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FOREWORD 

TIus report presents the results of a study on Turboprop Cargo Alrcraft 
Systems by the Lockheed-Georgla Company for the Natlonal Aeronautlcs and Space 
Admlnlstration Langley Research Center at Hampton, Vlrglnla and LeW1S Research 
Center ln Cleveland, Ohio. 

This study was JOlntly supported by NASA Contract No. NAS1-15708 and by 
Lockheed's Independent Research and Developnent Program. The latter was used 
to assemble propulslon data bases for turboshaft (Appendix E) and turbofan 
(Appendix J) engines, to develop the noise methodology (Appendix C) used in 
the aircraft parametric studies, and to deflne the competltive turbofan
powered alrcraft (Reference Turbofan Alrcraft Studles Sectlon). 

Mr. Atwood R. Heath, Jr. served as the NASA-Langley technical monltor of 
this study until hlS retirement in December 1979. He has been ably succeeded 
by Mr. S. Jack Morris. During 1981, Mr. Gerald A. Kraft of NASA-LeWls served 
as a co-monltor. 

Dr. John C. Muehlbauer directed the Lockheed effort on thls study whlCh 
was performed as part of a contlnulng prellmlnary deslgn lnvestlgatlon of new 
alrcraft concepts by the Lockheed-Georgia Company's Advanced Concepts Depart
ment - Mr. Roy H. Lange, Manager. other maJor Lockheed contrlbutors to this 
study were: 

C. Lee Bowden, Jr. 

Stephen P. Lindenbaum 

Anthony P. Pennock 

R. Ernest Stephens 

James E. Viney 

Wllllam A. French 

Robert T. Meyer 

Charles C. Randall 

F. Robert Stone, Jr. 

L. Richard Woodward 

James G. Hewell, Jr. 

R. Dennis O'Brlen 

Norm Searle 

Sterling G. Thompson 

Carl E. Izurieta 

The HaIOll ton Standard Dlvision of United Technologles Corporatlon, under 
subcontract to Lockheed, provlded data on their advanced propeller concept -
the propfan, and furnlshed the propeller noise levels of the selected alrcraft 
for the predictlon correlation discussed in Appendlx G. Mr. Bernard S. Gatzen 
served as the Hamll ton Standard study manager. 

Speclal recogmtlon and our appreclation are extended to the Commercial 
Products Dlvlslon of Pratt & Whltney Alrcraft Company for thelr cooperation 
and contributlons concernlng the turboshaft and turbofan englnes used in this 
study. 

Numbers contained ln thlS report are ln both SI and customary unlts, wlth 
the former stated flrst and the latter ln parentheses. All of the 
calculatlons were made ln the customary system of unlts and then converted to 
SI unlts. 
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SUMMARY 

Future alr transportatlon faces two 
serlOUS threats: the rising cost and 
uncertaln availability of fuel and cur
talled operatlons due to nOlse regula
tlons around alrports. ThlS report 
presents the results of a Lockheed 
study of an advanced turboprop (prop
fan) propulsion system concept that has 
been proposed as a means of reduclng 
the impact of these two threats. The 
propfan is a highly-loaded, multl-blade 
turboprop system that lncorporates ad
vanced aerodynamic and structures tech
nology in the propeller to provide high 
aerodynamlc efficiency and low nOlse at 
fllght speeds up to 0.8 Mach number for 
altltudes of 9.1 km (30,000 ft) and 
above. 

Current federal regulatlons speclfy 
that noise certificatlon measurements 
for aircraft be taken at three dlscrete 
locatlons for a type of fllght proflle 
that lS conslderably different from 
that typically flown in normal com
merclal operatlon. Consequentl y, two 
alrcraft may satisfy the regulatlons 
equally, but they may be percelved by 
the nelghborlng communlty as radlcally 
different, because one is heard 
throughout a much larger area around 
the alrport than the other. The extent 
of the area affected by the alrcraft 
nOlse at a specified or hlgher level, 
the nOlseprlnt area, is probably a 
better measure than the federal regula
tlons for determining lf a new aircraft 
Wlll be a quiet neighbor that will not 
face operatlonal curfews due to noise. 
ThlS 1S not a recommendation that alr
craft noiseprlnt areas be incorporated 
1nto any federal regulatlons; such 
actlon is unnecessary because public 
and commerclal demands will force air
craft manufacturers to minl.mize noise
prlnt areas in the deslgn of future 
transport alrcraft lf they are to be 
bought and nown. 

The obJective of this study was to 
explore the effects of uSlng advanced 
turboprop propulsion systems to reduce 
the fuel consumptlon and dlrect 
cperating costs of cargo alrcraft and 

to determ1ne the lmpact of these 
systems on alrcraft noise and nOlse
prints around a termlnal area. To 
accompllsh thlS, parametric varlations 
of alrcraft and propeller charac
teristlcs were lnvestlgated to 
determine thelr effects on n01seprint 
areas, fuel consumptlon, and dlrect 
operating costs (DOC). From these re
sul ts, three a1rcraft des1gns were 
selected and subJected to deslgn re
flnements and sensitlvity analyses. 
Three competlt1ve turbofan aircraft 
were also deflned from parametric 
studles to provide a basls for com
parlng the two types of propulsion. 

That comparlson showed that ad
vanced turboprop aircraft offer the 
potentlal for impresslve performance 
benefl ts relatlve to advanced turbofan 
a1rcraft. The turboprop alrcraft 
expenenced a fuel saving of 17 to 21 
percent, better fuel efficiency of 21 
to 26 percent, and lower DOCs by 8 to 
15 percent. Equally signlf1cant, 20 to 
25 percent shorter field lengths of the 
turboprop aircraft mean that they can 
serVlce small alrports that are in
accesslble to turbofan aircraft. Rel
ative to current turbofan aircraft, the 
fuel saving can be as high as 40 per
cent. 

NoiseWlse, both the turboprop and 
turbofan alrcraft eas1ly comply wlth 
current regulatlons. The turboprop 
aircraft have smaller n01seprint areas 
at a go EPNdB level than the turbofan 
alrcraft, approximately equal areas at 
80 EPNdB, but larger areas at 70 EPNdB. 
The latter two levels bracket the range 
that 1S typically suggested as low 
enough for curfew-free operation. 

Several other results were identl
fled : 

o Accuracy of the predlcted noise 
levels lS crlt1cal to the study re
sults. Sensitivlty study results 
show that a 3-dB increase in the 
predlcted nOlse levels of the air
craft produces 100 and 40 percent 
increases in the noiseprints for 
the turboprop and turbofan air
craft, respectlvely. 



2 

o Operatl.on at cruise Mach numbers 
below 0.8 becomes increasingly 
attractive as fuel prl.ce increases 
and becomes a greater percentage of 
al.rcraft direct operatl.ng cost. 

o A propeller speed of about 229 mls 
(750 fps) provl.des a comproml.se for 
ml.nimizl.ng cost and nOl.seprint. 
Parametr ic study resul ts show that . 
propeller speeds greater than 229 
mls (750 ft/s) offer only minimal 
reductions in operating costs whl.le 
substantl.ally increasing the noise
print area. Lower speeds offer 
slightly smaller noiseprints but at 
severe economic penalties. 

o An l.nstalled sea-leve~ dl.sk loa~
l.ng* of about 402 kW/m (50 hplft ) 
for the propeller gives al.rcraft 
desl.gns that effectl.vely compromise 
the conflictl.ng desl.gn goals to 
ml.nl.ml.ze noiseprint area and direct 
operating cost. At lower values, 
the propeller dl.ameters become 
excessl.vely large and the al.rcraft 
are more expensive to operate. Con
versely, with hl.gher val ues the 
aircraft noiseprints become large. 

o Changing the takeoff climb proce
dure produced greater nOl.seprint 
reductions for the turboprop al.r
craft than for the competitive 
turbofan al.rcraft. Noiseprl.nts for 
the turboprop aircraft were reduced 
by 40 to 60 perceent. whl.le those 
for the turbofan aircraft dropped 
by less than 20 percent. The tur
boprop aircraft benefits because of 
l.ts better takeoff power features. 

o The effect on noiseprl.nts of reduc
l.ng the propeller tip speed on 
takeoff is dependent upon the noise 
level defl.ning the nOl.seprl.nt. Re
ducing the propeller tl.P speed dur-

*The correspondl.ng disk loadl.ng during 
crUl.se is about one half the value at 
sea level. 

ing takeoff climb from 229 mls (750 
ft/s) to 204 mls (670 ft/s) , in
creased the 90-EPNdB nOl.sepnnt by 
2.4 percent but decreased the 80 
and 70-EPNdB noiseprints by 17.5 
and 36.7 percent, respectl.vely. 

o An advanced turboprop aircraft can 
serve as a joint cl.vl.l/military 
airlif~er Wl.th ml.nl.mal modl.fl.ca
hons and penal tl.es. A turboprop 
al.rcraft, when modifl.ed to meet the 
C-X requl.rements, experl.ences less 
than a 12.6 percent penalty l.n 
block fuel, ramp weight, and costs. 

Consl.derable research and development 
wl.ll be required before an advanced 
turboprop propulsion system can be 
flown on a new al.rcraft 10 the for
seeable future. New propulsion systems 
tYPl.cally requJ.re a ml.nl.mum of fJ.ve to 
seven years for technology development 
and demonstratl.on. Currently, plans are 
just bel.ng prepared to develop a turbo
shaft engl.ne and gearbox of the Sl. ze 
required. Wl.th there bel.ng less than 
flo ve years between now and 1985, the 
1985 technology level for the system, 
as specified in a gUl.deline for this 
study. l.S not likely to be attained. 
However, every effort should be made to 
accelerate all propfan-related tech
nology developnent so that it wl.ll be 
aval.lable as soon as possible for 
commercial applicatl.ons because of the 
potentl.al fuel savl.ng. 

Several specl.fic recommendations 
are made to overcome shortcomings en
countered durl.ng thl.s study and to pro
vl.de design improvements suggested by 
some of the study results. These recom
mendations l.nclude: a determinatl.on of 
propeller effects on wing aerodynamics 
and structure, verification of propul
Sl.on system performance and nOl.se 
characteristics by an engl.ne manu
facturer, l.nitl.atl.on of desl.gn studl.es 
for large-sl.ze turboshaft engines and 
gearboxes, establl.shment of desired 
nOl.se levels and areas for eXl.stl.ng 
al.rports, and assessment of ml.ll. tar y 
appll.catl.ons. 



INTRODUCTION 

Future alr cargo faces two serlOUS 
threats: the rlslng cost and uncertaln 
avallablllty of fuel and restricted 
alrport use through nOlse regulatlons 
WhlCh may lnclude nlght tlme curfews. 

An advanced turboprop (propfan) 
propul Slon system concept has been 
proposed* as a means of reduclng the 
posslble impact of these threats to 
cargo carrled ln new alrcraft, and lS 
now belng lnvestlgated as part of the 
NASA Alrcraft Energy Efflclency pro
gram. The propfan concept, as 
described by Dugan et al. ** and shown 
ln Figure 1, 1S a hlghly-loaded, 
multl-blade turboprop system that In
corporates advanced aerodynamlcs and 
structures technology that has largely 
been developed for other alrcraft pro
pulslon components to achleve hlgh 
aerodynamlc efflclency and low noise 
levels at fllght speeds up to 0.8 Mach 
number for altltudes of 9.1 km (30,000 
ft) and above. For example, swept lead
lng edges are used on the wlngs of 

* C. Rohrbach and F. B. Metzer, "The 
Prop-fan - A New Look in Propul
sors," AIM Paper 75-1208, Hamllton 
Standard, October 1975 (Ref. 1) 

A. H. Jackson, Jr. and B. S. 
Gatzen, "Multi-Mlsslon Uses for 
Prop-fan Propulslon," AGARD Paper, 
Hamllton Standard, September 1976 
(Ref. 2) 

B. S. Gatzen and S. M. Hudson, 
"General Characterlstlcs of Fuel 
Conservatlve Prop-fan Propulslon 
System," SAE Paper 751085, Hamilton 
Standard and Detrolt Dlesel Alll-
son, November 1975 (Ref. 3) 

** J. F. Dugan, Jr., B. S. Gatzen and 
W. M. Adamson, "Prop-fan Propulslon 
- Its Status and Potentlal," SAE 
Paper 780995, NASA-LeW1S and 
Hamllton Standard, November 1978 
(Ref. 4) 

hlgh-speed transport alrcraft to lm
prove performance; this aerodynamlc 
concept lS belng applled to the propfan 
blade. The swept blade shape and the 
lntegrated shape of the sp1nner and 
nacelle comblne to produce a propulslon 
efflclency that lS projected ln Figure 
2 to be hlgher than that of tYPlcal 
h1gh-bypass-ratlo turbofan englnes. 

F1gure 1. Propfan Propulslon System 
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Figure 2. Comparlson of Crulse Effl
ClenCles for Dlfferent Types 
of Aircraft Propulslon 
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Numerous alrcraft system studies* 
from as early as 1974 have predlcted 
that the propfan system will reduce 
fuel consumptlon by 15 to 30 percent 
compared wlth alrcraft equlpped wlth 
turbofan englnes of equlvalent tech
nology. Subsequently, since 1976, 
research programs have been underway to 
analyze the propfan and to establish a 
data base through wlnd-tunnel tests on 
several models.** 

* E. F. Kraus and J. C. Van Abkoude, 
"Cost/Beneflt Tradeoffs for Re
duclng the Energy Consumptlon of 
the Commerclal Air Transportatlon 
System," NASA CR-137923, 137924, 
137925, Douglas Alrcraft, June 1976 
(Ref. 5) 

J. P. Hopklns and H. E. Wharton, 
"Study of the Cost/Beneflt Trade
offs for Reduclng the Energy Con
sumptlon of the Commerclal Alr 
Transportation System," NASA 
CR-137926, 137927, Lockheed
Callfornla, August 1976 (Ref. 6) 

"Energy Consumptlon Characterlstlcs 
of Transports USlng the Prop-fan 
Concept, " NASA CR-137937, 137938, 
Boelng Commerclal Alrplane Co., 
October 1976 (Ref. 7) 

J. D. Revell and R. H. TulllS, 
"Fuel Conservatlon Merlts of Ad
vanced Turboprop Transport Au
cr aft, " NASA CR-152096, Lockheed
Californla, August 1977 (Ref. 8) 

** C. Rohrbach, "A Report on the Aero
dynamlc Deslgn and Wind Tunnel Test 
of a Prop-fan Model," AIAA Paper 
76-667, Hamllton Standard, July 
1976 (Ref. 9) 

D. C. tllkkelson et aI, "Deslgn and 
Performance of Energy Efficient 
Propeller for Mach 0.8 Crulse," SAE 
Paper 770458, NASA-Lewls, 1977 
(Ref. 10) 
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More recently, attentlon has been 
focused on the nOlse characteristlcs of 
thlS advanced turboprop.! Analytlcal 
nOlse predlctlon methods, acoustlc test 
results of scale models, and aircraft 
studles show that the nOlse of propfan
powered alrcraft wlll be below the 
levels speclfled. by the Federal AVla
tlon Regulatlons!! (FAR)+ for new 
certlped alrcraft. Figure 3 by Dugan 
et al compares th~ regulatory requlre
ments at the three measurlng pOlnts 
wlth the nOlse levels of current wide
body transports and wlth those expected 
from a four-engine, propfan alrcraft.++ 

J. F. Dugan, D. P. Bencze, and L. 
F. Wliliams, "Advanced Turboprop 
Technology Development," AIAA Paper 
77-1223, NASA-Lewls and Ames, 
August 1977 (Ref. 11) 

J. A. Baum et aI, "Prop-fan Data 
Support Study," NASA CR-152141, 
Hamllton Standard, February 1978 
(Ref. 12) 

H. R. Welge and J. P. Crowder, 
"Simulated Propeller Sllpstream 
Effects on a Supercrltlcal Wlng," 
NASA CR-152138, Douglas Alrcraft, 
June 1978 (Ref. 13) 

M. L. Boctor et aI, "An Analysis of 
Prop-fan/Alrframe Aerodynamlc Inte
gratlon," NASA CR-152186, Boelng 
Commerclal Alrplane Co., October 
1978 (Ref. 14) 

J. V. Bowles, T. L. Galloway and L. 
J. Wliliams, "Turboprop/Propfan 
Performance and Installatlon Con
sideratlons for Advanced Transport 
Alrcraft," SAE Paper 780996, NASA
Ames, November 1978 (Ref. 15) 

D. P. Bencze, R. C. Smlth, H. R. 
Welge, and J. P. Crowder, "Propel
ler SllpstreamlWlng Interactlon at 
M = 0.8," SAE Paper 780997, NASA
Ames and Douglas Alrcraft, November 
1978 (Ref. 16) 



.! F. B. Metzger and C. 
"Aeroacoustic Deslgn 
Prop-fan," AIAA Paper 
Hamllton Standard, March 
17) 

Rohrbach, 
of the 
79-0610, 

1979 (Ref. 

