—
1 core modes with and withou+ water inijection are shown in
Taples I thru V for the shaft and gas systems at different
nominal bypass ratios (BPR). Each system has a haseline or
originally sujygested BPF in references 1 anl 2. The gas
system vas proposel at 1 BPR of 8.02 and the shaft system at
12.2 .

Table I shows theramodynamic cycle data for the gas and shaf+t
systems in the 2 fan- 2 core cruise configuration where no



fower is supplied to the nose fan. Fan size (airflow) is
varisd to reflect different BPR while ¢the «core sizes are
leld counstant by keepint the core corrected airflow,
WA8/§ , a4 cornstant ir each system. bBypass ratios of 6.0,
8.0 (paseline), 13.0, ani 12.0 ar. shown for the 1gas
system, In the last three colurns of Table I, the =shaft
system 1ata is licted for BPR of .0, 10,0, and the baselire
value of 12.2 . Similar 1a%a is gaiven ir T™abhles II and ITT
for normil vertical (3-on- 2) operation, ani in Tables TV
and V ftor the emergency thrust (3-on~ 1) mede. The nose, or
thiri, tan at each system #P? 1is assumel the same zize as
the lift/cruise fars. The data of Table TIT for watar
injection during normal VIY (3-o1- 2) is not usel in the
present study but is incluled for general interest and to
indicate the *hrust aujmentatior possibilities of water
injection in +his mode.’

In genecating the data of Tables I thru Vv €for the jas
system, cooahustor e€xit temucerature (CET) is limited 9
2700°% 1or both 2-on- 2 andi 3-on- 2 operation. A CF™ limi+
or 2:#75°F is allowed in  the emerjency (3 fan- 1 cors) moda
of Tables IV and V. Compressor relative speel (NA® ) is
limitted to less than 121.4 percert in 13- on- 2 oparation
anl to less than 105 percent luring emergency oparation, as
seern in Tables IIL and V.

For tne shaft system, TEl 1is restrictel to 2881°R or less
for 2-on- 2 operation, 3700°®" for 3-on- 2, and 1200°F for
the 3 fan- 1 core mole. Such ‘Picher CFT limits tnr the
shaft system relative +to the gas system ars, for the most
part, due to temperatur2 lianits ot the duct material of the
jas system, which must carry hot 1as to other parts of tha
airplan~. Sorpe difterances in techknsloyy level assumed hv
GE and DOA ray also exist, but these¢ are heyond *he smope of
this smuly. Compressor relative speel is limitted to 105
percent in 2 tan— 2 cor= or %-on- 2 operaticr and 10 nercent
overspe«1 is 11llowed in the remerjency mode. The 171earel fan
in the «<haft syster is allowel no more than 13 nrercent
oveLspesd, occuring most often in cruise moide, as s=ern in
Table 7. The variubla pi*tch angle (@) of the fan is
limitted tn =€ to +5 duireas.,

As seern in Taple I, the jas system produces 5000 to 7000 1bh.
more thrust than the shaft system at equal bypass ratios in
the Z-on- 2 mode. However, in the normal VTO 3-on- 2 mode of
Table II, the thrust aJdvantagye of the gas system 1is much
smalier. This relative improvement of the =shaft systen
thrust is principally due to the increase of allowable CFT
to 3000°F. In the emergency 3-on- 1 moie of Tables IV and Vv
the shatt system thrust exceeds that of the gas system in
roth iry and water inijected operation by 6 to 12 percent.
As can be seen in the Tanlz2s, the shaft system henefits in
this mode from a combination of higher allowed CET and core
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overspeed, ard variable fan pitcnh. “Yote that fan pitch and
core speed optimums are at or near their allowable limits in
the water injectel cycle lata of Tahle V. Special note
should be given to the operating far pressure ratios (FPR)
of Lotk systems 1in the 3-on- 1 emerqency mole of Tables TV
and V., Data for FPF, especially at higher BPR, are given as
1.13 or less., Suci low values of FPP expose the systems to
high thrust- loss sernsitivity.

Cther tatlas (ot showr nere) were generated tor 2 fan-
2 core cruise operation of =ach system at 2ach BPR. These
tables ccntain cruise thrust and specific fuel consumption
(SFC) tor full anl part~ power operation for a1 range >f
flight altitudes ard subsoric Mach numbers. The cruise
data, alonjy with the vertir41l ¢thrust data of Tables I thru Vv
were used in evaluatinj tne verforsance of the propulsion
systems in a computerizei flight model of the mission.

Fijure 4 shows typical thrust and 3FC curves for the Jas and
shaft systems operatin; in the 2 fan- 2 core cruise mode.
Examples are jiven for +wo flijht conditions; loiter at an
altitude of 10000 ft. and cruise at 3€200 ft, For comnparisan
purposes, the data for each syster is shown at a BPP of 2
and the ypropulsion system 3izes are scaled for ejual thrust
(35000 lbe) in the normal VT) moie (3 far- 2 core) of Table
II. If the =systems were compared in fiqure 4 at a BpPF of 12
instead ot 5 the general levels of SFC woull be slightly
lower, bu* the relativa Jdifferencas would still apply.

As s2en irn the fi7qure, *he wmajor iitfererce in 3FC for the
two systems is at the loiter conlition. The shaft sys+er has
a 3 to 8 percent lower S¥C than *uae gas system over a wide
range of thrust level. Maxinum *hrust for cach system at
cruise and loiter is id=ntified in fiqurs 4 by a ~ircle
symbol. Tne high leval of installel thrust rejuire? €or
these V/ST0L  aircraft r2=1lt 1in extrer=aly low- power
operdation, relativa to the maximnm thrust available, during
loiter.

At the typical cruise altitude, the =maximum thrust of each
system 1s noticeably 1low2r thar at the loiter condition.
However, typical cruise thrust requirements still result in
pact- power operation. The cruise SFC ouf the gas and shaft
systems are comparable in the reyguired thrust ranye and
signifigantly lower than the loiter values.

For typical levels of required loiter thrust, the SFC of the
shaft system is 8 percent lower than that of the jas syster.
The b2tter fuel ecoromy of the shaft svstem is probably due
to nijher component efficiencies and the optimization of fan
pitch angle at part- power points. This nperfermance
advantage for the shaft system appears in the comparisorns
made throughout this study.



Propulsion Syster Weight

As mentionad earlier, component weigqhts of the enqgine cycles
covered by Takle I for toth j7as and shaft systesms were also
estimated with the computer code of reference 5. These
component weights were addel to siwple models of other parts
of the propulsion system installatinne such as nacelles,
transmissions, shatting, and ducts to result in a total
installed weijyht for +th= 3jas and shaft systewms. Pigure §
shows the installed weijhts of each prooulsion system as
relative core size factnr (CSP) ard nominal bypass ratio
vary. For the range of variables in this fiqure, systes
weights appear to have a very linear behavior,

For simplicity, in th2 present study, the propulsion syster
weights of fiqure 5 have bheen fitted with the following
relations:

W

it

1855 + 4B830%CSF + 230%BPE*CSF {SHAPT)

W 1700 ¢ 3370%2SF + 290%BPF*CSP (GAS)

Core size factor (CSF) is a measure of the corrected airflow
of the turboshaft or gas generator core relative to the core
size used in the reference engine data of Table I . VNote
that CSF is a factor on corrected airflow, Hhence physical
size, ot 2ach core. Fhysical airflow of the <shaft systenm
core cnanges with BPR, jue to changing pressure ratio of the
fan locat=1 in front of it, even when <CSF ( correated
airflow ) is held corstant.