D. B. Hanson, "The Influence of 
Propeller Deslgn Parameters on Far 
Fleld HarmonlC NOlse ln Forward 
Fllght," ArAA Paper 79-0609, 
Hamllton Standard, March 1979 (Ref. 
18) 

D. B. Hanson, liNear Fleld NOlse of 
Hlgh T1P Speed Propellers In 
Forward Fll ght ," AlAA Paper 76-565, 
Hamllton Standard, July 1976 (Ref. 
19) 

D. B. Hanson and M. R. Flnk, liThe 
Importance of Quadrupole Source In 
Predlctlon of TransonlC Tip Speed 
Propeller NOlse," Journal of Sound 
and Vlbratlon, Vol. 62, January 
1979 (Ref. 20) 

F. Farassat, "Theory of NOlse 
Generatlon from Moving Helicopter 
Blades wlth an Appllcatlon to 
Helicopter Rotors, 11- NASA TR-R-451, 
NASA, December 1975 (Ref. 42) 

F. Farassat, "Linear Acoustic 
Formulas for Calculation of 
Rotatlng Blade Noise," AIAA 
Journal, Vol. 19, September 1981 
(Ref. 43) 

!!. "NOlse Standards: Alrcraft Type 
Certlficatlon," Federal Aviatlon 
Regulatlons, Part 36 (FAR 36), 
Federal Aviatlon Administration, 
Department of Transportatlon (Ref. 
21) 

+ All abbreviatlons and symbols are 
listed ln Appendlx A. 

++ Superscrlpt numbers in the text 
corresponds to those of the 
references. 
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Flgure 3. Far Fleld NOlse Llmlts Com
pared to Current and Future 
Alrcraft NOlse Levels 

Current federal regulatlons speclfy 
that the nOlse certificatlon measure
ments be taken at three dlscrete loca
tlons for a type of fllght profile that 
lS conslderably dlfferent from that 
tYPlcally flown In normal airline 
operatlon. Consequently, two alrcraft 
may satlsfy the regulatlons equally, 
but they may be percei ved by the 
nelghborlng community as radlcally 
dlfferent because one lS heard through
out a large area surroundlng the alr
port, whlle the sec'ond may affect a 
much smaller area. Thus, the extent of 
the area affected by aircraft nOlse at 
some perceived level, the nOlseprlnt 
area, lS probably a better measure than 
those of the regulations when trying to 
determine how well an alrcraft wlll do 
relatlve to posslble operatlonal cur
fews that may be lmposed at alrports to 
reduce nOlse. Obvlously, any new alr
craft will stlll have to be deslgned to 
satlsfy the federal regulatlons. But, 
and perhaps equally lmportant to the 
alrllnes, conslderation wlll also have 
to be glven to reducing the nOlseprlnt 
area of future alrcraft to avold 
10callY-lmposed operatlonal curfews at 
airports that could have an adverse 
economlC impact on alr cargo. The 
effect of thlS additional deslgn con
slderatlon lS addressed ln this study. 
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Lest there be any confuslon, we are 
not advocatlng any federal regulatlOns 
on alrcraft nOlseprints but are recog
nlZlng that public and commerclal de
mands wlll result ln future transport 
alrcraft that are qUleter than today's 
alrcraft. The lmpact of nOlse consid
eratlons on alrcraft deslgns In the 
future lS directly analogous to the 
current lnfluence of economlCS. Alr
Ilnes are bUYlng and flYlng only those 
alrcraft that mlnlmlze dlrect operatlng 
costs and maXlmlze return-on-lnvestment 
for thelr route structure, because the 
alrllnes want to stay ln buslness. If 
the alrllnes are to surVlve In the 
future, they will buy new alrcraft that 
provlde both maXlmum economics and mln
lmum nOlseprlnts so that thelr alrport 
operatlons wlll not be restrlcted by 
local communltles who refuse to tol
erate exceSSl ve nOlse and who, there
fore, pass leglslatlon that curtalls 
operations or even closes alrports 
durlng certaln dally perlods. 

The obJectlve of thls study is to 
explore the effects of uSlng advanced 
turboprop propulslon systems to reduce 
the fuel consumptlon and dlrect operat
lng costs of cargo alrcraft and to 
deternllne the lmpact of these systems 
on alrcraft nOlse and noiseprlnts 
around a tennlnal area. To accanpllsh 
thlS, the sensltlvlties of performance, 
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fuel consumption, productlvlty, and 
economlCS are ldentlfled for varlOUS 
levels of n01se reduction for turboprop 
alrcraft and are compared Wl th those 
for competltive turbofan alrcraft 
deslgns. 

The overall plan, shown in Figure 
4, for achleving the study obJectlve 1S 
composed of five major tasks that are 
d1scussed ln more detall in the 
remalnlng sectlons. To rev lew brlefly, 
ln the flrst task parametric varlations 
of aircraft and propeller character is- . 
t1CS were investigated to determine 
their effects on nOlseprlnt areas and 
direct operatlng costs. Fran these 
results, three aircraft designs were 
selected and subjected to refinement 
and deslgn sensltivity analysis in the 
second task. In the thlrd task, 
parametrlc analyses were performed to 
deflne three turbofan alrcraft wlth the 
same mlssion capabillties as the 
selected turboprop alrcraft. These 
three turbofan aircraft provlde a baSlS 
for comparing the two types of propul
Slon in the fourth task. The flfth 
task was to ldent1fy potential problem 
areas, several of which were investl
gated. As a separate supportl ve task, 
analytical nOlse predlctlon methods 
were developed for use in the para
metrlc studies of both the turboprop 
and turbofan powered aircraft. 
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GUIDELINES 

GU1de11nes for the conduct of th1S 
study were deflned by NASA In the 
statement of work or were adopted by 
Lockheed based on experlence In trans
port a1rcraft des1gn. For ease of 
presentatlon, they have been grouped 
accordlng to whether they apply to the 
study In general or are Ilm1ted In that 
they help only to deflne the mlSSlon, 
to constraln the alrcraft conflgura
tlon, to dellneate appllcable advanced 
technologles, to dlrect the econom1C 
evaluatlon, or to establish noise 
goals. 

GENERAL CONSTRAINTS 

The alrcraft conflguratlons gen
erated 1n thlS study could be ready for 
lntroductlon lnto serVlce between 1990 
and 1995. The conflguratlOns lnclude 
those elements of advanced technology 
that may be ready for productlon 
appllcation In 1985 wlth the exceptlon 
of the turboprop system, and that have 
the potentlal for 1mprovlng per
formance, reduclng nOlse and costs, and 
solvlng deslgn or operatlonal problems. 
Current requlrements of the Federal 
AVlatlon Regulatlons for Transport 
Category Alrcraft are assumed to be 
appllcable to alrcraft wlth an lmtlal 
operatlonal capablllty In the early 
1990s. and are satlsfled by the alr
craft conflguratlons deslgned In this 
study. 

MISSION DEFINITION 

A slngle-leg, domestlc fllght 
serves as the deslgn mlSSlon for this 
study. Wh11e the mlSSlon defln1tlon lS 
restrlcted to a s1ngle range and flight 
proflle. varlOUS crU1se speeds and pay
loads are cons1dered. 

The deslgn mlSSlon range for all 
conflgurations lS 4250 km (2295 n. ml. 
or 2640 s. ml.). 

Three crU1se Mach numbers of 0.6, 
0.7, and 0.8 are considered for the 
three smaller payloads. For the 
largest payload, the values are 0.7, 
0.75, and 0.8. 

Payload 

The deslgn payloads for the deslgn 
range conslst of 2, 4, 6, and 9 fully 
loaded containers. Nomlnally, the con
talner SlZe lS 2.44 m hlgh by 2.44 m 
wlde by 6.1 m long, (8 ft by 8 ft by 20 
ft) whlle the densltles of the paYIOa~ 
and the contalner arj 160 and 24 kg/m 
( 10 and 1.5 Iblft ), respectl vely. 
Gross payload values. that lS net pay
load plus conta1ner tare. for thlS 
study are 13,650 kg (30,000 Ib). 27.300 
kg (60,000 Ib), 40.950 kg (90,000 Ib). 
and 61.425 kg (135,000 Ib). 

Fhght Prof11e 

Detalls of the mlssion fllght pro
flle are deplcted 1n Flgure 5. The m1n
lmum lnltial crUlse altltude lS 9,144 m 
(30,000 ft) for the conflguratlons 
deslgned for the 0.7 and 0.8 crUlse 
Mach numbers. For those conflguratlons 
wlth a 0.6 crUlse Mach number, the 
lnltlal crU1se altltude 1S at least 
7600 m (25,000 ft). 

All of the conflguratlons may be 
operated from airports used by current 
transport a1rcraft deslgned for a com
parable mlssion. For thlS study, all 
of the a1rcraft comply with a maXlmum 
FAA balanced or factored fleld length 
hm1 t of 2440 m (8000 ft). DUrlng 
landing, approach lS on a 0.05-rad 
C3-deg) glideslope wlth a maXlmum 
approach speed hmlted to 69 m/s (135 
kt). 

CONFIGURATION CONSTRAINTS 

Cargo Compartment Envlronment 

The cargo compartments are deslgned 
to ma1nta1n a mln1mum pressure equiva
lent to an altltude of 5.5 km (18,000 
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ft) at maximum crUlse alt1tude. The 
temperature control system is deslgned 
to malntaln a minl~um car&o compartment 
temperature of 283 K (50 F) or greater 
at maXlmum cruise altltude. 

Cargo Compartment Capaclty 

The cargo compartment structure lS 
des1gned to carry approx1mately 20 per
cent larger payloads (volume and lor 
~ass) at a reduced range. 

Conf1gurat1on Sizlng Var1ables 

The varlables cons1dered 1n slzing 
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the conf1guratlons 1nclude w1ng angle, 
w1ng aspect rat1o, w1ng load1ng, w1ng 
th1ckness ratlo, and thrust-to-welght 
rat10. 

ADVANCED TECHNOLOGY APPLICATIONS 

The advanced technology 1tems and 
levels 1ncluded in all of the alrcraft 
conflguratlons are expected to achleve 
state-of-the-art status and be ready 
for product1on appl1cat1on by 1985 ex
cept for the propulslon system, WhlCh 
w1II probably not be ready untll later. 
Speclflcally, the conf1gurations have 
supercr1t1cal alrfo1ls, compos1te mate-



r1als, advanced eng1nes, a Ham1lton 
+ Standard advanced propfan , and act~ve 

controls. Graphl te/epoxy compOSl te 
materlals are used for the secondary 
structure of the w1ng, fuselage, 
nacelles, and land1ng gear; for the 
nacelle and pylon skins: and for both 
pr1mary and secondary structures of the 
empennage. Pratt & Wh1tney STF477 
turbofan* and STS487 turboshaft** 
eng1nes are used as the basel1ne 
powerplants 1n the configurat1ons to 
ensure a h1gh degree of commonal1ty for 
the comparat1 ve analys1s. These two 
eng1nes are of the same fam1ly of 
des1gns by one manufacturer and have 
equ1valent technology levels. 

ECONOMIC GUIDELINES 

The 1967 A1r Transport Assoc1at1on 
(ATA)A equat10ns w1th coefflc1ents up
dated to January 1980 levels are used 
to calculate d1rect operating cost 
(DOC). L1kew1se, pr1c1ng and other 
costs are based on January 1980 dollar 
values. 

A1rcraft manufactur1ng and develop
ment costs, as well as propuls1on 
system acqu1s1 t10n and ma1ntenance 
costs, are est1mated by Lockheed's 1n
house methods. Detalls of the propul
Slon system cost1ng approach are 
presented 1n Append1x B. 

+ Performance and n01se data for th1s 
propfan are those 1n Reference 12. 
Th1S propfan is slm1lar 1n external 
appearance to that verS10n des1g
nated SR-5 by Ham1lton Standard, 
but 1t encompasses projected tech
nology advances beyond those 
atta1nable w1th the SR-5 verS1on. 

* "Prellm1nary Performance and In
stallatlon Data for the STF477 Tur
bofan Eng1ne," CDS-6, Pratt & Wh1t
ney A1rcraft Corporation, February 
1976 (Ref. 22) 

** "Prel1m1nary Performance and In
stallat10n Data for the STS487 Tur
boshaft Eng1ne," CDS-ll , Pratt & 
Wh1tney A1rcraft Corporat1on, March 
1976 (Ref. 23) 

Alrcraft product1on runs to meet 
the product1v1ty, or throughput, re
qU1rement of 26 revenue k1logram
petameters (15.4 b1lllon revenue ton
naut1cal m1les) are llsted 1n Table I 
for load factors of 100 and 85 percent 
of the gross payload for var1at1ons 1n 
payload and crU1se speed. Calculat10ns 
of the DOCs for each of these runs are 
based on an average annual ut1l1zatlon 
of 3000 hours per a1rcraft, a crew of 
3, a 15-year stra1ght-I1ne deprec1at1on 
w1th a 10-percent res1dual salvage 
value, and a hull 1nsurance rate of 2 
percent

3 
Fuel prlces of 132, 198, and 

264 $/m (50, 75, and 100 ¢/gal) are 
cons1dered 1n the parametr1c stud1es; 
and

3 
additlonal pnces of 518 and 792 

$/m (200 and 300 e/gal) are 1ncluded 
1n some of the sens1t1v1ty stud1es. 

Table 1. Prod uct10n Fleet Sl zes for 
Load Factors of 100 (85) Per
cent for Var1at1ons of Cru1se 
Mach Number and Payload 

PAYLOAD 1000 CRUISE MACH NUMBER 
KG L8 06 t o 7 o S 

13 6 30 t 951 (1118) I 843 (992) 738 (868) 
I I 

I 27 2 60 475 (559) 

I 
422 (496) 369 (434) 

I 
I 40 8 90 317 (373) 281 (331) 246 (289) 

I 61 2 135 . 188 (222) 164 (193) 

... For the largest payload, a closer range of iVtoch numbers NOS selected 
with M. a 75 beIng the thIrd value The fleetslz.for Hm third 
speed are 175 (206) 

NOISE GOAL 

The n01se goal 1S to m1n1m1ze the 
area at a1rports that is SUbjected to 
high n01se levels from alrcraft on 
takeoff and land1ng, while maintain1ng 
a1rcraft econom1C v1ab1lity. State-of
the-art n01se predlct10n methods are 
used for source 1ntens1 ty and direc
tivity. The elements 1n these methods 
are discussed 1n Appendix C along w1th 
a descrlption of the simplifled para
metric noise prediction method that was 
developed under Lockheed's Independent 
Research and Development Program for 
use on th1S study. 

A "Standard Method of Est1mat1ng D1rect 
Operat1ng Costs of Turb1ne Powered 
Transport A1rcraft ," A1r Transport 
Assoclat1on, 1967 (Ref. 24) 
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TURBOPROP AIRCRAFT PARAMETRIC STUDIES 

Wlng geometry and propulslon system 
characterlstlcs for three turboprop 
alreraft pOlnt deslgns were selected 
based on the results of deslgn, cost, 
and nOlse studles. These studles In
cluded a prellmlnary deslgn investlga
tlon of cargo compartment layouts for 
four mlSSlon payload values and a para
metrlc analysls of alrcraft SlZlng 
effects on cost, nOlse, and perform
ance. The approach followed In these 
studles and the ratlonale for seleetlng 
the three deslgns for further refine
ment are deserlbed In thlS section. 

BASIC CONFIGURATION DESCRIPTION 

The basic alrcraft conflguratlon 
used In thlS study, as shown In Flgure 
6, encompasses many features of today's 
alreraft. All of the payload lS 
earrled In the fuselage and is loaded 
stralght-ln through either a nose Vlsor 
door or an aft fuselage door. The wlng 
lS mounted sufficlently hlgh on the 
fuselage at approxlmately mld-fuselage 
length so that it does not eompromlse 
the cargo compartment deslgn. Other 
pertinent features of the baslc con
flguration ~nclude convent~onal 

fuselage-mounted land1ng gear and 
englnes attached to the underside of 
the wlng. Al though only two englnes 
are shown on the alrcraft in Flgure 6, 
four englnes are used for the largest 
payload cases. Pitch and direct10nal 
flight controls are provided by a 
T-tail empennage mounted on the aft 
fuselage. 

Figure 6. BaSle Alrcraft Configuration 
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Standard deslgn erlterla and data 
were used in the parametrlc studles to 
Slze the varlOUS alrcraft eonflgura
tlons. The data base and the pertlnent 
crlteria In the areas of structures and 
materlals, aerodynamlcs, propulslon, 
and fllght controls are revlewed under 
these headlngs. 

Structures and Materlals 

Baslc structural deslgn eriterla 
were applied In determlnlng the welghts 
of the alrcraft conflgurations and 1n 
computlng the structural loads, ngld
lty requlrements, and Slzes for the 
pOlnt deslgn reflnements. These cri
terla are conslstent wlth current CiVll 
speclflcations*. Speclfic cr1ter1a 1n
clude llmlt load factors between +2.5 
and -1.0 g's for maneuvers and +1.5 g's 
for landlng and taxl. Structural de
slgn speed criteria are 180 mis <350 
kt) In crUlse and 211 m/s (410 kt) 1n a 
dive. 

In add1tlon to the deslgn criterla, 
certaln assumptlons were required eon
cernlng permlsslble stress levels in 
the structural materials. Current car
go alrcraft wlngs, uS1ng convent1onal 
alumlnum and constructlon technlques, 
are designed with tenslle strengt~ 

Ilmits between 290 and 379 MN/m 
(42,000 and 55,000 psi), depend1ng upon 
the deslgn llfetlme. The relatl vely 
low llmlts are due pnmarlly to frac
tu~e and fatlgue propertles at long 
operatlonal llfetimes exceedlng 30,000 
hours. With the operatlonal llfetime 
flXed at 45,000 hours for the aircraft 
ln thlS study (3000 hours annual utili
zation for a 15-year Ilfetlme), the 
lower Ilmlt lS applicable in thlS case. 

Hlgh levels of composlte materials 
wlll be used in future alrcraft because 
of lmprovements they offer 10 relatl ve 
economlCS, coupled Wl th the hlgher 
strength-to-welght ratios of composltes 
compared wlth conventlonal metals. Un
fortunately, the maXlmum level of com-

* "Alrworthlness Standards: Trans
port Category Alrplanes," Federal 
AVlatlon Regulatlons, Part 25 (FAR 
25), Federal Aviation Admlnlstra
tlon, Department of Transportatlcn, 
1974 (Ref. 25) 



poslte usage is not llkely to be 
reached untll near the end of thlS 
century. By the technology readiness 
data of 1985 for thlS study, the level 
of composltes used will be relatlvely 
low and will vary from one structural 
subsystem to another. Characterls
tlcally for thlS perlod, only the 
secondary structure of the wlng, 
fuselage, nacelles, and landing gear 
wlll be constructed of composlte mate
rlals. In addltion, the nacelle sklns 
and both the prlmary and secondary 
structure ln the empennage wlil be made 
of composltes. 

Aerodynamlcs 

The 
study 
levels 
1985. 

baslc alrfolls used ln thlS 
have supercrltlcal technology 
enV1Sloned for appllcatlon ln 
Lockheed has deflned and wlnd-

tunnel tested supercrltlcal alrfoll 
sectlons wlth thlckness rat lOS between 
10 and 21 percent, Whlch lS the basls 
for the alrfoll performance charac
terlstics that are used ln thls study. 
Typlcal varlatlons ln crUlse Mach 
number and 11ft capablilty for the 
baslc alrfolls are shown ln Flgure 7 
for two scallng varlables, sweep angle 
and thlckness-to-chord ratlO. These 
curves deplct the optlmum thlckness 
ratlo values at a drag rlse of 10 
counts. 

THICKNESS 

TO 
CHORD 

RATIC 

0:12 

Flgure 7. TYP1cai A1rfoil Character-
1stics 

Drag characterlstlcs of the alr
craft are estlmated on a component 
bUlld up basls, that 1s, the wing, 
fuselage, horlzontal tall, etc. are 
treated lndlvldually. The skln 
~rlctlon drag lS determlned for the 
wetted area and the characterlstlc 
Reynolds number for each component, and 

lS then referenced to the wlng area. 
Next, shape factors are applled to the 
sk1n frictlon drag to obtain the pro
flle drag for each component, and these 
are comblned to obtaln the baslc pro
flle drag. The drag penal tles listed 
1n Table II are then added to obtaln 
the total proflle drag. 

Table II. Drag Penalties 

ELEMENT VALUA nON 

ROUGHNESS 3% OF aASIC PROFILE DRAG 

INTERFERENCE 5% OF BASIC PROFILE DRAG 

TRIM 12 COUNTS 

COMPRESSIBILITY 5 - 10 COUNTS 

MISCELLANEOUS 4 COUNTS 

PROP/AIRFRAME INTEGRATiON SEE APPENDIX D 

The lnstallatlon of propellers or 
propfans on an alrcraft lntroduces 
addltlonal drag that lS not experlenced 
by a turbofan-powered alrcraft. Un
fortunately, a standard approach for 
deflnlng and quantlfYlng the elements 
of thlS added drag does not eXlst. As 
may be observed by comparl"t¥ t~EJ re
ports of recent studles ,7, on 
propeller-drlven a1rcraft, each In
vestlgator seems to have a dlfferent 
method for categorlzlng, accountlng 
for, and measurlng the elements that 
contr1bute to thlS added drag. For 
this study, we have attempted to aug
ment the best from these preVlOUS 
stud1es wlth our own exper1ence on the 
C-130 alrcraft to produce a method for 
estlmat1ng propeller/airframe lntegra
tlon drag. ThlS method lS descrlbed ln 
Append1X D. 

The hlgh lift system on all of the 
a1rcraft conslsts of a 30-percent
chord, double-slotted flap arrangement. 
This system lS augmented by a 10-per
cent-chord, leading-edge deVlce to keep 
approach speeds down. 

Fllght Controls 

Deslgn crlterla for slzlng the 
dlrectional, lateral, and longl tudlnal 
fllght control surfaces are based on 
the requlrements of FAR 25. Direc
tlonal control is provlded by a vertl
cal tall wlth a 25-percent-chord 
rudder. The vertlcal tall 15 51zed to 
provlde adequate statlc dlrectlonal 
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stablllty, whlle the rudder Slze lS 
regulated by cross-wlnd landlng and 
crltlcal-englne-out condltlons. Ail
erons extended over the tralllng edge 
of the outboard 2S-percent of the wlng 
furnish lateral control capablllty. 
Pltch control is provlded by a horl
zontal tall wlth a 2S-percent-chord 
elevator. The horlzontal tall Slze 
l'1SUreS at least a negatlve S-percent 
statlc stablllty margln at the most aft 
center-of-gravlty posltlon, and the 
elevator lS deslgned for the nose wheel 
llft-off condltlon at the most forward 
center-of-gravlty posltlon. 

Propulslon 

The turboprop propulslon system lS 
composed of three maJor elements: the 
englne, the gearbox, and the propeller. 
The baslc englne lS the Pratt & Whltney 
STS487 turboshaft englne WhlCh has a 
companlon turbofan englne, the STF477, 
that lS used In developing deslgns of 
competltl ve turbofan-powered a1rcraft. 
Both englnes were deflned under NASA's 
Advanced Turbofan Englnes Deslgned for 
Low Energy Consumptlon study. Although 
these englnes were optlmlzed for mln
lmum fuel consumptlon lnstead of mln
lmum dlrect operatlng cost and noise, 
these eng1nes are scalable over the 
range of Slzes needed 1n this study, 
are of appropr1ate technology levels, 
and are of the same fam1ly, whlch 
should enhance the comparlson between 
the two propuls1on concepts. 

The STS487 eng1ne lS a three-spool, 
free-turb1ne, shaft englne. As noted 
in Reference 23, othe bgS1C engine 1S 
flat rated to 302 K (84 F) at 15.2 MW 
(20,424 hp) and has a mass of 970 kg 
(2134 lb). 

SlX, elght and ten-blade verSlons 
of an advanced Hamllton Standard Prop
fan are candidate propellers. Propfan 
performance used In thlS study and data 
on the gearbox are based on that de
hned In Reference 12. The data are 
for a propfan that lS slm1lar In ex
ternal appearance to the SR-S version 
of a 2-ft dlameter model that was 
tested by Ham1l ton Standard; however, 
the data lnclude advances beyond those 
of the SR-S. 
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Lockheed's eng1ne cycle analysls 
program was used to generate a base set 
of lnstalled thrust and thrust spec1flc 
fuel consumptlon data for the base Slze 
STS487 eng1ne In comblnatlOn wlth the 
propfan. Thls set lncludes takeoff, 
cllmb, and crUlse performance for 
var1ations In the number of blades, tlP 
speed, and sea-Ievel-lnstalled dlsk 
loadlng of the propfan. 

The propulslon system data base of 
performance, welght, and cost charac
terlstlcs for the range of power re
qUlrements in thls study was assembled 
as part of Lockheed I s Independent Re
search and Development Program. Al
though th1s data base* lS proprletary 
and lS not lncluded In thls report, the 
results obtalned from uSlng the data 
are provlded. Examples of the data are 
contalned In Appendlx E. 

FUSELAGE SIZING 

In developlng the desl gn of an 
alrcraft, the flrst task lS to des1gn 
accommodatlons for whatever lS to be 
carrled, subJect to constralnts imposed 
by the appllcation. The gUldel1nes for 
thls study speclfy four payloads that 
are to be carr1ed and expl1cltly def1ne 
each payload mass and Slze. The latter 
is flxed by requlring the four payloads 
to be In 2, 4, 6, and 9 standard 2.44 m 
by 2.44 m by 6.1 m (8 ft by 8 ft by 20 
ft) contalners, respectlvely. 

The three major cons1deratlons In 
thlS task are: a cargo compartment 
layout to efficlently house the con
talners, a minlmum-slzed fuselage to 
encapsulate the cargo compartment, and 
the lmpact of loadlng and unloading on 
both the fuselage and the cargo com
partment. Al though these three con
slderatlons are strongly lnterrelated, 
they wlII be dlscussed separately for 
ease of presentatlon. 

* F. R. Stone, "Propfan Data Base for 
Parametrlc Aircraft Studles," LG79-
ER0128, Lockheed-Georgla, Augus& 
1979 (Ref. 26) 



Cargo Compartment Layout 

The select10n of cargo compartment 
designs for th1S study 1S based on 
analysls of several floor plan layouts 
and cross-sect1onal area arrangements 
and the1r effects on the fuselage. A 
rule-of-thumb gU1del1ne used 1n the 
analys1s 1S that the cargo compartment 
f1nenes s rat10 (length/equ1 valent 
d1ameter) should be between 2 and 8. 
ThlS leads to an eff1C1ent fineness 
rat10 between 6 and 12 for the en
capsulat1ng fuselage when allowance 1S 
made for the tapered fore and aft ends. 
Experience has shown that th1S gU1de
llne prov1des aerodynam1cally and 
structurally eff1c1ent fuselages w1th
out exceSS1ve frontal area, pressure 
volume, or surface area per un1t 
volume. Generally, 1 t precludes any 
ground clearance problems for tYP1cal 
landlng gear lengths. 

For the 2 and 4-conta1ner payloads, 
the f1neness rat10 falls w1th1n the 
gU1dellne when all of the conta1ners 
are placed end to end 1n a slngle row. 
However, for the 6 and 9-conta1ner pay
loads the fineness rat10 for a slngle 
row of conta1ners exceeds the gU1del1ne 
by a cons1derable marg1n. Necessarly 
then, alternate floor plan arrangements 
must be cons1dered that have two rows 
of conta1ners for some port1on of the1r 
length. Three two-row alternate 
arrangements are presented 1n Table 
III, along W1 th the slngle-row layout 
for the 6-conta1ner payload. The table 
also contains comparatlve data which 
111ustrate the effects of the layout on 
the1r fuselages, assumlng a constant 
cross-sect1onal area. Choos1ng between 
the three alternates 1S deferred pend-
1ng other cons1derat1ons. For the 
9-conta1ner payload, as w1ll become 
ObV10US later, 8 of the conta1ners are 
1n a two-row arrangement, and the last 
conta1ner is pos1t1oned along the 
centerl1ne of the aft fuselage. 

Load1ng 

Only forward and aft fuselage 
apertures are cons1dered for 10ad1ng 
the aircraft in thlS study. Further
more, only one aperture 1S prov1ded 1n 
each partlcular pOlnt deslgn. 

Table III. Comparlson of Cargo Com-
partment Layouts for 
6-Conta1ner Payload 

0 
0 00 0 

LAYOUT 0 2. 00 
3 00 4. 00 

ARRANGEMENT 0 00 
~ 00 [J 00 0 0 

FUSELAGE LENG TH, s.c(178) 39(128) 42(138) 38(124) 
M(Fn 

FUSELAGE DIAMETER, 39(128) 6 3(20 6) 6 3(20 6) 6 3(20 6) 
M(Fn 

FUSELAGE FINENESS 13 8 62 6.7 6.0 
RATIO 

I PRESSURE VOLUME, S6-4( 19 ,900) 1149(40,600) 960(33,900) 802(28,:JlO) 
M3 (FT3) 

I SURFACE AREA, 606(6500) 804(8700) 684(7400) 595(6400) 
M2 (Fr) 
FRONTAL AREA, 12(130) 
M2 (Fr) 

31(334) 31(334) 31(334) 

The ldea of uS1ng doors 1n the slde 
of the fuselage for loading contalners 
1S d1scarded as lmpractlcal and/or in
eff1clent for the candldate cases. To 
load contalners that are 6.1 m (20 ft) 
long through the slde of the fuselage 
requ1res that the openlng be at least 
6.3 m (20.5 ft) wlde because the con
ta1ners cannot be rotated to achleve 
correct dlrectlonal alignment once they 
are lnslde the cargo compartment. Such 
a w1de openlng 1n the slde of the 
fuselage would lmpose substantlal 
structural welght penaltles that are 
not warranted relatl ve to forward or 
aft fuselage doors. Also, in a two
contalner-slzed alrcraft, a slde door 
would 1nterfer w1th the main structural 
frames connectlng the wing and landing 
gear. 