KRFSNTLTS AND DISCUSSINN
Baseline Aircraft

Weight schedules and descriptions for the gas~ iriven ani
shaft- driven bhaseline aircraft of this stulv are presented
in Table VI. Wing area anl aspect ratios are the same for
2ach aircraft in the Table, ard are not necessarily to bLe
reqaried as "optimum" results. Individual weight itemps 1in
the breaklown are derived from previous studies of =similar
aircraft in references 1 and 2. These reference studies
generally 1llow a slightly higher design fuel load for the
gas aircrafc sinc2, as liscussed earlier, fuel usaqge of the
baselire gas system is higher than that of the shaft system.
However, for comparison purposes ipn this study, the design
fuel loads have been male ¢ jual., The present study uses arn
airframe wejght model sensitive +to wing planform, fuseladge
size, and propulsion syster size. The weight model is
calibrated by th2 weigihts skown here and by the earlier
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reterances. The-e weights should be considered as only
representative since they are subject to refinement as more
detailed structure and comporent studies are nade.

Table VI divides the aircraft weiqht into three major
groups; Alrfrase, Propulsicn, and Other Systens, The
Airtrame weiqght <onsists of wing, tail, fuselage, landing
gear, dand a part of _he weight associatel with installation
of the propulsion syster. The Propulsion weiqht group is
assumed here tc inclule +the major part of the nacelle and
installation-related weiqht. This grouping 1is to allow for
studies of other fan and core sizes with attendant changes
in installed weigjht. The Table shows the weight of the
baseline shaft system as heavier than the baseline yas
cystem, Note that the crew and equilpment weiqght is included
in tha scnedule at the outset. This allows the sum of the
three major weight groups, along with expendable paylcad, to
e termed das unfueled takeoff weight (I'™H)., Takeoff gross
veight (TC3W) ftor any amission is then simply *he sum of UTOW
and the takeoff fuel load. Any water carried for possible
saneuvers with water iniection 1is corsider2d4 chargable to
the fuel load.

The emergency landing weight (ELW) of the aircraft is
assumed to consist of the UTNW, minus the payload, plus an
800 pouna allouwance for emerqgency lanaing fuel and water.
Emeryency lanliung weights are shewn here as 23810 lh, for
the shaft-driven aircraft andl 2225C 1b. for the gas
aircraft. Since the largest part of the RELW is UTO¥, this
value, along with the 287 thrust of the propulsion systenm,
determines whether the aircraft can safely land in an
&emerJency.

Table VI1 summarizes the vertical thrust capabilities,
including OEO emerqgercy laniingy, ot the systeas presented in
Taoples I thru V. If a thrust”/ weiqght of 1.03 is assumed ¢to
allow for a safa LEkVL, it can be seen that the haseline
(BPR=12.2) shaft system, without water irjection, coul4d
safely land the biseline shift airnraft of Table VI with one
core enyine out (DE?). In this case the shaft-driven
alrcraft could perform the EVL with @« thrust/ veight of
25383/23810 or 1.0b66, Tha water injected cases for the
shaft systems showrn in Table V assume that 100 percent
saturation is achiave? at the compressor face. These thrust
values are repeated in Table VII for the shaft system 1uring
0EO emergency. For conservatism, however, it 1is assumed in
this study that if water injection 1is used only 80 percent
of saturation is achizvable. The <corresponding thrust of
27040 1lb. is also shown in Table VII for the baseline BPP
of 12.2. In ¢this case, the thrust/ weight of the baseline
shaft aircraft in "wet' ©¥VL is 1.135 .

Data for the gas—-driven system shown in ‘Table VII at the



baseline nominal BPP of B.02 points to the fact that the
baseline aircraft in Table VI cannot safely land during EVL
without water 2injection. Tha OEO emergency wet ratings for
the gas systeas shown in Tabl2 V are based on 4 percent
combustor vater injection, Table VII, however, shows that 4
percent water injecticn a4t the baseline EPR of 8.02 is sti:l
too low in emaergency thrust, giving a valus of 22024 1lbh.,
which is8 lower than the ELW of the baseline aircraft of
222450 lb. Hence, in the present study wvater injection is
assumad used duriny EVL by all gas-driven systems at a rate
of 6 percent. This water rate may rnot be needed in =ovae of
the higher-than-baseline values of BPR, but only requires
the carryiny of less than 140 extra pounds of water. 1In
thie casa the baseline 7as propulsion system, at 2 4 percent
water rate, in the narceline aircraft of Table VI is capable
of EVL with a thrust / weight of 22916/22250 or 1.03 .

Baselinas 3ystem Endurance

Figure 6 show3 the variation of Time On Station (T9S) as
fuel lcad (hence TOGH) is changed for hoth the haseline
shaft and jas-driven aircraft. Water injection is not used
tor takeoftf taurust aujmantation but is assumel to be carrieid
for one-erngine-out emergency vert+ical landing (EVL). The
radius of action for all cases in %‘his fiqur< is 150 n.mi.
The mission in figure # is the baseline mission of fijure 2
where TOS is evaluatel for loiter at a fixaed low altitude of
10009 ft. with optimizal loiter Much numher., The values of
TOS shown include the effects of a 5 percent SFC legradation
pen3alty assumed for each propulsion systen. Fiqure 6 is
based on the baseline aircraft and propulsion system weiaht
schedules of Table VI. Increased takeoff fu2l load in hoth
aircraft increases the T3S andl TNGYW until +h> maximum iesiqgn
value ¢f 1internal fuel 1load of 15000 lb. 1s reached , with
UTOW constant for both aircraft.

The takeoff fuyel load is greater than the pmission fuel
actnally used, since in every case 5 percent of the takeoff
fuei must be held in res2rve. The variation of T0S with TOGW
is not linear because incredased loiter time and, hence, fuel
rejuirement tend to increase the fuel ncedad on the outhounid
climb ani cruise legys of the mission. A vertical line is
shown at a TOGW of 32540 lb. for +he shaft airplane and a
TOGW of 30830 1b. tor the jas-driven airplane. These are the
maxinum allowable TOGW for vertical takeoff at a thrust to
weight ratio of 1.08 or greater. Xach value of maximum TOGW
for Vr0 1is derived from the dry VTO (? fans on 2 cor=2s)
thrust 1listed ip Tables TI and VITI for weach baseline
propulsion system. Takeoff at higher TOGW mus* be assumed to
be a STO umaneuver with vary:ng takeoff distance. Note that,
as shown in figure 2, bhoth VIO and <TO takeoff fuel are
assessed “he same (2.5 ainu*es at full power). Por either
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the gas or shaft systems, saximum VTO fuel load is far less
than the design fuel 15a] and 4depends on the VIO thrust. For
the baseline shaft system BPF of 12.2, VIO ¢thrust is 35142
l1b. and the maximum VTO fuel 1load is 6380 lb, The resulting
TOS for the baseline 150 n.mi. wission is 72 minutes. The
baseline gas propulsion system, at a BPP ot 8.02, has a VTN
thrust of 33234 1h. ani, hence, a lower allowable TOGW which
limits VTo fuel to 6230 ip. . Lower takeoff fuel and
slightly higner fuel consuaption rate combine to qgive the
gas system a I0S of 56 minutes, or 16 minutes less than the
capahilitv of the baseline skaft-driven systea.

At the STO point on each curve with maximum internal fuel of
15000 1b., it is noted that the TOGW of the shaft aircraft
is higher than that of the qgas aircraft (41150 versus 9600
lb.}). Thesge differeiaces in TOGW are mostly Aue to
differences in UTOW ~aused by the heavier propulsion system
installation of the shaft-driven system. Nevertheless, the
better fuel economy of the shaft system results in a maximunm
STO-TOS ot 220 minutes. The gas systen has a maximum STO-TOS
of 204 minutes at the sare maximum fuel condicion.

Note also, as mentionel earlier, the baseline gas aircraft
with its baseline propulsicn system is just marginally
capable ot an emergency vertical landing (EVL) if 6 percent
water injection is assumed. The shaft airaraft, however, is
capable of EVL without water indection and, in fact, exceeds
this requirement.

Effect of Far and Core Size

The preceding secticn compared the gqas ani shaft systems in
a common alirplane. However, the enqgine sizes anl BPF were
held to +their baselips, nunequal values. Such cnmparisons,
therefore, shed little lijht on the individuil or relative
merits of the two propulsion systems. This section expands
orn tne previous one bv examining the effect of 2ngine size
and BPE while keepinqg *he systems in a common airplane.

Tne gas and shaft haseline systems have certain nominal
values of sea- level corrected airflow for the fans ani
cores. These valuas were s=2en in Table I under the baseline
nominal propulsion system bypass ratios of 8.02 for the gas
system and 12.2 for the shatt systea. Effects of fan anti
core size variations relative to the baseline propulsion
systems are exarined in figures 7 and B hy wusing a fan size
factor (FSF) and core size factor (CSF¥) to express corrected
airflow relative to thw baseline gas anl shaft fans arnd
cores shown in Table 7I. Note agair that phvsical airflow of
the shaft system «core chanjes with BPR, due +t» changing
pressure ratio of the fan located ir front of it, even when

CSF (corrected airflow) is held constant. Foar the gas
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system, FSF and CSF relate fan and core corrected airflows
to 627.75 and 79.17 1b./sec, respectively, shown for the
baseline 3FF of 13,02 in Table T. Similarly, in the
shatt-driven propulsion system, FSF and CSF relate fan and
core corrected airflows to 6%0.69 and 42.83 1b./ser,
respectively, which are noted at the baseline nominal Bpr of
12.2. Hence, the nor-baseline gas system shown in Table I at
a BPE of 12, but with the baseline core size, is defined as
having a CSF of 1.0 anil a FSF of about 1.50. This implies a
fan diameter about 2? percent larger than the baseline fan.

Figure 7 shows the eftect of FSF and CSF on TNS for the
baseline rission and baseline gas-driven aircraft of Table
VI. The solid-line curves ir the figure show th2 variatiocn
of T0OS w.th desigu BPP of the system at various values of
CSF. Each combination of CSF and BFF implies a value cf FSF.
Dashed lines of <constant FSF are showr overlaid on each
figjure. The right-hand sile of tftiqure 7 shows the rmraximum
STO~-TOS ot the aircraft when taking off with the full desiagn
internal tuel loail of 15000 1t. %4e circled point at FSF arnAi
CSF ot 1.0 and BPR of 3.02 has a STO-T0S of 204 minutes arAi
corresponds to the maximum STO-10S shown in fiqure 6. The
left side of figqure 7 shows the effect of the same
propulsion system variables on the VTO-TNS capability where
in each ««¢as»2 the aircraft fuel has been cff-loaded to allow
VIO with a thrust / weight of 1,08, The circled point in the
left-nani part or ftigure 7 ut a VIC-T0OS of 66 minutes with
CSF=1.0, BPR=3.02, ani FSF=1.0 4is the same case shown in
fijure 6 ror VIO with 230 1lh. ot fuel.

An  emerqgency vertical landing  (FVL) limit+ lin>* 1is shown
cutting across the curves in rigure 7 for STH-T)S anAi
VTO-T0S at each BPk. The NE0 ver*ical thrust o€ the
Jas-driven system was shown in Table VII to iepeni on BRPF,
This thiust 1s also oproportional tn CSF at each RBRPR. The
emer jency landinyg weight (ELW) of the aircraft is strongly
affected by the propulsion system weight which, in turn, ire
a function of C3F arnd FSF. Hence, for a given aircratt such
as in figure 7, there is a minimum allowable TSF at each RPF
for a sife OEO emeraency vertical 1landinyg with a
thrust/ weight of 1.03. It can be seer in fijure 7 that the
baseline yis aircraft with +he haseline propulsion system
installed is on the EVL limit at a RP® of 8,02, Thers is no
margin for EVL in this case if unforeseen thrust losses or
increases in ELW occur. Note that at RPR=6, the minimum CSF
for EVL 1s about 1.1, but with a correspondinjy value of FSF
of less than 0.9.

Since ST0-T0S tends +to increase at each BPR as CSF
jecreases, the effect of the EVL 1limit line sets an upper
limit on STO-TNS &t each ©BPPR. Along each FVL limit line,
changes in BPF produce relatively small chanqges in 725 for
both STO and VTON.

12
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Figure 7 also serves to shov the effect of fixing the fan
size at baseline (FSF=1) while larger core sizes are used
or, conversely, fixing the «core at haseline size (CSF=1)
while FSF 1is increasel, Either approach tends +o increase
VIO-T)S (while STO0-TOS decreases) and provide wider margins
in the system for safe FEVL. However, it should be pointed
out that 1lower RPR by increasing CSF and? holding FSF
produces more rapid payoff in increased VTO-T0S.
Furthermore, holding or slightly decreasing FSF avoids
nacelle size Jrowth and increases the operating fan pressure
ratio of the propulsion sys*em in all modes.