Both the forward and aft fuselage 
openlngs permlt stralght-ln loadlng of 
the contalners, WhlCh tends to m1n1m1ze 
ground handllng tlme and to slmpllfy 
the cargo handling system. An aft 
fuselage door and ramp are used for 
cargo loading in all of the 2 and 
4-conta1ner alrcraft des1gns. This 
allows the crew compartment to be 
placed ahead of the cargo compartment 
wlthout affectlng the frontal area of 
the fuselage; that 1S, no bubble is re
qUlred on the top of the fuselages, as 
on a 747 alrcraft, to accommodate the 
crew. 

13 



A nose V1sor door 1S provided for 
cargo loadlng on the 6 and 9-contalner 
alrcraft deslgns. Furthermore. the 
door is made sufflclently wlde to per
mlt slmultaneous loadlng of two con
ta1ners slde by slde. Al though there 
1S no requ1rement for a door th1S w1de. 
contacts with commerc1al operators 1n
dlcate that such a feature 1S very 
desirable. By uS1ng a door th1S w1de. 
cargo floor plan layout number 4 1n 
Table III 1S el1m1nated from further 
consideration because 1t lS conflgured 
for a slngle-row door w1dth. Rev1s1ons 
to this layout for the w1der door would 
result 1n cons1derable wasted space and 
a longer and heav1er a1rcraft. 

The penalty for ra1sing the crew 
fl1ght stat10n above the cargo compart
ment to allow stra1ght-1n nose 10ad1ng 
1S smaller on a two-row w1de arrange
ment than on a slngle-row des1gn. Th1S 
occurs because there is cons1derably 
more unused space between the top of 
the two-row cargo compartment and the 
c1rcular fuselage arc above 1t. Con
sequently. the crew compartment can be 
accommodated w1th only a relat1vely 
small 1ncrease 1n the fuselage frontal 
area. and th1s 1S largely compensated 
for by a shorter overall length of the 
alrcraft. 

1oOe-----+--i+t-- 5 J3M ----IIi .. 
(210 IN) 

Of the two rema1n1ng candidate lay
outs 1n Table III. namely layouts 2 and 
3. both use a V1sor nose that 1S w1de 
enough for two rows. Thus. the flnal 
select10n of a preferred des1gn 1S 
based on m1n1m1z1ng the fuselage Slze. 
Wh1Ch 1S 1nd1cated by the values of the 
surface area and pressure volume. A 
compar1son of these two parameters 
clearly shows that layout 3 1S to be 
preferred. 

Fuselage Cross-Sect1on 

The 1n1t1al fuselage cross
sections. as shown 1n F1gure 8 for both 
the one and two-row cases. prov1de only 
m1n1mal clearances for 10ad1ng the con
ta1ners cons1stent W1 th standard com
merc1al pract1ces. Recently. attent10n 
has been focused on the concept of a 
common C1V1l-m1l1tary a1rcraft*. Th1S 
trend for the future d1ctates that the 
appllcablllty of the fuselage cross
section for m1l1tary transportat1on be 
evaluated. part1cularly for the slngle
row des1gn. 

* D. L. Bouquet. "Strateg1c A1rllft 
A1rcraft Deslgn Study. (Issues of 
Commonal1ty)." Lockheed-Georg1a 
Company f1nal Report on Alr force 
Contract F33615-79-C-0115. December 
1979 (Ref. 27) 

1 
I 

:; 7~·O\ 
(154 2 IN) 

J.IM 
(4 IN) 

~---O:M----------------1~ 
(2J..l IN) 

Flgure 8. Initial Fuselage Cross-Sect1ons 
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To a~d ~n th~s evaluat~on, Lock
heed's Cargo Load~ng Program was used 
w~th ~ts extens~ve data base, wh~ch ~n
cludes the number, d~mens~ons, and 
we~ghts of all the veh~cles and equip
ment ~n the ~nventory of the var~ous 

types of U.S. Army divis~ons. Spec1f-
1cally, the program was used to 
determ1ne the effects on the per
centages of the var10US div~slons that 
can be transported by particular air
craft des1gns w1th different cargo 
compartment s~zes. Lim~tations on the 
maximum we~ght, length, w1dth, and 
he~ght of the ~tems to be carr~ed were 
appl~ed 1nd1v~dually and collect1vely 
to the Army d~V1S1on ~nventor~es to 
obta1n the resul ts ~n Table IV. The 
f1rst part of the table shows the 
effects of load and length l~m~ts that 
correspond to those of a two-conta1ner 
payload. These two Ilm1ts do not 
severely restr1ct the transportable 1n
ventory percentage. More than 88 
percent of the total 1nventory lS 
transportable 1n all cases; 1n only one 
case ~s less than 90 percent transport
able, and 1n 7 of the 15 cases less 
than 3 percent of the ~nventory lS ex
cluded. 

The second group~ng ~n the table 
shows the effect of ~mpos1ng only a 
helght restr1ct~on. The he1ghts 11sted 
are the lim1ts on the inventory items 
and do not 1nclude the 0.15 m (6 In.) 
clearance that lS allotted between the 
1tems and the top of the cargo compart
ment. From the results 1n the table, 
1t lS eVldent that llttle lS to be 
ga1ned by 1ncreas1ng the he1ght by 0.15 
m over the bas1c conta1ner he~ght of 
2.1+4 m (8 ft). However, cons1derably 
greater beneflts accrue when the helght 
15 1ncreased 0.3 m (1 ft) above the 
oaS1C conta1ner he1ght. 

The th1rd grouplng ln the table 
shows the effect of lmposlng only a 
wldth lim1tatlon on the 1nventory 
1tems, while malntalnlng a requ1rement 
that there be a lateral clearance of 
0.075 m (3 In.) between the items and 
the sldes of the cargo compartment. 
Substantlal benef1ts are realized for a 
0.15 m (6 In.) lncrease over the baslc 
conta1ner w1dth of 2.44 m (8 ft), but 
only negllglble beneflts accrue for 
further 1ncreases. 

The bottom sect10n of the table 
shows the effect of collectively 
applYlng varlOUS helght and wldth 
Ilmlts for a partlcular load and length 
11mlt. The results at the beg1nn1ng of 
thlS group, that lS for a he1ght of 
2.75 m and a w1dth of 2.59 m, 1nd1cate 
that between 84 and 95 percent of the 
1nventory of the f1 ve dl V1S1ons can be 
transported. A compar1son of these re
sults w1th those on the.th1rd Ilne of 
the flrst group1ng, where only load and 
length llmlts are 1mposed, suggest that 
very 11 ttle lS to be ga1ned through 
further 1ncreases ln the w1dth and 
he1ght restr1ct1ons. 

Based on these results, the cargo 
compartment cross-sectlon lS 1ncreased 
to accommodate ltems up to 8.59 m (8.5 
ft) wlde by 2.75 m (9 ft) hlgh. QUlte 
cOlnc1dently, these d1mens1ons are com
pat1ble w1th the proJected trend of 
contalners to larger cross sections. 
Furthermore, the 1ncreased volume 1n 
the cargo compartment w1ll prov1de 
space for carrYlng 20 percent more pay
load at the same dens1ty, a requ1rement 
of the study gU1del1nes. Flgure 9 
shows the fuselage cross-sect1ons en
larged Sllghtly for ltems or conta1ners 
wlth these larger wldths and helghts. 
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Table IV. Percentage of Inventory of U. S. Army D~v~s~ons that ~s Trans-
portable for Var~at~ons ~n Cargo Compartment Cross-Sectlon Slze 

DIVISIONS 
SIZI NG CRITERIA ARMORED MECHANIZED INFANTRY AIRBORNE AIRMOBLE 

LOAD $ 6800 KG 90.4 92.0 96.9 97.9 99.5 
(30,000 LB) 

LENGTH $ 12.7 M 98.0 97.9 97.7 97.0 93.2 
(500 IN) 

LOAD $ 6800 KG 

~ 
88.8 90.4 94.6 94.9 92.8 

AND 

LENGTH ~ 12.7 M 

HEIGHT S 2.75M 89.5 91.1 95.1 99.5 98.1 
(l08 IN) 

$ 2.59 M 83.8 85.4 90.3 95.7 92.0 
(102 IN) 

~ 2.44M 80.5 82.2 89.3 94.3 91.2 
(96 IN) 

WIDTH $ 2.75 M 88.1 89.7 96.1 98.8 97.9 
(108 IN) 

~ 2.59M 87.2 88.8 94.4 96.6 93.9 
(102 IN) 

$ 2.44 M 66.1 66.4 83.3 92.9 90.2 
(96 IN) 

LOAD $ 6800 KG, 
LENGTH $ 12.7M,AND 
HEIGHT $ 2.75M,AND 
WIDTH $ 2.59 M 84.0 85.6 88.3 94.5 91.9 

~ 2.44M 64.7 65.1 79.8 92.0 88.8 
HEIGHT $ 2.59M,AND 
WIDTH $ 2.59M 80.4 82.1 86.4 94.4 91.8 

~ 2.44M 63.8 64.2 78.0 92.0 88.8 
HEIGHT $ 2.44M,AND 
WIDTH $ 2.59M 80.4 82.0 85.8 94.3 91.2 

S 2.44M 63.7 64.2 78.0 91.9 88.2 
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F1gure 9. ReV1sed Fuselage Cr~ss-Sect1ons 

Fuselage Nose 

For the range of crU1se speeds 1n 
th1S study, d1fferent shapes for the 
forward fuselage are essent1al to ob
ta1n the most eff1cient designs. A 
short, blunt nose, slm1lar to that on a 
C-130 a1rcraft, is best for the 0.6 
Mach number case. A longer and more 
streaml1ned nose 11ke that on the 
L-l0ll aucraft 1S better for the 
h1gher crU1se Mach numbers of 0.7 and 
0.8. F1gure 10 prov1des a compar1son 
of the contours that are used for the 
forward fuselage for these two speed 
cond1t1ons. 

PARAMETRIC STUDY 

Parametr1c stud1es were conducted 
for turboprop-powered a1rcraft to 1den
t1fy the sens1t1v1ty of duect op
erat1ng costs, fuel consumption, and 
n01sepr1nt areas to variat10ns in per
formance, geometry, fuel pr1ce, and 
propulsion system characteristics. Al
though some of the study var1ables were 
d1scussed throughout the section on 
study guidel1nes, all of the variables 
and the extent of var1at1on are con
solldated into Table V for conC1seness. 

When parametr1c stud1es are 
undertaken w1th a large number of vari-

COMMON CARGO COMPARTMENT 

PLAN VIEW 

MACH = 0.6 FUSELAGE 
MACH = 0.7 AND 0.8 FUSELAGE 

SIDE VIEW 

F1gure 10. Forward Fuselage Contours 

ables, schedule and budget constraints 
usually dictate that an approach be 
adopted of uS1ng eng1neer1ng Judgment 
to select comb1nat1ons that w1II 
11lustrate the sens1t1v1ty of the 
spec1f1ed measures of effect1veness to 
the d1fferent var1ables, and 1f re
qU1red, w1II prov1de any des1red Opt1-
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Table V. Turboprop Alrcraft Parametrlc 
Study Van abIes 

MISSION 

CRUISE MACH NUMBER 

PAYLOAD CONTAINERS 

INITIAL CRUISE ALTITUDE. 1000 M 
FT 

AIRCRAFT WING GEOMETRY 

SWEEP ANGLE, RAD 
DEG 

LOADING, N/M2 
LB/1'T2 

ASPECT RATIO 

PROPELLER 

TIP SPEED, MIS 
FT/S 

NUMBER OF BLADES 

NOMINAL DISK LOADING, 

KW/M2 

HP/FT2 

COST 

FUEL PRICE, ~/L 

~/GAL 

0.6,0.7, 0.75, O.B 

2,4,6,9-

76.8.2.9.1.10.1.11.0 
25, 27, 30, 33, 36 

0.17,0.26,0.35,0.44 
10, 15, 20, 25 

4310, 5270, 6230 
90, 110, 130 

7, 10, 13, 16 

204, 229,256 
670, 750, S40 

6, B, 10 

281, 402, 484, 640 

35, 50, 60, BO 

13.2, 19.8.26.4 

50, 75, 100 

• Each conto'ne, un,t ,ep,esent> a payload we'9ht of 6800 KG (15.000 Ib) 

mizatlon.· Such was the case ln this 
study. 

The var1ables in Table V fall lnto 
the four categories of mlSSlon, alr
craft geometry, propeller, and cost. 
Of those 1n the m1ssion category, a 
suff1c1ent number of variable combina
tions was lnvestigated to establ1sh the 
deSlred sens1tlvlt1es to varlatlons 1n 
two maln elements of productlvlty: pay
load and speed. The partlcular com
binations lnvest1gated were not known a 
priori but were selected as the study 
progressed and trends became eVldent. 

The parametrlc study was performed 
In two phases WhlCh are not lndlcatlve 
of a tlme sequence but of the sUbJect 
addressed. The purpose of the first 
phase was to select values for lnltlal 
crUlse altltude, wlng sweep angle, and 
wlng loadlng for use In the second 
phase, WhlCh lS more dlrectly orlented 
toward addresslng the overall study ob
Jectlve. In the second phase, the 
propeller parameters were varled to 
determlne thelr effects on alrcraft 
dlrect operatlng costs, fuel consump
tlon, and nOlseprlnt areas. 

Phase I 

Mlnlmum ramp welght and minimum 
block fuel welght were JOlntly con
sldered as crlterla ln Phase I for 
selectlng values for the lnltlal crUlse 
altltude and wlng sweep angle for the 
var10US payload-speed comblnat1ons that 
were 1nvest1gated. In all cases, the 
w1ng load1ng values were establlshed by 
one of four constra1nts: a maXlmum 
approach speed llmlt of 69 m/s (135 
kt), technology llmltatlons on crUlse 
11ft, a maXlmum takeoff dlstance of 
2440 m (8000 ft), and a mlnlmum fuel 
volume ratlo (wing volume avallable to 
volume requlred to carry the mlSS10n 
fuel) of one. 

Phase I was performed 1n three 
steps as indicated on the case schedule 
summary in Table VI. In the f1rst 
step, attent10n was glven to alrcraft 
capable of carrY1ng a 4-container pay
load at each of the three candldate 
crUlse Mach numbers of 0.6, 0.7, and 

Table VI. Case Schedule for Phase I of Turboprop Parametrlc 

STEP I STEP 2 STEP 3 

I I 

I 6 
I 

9 PAYLOAD CONTAINERS 4 2 

I I I MACH NUMBER 0.6 0.7 0.8 1---0.8- O.B 0.75 0.7 
I 

ALTITUDE, 1000 M 7.6-10.1 f---9.2-11.0 10.1 10.1 
FT 25 - 33 I-- 30 - 36 33 33 

I I 
WING SWEEP, RAD 0.17 !- 0.26 - 0.44 0.44- 0.44 0.35 0.26 

DEG 10 I-- 15 - 25 25- 25 20 15 

I I 
ASPECT RATIO 7 - 16 

I I I I I I I 
WING LOADING, KN/M2 4.3 - 6.2 

I I , I I I 

LB/Fr I 
90 - 130 

I / I 

PROPELLER CONSTANTS: 10 BLADES, TIP SPEED =229 M/S, 750 FT/S, NOMINAL DISK LOADING;: 484 KW/M2, 60 HP/Fr 
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0.8. For each payload-speed comblna
tion, a matrix of nine alrcraft was 
developed for selectlng the optlmum 
values of wlng sweep angle and cruise 
altltude. All nlne alrcraft 1n the 
matnx were prevlously ldentlfied as 
the optlmum deslgns In separate 
~atrlces where alrcraft wlng loadlng 
and aspect ratlo were varled. 