Figure € chows both STO-TOS and VT0-TOS for the shaft-driven
baseline aircraft as BPF, CSF, arnd FSP are varied. The EVL
limit lines establishing minimum CSP and maximum STO-TOS at
each 8PP are also shown in both parts of figure 8. The
circled point for the bhaseline shaft propulsion system at
BPR=12.2 and CSF=1.0 in both parts of the figure identifies
the TOS capability of the baseline aircraft. In this case
the STO-T2S is 220 minutes and the VTO-TNS 1is 72 minutes,
corresponding to results jiven for the shaft aircraft in
figure 6. Norte +that ir the shaft system, the baseline
aircriaft and engine combination shows a considerable marqin
from the minimum CSF for the XVL 1 1%t line at a BPF of
12.2. If CSF 1is held fixel at 1.0 the shaft system results
in fijure 3 approach *he EVL 1limi* at a 2VPR near 2, where
FSF has reduced to 1less than 0.8. Performance of the shaft
system in fiqure 8 1s generally hetter than the 7as systen
in fiqure 7 since, for any selected VTO-T70S, the
correspondiny STD-TNS capability of the shaft syster 1is
greater. Therefore the shatt system is exhibiting better
cruise and loiter fuel economny alonag with genzrally <qreater
marygins for safe EVL.

Figyures 7 ani 8 also serve to illustrate that 1f CSF is
consilered variable, a desired or "design'" value of TOS for
the vertical takeoff mode can be specified at each BPR. The
relative fan size, FSF, would still dependi on the CSF
required at each RPR to meet the design value »of VTO-TO.:. A
value of VTO-T0S less than that of the FVL limit 1line could
be specified a2t any BPR. However, if the EVL constraint is
also to e observed, the CSF and also the FSF of the
projulsion system would then be sized by the ®EVL criteria of
thrust/ ELW »f 1.03, disregarding the wvalue of VTO-TO03.
Hence, at each 3Pk, it is possible to find the required CSF
to meet the hidgher values of specified ¥T0-T2S, or, to find
the minimum CSF n2eded to meet only the REVL requirement.
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Effect of BPR and Specified VTO-TOS

Fixing the design value of VTO-TOS opny floating the scale
size of the propulsion system allows more consistent
comparisors to be made between ilifferent system types and
different bypass ratios. Fiaqure 9 is presented in six parts
to illustrate the effect of BPR and desigr VTO-TOS o5n the
performance of th2 gas-iriven V/STCL aircraft+. Results are
shown for fixed valunes of VTI-TNS of 90 and 120 minutes at
each BPR. Also included in the fiqure are results that would
apply to minimum size propulsion systems intended to just
meet the EVL criteria at each BPR.

The six items shown in fiqure 9 are the required core and
fan relative sizes (CSF and FSF); the TOS cacability of the
aircraft and TOGW for STO with the full internal fuel load
of 15060 1b.; the VII-T)IS capability of thes minimum CSF
system Jdesigned by the EVL constraint; and the pmaximum
operating radius (PMAX) achievable with the aircraft by
usiny STO takeoff at full fuel load and maintaining a high
-~altitude cruise at an optimum Mach number. Maximum
operating radius stresses cruise etticiency at high altitude
and “ach number of about 0.7, whereas the T7S figqure of
merit gives more importance to fuel efficiency at a
relatively low altitude of 10000 £f£t. ani a loiter Mach
number of about 0O.4.

In each part of figure 3 a solid symbol has been spotted to
locate data pertaining to the baseline propulsion system, In
this case, as mentionei earlier, the baseline gas- irivern
system ani baseline aircraft fall on the FVL limit line at
the baseline BPH of B.J02. Note tha*+ CSF and FSF are 1.0 for
this case, and that §72-7)35 and EMAX are jJrzater than those
for jgas- driven systems with design values of V70-T0S of 99
or 120 ainutes.

It car be seen in figqure 5 that, at each BPR, designing for
50 minutes VIN-Trs calls for larger CSF, FSF, ani TOGW than
the EVL-desiqgned system. However, the VIO0-T0Os of the EVL
systeamn only excesls 6C minutes for bypass ratios higher than
about 9. Furthermore, the STC-T0O3 of the EVL-desiqgned cases
generally exceed those of +the 90 minute designs by less than
20 minutes ani differ in TAOGW by less than 1000 1lh. Hence,
minimum siziny of propulsion systems can toc easily result
in poor VTO nission performance for only slight gains in STO
mission pertczrmance.

The best choice of BFR for STO-TOS or RMAX appears to fall
in the range of 8 to 10 for either fixed VID-TOS desians or
for =VL designs. However, 4 choice of BPR in the 6 to B
range may be prefarable since performance is only slightly
conpromised while avoiiling large diameter fans (high FSF)
and high values of TO3W. As seen in Table II, normal VTO
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(3 fan-2 core) fan pressure ratio of the gJgas propulsion
systess in the BP®? ranje of 6 to 8 is also higher (1.2 to
1.3) than for BPR of 17 and 12. Such fan pressure ratios may
be preferred since operating fan pressure ratios in the
emetrqercy (3 fan- 1 core) vertical thrust modes are always
less than those 4t normal V™), «which increases the thrust
loss sensitivities of +.e propulsion systee during these
critical waneuvers.

Fiqure 10 is a six part composite illustration of the effect
ot Jdesigr BPR arl d2sign VTO-TO5 for ¢the shaft- Ariven
propulsion system. As in frgure 9 for the Jas system, the
baselire aircraft param=2ters are used with aspect ratio of F
and wing area of 300 sq. ft.. Fesults for RMAL, STO-TOS,
STG-TOGW, Fs¢, CcF, and VTO-TNS for the TVL-designed
propulsion system are shown for EPR® ir the ranqe of *#” to
12. 2.

The baseline BPF of th2 shaft system is 12.2 as noted in
Table VII. The data for the baseline RPF ani baseline size
shaft system are noted in sach part of fiaure 10 by the dark
s50lid symbonl. ©Note that the baseline system, at BpPr=12.2,
CSF=1.0, and FSF=1,0 chows 3 considerable marqin in =size
over that of the FVL-designel wminimur size propulsion
system. This rerlects the fact that the OE) vertical thrust
of the shaft system 1s <substantially larger than reguirel
for VL when the baseline propuision syst2m is used. At
BPR=12.2 the EVL minirum system reguires cor= anl fap size
factors of only 0.8€ . &8s "PP is reduced alongy the EVL
limit line. the regquir2i fan size decreases &ven further to
0.76 at BP3=8, while th2 minimum requirei zcr» size rises to
rnearly matcn that of the baseline system at 1.0 .

Each aspect of the STO performance of an EVL-desiqgned shaft
system in tijure 10 appeAars superior to that of the gas
system in figure 3, mostly due tc the hetter fuel efficiency
of the shaft system and the ability to meet the EVL criteria
with a relatively small propulsinn system. However, the
normal 3 fan- 2 core VT) thrust ot the shaft system is not
large ernoujh in th2 EVL- Jesignea syster ¢to allow enough
takeotf tuel load for jood VT? mission performance. At the
baseline RPL of 12.2, the maximur VIO~ T02S for the FVL-
designed system is less than 10 mirutes. This VTO- TOS rises
to 45 minutes as BPR dsceases tn 8, 4due to increased VTN
thrust accompanying the increasel core scale factor. In any
event, the shaft system results of figure 10 show tlre risk
of poor VI? aissiou pertormance when propulsion systems are
sized for minimum EVL requirements.

A5 in the gas system results of tigure 9, figqure 10 shows
that considerably larger CSF and FSF +han the haseline are
required for specified Vv70- TOS derigned systems of 90 and
120 minutes at the baseline SFF of 12.2 . Also, as with the
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gas sSystem, changes in STO-TOGW, STO-TNS, and ©®RMAX are
relatively small as BPR is varied at constant VI0-TOS. Por
the shaft system, the best value of BP®? would seem to be
about 10 on the basis of STO performance for specified VTO-
TOS. However, it is possible that BPR=8 would be perferred
since FSF would he kept smaller than bhaseline (0.85 to 0.90)
and normal VTO fan rressure ratios are in the neighborhood
of 1.3 . The se advantaqes are obtained ¥ith small
compromises 1in STO performance compared to results for
BPR=10.

An overall comparison of figures 9 and 10 shows *hat lower-
than- baseline bypass ratio versions of either the gas or
shaft propulsion systa2ns can result in goodi VT™0 and STO
performance by proper matching of the core size to the
aircraft and mission. Comparison of the STO- TOGW in these
fiqures shows that 1in general, for +the same baseline
aircraft, BPR, design VTO- T03, and the same 15000 1lh. fuel
load, the shaft- driven aircraft must weigh about 1000 1lbh.
more than the gas- driven aircraft. This TOGW difference is
mostly due to heavier propulsion system weight in the shaft
system. On the other hand, due to better fuel efficiency,
under the same conditions the shaft aircraftt is capable of
about 50 n.mi. greater operating radius ard about 20 minutes
greater STO~ TOS than a gas aircraft.

Effect of Wing Parameters

In figqures 6 through 10, the aircraft has heen fixed at its
baseline parameters includina a wing area of 300 sq.ft. ani
aspect ratio of 6. Airframe weights in those figures
primarily depended on the propulsion system weight which is
a function of +typz of system, size factors, ani bypass
ratio. Fixing the aircraft parameters provided a convenient
method of examining the effects of CSF, BPR, EVL
constraints, and specified VTN-T9S.

Based on the results shown in fiqures 9 and 10, figures 11
and 12 chow the effect of wing area and1 winqg span on hoth
the gas—- and shaft- driven aircraft for specified V70O~ TOS
designs at a reduced bypass ratio. Aspect ratio could have
been used in figures 11 and 12 instead of wingspan. Wingspan
is used since it may be a more important deciding factor in
aircraft selection. It can affect takeoff clearances and/or
folded span for stowaue considerations.

Figure 11, for the gas aircraft, corsists of five parts
showing the effect of wirg area, span, and design VTO~- T0S
on STO values of TOS, TCGW, anl PMAX, along with required
propulsion system <gize (CSF) and fan size (FSF) at each
point. In figure 11 ths gas system has a nominal BPF of 6,
so that the FSF 1is always a fixed fraction of CSF (about
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0.75). Results are shown tor two fixed values of specified
VTO0- TOS, 90 and 120 minutes. Limits for EVL are not shown
in fiqures 11 and 12 because for the rtated values of Vro-
TO0S, EVL ¢thrust / weight 1ratios are above the wminimum
required level of 1.03 . Data for the baseline aircraft are
noted at a span of u42.4 feet anl a wing area of 300 sq.ft.
on the 90 minute VTO-12S curve of each figure by means of a
solid symbol.

As seen in the earlier figures, designina fer a 120 minute
VIO- TCS requires a larger propulsion system and larger
TOGW, with slightly reduced STO nmission pertormance when
comparei to the 90 minute 10S. In fiqure 11, TNS and BMAX
results tend to favor aircraft of smaller wing area and,
hence, higher wing loaling. Perfermance for the higher wing
area of 4n0 sq.ft., orly exceeds that of the 300 s3y.ft. wing
at spans well above SC feet, and in the direction of qrowing
TOGW. The effect of wingspan 1is a general increase in
STU-T0OS ot RMAX. The shape of the curves suggest optimum
values of span for each wing arca. But in the present study
these must be considered as "theoretical" since they occur
at high aspect ratio wh're estimated wing weight and
performance may be unraliabhle. The advantaje of increased
span on STO- TOS and ST)-RMAX are seern irn th2 other parts of
figure 11. Each curve, however, tenis tn dimirish
performance gains 3t hirther wingspans due to the persistant
growth of airframe wveijht with span as seen in the figure.
Practical 1limits on wipgspan will probaply 1limit span
selection to the lower or mil-range values.

For each fixed value of VT0-T0S, it can be seen that
wingspan has little effect on reguired CSF (anl FSF), and
that the effect of wingy irei on ergine size is even smaller.
Since required engine size variers only sliqhtly, once VTO-
TOS is set, the variations seen in TOGW alond each curve are
principally due to increasedi airframe weisht with increased
spaL. On the other hani, most of the difference in TOGW for
aifferent VTO- TGS at the sime svan and wing irea is due to
the difference of about 0.19 in engine size (CSF).

The required fan size in fiqure 11, since BPR is 6, ranges
between 0.92 gqni 1.03 of +the proposed haseline fan size.
This contrasts with figure 9, where the bhaseline BPP of 8.C2
needed an FSF of 1.1 to 1.2 for similar mission performance.
The aiffera2nces in FSF tor the two values of BPR represent
an 8 inch difference in fan diameter with a corresvondinqg
reduction in nacelle size¢. Furthermore, as nota2d in Table
II, the normal VIO fan pressure ratio for BPR=f is 1.29,
wvhereas for the baseline BP2 of 8.02 it is 1.22 .

Figure 12 presents results for the shaft- iriven aircraft

showing the effect of winy area, wingspan, and design VYT0-
TO0S on STO0 performance and on the reguired enjine size.
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Results are shown for a shaft system with a reduced BPR of
8.0 and dasign VTO~- TOS of 90 and 120 minutes. In general,
the effects seen in fijure 12 and the trends in STO- TOS and
STO- TOGW are similar to those of the gas system shown in
figure 11, Also, asg beforea, data points for th2 baseline
aircraft with winy area of 300 sq.ft. and wingspan of 42.4
ft. are identified in fiqure 12 with a solid symbol.

In fiqure 12, the shaft system with BPR=8 is seen to require
an PSF between 0.85 and 0.93, depending on VT2~ TIS. This is
considerably smaller than the baseline fan. Also, comparing
STO performance anl T0GW in figure 12 with the baseline
shaft sytem results in fiqure 10 shows that the 1lower BPP
system gives equivalent performance.

To summarize figures 11 and 12, it is apparent that longer
wingspan increases both STN- RMAX and STO- TOS, although
with a penalty in th> forem of increased airframe weight
which 18 evident 1in the increased TOGW. For a given design
value of VTO- To05, chanjes in wingspan or area appear +to
have little effect on the required CSPF or FSP.