WI NG LOADI NG 

U KG KN/M2 (Uml, 

220 
4.3 (90) 

210 
RAMP 

WEIGHT, 
1000 

200 

190 

lac SO 

U AR 
32 

30 
BLOCK 
FUEL, 
1000 28 

26 

24 11 

2.4 

2.0 
FUEL 

VOLUME 
RAno 1.6 

1.2 

....-

O.S 

O.SO 

C
L 

.vI NG LOADI NG 

FIELD 

Flgure 11 contalns a serles of 
graphs Wh1Ch 111ustrate tYP1cal data 
for one such matrlx of alrcraft Wl th 
varYlng wlng loadlng and aspect ratlo. 
Note that the constralnts adopted as 
study guidellnes are shown on the 
graphs of approach speed, takeoff fleld 
length, fuel volume ratlo, englne-out 
cllmb gradient, and crUlse llft. In 

KT MIS 

14l 
140 

135 

l30

f 125 

120 f- 62 

mL 60 -AR 

FT 
M 

2200 
7000 

6000 

lfNGTH 
SOOO 

4000 
1200 

O'~f 
0.06 

0.05 t-

I 
CLIMB 0.04 

GRADIENT 

Flgure 11. TYPlcal Data for Parametrlc Matrix on Wing Loadlng and Aspect Ratlo 
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thlS case It is eVldent that only the 
approach speed llmlt lS crltlcal In 
ellmlnatlng alrcraft deslgn points. 
Consequently, the approach speed Ilml
tatlon has been superlmposed on the two 
welght graphs. By visual lnspection, 
the mlnlmum welght pOlnts can be pln
pOlnted, as lndlcated by the trlangles 
on the graphs, and the correspondlng 
values of wlng loadlng and aspect ratlo 
may be read. 

Slmllar exerClses were performed 
for other comblnatlons of wing sweep 
angle and crUlse altltude. The mlnimum 
weight values for each comblnation were 
then plotted In Figure 12 so that sweep 
angle and altltude values could be 
selected for use In the Phase II por
tlon of the study. Before proceedlng 
wlth that selectlon, a few background 
comments are needed to explaln the 
ratlonale used. 

La 
23 

§ 26 
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~ 2. 

22 

LS 
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lOS 
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o 26 
(15) 
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RAO (OEG) 
o 26 
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(3'~ 

----- --=-~---~.,.-. 

Figure 12. Sweep Angle and Altltude 
Effects for 4-Container 
Payload and 0.8 Mach Number 
Deslgns 
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One obJectl ve of thlS study lS to 
show the sensltlvlty of aircraft nOlse 
to several parameters WhlCh tYPlcally 
serve as optlmlzation crlterla. Among 
these are ramp wel ght , fuel consump
tlon, and dlrect operatlng cost (DOC). 
Experience has shown that alrcraft 
deslgned to mimmlze DOC tend toward 
mlnlmum ramp welght for relatl vely low 
fuel prlces and toward mlnlmum fuel 
consumptlon as fuel prlces lncrease. 
Thus, through analysls of both ramp 
welght and fuel consumptlon for the 
deslgns of lnterest, certaln parameters 
can be selected WhlCh, whlle mlnlmlzlng 
nel ther ramp nor fuel welght, do pro
vlde a compromlse between the two. 
Th1S approach reduces to a manageable 
number the varlables to be consldered 
1n further opt1mlzatlon efforts, such 
as Phase II. 

As an example of thlS approach, 
cons1der the ramp we1ght and block fuel 
graphs In Flgure 12 WhlCh are used to 
select a sweep angle and crUlse al tl
tude for the case of a 4-contalner pay
load and a Mach number of 0.8. Mlnlmum 
ramp welght occurs at a sweep angle of 
0.44 rad (25 deg) and an altltude of 
9.5 km <31 ,000 ft). Alternately, mln
lmum block fuel tends toward an al tl
tude above 11 km (36,000 ft) and a 
sweep angle of 0.44 rad (25 deg). In 
this case, both cnteria suggest the 
same sweep angle, but some compromlse 
lS requlred for the altltude. A value 
of 10.1 km (33,000 ft) was arbltrarlly 
chosen. 

Havlng selected a partlcular com
blnatlon of wlng sweep and crUlse al
tltude values, attentlon 1S refocused 
on the effects of wlng loadlng and 
aspect rat10 varlatlons. This means, 
In thlS case, a rev lew of the graphs 
prevlously presented In Figure 11. A 
re-examlnatlon of the ramp welght and 
block fuel graphs reveals that the 
optlmum deslgns are constralned by the 
approach speed llmltatlon. Inspectlon 
of the approach speed graph shows that 
there lS a strong correlatlon between 
approach speed and wlng loadlng. In 
fact, for a speclflc approach speed, 
the wlng loadlng change wlth aspect 



rat10 1S so sllght that 1t can be 
cons1dered constant as a f1rst 
approX1mat1o~. Consequently, a value 
of 5.7 kN/m (119.5 psf) was selected 
and assumed to be constant for all 
a1rcraft des1gned for 0.8 Mach number 
and a 4-conta1ner payload. 

For those des1gns w1th a 4-con
ta1ner payload and a crU1se Mach number 
of 0.7. a 0.26-rad (15-deg) sweep angle 
and a 10.1-km (33,000-ft) crU1se alt1-
tude were selected based on the results 
shown 1n F1gure 13. Follow1ng the same 
approach as for the 0.8 Mach number 
desl2"s, a constant w1ng 10ad1ng of 5.9 
kN/m (122.5 psf) was found to glve op
t1mum des1gns llm1ted only by crU1se 
11ft technology. 
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Effects for 4-Conta1ner 
Payload and 0.7 Mach Number 
Des1gns 

A sllghtly d1fferent approach was 
taken for those des1gns 1ntended to 
carry a 4-conta1ner payload at a crU1se 
Mach number of 0.6. TYP1cally at th1S 
low speed, there 1S no need for Wlng 
sweep based on aerodynam1c cons1dera
hons. However, a w1ng w1th a taper 

rat10 of 40 percent, Wh1Ch 1S used 1n 
th1S study, and a zero sweep angle at 
the quarter chord glves a Vl.sual 
appearance of be1ng swept forward. 
Rather than have th1S occur and risk 
the poss1b1l1ty of subvert1ng attent10n 
from the 1ntent of this study for all 
those who have become accl1mated to 
stra1ght or swept-back w1ngs, the wl.ng 
sweep was set at 0.17 rad (10 deg). 
Th1S produces zero sweep for the w1ng 
tra1l1ng edge and a swept-back lead1ng 
edge. 

Wl.th the w1ng sweep angle set, the 
crU1se al t1 tude was selected based on 
the results shown l.n Figure 14. The 
curves on the f1gure show slgn1ficant 
changes 1n slope at an altl.tude of 8.4 
km (27,400 ft). Above th1S altl.tude, 
the des1gns are 11m1ted by crU1se 11ft 
technology, wh1le below 1t, takeoff 
f1eld length Ilm1tat1ons apply. So 
that a false sense of accuracy w1ll not 
be 1mplled, an alt1tude of 8.5 km 
(28,000 ft) was selected for aucraft 
des1gned to carry a 4-contal.ner payload 
at a crU1se Mach number of 0.6. As for 
the 0.7 Mach number cases. the optl.mum 
des1gns are lim1 ted by crU1se 11 ft 
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technology. The corre~ondlng wlng 
loadlng value lS 5.6 kN/m (117.9 psf). 

The flrst step of the Phase I study 
was concerned only wlth a 4-contalner 
payload. The second and thlrd steps 
covered other payloads of 2, 6, and 9 
contalners. Our previous experlence 
has shown that wlng sweep angle and 
lnl tlal cruise al tl tude are much more 
dependent upon crUlse speed than pay
load Slze. Consequently, the sweep 
angle and alt1tude values for these 
other payloads were assumed to be the 
same as for the 4-contalner payload at 
the same crU1se speeds. 

One 9-contalner payload case 1S for 
a crUlse Mach number of 0.75, WhlCh was 
not 1nvestigated preVlously. However, 
both 0.7 and 0.8 Mach numbers were con
sldered. For th1S 0.75 Mach number 
case, sweep' angle and altltude values 
were selected as the average of those 
values obtalned for the 0.7 and 0.8 
cases. 

Values for the alt1 tude, sweep 
angle, and w1ng load1ng for each pay
load-speed comblnat1on are sU!llllar1zed 
on the top portlon of Table VII, WhlCh 
also serves as a case schedule for the 
Phase II study. 

Phase II 

Attentlon durlng Phase II was 
d1rected toward 1dentifying the effects 
of the propfan parameters on alrcraft 
nOlseprint areas and dlrect operatlng 
costs, and of produclng graphs Wh1Ch 
lllustrate the relatlonsh1p between 
n01sepr1nt area and direct operatlng 
cost. Table VII shows the sequentlal 
order 1n Wh1Ch the a1rcraft were 1n
vestlgated, ln terms of payload and 
speed, and at the bot tom, are the 
ranges of vanations of the propfan 
parameters. To be more spec1fic, 6, 8, 
and 10-blade propfans were cons1dered 
w1th tip speeds of 204, 229, and 256 
m/s (670, 750, and 840 ft/s) at sea
level-rated dlSk ~oadlngs of 281, 402, 
484, ~md 640 kW/m (35, 50, 60, and 80 
hp/ft )*. Var1atlons 1n w1ng aspect 
rat10 were also 1ncluded to galn an 1n
dlcatlon of two effects of the propel
ler d1ameter. One 1S the effect of 
dlfferent percentages of the wlng be1ng 

*CrUlse dlSk loadlngs are approxlmately 
one half of the value at sea level. 

Table VII. Summary of Phase I Results and Case Schedule for Phase II of Tur
boprop Parametrlc 

STEP 1 STEP 2 STEP 3 

PAYLOAD CONTAINERS 2 4 6 ! 9 

MACH NUMBER 0.8 0.6 0.7 0.7 0.75 0.8 
I I 

ALTITUDE, 1000 M 10.1 

FT 

I I 
33 

WI NG SWEEP, RAD 0.44 0.17 0.26 0.26 0.35 0.44 
DEG 25 10 15 15 20 25 

WING LOADING, KN/M
2 

5.03 5.71 5.76 5.63 5.85 5.84 5.8S 5.69 

LB/Fr2 
105.25 119.5 120.5 117.9 122.5 122.3 123.0 119.0 

I 
ASPECT RATIO 

I I I 
7 - 16 

I I I I 
PROPELLER BLADES 6 - 10 

I I I I I I I I 

TIP SPEED, M/S 204 - 256 
FT/S 

I I I 
670 - 840 

I I 
DISK LOAD, KW/~ 

I I 
281-640 

HP/F 

I 
35 - 80 

I I I 
22 



subjected to the propeller sllpstream. 
The second lS how the propfan dlameter 
affects englne spaclng along the wing, 
WhlCh In turn becomes a factor In alr
craft deslgn through conslderatlon of 
propeller tlp-to-ground clearance, 
englne-out operation, and wlng welght 
rellef beneflts. 
STEP 1 - Alrcraft deslgned to fly at a 
crUlse Mach number of 0.8 and carry 
payloads of 2, 4, and 6 contalners were 
studied In the flrst step to obtaln re
sults on the "cost of qUletness" - that 
lS, the lmpacts on block fuel and 
dlrect operatlng cost of reduclng 
nOlseprint areas. Figure 15 shows the 
cost of qUletness for the 4-contalner 
payload case, as an example. The 
graphs In the flgure provlde optlmum 
deslgns for mlnlmum nOlseprlnt areas 
for an 80-EPNdB nOlse level under full 
power and cutback* condl tlons for 
varlatlons In the level of block fuel 
and dlrect operatlng costs** at three 
fuel pnces. The number of propeller 
blades and the tlP speed are listed 
wlth the deslgnated pOlnts. Appendix F 
contalns all of the parametric results 
and provldes an explanatlon, wlth 
examples, of the process used to obtaln 
the mlnlmUm values for each deslgnated 
pOlnt on the flgures. Consequently, 
only a few representative sets of data 
are presented here as needed to ald the 
dlScusslon. 

In each case, the mlnlmum nOlse
prlnt area occurs when the propeller 
dlameter reaches a llmlt of 6.1 m (20 
ft). ThlS Ilmit was imposed based on 

• 

** 

Cutback power was assumed to con
SlSt of full power through takeoff 
and cllmb to 305 m (1000 ft) al tl
tude, followed by a power reduction 
to the mlnlmum levels permltted by 
FAR 36. ThlS glves a fllght pro
flle that lS consistent wlth the 
gUldellnes of FAR 36 for measurlng 
takeoff nOlse. That lS, the only 
change to the takeoff configuratlon 
permltted In cllmb lS that the gear 
is retracted; the flaps remaln at 
the takeoff setting. 

Dlrect operating costs presented 
throughout thlS report are based on 
a short ton of 910 kg (2000 lb). 

geometrlc conslderations, or more 
speciflcally, to assure that the 
propeller can be lnstalled wlthout 
havlng to change the aircraft by, for 
example, extendlng the length of the 
landlng gear. For clarificatlon, the 
englne centerllne is 4.1 m (13.5) above 
the ground for the alrcraft used In 
thlS study. Wlth a 6.1 m (20 ft) 
dlameter propeller, thlS leaves only 
1.1 m (3.5 ft) of clearance between the 
ground and the tlP of the propeller - a 
clearance that was Judged to be minimal 
In the lnterest of avolding propeller 
damage from ground debrls. Although 
over-the-wlng engine mounting and ex
tended landlng gear length wlll permlt 
larger propeller diameters, they In
troduce addltlonal problems that are 
beyond the scope of thlS study and 
mlght, therefore, warp the parametrlc 
study results by lntroduclng addltlonal 
varlables. 

In general, the trends of the re
sults In Flgure 15 are as expected wlth 
lncreasing fuel pnces causlng hlgher 
operatlng costs. The decreasing noise
prlnt areas and lncreaslng operatlng 
costs that are experlenced in movlng 
from rlght to left along the curves are 
caused by reductlons In the propeller 
tlP speed. Also, lower nOlseprlnt 
areas are obtalned wlth cutback power 
than for full power. The only excep
tlon to thlS lS for the case of a 
6-contalner payload at the hlghest tlP 
speed of the propeller. What has 
happened In thlS case lS that the re
duced rate of cllmb of the alrcraft 
extends the length and area of the 
noiseprlnt by an amount that exceeds 
the benefits obtalned by reduclng the 
wldth and area of the nOlseprlnt 
through the cutback In englne power and 
nOlse emlSSlon. 

By comparlng the results for a 
single fuel price, as shown In Figure 
16, the effect of changes In payload 
SlZe becomes apparent. Of the three 
payload Slzes considered, alrcraft 
deslgned for the 4-container payload 
have sllghtly lower operatlng costs 
than those wlth a 6-contalner payload 
and conslderably lower costs than those 
Wl th a 2-contalner payload for a con
stant nOlseprlnt area. The lnltlal 
tendency mlght be to dlsbelleve the 
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results ~f one ~s engra~ned w~th the 
ph1losophy that "blgger 1S better" and 
has forgotten the d~Scusslon provlded 
earlier on cargo compartment slzing. 
Recall, that the cargo compartment was 
designed to carry contalners two 
abreast for part of ~ts length to 
accommodate the 6-conta~ner payload ~n 

a fuselage of reasonable length, wh1le 
the smaller payloads were carr~ed ~n a 
s~ngle row of containers. Thus, the re
sults ~n the figures merely reflect the 
ineffic~ency of try~ng to design for a 
6-conta~ner payload, whlch is the Slze 
that requires a transltlon from one to 
two rows of contalners. 

STEP 2 - Based on the typical results 
~n F~gure 16, the 4-contalner payload 
was selected for use ~n the second step 
of thlS Phase II study, WhlCh was con-

cerned w~th the effect of crUlse speed. 
"Cost of quietness" data were then ob
talned for each of the three fuel 
prices for crUlse Mach numbers of 0.6 
and 0.7. These results were combined, 
as ~llustrated In Flgure 17, w~th those 
for an 0.8 Mach number to illustrate 
the effects of speed. 

Several features of the curves 
merl t some comments and explanat~ons. 

As ~n the first step, the 6.1 m (20 ft) 
propeller d~ameter l~m~t def~nes the 
mlnimum noiseprlnt area for each case. 
The lncrease of these minimum areas 
Wl.th increasl.ng Mach number is the re
sult of larger englnes requ~red by the 
alrcraft. 

Increas~ng fuel pnce has the most 
dramatlc effect on the rjSult. At the 
lowest value of 132 $/m (50 i/gal) , 
the 0.8 and 0.7 Mach number designs are 
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close together for the d1fferent n01se
pr1nt areas, but as the fuel pr1ce in
creases, the 0.8 Mach number designs 
are drlven toward those at 0.6 Mach 
number, Wh1Ch are the most expens1 ve 
set by a sUbstantial marg1n. It 
appears that the 1ncreas1ng fuel cost 
for the h1ghest speed 1S tend1ng to 
balance the poorer productlvlty 
penalt1es of the lowest speed. Th1S 1S 
borne out by the block fuel port1on of 
F1gure 17, Wh1Ch shows that the 0.8 
Mach number des1gns have the h1ghest 
fuel requlrements. 

The lnd1cations from Flgure 17 are 
that the best crUlse Mach numbers for 
m1n1m1z1ng block fuel or direct 
operat1ng costs are between 0.6 and 
0.8, wlth the fuel prlce hav1ng a Slg
n1f1cant lnfluence on the value WhlCh 
m1n1m1zes the d1rect operat1ng cost. 
To f1nd the best speed, the cost re
sults of F1gure 17 were replotted, as 
In Flgure 18, for full power cond1-
t1ons. W1th the results in thlS 
carpet-plot format, optlmum trends and 
values are more readlly apparent. At 

~;TNM ~;TKM 

16 9.5 

the lowest fuel price, m1n1mum costs 
occur at a Mach number of 0.75 for all 
of the noisepr1nt areas. As the fuel 
prlce 1ncreases to the middle value, 
the opt1mum Mach number decreases to 
0.74, and eventually 1t reaches 0.73 
for the h1ghest fuel prlce. Further 
1ncreases 1n fuel pr1ce could. con
ceivably dr1ve the opt1mum Mach number 
even lower, but based on the block fuel 
resul ts, the m1n1mum optlmum value 
appears to be about 0.7. 

One add1tlonal observat1on needs to 
be made about the results in Figure 18. 
The curves of constant n01sepr1nt area 
are very shallow near the optimum Hach 
number values for all three fuel 
pnces. In fact, for any part1cular 
n01seprint area, var1ations of the Mach 
number w1th1n 3 percent of the opt1mum 
value produce less than a 0.3 percent 
1ncrease 1n the d1rect operat1ng cost. 
Based on these trends and results, a 
Mach number of 0.75 1S selected as pre
ferable because of immeasureable bene
f1 ts of h1gher speed. 

NOISEPRINT AREA 
MACH NUMBER SO/KM (SO MI) 

0.6 78 104 

FUEL PRICE 

$/1 M3 (~/GAl) 
130 156 182 208 

0.8 "---!30) (40) (50) (60) (70) (80) 
't--... ,,/ /) / / J J 

" ~ " ~" / - / " / ,0.7, \ .,,-V/ )/. / / / 
075~~~~ '<"',/ ''''-./ .,,-"'- // . ~ -' " ..... ..,.", ~" 

264 (100) 

198 (75) 

D.6 78 104 130 156 182 208 
~D) (40) (50) (60) (70) (80) 

0.8 D.7 ./ 
;> ;> ;;> '" ;> 

....- .,,- .,,- ./ ./ ....- 132 (50) .,,- / / , 
,/ 

0.7~ 
....- " " ./ .,,- .,,- ./ .- ./ " " " < .. 

---
.. ,.. ./ 

> II;; < ...-.... - ::----:: '>- ~,.. 

II 6.5 

Figure 18. Compar1son of Speed Effects for 4-Conta1ner Payload Aircraft at 
Full Power 

27 



STEP 3 - The ~nvest~gat~on of payload 
s~ze var~ation ~n the hrst step ~n

d~cated that larger payloads are re
qu~red to achieve eff~c~ent a~rcraft 

des~gned with two rows of conta~ners. 

Consequently, a 9-conta~ner payload was 
selected for th~s third step because ~t 
does g~ ve an eff~c~ent cargo compart
ment arrangement with two adJacent rows 
of four conta~ners each, followed by a 
slngle conta1ner ~n the center of the 
tapered port~on of the aft fuselage. 
Also, ~f the a~rcraft 1S to be con
sldered for Joint c~vil and m~lltary 
appl~cations, the corresponding payload 
we~ght of 30,600 kg (135,000 lb) lS 
Just adequate for carry~ng one fully 
equlpped maln battle tank - an ltem of 
prlme military lmportance. 

The range of Mach numbers con
sldered ~n th~s step was reduced 
commensurate with the results ~n Step 
2, wh~ch showed that the opt~mum Mach 
number lS approx~mately 0.75. To con
ce~t~ate attent~on close to the ex
pected opt~mum value, cru~se Mach 

numbers of 0.7, 0.75, and 0.8 were 
chosen for this thlrd step. 

Followlng the same approach as In 

the prevlous steps, nOlseprlnt areas 
and dlrect operat~ng costs were cal
culated for the matr~x of a~rcraft 

deslgns lnd~cated earl~er In Table VII. 
The costs were calculatjd only for a 
fuel pr~ce of 264 $/m (100 e/gal) 
because by thlS t~me In the study the 
other two prices had faded lnto h~s

torlcal obl~vlon. Subsequently, the 
data were compared, as shown by the 
example presented In Figure 19, to ob
ta~n the m~nlmum values for each Mach 
number. 

As in the prev~ous cases, the 
trends of the results are those ex
pected wlth both the d~rect operahng 
cost and the block fuel decreas~ng 

toward an asymptotlc mln~mum value as 
the no~sepr~nt area becomes larger. 
The m~nlmum no~sepr~nt areas, WhlCh 
occur at the term~nat~on po~nts on the 
left-hand slde of each curve, are re
str~cted by the 6.1 m (20 ft) propeller 
dlameter llm~t. On the nght-hand 
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slde. the curves tend to become hOrl
zontal. which indlcates that any 
further decreases In operatlng cost 
wlll be accompanled by very large In
creases In nOlseprlnt area. ThlS also 
suggests that addltlonal lncreases In 
the number of blades or the t1P speed 
of the propeller are not 11k ely to 
prove benef1cial. 

To obtaln a better inslght lnto the 
effect of speed at th1S payload. the 
results were comblned lnto a carpet 
plot format. as In Flgure 20. The 
shape of the curves suggest that the 
mlnlmum direct operating costs are 
ach1eved at 0.7 Mach number for the 
family of n01seprlnt areas. wh1le min
lmum block fuel requ1res a Mach number 
at or sllghtly below 0.7. Before 
settllng on a partlcular speed. how
ever. some cons1deratlon of the vert1-
cal scales on the graph lS In order. 
Inspectlon reveals that the dlrect 
operatlng cost lncreases by between 2 
and 3 percent as the crU1se Mach number 
rlses from 0.7 to 0.75. In Vlew of the 
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small magnltude of the penalty for this 
speed lncrease. a Mach number of 0.75 
was selected as preferable because 1 t 

-provldes better compat1b1llty wlth 
current a1rcraft flight operat1ons. 
Also. by haVlng the same speed as the 
other selected des1gns. a better 1ndi
catlon can be obta1ned of the effect of 
payload var1atlon than would be other
Wlse posslble. 

These parametr1c results show two 
trends on the cost of qU1etness curves 
(see F1gures 15. 19. and ln Append1x F. 
Flgures F-19. F-21. F-26. and F-27). 
one of Wh1Ch is as expected. but the 
other 1S not. The expected trend is 
that lncreaslng propeller tlP speed re
duces d1rect operatlng cost due to 
better eff1clency. but lncreases nOlse
prlnt area because of helical Mach 
number effects. Wh1Ch are d1scussed 
further ln Appendlx C. Not expected lS 
the result from varYlng the number of 
propeller blades. Ten blades always 
produced the a1rcraft w1th lowest 
duect operating costs. SlX blades 

156 
(60) 

156 
0.8 (60) 

NOISEPRINT AREA 
sa KM (sa MI) 

286 
(110) 

NOISEPRINT AREA 
sa KM (sa MI) 

F1gure 20. Comparison of Speed Effects for 9-Contalner Payload A1rcraft 
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often gave the qu~etest a~rcraft, but 
a~rcraft w~th eight blades are con
sp~cuously absent from all of the cost 
of qu~etness curves. The reason for 
this second trend ~s unknown: however, 
the d~fferences ~n the cost and per
formance guidelines for the only data 
ava~lable on each number of blades may 
be respons~ble •. 

Accord~ng to the propeller manufac
turer and as noted ~n Appendix B, for a 
g~ven d~ameter, both the a and 10-blade 
propellers w~ll cost the same, but the 
6-blade vers~on w~ll cost less. Dif
ferences ~n the total and per blade 
act~v~ty factors for each number of 
propeller blades may also contribute to 
the b~as ~n the results. As noted ~n 

Append~x E, the data for the 6 and 
8-blade propellers are for the same 
act~v~ty factor per blade of 230, but 
the 10-blade propeller has the same 
total actlv~ty factor as the a-blade 
propeller, that ~s the act~ v~ty factor 
per blade ~s 184 for the 10-blade 
propeller. 

SELECTED DESIGNS 

Three a~rcraft were selected from 
the parametr~c results for further 
study. They have been des~gnated: 

o No. Compromise Aircraft 

o No. 2 ~u~etest A~rcraft 

o No. 3 Comprom~se Aircraft 

and their maJor character~stics are 
summar~zed ~n Table VIII. As used 
here, the term "comprom~se" means a 
subJect~ ve attempt to m~n~mize d~rect 

operating cost (DOC) and noisepr~nt 

area s~mul taneously. Thus, a compro
m~se a~rcraft ~s selected from the 
"knee" of the DOC versus no~seprint 
area curve, and hence, is ne~ther the 
quietest nor lowest DOC aircraft. 

Necessar~ly, the comprom~se selec
tlon had to be subJective because no 
one has yet establ~shed the value of a 
un~t reduct~on ~n noiseprint area. If 
the value of a un~t reduction were 
known, then the graph could be drawn 
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Table VIII. Major Character~stics 
Selected for Turboprop 
A~rcraft Des~gns 

AI RCRAFT SELECTION 
CHARACTE~ISTICS I 2 3 

GENERAL CLASSIFICATION COMPROMISE QUIETEST COMP~OMISE 

MISSION FEA TURES 

NUMBER OF CONTAINERS 4 4 9 
CRUISE MACH NUMSER J 75 J 75 o 75 
CRUISE ALiiTUDE, IOOOM (Fn 10 I (33) 10 I (33) 10 I (33) 

WING GEOMETRY 

SWEEP, RAD (DEG) o 35 (20) o 35 (20) o 35 (20) 
LOADING, KN/~ (PSF) 5 89 (123 3) 5 85 (122 5) 588(1230) 
ASPECT RATIO 12 15 12 

PROPELLER 

NUMBER OF SLADES 10 6 10 
TIP SPEED, MIS (FT/S) 229 (750) 204 (670) 229 (750) 
DISK LOADING,KW/M2(HP/Fr, 402(50) 345(43) 402(50) 

wlth the two axes labeled so that the 
length for an ~ncremental change ~n one 
ax~s would correspond to that ~n the 
other. The comprom~se po~nt would then 
be def~ned by the po~nt where a hne 
drawn at 0.785 rad (45 deg) to both 
axes 1S tangent to the curve. Unt11 
that value for a unit reduct~on lS 
def~ned, however, chang~ng the scale on 
the axes w~ll produce d~fferent 

apparent comprom~se p01nts. 
The f~rst and th~rd a~rcraft were 

selected to show the effects of in
creas~ng payload s~ze. The f~rst air
craft carr~es all of ~ts 4-conta1ner 
payload ~n a s~ngle row. wh11e the 
th~rd aircraft, w~th a 9-container pay
load, uses a two-row arrangement. Both 
des~gns have the same cru~se speed and 
the1r propulsion systems prov1de a com
promise between lowest DOC and lowest 
no~sepr~nt area. The second select~on 
~s the qu~etest a~rcraft poss~ble for 
the same miss10n as the fust. It 
w~ll be used to ~llustrate the effects 
of chang1ng a des~gn to reduce no~se. 



TURBOPROP AIRCRAFT DESIGN 
REFINEMENTS AND SENSITIVITIES 

Typically, parametrlc studles of 
alrcraft prellmlnary designs lnclude 
only the pnmary slZlng vanables of 
lnterest In order to isolate the Optl
mum deslgn wlth a reasonably llmlted 
effort. Many of the aircraft deslgn 
details and performance characterlstics 
are not addressed ln the parametrlc 
study ltself but are lnvestlgated 
afterwards, along with secondary slzlng 
factors, only for the optlmum deslgn. 
In this study, the four secondary areas 
consldered for design reflnement on the 
three turboprop aircraft selected In 
the preVlOUS section were the landlng 
gear, fllght statlon, access to the 
cargo compartment, and englne mountlng. 
Detalled welght estlmates and dlstribu
tlons were then prepared for each air
craft along with estlmates of the per
formance, nOlse, and economlC charac
terlstlcs. To beneflt future efforts, 
a variety of senslti vlty studles were 
performed to determlne the most slgnif
lcant mlSSlon and cost parameters In 
terms of thelr effects on the alrcraft 
deslgns. 

ThlS section contalns detailed 
descrlptlons of the reflned verSlons of 
the three selected turboprop alrcraft, 
the results of the senSl tl Vl ty an
alyses, and dlScusslons of the varlOUS 
deslgn reflnements. 