Selected Aircraft

Table VIII summarizes the weight hreakdown and performance
o7 gas- driven anl shaft- driven aircraft witl lower- than-
baseline hypass ratio propulsion systems as discussed in the
previous section. The aircraft in the table meet a specific
goal VT0O- TOS of 90 minurxes on the baseliine 150 n.mi.
mission. Twc combinations of wing area and aspect ratio are
shown for each system tc 1llustrate the eftect of wingspan.
The two aircraft tabulated here have wing areas of 300 and
350 sy.ft. with aspect ratios of 7 and 8, respectively. The
vingspans of each are ahout #46 and 53 feet. The 53 foot span
cases could have also been hased orn results for an aspect
ratio of 7 and wing area of U400 sq.ft., with slight
ditferences in weiagnt ani performance. Weight items in the
airframe, propulsion systems, emergency landing weight, and
STO takeoff aross weighr arw presentel as in Table VI where
the haseline aircraft were described., %However, adiitional
design and peiformance data are included at the hottom of
Table VIII as an aid in comparing the gyas anl shkaft aircraft
and to show the effect of increased wirgspan for each.

The relative core sizes for the selected bypass ratio
systems in Table VIII are those requirel +to meert the
specitied VTO- T0S of 3% minutes in each case. Cores must be
oversized 12 to 14 percent for the selectel shaft system and
22 to 24 percent tor the gas system. In these cases,
howevar, the fan sizes are less than the baseline due to %he
lower bypass ratios. The propulsion system weights show the
effects of 2BPF and CS¥f, as in figure 5. For the cases in
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Table VIII, ¢the shaft system is slightly lighter than its
baseline system and the gas system is about 500 1lb. heavier
than its basaline. The wing portion of each aircraft weight
shovws the jreatest sensitivity to changirg wingspan.

The last two lines of Table VIII show ¢that, with wvater
injection, either system has an emergency one- engine- out
thrust / weight capability in excess of the pinimum
rejquiremert of 1.03 . However, as mentionel earlier, only
the shaft system shows a safe EVL wmarqgin when operating
“dry" without water injection thrust augeentation 1uring
e€mergency.

CINCLUDING REMARKS

For the common confiquration subsonic V/STOL aircrsift of
this stuly, the shaft-driven propulsion systems appear to
result in better overall operformance, although at higher
installed weiqht, thanr tii> gas-driven systems. This bhrief
study wds made with the condition that maximum internal fuel
load of both the shaft and gas aircraft bhe equal. "t is,
however, possible that a higher design fuel allowance for
the gas aircraft would result in more equal verformance for
the tvo csystems. Increased design fuel would tenl +to scale
up the requirei weights of the airftframe and propulsion
system in the gas aircraft. Thus, the TOGW of the shaft and
gas airplanes woulil also become more equal.

In any eveni, results for both systems show that the choice
of system bypass ratio in +*he low range may be preferrad,
allowinj relatively smaller fans operating at higher fan
pressure ratio ani, in addiition, at little or no loss of
typical wmission performance. Such results are obtained by
better matching of propulsion system size with the aircraft
at each bypass ratio.

For the aircraft, 1low wing areas (or high wing 1loadings)
appear pceferable, except for 7 tendency towari hiqher
areas a3 span 1s increased beyord 50 feat. The effect of
wing span 1is +to generally 4improve performance as span
increases. Aircratt weitht <qrowth may produce thecretical
optimums in wingspan at high values of span an TOGW.
Howevar, limits on wingspan in the mid-range would probably
be dowinated py practical or physical 1limits on aircraft
stowage and wing folding conrmiderations.
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TABLE 1

Engine Performance on +31 deg F Day -

2 Cores & 2 Fans

No Water Injection

GAS SHAFT
NOMINAL BPR 6 8.02 10 12 8 10 12.2
baseline baseline

FAN INLET

AIRFLOW 1b/sec 451,41 600.74 749,57 899.18 498,35 576.93 665.58

RECOVERY 0.985 0.985 0.985 0.985 0.992 0.992 0.992
FAN

w8 /& 1b/sec 471.55 627.75 783.38 939,74 513.02 598,70 690, 69

PR 1.402 1.307 1.251 1.194 1.519 1.330 1.269

n C.859 0.862 0.862 0.863 0.885 0.885 0.385

N/af8' % relative 96.60 96.55 96.56 96.67 113.0 113.0 113.0

1) relative angle - - - - 0 0 0
COMPRESSOR

WAE /& 1b/sec 79.17 79.17 79.17 79.17 42,83 52.83 §2.83

PR 16.34 16,34 16. 3% 16.34 11.88 11.88 11.83

n 0.838 0.838 0.838 0.838 0.828 0.828 0.828

N/A® % relative 99,19 99,19 99,19 99,19 95,38 95,38 95,38
COMBUSTOR=~ Exit T,deg R 2700 2700 2700 2700 2880 2880 2880
HIGH PRESS. TURBINE

PR 5.262 4,262 4.262 8.262 3,825 3.710 3,631

n 0.911 0.911 0.911 0.911 0.879 0.879 0.879
LOW PRESS. TURBINE

PR 2.472 2.577 2.677 2.722 3,741 3.638 3.590

n 0.861 0.862 0.862 0.861 0.887 0.887 0.887
BYPASS NOZZLE

AREA sq.In. 1550 2200 2930 3810 1150 1530 1990

Cs 1.0 1.0 1.0 1.0 0.951 0.947 0.943

Cv 0.94 0.9%4 0.94 0.9 €.985 0.98% 0.983
CORE NOZZLE

AREA sq. in. 550 535 530

Cs 0.796 0.829 0.849

Cv 0.982 0.982 0.982
THRUST - ib. 26776 29678 32172 33806 24716 25776 26954

B ol -
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TABLE 11

Engine Performance on +31 deg F Day -

2 Cores & 3 Fans

No Water Injection

GAS SHAFT
NOMINAL BPR 6 8.02 10 12 8 10 12,2
baseline baseline

FAN INLET

AIRFLOW 1b/sec 437.36 583.65 728.62 867.75 486,27 566,35 653.23

RECOVERY 0.985 0.985% 0.985 0.985 0.992 0.992 0.992
FAN

W48 /§ 1b/sec 457.25 610.16 761.76 906,89 504,63 587.73 677.87

PR 1,292 1.221 1.179 1.145 1.318 1.252 1.207

n 0.857 0.857 0.857 0.860 0.881 0.879 0.879

N/J8 % relative 89.53 89.50 89,46 89.56 100.6 100.6 9%. &

<3 relative angle - - - - 0.805 1.17 k.77
COMPRESSOR

WdB'/§ 1b/sec 79.22 79,22 79,22 79.22 47.24 46.9% §6.75

PR 16.36 16. 36 16.36 16.36 13.54 13.43 13.35

" 0.838 0.838 0.838 0.838 0.833 0.833 0.833

N/§@ % relative 99,27 99, 27 99,27 99,27 97.62 97.47 97.36
COMBUSTOR- Exit T,deg R 2700 2700 2700 2700 3000 3000 3000
HIGH PRESS. TURBINE