SELECTED TURBOPROP AIRCRAFT DESCRIP
TIONS 

Flgures 21, 22, and 23 provide 
three-v lew drawlngs of the three air
craft, whlle the major characterlstlcs 
of each are summanzed In Table IX. 
Detalled descrlptlons of the various 
disclpllne-related characteristlcs are 

~ 10.3M ~
'T 

;:--., ,_ T·8Fn 
43.4M 

(142.3 Fn 

Figure 21. Layout of No. 1 Compro!nlse 
Turboprop Aircraft 

Flgure 22. Layout of No. 2 QUletest 
Turboprop Aircraft 

presented under the headings of' Design, r------~-----,-(I~.~~n=---...... 
Welghts and Balance, Propulsion t per- i 
formance, NOlse, and Economlcs. e:==::£;::~=5C~::;:1""" ::;: sa-

V~~'1P~} 

g ':"T Design 

Geometrlc dlmenslons of the three 
alrcraft are complIed in Table X. Of 

Q=--~~~~--- 112.9M 
(4

1
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I~~ - -
. 52.1M 

(171.1 F1) 

Figure 23. Layout of No. 3 Compromlse 
Turboprop Alrcraft 
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Table IX. Summary of Selected Turboprop 
Alrcraft CharacterIstlcs 

T' "'''''''' A RC~fl 
CHARACTERISTIC I COMPROMISE 2 aUIETEST 3 CO "PROMISE 

PAYLOAD CONTAINERS 4 4 9 

CRUISE MACH NUMBER o 75 o 75 o 75 

CRUISE ALTITUDE, 1000 M (FT) 10 (33) 10 (33) 10 (33) 

PROPELLER BLADES 10 6 10 

TIP SPEED, M/S \FT S) 229 (750) 20< (670) 229 (750) 

DISK LOAD, K N M2 (HP 'Fr2) 402 (50) 345 (43) 402 (50) 

DIAMETER, M (Fn 5 6 (18 5) 6 I (20) 5 6 (18 4) 

WING ASPECT RAno 12 15 12 

LOADING, KN,M2 (LB.fr2) 5 9 (123 3) 5 9 (122 5) 5 9 (122 3) 

NEIGHTS, 1000 KG (LB) 

OPERATING 40 3 (88 6) 44 I (97 I) 78 1(171 8) 

FUEL 134(296) 136(300) 26 7 (58 9) 

PAYLOAD 27 3 (60 0) 27 3 (60 0) 61 • (135 0) 

RAMP el 0 (178 2) 850(187 Il 166 2 (365 6) 

FIELD LENGTH, '" (FTI le84 (5524) 18n (6151) 1517 (4973) 

SO EPNdB NOI;~!\~;~REA 
82 8 (32 0) 57 7 (22 3) 164 9 (63 7) 

01 RECT OPERA TI NG COST • 
C, TK M (C/TNM) 8 8 (14 7) 8 9 (15 0) 8 0 (133) 

• FUEL AT 2604 S, MJ (100 c; GAL) 

Table X. Geometry Summary for Selected 
Turboprop Alrcraft 

TI """,np IRCRA' 
IT M Ie MPItOMISE 2 QUIETEST OMPROMISe 

VlNG· 
ASPECT RATIO 12 15 12 

SPAN M (fT) 39 6 (130) 45 7 (1501 570(187) 

AREA, M2 (Fl2) 131 8 (1419) 139 3 (1499) 270 8 (2916) 

THICKNESS RATIO o 139 o 141 o 139 

LOADING, KN/M2 (PSF) 59(1233) 5 9 (122 5) 59(1228) 

SIIIEEP, RAD (OEG) o J5 (20) o 35 (20) o 35 (20) 

FUSELAGE 

LENG TH, M (FT) 40 5 (133) 40 5 (133) 46 8 (154) 

EaUIV DIA, M (FT) 42 (13 I) 4 2 (13 I) 63 (205) 

HORIZONTAL TAli.·· 

SPAN, M(FT) 8 6 (28 I) 8 4 (27 7) 132(43 3) 

AREA, M2 (Fn 16 3 (175) 15 8 (170) 38 7 (416) 

vERTICAL TAIL 
. 

SPAN, M(FT) 5 I (16 8) 5 6 (18 5) 78(255) 

AREA, M2 (Fr) 217(234) 26 4 (284) 40 2 (433) 

CARGO COMPARTMENT 

ROWS OF CONTAI NERS I I 2 

LENGTH, M (fT) 247(809) 24 7 (80 9) 31 1(102 0) 

WIDTH, M (FT) 2 7 (9 0) 2.7 (9 0) 5 6 (185) 

HEIGHT, M (FT) 2 9 (? 5) 2 9 (9 5) 2 9 (9 5) 

• TAPER UTlO· 040 
•• TAPER RATIO. a 3.5 SWEEP· 0 "'" RAO (25 OEO) ASPECT RATIO· 4. S, THICKNESS 

RATIO-O 095 
• TAPE' RAno - 0 8 SNEEP - 0 52 RAD (30 DEG), ASPECT RATIO - I 2, THICKNESS 

RATlO-O 095 
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these. the cargo compartment Slze IS 
fixed by the requlrement to carry 
speclfled numbers of contalners wlth 
reasonable allowances for tle-down and 
loadlng clearances. Slmllarly. the 
fuselage IS constralned. belng the mln
Imum Slze that wlll encapsulate the 
cargo compartment. 

Cargo IS loaded into both the No. 1 
and No. 2 alrcraft through full-wldth 
doors located In the aft end of the 
fuselage. The doors are the clam-shell 
type that are used on the C-141 au
craft. Straight-ln cargo loadlng is 
also standard on the No. 3 alrcraft 
except that It is through a full-wldth 
nose Vlsor door that allows slmul
taneous loadlng of two contalners slde
by-slde. 

On all three alrcraft. the wwgs 
are attached to the top of the fuselage 
to accommodate the large propeller 
dIameters WIthout havlng to Include ex
tenslons to the length of the landlng 
gear. The englnes are mounted beneath 
the wlngs. rather than above. to mln
imlze both aXl-symmetrlc thrust effects 
on the horlzontal tall and adverse flow 
effects on the wing. 

The landing gear is comprlsed of a 
SIngle-strut nose gear and tWln-tandem 
maln gears mounted on each side of the 
fuselage. The nose gear consists of a 
SIngle shock strut with two wheels 
mounted on a SIngle axle. Each maln 
landlng gear has four wheels In a tWln
tandem arrangement. Each palr of wheels 
IS mounted on a corrmon axle WhlCh. In 
turn. IS attached to elther the forward 
or the aft slde of a trunnlon-mounted 
support frame. Separate shock absorb
ers provlde Independennt suspenslon for 
the front and rear wheels on the main 
gear • 

Weights and Balance 

Table XI l1sts the welghts for the 
maJor subsystems of the three aircraft. 
The propeller weight Includes the 
welghts of the blades. pltch change 
mechanism. and spinner. Under the 
Systems & Equlpment heading have been 
comblned the welghts of the aUXlllary 



Table XI. Weight Summary for Selected 
Turboprop Aircraft, kg (lb) 

RSOPROP AIRCRAFT 
I ITEM I COMPROMISE 2 QUIETEST 3 COMPROMlSE 

I STRUCTURE 

I 
WING 9,135 (20,096) II ,6n (25,678) 22,050 (48,510) 

FUSELAGE 9,7'11 (21,541) 9,837 (21,6042) 18,277 (40,210) , 
hORIZONTAL TAIL 448 (986) 445 (980) 1,020 (2,243) 

VERTICAL TAIL 52.5 (1,1.55) 607 (1,336) 931 (2,049) 

NOSE GEAR 491 (1,081) 517 (1,138) 1,008 (2,218) 

MAIN GEAR 3,287 (7,231) 3,462 (7,616) I 6,748 (14,845) 

NACELLE 825 (I,81S) 819 (1,801) 1,628 (3,582) 

PROPULSION 

ENGINES 2,216 (4,876) 2,549 (5,608) 4,365 (9,603) 

PROPELLERS 2,395 (5,268) 2,'99 (',718) 4,700 (10,341) 

GEARSOX 1,'53 (3,416) 1,901 (4,183) 3,037 (6,681) 

FUEL SYSTEM 903 (I,98n 909 (2,000) 1,270 (2,794) 

MISCELLANEOUS 455 (1,000) .55 (1,000) 909 (2,000) 

SYSTEMS & EQUIPMENT 8,246 (18, '41) 7,430 (l6,34n 10,070 (22,153) 

OPEUTING WEIGHT 40,270 (88,594) 44,132 (97,091) 77,796(171,1'2) 

CARGO 27,273 (60,000) 27 273 (60 JOO) 61,364(135,000) 

I ZERO FUEL WEIGHT 67,543(148,'94) 71,405(157,091) 139,160(306,152) 

i FUEL 13,463 (29,618) 13,638 (30,003) 26 626 (ss"m 
I RAMP WEIGHT 81 00.5(178,211) 85 043(187 094) 16', 787(364,m) I 

power system, surface controls, lnstru
ments. hydraullcs and pneumatlcs. 
electrlcal, aVlonlcs, furnlshings. alr 
condltlonlng, antl-lce system, auxll
lary gear equipment, and operatlng 
equlpment. 

Flgure 24 shows the 10adabll1ty 
llm1ts of the-three a1rcraft along wlth 
the actual center of grav1ty envelopes. 
The zero fuel and gross we1ght values 
are based on an assumed uniform d1str1-
but10n of the payload throughout the 
cargo compartment. Sim1larly, a Unl

form d1stribut1on 1S assumed for the 
fuel In the wlng at the ferry and gross 
weight conditlons. The two loadability 
extremes are set by the horizontal tall 
Slze. The forward llmlt 1S 1mposed by 
tr1m constra1nts on the No. 1 and No. 2 
alrcraft and by nose wheel llft-off at 
80 percent of stall speed for the No. 3 
a1rcraft. Stabll1ty sets the aft Ilm1t 
for all three alrcraft. 
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Performance 

Some of the alrport performance 
features of the three alrcraft are 
presented In Table XII. Note that all 
three exhlblt takeoff and landlng fleld 
lengths that are conslderably shorter 
than the 2440 m (8000 ft) maXlmum Ilml
tatlon of the study gUldellnes. Also, 
in every case there is sufflclent 
thrust avallable to exceed the regula
tory mlnlmUmS of 2.4 percent and 3.0 
percent for alrcraft wlth two and four 
engines, respectively, for the englne
out condltlon durlng second segment 
climb. The maximum approach speed 
Ilmlt of 69 mls (135 kt) is, however, a 
constraint on all three. 

Table XII. Alrport Performance Summary 
for Selected Turboprop Alr
craft 

I 

IlALANCED FIELD 

I TAKEOFF DISTANCES, M (Fn 

OVER \I M (35 Fn OBSTACLE , 

OVER 15 M (SO FT) OBSTACLE \ 

FAA FACTORED 

TAKEOFF SPEEDS, M~ (KT) 

STALL i 
ROTATION 

LIFT OFf 

APPROACH SPEED, M/S (KT) 

LANDING DISTANCE, M (Fn 
FLAP DEFLECTION, RAD (DEG) 

TAKEOFF 

LANDING 

I ENGINE-OUT GRADIENT , I LIFT COEFFICIENTS 

i TAKEOFF 

LANDING 

Productivity 
three alrcraft 

TURBQPRQP AIR~RAET 
i 
I 

I COMPRO~-USE I 2 aUIETEST I 3 COMPROMISE I 
I 
I 

16801 (5524) 1877 (61571 I 
1415 (46041) 1602 (5256) 

1473 (48J71 1656 (>4J2) 

167'2 (53371 1843(6045) I 
62 (121) 62 (121) 

70 (1371 70 (1371 

75(146) 74 (144) 

69 (135) 69 (135) 

1849 (60671 1855 (6085) 

o 35 (20) o 35 (20) 

o 87 (SO) o 87 (SO) 

00498 o 0473 

260 260 

3 )4 3.14 

capablll tles 
are lndlcated 

I 
1+40 (47'26) 

I 1322 (4J371 

1379 (4523) 

1520 (4988) 

62 (121) 

64 (125) 

70 (136) 

69 (135) 

1848 (6062) 

o 35 (20) 

o 87 (SO) 

o 1\42 

260 

3 14 

of 
by 

the 
the 

payload-range curves 1n F1gure 25. The 
part1cular payload-range comb1natlon 
speclfled for each alrcraft, as a baslc 
des1gn pOlnt, 1S specially deslgnated 
on the graphs. As per the study gUlde
Ilnes, the alrcraft have the capability 
to carry up to a 20 percent payload 
overload. For th1S overload, the range 
lS reduced to the value lndlcated at 
the point of lntersectlon of the con-
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stant gross we1ght llne w1th the hOrl
zontal Ilne which represents the 2.5-g 
structural Ilm1tat1ons. Increased 
range 1S atta1nable by trading payload 
we1ght for fuel we1ght until the w1ng 
volume for carrY1ng fuel becomes a 
Ilm1tat1on. Further 1ncreases 1n range 
are ach1eved only at a reduced gross 
we1ght w1th smaller payloads unt1l the 
ferry range, or zero-payload range, 1S 
eventually reached. 

The payload-range results were cal
culated based on the a1rcraft per
formance characterist1cs Wh1Ch are 
presented 1n Table XIII and F1gures 26 
to 28. Table XIII shows the various 
components that contr1bute to the total 
drag bU1ldup and IlStS the values for 
the three a1rcraft. Note that there 1S 
no 1tem labelled nacelle drag because 
it 1S accounted for 1n the net thrust 
of the propuls1on system. 

Table XIII. Drag BU1ldups for Selected 
Turboprop A1rcraft 

,"CPRCP AI."'UOT 
1 COMPROMISE 2 QUIETEST I 3 COMPROMISE 

PROFI LE DRAG 

I WING 

I 
62 7· 6019 584 

FUSELAGE 685 601.9 

I 
55 9 

EMPENNAGE 

I 
176 18 2 170 

INTERFERENCE 7 4 74 6 6 

ROUGHNESS 45 44 3 9 

SWIRL 176 16.6 244 

SCRUBBING 1 8 14 2 2 

TRIM -'.LQ.. 2LQ.. 12.0 

TOTAL PROFILE 192 I 1898 180 " 

I NDUCED DRAG 944 746 93.7 

TOTAL DRAG 

PROFILE 192.1 1898 180 4 

INDUCED 94.4 746 93.7 

COMPRESSIBILITY I 10 0 100 100 

MI SCELLANEOUS I 5.2 ~ ~ 

TOTAL 301 7 279.6 289 3 

CRUISE LIFT COEFFICIENT 057 057 057 

LIFT/DRAG 18.97 20.34 19 71 

• DRAG IN COUNTS. I COUNT. 0 0001 
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Flgure 26. Drag Polars and L1ft Curves 
for No. 1 Cornprornlse Turbo
prop A1rcraft 
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Figure 28. Drag Polars and Lift Curves 
for No.3 Compromise 
Turboprop Alrcraft 

These drag buildup results were 
subsequently used to produce the drag 
polars shown in Flgures 26 through 28. 
In each case, several polars are In
cluded. One lS for crUlse and the 
others are for varlOUS takeoff condl
tions of: flaps extended, in or out of 
ground effect, and gear retracted or 
extended. For completeness, the cor
responding lift curves are also in
cluded In each flgure. 

PropulSlon System 

The main characterlstlcs of the 
propulslon system for each alrcraft are 
llsted In Table XIV. For the pro
peller, disk loading values are given 
for both sea level and crUlse condl
tlons. In the area of performance, 
both the rated power and an equivalent 
thrust are shown. 
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Table XIV. Propulslon Summary for Tur
boprop Alrcraft 

R PR PAR 
ITEM I COMPROMISE 2 QUIETEST 

PROPELLER 

BLADES 10 6 10 

TIP SPEED, MIS (FT/S) 229 (750) 204 (670) 229 (750) 

DISK LOAD, KW/M
2 

(HP 'Fr) 

RATED 

I 
402 (50) 345 (43) 402 (5C) 

CRUISE 173 (21 5) 149 (18 5) 173 (21 5) 

DIAMETER, M (FT) I 5 6 (18 5) 6 I (20) 5 6 (18 4) 

I 
ENGINE 

NUMBER 2 2 
I o 8 (2 7) o 9 (2 8) o 8 (2 7) DIAMETER, M (FT) 

1 

t 

LENGTH, M (Fn 2 I (6 8) 2.1 (6 6) 

I 
2 I (6 S) 

I NACELLE 

DIAMETER, M (FTl 

I 

I 6 (5 4) I 6 (5 2) I I 6 (5 4) 

LENGTH, M (FT) 4 3 (14 2) 4 4 (14 3) I 4 3 (14 I) 
I 

I 
PERFORMANCE I I , 

12,895 (17,286)1 
I I 

RATED POWER, KW (HP) 1 12,779 (17,130) I 12,589 (16,875) 

RATED THRUST, 1000 N (LB) 124 (27 9) I 102 (22 9) I 122 (27 4) 
I I 

CRUISE THRUST, 1000 N (LB)I 1 22 (4 9) I 21 (4 8) I 21 (4 8) 

THRUSTjWEIGHT, N/KG (LB/LB) 3 0 (0 31) 
1 

2 3 (0 24) I 2 9 (0 30) 

CRUISE SFC, KG/HR-N (LB/HR-LB) 0.045 (0 46) i ~ 046 (J 47) I 0.045 (0 46) ! 
i 

The dlmenslons and performance 
charactenstics of both the propeller 
and englne are based on those for the 
Hamllton Standard Propfan and the Pratt 
& Whltney STS487 turboshaft englne, re
spect~vely. Descr~pt~ons and deta~led 

data for the basellne verSlons of each 
are lncluded ln Appendlx E along Wl th 
an outline of the methods used to scale 
the basellne systems to other Slzes. 