PR 4,266 4,266 4,266 4,266 3,821 3.708 3.630

" 0.911 0.911 0.911 0,911 0.878 0.878 0.879
LOW PRESS. TURBINE

PR 2,840 2.951 3,042 3.122 3,961 3.862 3.822

n 0.827 0.828 0.829 0.824 0.906 0.906 0.905
BYPASS NOZZLE

AREA sq.in. 1685 2465 3350 k310 1335 1775 2290

Cs 1.0 1.0 1.0 1.0 C.946 0.942 0.939

Cy 0.94 C.94 0.94 0.94 0.585 0.98% 0.983
CORE NOZZLE

AREA sq.in. 554 525 530

Ce 0.836 0.860 0.875

Cy 0.983 0.983 0.982
THRUST =~ 1b. 29976 33294 36024 38277 32192 33530 35142

[
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Engine Performance on +31 deg F Day -

TABLE 111

2 Cores & 3 Fans

WITH Water Injectlion

SHAFT,100% Saturation at

GAS , 4% Combustor Water
Compressor Face
NOMINAL BPR 6 8§.02 1c 12 8 10 12.2
baselline baseline

FAN INLET

AIRFLOW 1b/sec k40,33 587.65 732,22 B82.29 528.09 597.41 709,80

RECOVERY 0.985 0.985 0.985 0.985 0.992 0.992 0.992
FAN

ude' /8 lb/sec 560.15 614,09 765,18 922.09 548,02 619.95 736.53

PR 1.327 1.249 1.202 1.161 1,423 1.358 1.271

1} 0.860 0.860 0.8560 0.860 0.882 0.3883 0.881

N/H@' % relative 91.70 91.68 91.45% 92.28 109.5 109.8 110, 0

e relative angle - - - - 8,77 5,33 .91
COMPRESSOR

Wde' /8§ 1b/sec 80.62 80.62 80.62 80.62 53.45 53.53 53.23

PR 17.38 17.38 17.38 17.38 15,95 15,99 15.85

n 0.825 0.825 0.825 0.825 0.825 0.825 0.827

N/dB' % relative 101.4 1C1.4 101.4 1P1. 4 103. 4% 103.6 103.0
COMBUSTOR- Exit T,deg R 2700 2700 2700 2700 2894 2938 2938
HIGH PRESS., TURBIMNE

PR 4,234 §,234 4,234 h.234 3.852 3.739 3.658

n 0.911 0.911 0.911 0.911 0.880 0.88¢C 0.879
LOW PRESS. TURBINE

PR 2.928 3.059 3.161 3.07¢6 . 716 4.651 4,535

n 0.825 0.825 0.826 0.822 0.914 0.915 0.915
BYPASS NOZZLE

AREA sq. in. 1615 2350 3170 4370 1240 1550 2150

Cs 1.0 1.0 1.0 1.0 0.952 0.948 0.93

Cy 0.9 0.94 0.94 0.954 0,985 0.984 0.983
CORE NOZZLE

AREA sq.in. SSk 525 530

Cs 0.819 0.840 0.862

Cv 0.983 0.983 0.983
THRUST -~ 1b. 32730 36345 39369 81727 Blhk§ §2176 k3696

fam e
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TABLE 1V

Engine Performance on +31 deg F Day - 1 Core & 3 Fans No Water Injectlon
GAS SHAFT
NOMINAL BPR 6 8.02 10 12 8 10 12 2
baseline baseline
FAN INLET
AIRFLOW 1b/sec 382.26 SCh,. 74 632.64 75h. 1k k46.80 £19.93 605.57
RECOVERY 0.985 0.985 0.985 0.985 0.992 0.992 0.992
FAN
W4B' /§ 1b/sec 399,18 527.31 660,94 788.16 §63.63 539,57 628,543
PR 1.176 1.135 1.108 1.090 1.183 1.152 1.127
}} 0.845 0.848 0.846 0.85k 0.855 0.858 0.857
/48" % relative 74,58 74,13 7h.14 74,83 87.62 88.71 89.33
@ retative angle - - - - -1,53 -1.49 -1.20
COMPRESSOR
Wd8'/8§ 1b/sec 81.16 81.16 81.16 81.16 53.56 53.19 52.97
PR 17.34 17.34 17.3% 17.34 16.16 15.95 15.83
n ‘0.808 0.808 0.808 0.808 0.82k 0.827 0.829
N/dB° % relatlive 103.3 103.3 103.3 103.3 103.8 103.0 102.5
COMBUSTOR- Exit T,deg R 2875 2875 2875 2875 3190 3190 3195
HIGH PRESS. TURBINE
PR §.267 k.267 h,267 §,267 3.848 3.73% 3.656
n 0.911 0.911 0.911 0.911 0.879 0.879 0.879
LOW PRESS. TURBINE
PR 3.355 3.529 3.497 3.475 4,211 k.158 4,158
n 0,735 0.737 0.742 0.734 0.895 0.897 0.897
BYPASS NOZZLE
AREA sqg, In, 1837 2725 3835 5370 1690 21390 2830
Cs 1.0 1.0 1.0 1.0 0.938 0.936 0.935
Cv 0.9% 0.9% 0.9% 0.9% 0.983 0.983 0.983
CORE NOZZLE
AREA sq. In. 55k 525 530
Ce 0.888 0.900 0.908
Cv 0.983 0.983 0.982
THRUST = 1b. 18309 20247 21741 22962 22720 23973 25388
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Engine Performance on +31 deg F Day -

TABLE V

1 Core

& 3 Fans

WITH Water Iniection

SHAFT,100% Saturation at

GAS 4% Combustor Water
Compressor Face
NOHMINAL BPR 6 8.02 10 12 8 10 12,2
baseiine baseline

FAN INLET

AIRFLOW 1b/sec 395.97 522.67 641,10 757,05 421,02 505.50 633.40

RECOVERY 0,985 0.985 0.985 0.985 0,992 0.992 0.992
FAN

NJE'/s 1b/sec 413,95 546,32 669,80 780,75 437.07 52.57 657.30

PR 1.191 1.146 1.120 1.101 1.223 1.18% 1.133

n 0.843 0.847 0.852 0.862 0.872 0.868 0.844

N/dB® % relative 77.53 76.96 76,08 76,26 95,75 98. 44 109.0

@ relative angle - - - - - 5.98 - 5.88 - 5.65
COMPRESSOR

WdB' /§ 1b/sec 81.47 81.47 81.47 81.47 55.41 55.81 55.32

PR 13.18 18.18 18.12 18.18 17.03 17.21 16.98

n 0.789 0.789 0.789 0.789 0,809 0.807 0.810

N/dB' % relative 104.9 104.9 104.9 104.9 108.7 109.9 108.5
COMBUSTOR=~ Exit T,deg R 2875 2875 2875 2875 2987 3050 3050
HIGH PRESS. TURBINE

PR bh,233 4,233 5,233 §,233 3.854 3.7kk 3.661

n 6.911 0.311 0.211 ¢.911 0.881 0.881 0.881
LOW PRESS. TURBINE

PR 3.524 3.606 3.655 2.608 ,.495 §.501 4,419

n 0.737 D.740 0.740 0.732 0.907 0.909 0.91k
BYPASS NOZZLE

AREA sq. in. 1840 2720 3655 4370 1425 1910 2880

Ce 1.0 1.0 1.0 1.0 0.940 0.938 0.935

Cv 0.94 0.9% 0.94 0.9% 0.983 0,983 0.983
CORE NOZZLE

AREA sq.in, 55& 525 530

Cs 0.877 0.892 0.908

Cv 0.983 0.983 0.983
THRUST = 1b. 19896 22074 23703 25104 23416 25559 27452
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TABLE VI

Typical Welght Schedules -

Baseline Alrcraft and Engines

Shaft Gas
Propulsion System Nominal BPR 12,2 8.02
Design Internal Fuel = 1bs, 15000 15000
Wing Area sq,.ft. 300 300
Aspect Ratio 6.0 6.0
Span ft. 2.4 42.4
Note Pivot Over-Wing
Nacelles Part.Blended
Airframe 5920 5650
Wing 1670 1430
Fuselage & Tall 2700 2800
Landing Gear 1000 37¢
Yacelle Rotation 350 -
Alr Induction - 250
Installation Penalties 200 200
Propulsion 9490 8200
Nacelles 1400 1000
Gas Generators (cores) 3000 1600
Fans 1040 2100
NHozzles & Thrust Vectoring 550 1300
Valves & Ducting - 1200
Transmissions & Shafts 2500 -
Controls & Starting hoo Lao
Fuels & llater Systems 600 600
Other Systems 7600 7600
Controls,electronics,etc. 1700 1700
Avionics 2700 2700
Air Cond.,Anti-ice,etc. 1700 17¢0
Crew and Survival gear 1000 1000
Trapped 1iquids,oll,etc. 500 500
TOTAL of Airframe+Propulsion+
Other Systems 23010 2145¢
Expendable Payload 3150 3150
Unfueled Takeoff Welght (UTOW) 26160 24600
Emergency Landing Fuel & Water gee s
Emergency Landing Welght (ELW) 2381¢ 22250
TOGW with Max. Internal Fuel 41160 39600
Vertical Takeoff Thrust 35142 33294
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TABLE VI

Vertical Thrust Summarles

Shaft Systems

- — T T

Nominal Bypass Ratio
Conditlion 8 10 12,2
baselline
Normal VTO, 3 Fans on 2 Cores
Dry, No Water Injection 32192 33530 35142
Emergency Dry 22720 23973 25388
Vertical
Full Wet
Thrust 100% Saturation at 23416 25559 27452
Compressor Entrance
3 Fans
Wet
1 Core 80% Saturation at 23277 25242 27040
Compressor Entrance
Gas Systems
Nominal Bypass Ratlo
Condition 6 8.02 10 12
baseline
Normal VTO, 3 Fans on 2 Cores
Dry, No Water Injection 29976 33294 36024 38277
Emergency Dry 18309 20247 21741 22962
Vertical
Wet
Thrust 4% Combustor 19896 22026 23073 25104
VWlater
3 Fans
Wet
1 Core 6% Combustor 20689 22916 24684 26175
Water
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TABLE VIl

Welght and Performance Summary = Mission Designed Alrcraft
Shaft Gas

Propulsion System Nominal BPR 8.0 8.0 6.0 6.0
Design Internal Fuel - lbs, 15000 15000 15000 15000
Wing Area sq.ft. 300 350 300 350
Aspect Ratlo 7 8 7 8
Span ft. 46 53 46 53
Alrframe 6130 6780 592¢ 6550

Wing 1860 2360 1640 2120

Fuselage & Tal! 2640 2790 2730 2880

Landing Gear 1030 1030 1000 1co00

Nacelle Rotatlion 400 40C - -

Alr Induction - - 350 350

Installation Penaltles 200 200 200 200
Propulsion 9360 9460 8700 8770

Nacelles 1310 1330 350 950

Gas Generators (cores) 3250 3280 2130 2160

Fans 800 830 2000 2020

Nozzles & Thrust Vectoring 450 470 1200 1200

Valves & Ducting - - 1420 1440

Transmisslions & Shafts 2550 2550 - -

Controls & Starting 400 400 400 Loo

Fuels & \Wlater Systems 600 600 600 600
Other Systems

As In baseline 7600 7600 7600 7600
TOTAL of Alrframe+Propulsion+

Other Systens 23090 23840 22220 22920
Expendable Payload 3150 3150 3150 3150
Unfueled Takeoff llelght (UTOW) 26240 26990 25370 26070
Emergency Landing Fuel & Water 800 800 800 800
Emergency Landling Weight (ELW) 23890 24640 23020 2372¢
TOGW with Max. Internal Fue!l 41240 41990 40370 41070
Vertlical Takeoff Thrust 36240 36735 36750 37120
Relative Core Size Factor 1.126 1.141 1.226 1.238
Relative Fan Size Factor 0.842 0.853 0.917 0.926
VTO Time on Statlon min. 90 90 9ge 90
(baseline mission)
STO Time uwn Statlon niln. 219 236 189 202
(baseline mission)

Max. Operating Radlus n.mi. 1130 1227 1060 1150
Emergency O0EO Thrust/ELW ,wet 1,097 1.078 1.102 1.080
Emergency OEO Thrust/ELY ,dry 1,071 1.052 0.975 0.956
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TRANSMISS10N
€ CROSS-SHAETING

FoRwARD

DRWE -SHAPT Tier MACELLE

TurBOSHAFT CorE

GEARED FAN
(VARIABLE PITeH)

(o) SHAaeT- DRIVEN V/STOL AIRCRAFET

VecToRABLE
LigT/CRUISE
NozzLE

FixX€ED NACELLE

GAs-DRIVEN
1p-TURB/IVE FANS

dSeconDARY INLET

(b) GAS- DRiVEN V/SToL  PIRCRAFT

Figure 1. = Aircraft Configuration



E

N (BCAV)
C
(BCAV)
B
F D
G OPERATING RADIVS —
SEGMENT NOTES
(A) TAKEOFF VTO with thrust/welight >1.08, 2.5 minutes.
or STO with thrust/weight >C.8C, 2.5 minutes

(B8) CLINB At 80% max. power to outbound crulse H and M,
(C) CRUISE 0OUT Best H and M for minimum fuel out.
(D) LOITER H=10000 ft,, 0.3¢ M < 0.6 , best M for max. TOS,
(E) RETUR!! CRUISE Best H and M for minimum return fuel,
(F) HoLD H=5000 ft.,, M=0.3 for 5 minutes.

(G) VERTICAL LANDING A1l misslions, 2.5 minutes at full power.

ALTERNATE MISSION : MAXIMUM OPERATING RADIUS

Segment (A), takeoff, is STO in all cases.

Segment (D), low altitude lolter, not in mission.

Segments (C) and (E), cruise, use BCAV for maximum radius
of operation with full internal fuel load at takeoff,

Figure 2. - Mission Profile Schematic
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