Noise 

For new alrcraft, FAR 36 stage 3 
nOlse llmlts speclfy maxlmum equlvalent 
percelved nOlse levels (EPNL) ln decl
bels (dB) at three measuring pOlnt con
dltions: takeoff flyover, takeoff slde
hne, and approach. Flgure 29 shows 
the proxlmlty of these measurlng pOlnts 
relatlve to an alrport and an aircraft 
fllght proflle. For illustratlon pur
poses, both takeoff and approach are 
shown sllghtly offset from the runway 
centerline WhlCh lS used as a base for 
speclfYlng dlstances to the measunng 
pOlnts. Two of the three measurlng 
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pOlnts, takeoff flyover and approach, 
are clearly flXed in space, but the 
thlrd, takeoff sldeline, varles for 
each alrcraft. ThlS occurs because, 
whlle the dlstance outward from the 
fllght proflle centerllne to the 
measurlng pOlnt is flxed, the posltion 
along the fllght proflle lS deflned In 
terms of a partlcular condltion rather 
than a dlmenslon. Speclflcally, the 
takeoff sldellne noise lS measured at 
that pOlnt along the fllght proflle 
where the sldellne noise reaches the 
hlghest value. 

Flgure 30 shows the FAR 36 nOlse 
llmlts, WhlCh are a functlon of alr
craft Slze, along wlth the nOlse levels 
predlcted for the three aircraft at the 
three measurlng points. For all cases, 
the three alrcraft are qUleter than the 
FAR 36 Ilmltatlons. 

Two nOlse-level values are shown 
for takeoff flyover for each alrcraft. 
One lS for a full-powered takeoff and 
cllmb, whlle the other lS for a cutback 
power proflle*. An interestlng result 

*FAR 36 deflnes a cutback power pro
hIe, relatl ve to a full-powered pro
flle, as follows. Takeoff lS the same 
for both and durlng cllmb the flaps re
maln deployed at the takeoff posltlon. 
After reaching 305 m (1000 ft) al tl
tude, englne power lS reduced in the 
~utback case to a level that wlll stlll 
satlsfy the FAR 36 requlrements. 

lS 111ustrated for the takeo:f flyover 
cases: cutt1ng back power dunng cl1mb 
lS not always beneflclal 1n reduclng 
nOlse at the measunng pOlnt. ThlS 
occurs because the reductlon In pro
pulslon nOlse lS more than compensated 
for by the reduced flyover altltude. 

Further lnsight lS galned lnto the 
noise levels at the measurlng points by 
examlnlng the contributions of the 
var10US nOlse sources, WhlCh are listed 
In Tables XV, for the three alrcraft. 
Several observatlons are readlly 
apparent: 

o The propeller lS the predomlnant con
trlbutor to full-power takeoff and 
sldellne noise levels. 

o By cuttlng power dUrlng climb, pro
peller nOlse lS reduced to about the 
same level as airframe nOlse. 

o Durlng approach, alrframe nOlse lS 
el ther the predomlnant source or 
close to it. 

o Englne nOlse lS not a prlmary con
trlbutor on takeoff but it is much 
more slgnlflcant durlng approach. 
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FAR 36 Stage 3 NOlse Llmlts 
and NOlse Levels of Select
ed Turboprop Alrcraft 

Table x:v. NOlse Source Dlstributlon 
for Turboprop Alrcraft 

NOISE SOURCE 

PROPEUER" 

COMPRESSOR 

TURBINE 

CORE 

JET 

AIRFRAME 

TOTAL 

DURATION 
CORRECTION 

EPNL 

NOISE SOURCE 

PROPELLER" 

COMPRESSOR 

TURBINE 

CORE 

JET 

AIRFRAME 

TOTAL 

DURATION 
CORRECTION 

EPNL 

I 

I 

NO. I COMPROMISE 

MEASURI NG POI NT 
TAKEOff 

APPROACH fULL POWER CUTBACK 

84.81 85 •• 2 97.73 

55.70 68 05 96.53 

71.62 7662 96.19 

7 ••• 9 73 13 81 58 

62.30 56.89 56 •• 9 

80.29 83.17 98.81 

88 18 89 76 10522 

-1 •• 5 - 2 ~ - 6 71 

86.73 8721 98 so 

NO.2 QUIETEST 

MEASURING POINT 
TAKEOff 

APPROACH 
fULL POWER t CUTBACK , , 

86.74 I 8486 
I 

92 95 

5861 

I 

69 91 100.73 

74 22 78 55 9556 

75 .. I 737'1 80.74 , , 
6373 : 56 55 53 89 

I I 
61 00 

i 
84 19 98 93 

88 .5 I 89 01 105 51 

-0.87 -- 1 69 - 5 99 

87.58 87 32 99 51 

NO.3 COMPROMISE 

MEASURING POINT 

TAKEOFF I 
Ir-N-O-'S-E -SO-U-R-C-E --'-, F-UL-L-P-O-W-ER~:r::"CU:"'T-BA-C-K-l1 APPROACH 

II PROPELLER' I 88 28 90.33 I 100 70 

COMPRESSOR I 59.68 7 •• 29 I 99 92 

I 
TURBINE 

CORE 

JET 

AIRFRAME 

TOTAL 

DURATION 
CORRECTION 

I EPNL 

75.45 

77.9. 

67.05 

91.n 

-I.~ 

90.27 

83.58 

7626 

57.86 

95.37 

- 3.~ 

91.95 

99 19 

84 76 

61).83 

100.76 

108.11 

- 6.61) 

101.52 

! 

SIDELINE 

83.25 

52 •• 5 

69.S. 

73.00 

61).57 

78.47 

86.53 

-0.97 

85.56 

SIDELINE 

84 88 

~84 

70.98 

74 14 

61 8a 

7866 

86 46 

-0 36 

86.11 

SIDELINE 

86.7. 

36.37 

n.M 
76.37 

65.25 

82.59 

90.05 

-0.98 

B9 07 

'NOISE LEVEL OF SOURCES ARE IN PERCEIVED NOISE LEVEL TONE-CORRECTED 
MAXIMUMS (PNLTM) 



Because the propeller is the pre
dorn1nant n01se source, Ham1lton 
Standard made a separate estimate of 
the propeller noise for the aircraft at 
the measur1ng p01nts. As pointed out 
1n Append1x G, there 1S good agreement 
between the propeller noise predictions 
that were der1ved based on the Ham1lton 
Standard and Lockheed est1mates of 
sound pressure level spectra. 

Several addltlonal observatlons are 
not qU1te as apparent but may be dlS
cerned wlth some reflection. 

o For the takeoff and sldellne cases, 
alrframe noise lS elther the obvious 
second largest contrlbutor or lS In a 
group that ranks second. Assumlng 
that the largest contrlbutor, the 
propeller, can be reduced substan
tlally, the a1rframe nOlse level 
represents somewhat of a plateau In 
posslble nOlse reductlon. Less flap 
deflection wlll reduce the alrframe 
nOlse but wlll lncrease the takeoff 
dlstance and reduce the altltude over 
the measurlng pOlnts. Other efforts 
to reduce the alrframe n01se w1ll 
probably prove to be very expens1 ve 
for very small lmprovements because 
the alrcraft lS otherwlse in a clean 
conflguratlon. 

o There lS a posslblll ty that alrcraft 
nOlse on approach can be reduced by 
decreaslng the flap deflectlon from 
the 0.87-rad (50-deg) settlng used. 
Wlth a decreased flap deflection, 
there would be an lncreased approach 
speed for a given wlng, or to maln
taln the same approach speed, the 
wlng area would have to be lncreased. 
Both of these results tend to 10-
crease nOlse, but lt lS not known lf 
the amount would be more or less than 
the reductlon obtalned from a smaller 
flap deflect1on. This is addressed 
later In a sensitlvity study. 

o Englne lnsulation wlll be, at best, a 
secondary conslderatlon for nOlse re
ductlon. In the takeoff and sldellne 
cases, even lf large reductions 1n 
propeller nOlse can be achleved so 
that lt lS no longer the prlmary 

nOlse source, the airframe, and not 
the eng1ne, wlll be the maln nOlse 
source. On approach, however, eng1ne 
1nsulat1on offers more potentlal for 
nOlse reductlon, but the extent of 
the reductlon 1S still llmlted by 
propeller nOlse and the airframe 
nOlse plateau. 

Thus far, attentlon has been 
focused solely on alrcraft nOlse 
relatl ve to the three standard 
measurwg points. The shortcoming of 
this approach lS that lmprovements In 
noise levels at the measuring points 
are usually accompanled by an lncrease 
In noise at other non-measurlng pOlnts 
WhlCh are not taken 1nto account. For 
example, although cuttlng the power may 
result In a lower nOlse over the 
measurlng pOlnt, the adverse effect lS 
that the aircraft lS not able to chrno 
at the same rate as with full power, 
thereby extendlng the length of the 
area under the fllght path that lS 
subjected to hlgh nOlse levels. 

When there lS concern for mln
im1Zlng the n01se impact on the alr
port comrnunlty, that is, if the ob
Jectlve lS to mlnlmlze the number of 
people livlng around an alrport who are 
exposed to hlgh nOlse levels, then the 
Slze of the total area affected by alr
craft n01se lS probably more meanlngful 
than nOlse only at the measurlng 
pOlnts. The boundary around such a 
nOlseprlnt area lS defined by the 
sequence of posltlons on the ground 
where a speclfled mlnimum nOlse level 
lS reached. For thlS study, nOlseprlnt 
areas have been calculated for three 
nOlse levels of 70, 80, and 90 EPNdB. 
The shapes of these areas are lndlcated 
by the contours in Flgures 31 to 33 for 
the three selected alrcraft. Due to 
the thln, long nature of the nOlseprlnt 
areas, the takeoff and approach 
portlons are shown separately, but the 
overlap of the two portions at the 
approach end of the runway is accounted 
for ln determinlng the total nOiseprint 
area. 

Two sets of takeoff contours are 
presented: one for a normal full
powered condltlon and the other for a 
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cutback power case. In the cutback 
case, the engine power lS reduced above 
a 305 m (1000 ft) altitude to the min
lmum permltted by regulatlon, and the 
alrcraft contlnues to fly at that re
duced power untll after the noisepnnt 
closes; 1. e., the specl fied mlnimum 
nOlse level for the nOlsepnnt lS no 
longer percelved on the ground. There
after, power can be gradually lncreased 
to enhance cllmb performance, but care 
must be exerclsed to assure that the 
mlnlmum nOlse level of the nOlseprlnt 
15 not subsequently experlenced on the 
ground. 

All of the full-power takeoff 
nOlseprlnts show a Sllght lnward dlP of 
the sldellne dlstance durlng takeoff 
and lnltlal climb. The alrcraft fllght 
profile lS responslble for thlS effect. 
Once the alrcraft leaves the ground, lt 
cllmbs at approXlmately constant speed 

whlle the gear and flaps are retracted, 
thereby decreaslng the sldeline 
dlstance sllghtly. The subsequent small 
lncrease in sldellne dlstance occurs 
when the alrcraft fIles at nearly con
stant altltude while lncreaslng ltS 
speed to that for the best rate of 
cllmb. 

The noiseprints for the cutback 
power condltlon exhlblt a sUbstantial 
reductlon in sldellne distance shortly 
after takeoff. ThlS reductlon reflects 
the effect of cuttlng back the englne 
power and keeplng the flaps deflected. 

Both the No. 1 Compromlse and the 
No. 2 QUletest aircraft have slmllar 
nOlsepnnt characterlstlcs in that the 
cutback power contour always closes be
fore the one for full power and it has 
a smaller area. For the No. 3 Com
promlse alrcraft, the cutback power 
contour still encompasses a smaller 
area than for full power; however, its 
closure dlstance becomes greater than 
that for full power as the min1mum 
nOlse level is reduced. This dlf
ference ln the behavlor of the closure 
d1stance lS the result of the number of 
englnes on the three alrcraft. The 
more englnes there are on the alrcraft 
the less severe the englne-out regula
hon. As a result, the greater the 
number of englnes, the larger the 

amount of possible power cutback per 
englne, WhlCh means the qUleter the 
propuls1on system. Recall that the No. 
3 a1rcraft has four eng1nes, but the 
No. 1 and No.2 alrcraft have only two 
englnes each. 

Too much power reduction, however, 
may be counterproductive, because as 
power lS reduced so lS the aircraft 
capability to cllmb. To illustrate 
wlth an example, conslder the No. 3 
alrcraft Wl th the nOlsepnnt contours 
In Flgure 33. Cutback power reduces 
the 90-EPNdB noiseprlnt by 39 percent, 
the 80 -EPNdB nOlseprint by 16 percent, 
and the 70-EPNdB nOlseprint by 11 per
cent. The trend here is that cutback 
power 1S less benefic1al for reduclng 
the areas at lower noise levels. Ref
erence to Flgure 33 lndlcates why thls 
happens. Although the power cutback 
reduces the lntenslty of the nOlse 
source and the radial dlstance over 
WhlCh lt lS percelved, the lnablllty of 
the alrcraft to cllmb is keeplng the 
aircraft In close prox lmlty to the 
ground over much greater dlstances from 
brake release. In effect, for the 70-
EPNdB nOlseprlnt, the shorter sldellne 
distance wlth cutback is nearly com
pensated for by the extended closure 
dlstance. 

These results strongly lndlcate 
that further analyses are needed to 
optlmlze the cllmb proflle for mlnimum 
nOlseprlnt area for a partlcular noise 
level. Because of the llmltatlons of 
this study, a representatlve profile 
was selected for use in slzing and 
evaluahng all of the aircraft. The 
lmpact of this assumptlon wlll remaln 
unknown pendlng ldentification of the 
optimum proflle for one or more of the 
selected alrcraft. 

Because of the thln, elongated 
nature of the noiseprlnts and the vary
ing curvllinear nature of the contours, 
the lmpact of cutback and different 
nOlse levels on the nOlseprints lS not 
easlly vlsuallzed. To overcome thlS 
problem, the nOlseprint areas are dis
played in Figure 34 as squares of 
equlvalent area. In thlS form, a cor
relation between the nOlse level and 
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area becomes apparent. It lS: a 10 
EPNdB reductlon In the minlmum nOlse 
level for the nOlseprlnt produces 
approxlmately an order-of-magnltude In
crease In the nOlseprlnt area. 

Economics 

Acqulsltlon and dlrect operatlng 
costs for the selected turboprop alr
craft were calculated uSlng Lockheed's 
Alrcraft Llfe-Cycle Cost Evaluatlon 
model, WhlCh lS descrlbed In more de
tall In Appendu B. The acqulsl tlon 
cost portion of the model computes the 
cost of each structural and functlonal 
subsystem, that lS, the wlng, fuselage, 
englne, furnlshlngs, etc., and then 
adds them all to obtaln a total acqul
Sl t ion cost. Dlrect operating costs 
are determlned based on the 1967 Alr 
Transportatlon Assoclatlon methodology 
wlth the coefficlents updated to 1980 
values. 

Tables 
evaluation 
contrlbute 
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XVI and XVII contaln 
of the varlOUS elements 

to the acqulsltlon 

the 
that 
and 

Table XVI. Acqulsltlon Cost Breakdown 
for Turboprop Aircraft 

ICOSTS IN 11000) 

, PR PAR RAFT 
ELEMENTS 1 COMPROMISE 2 QUIETEST I 3 COMPROMISE 

...vING 

i 
1877 2336 

I 
5289 

TAIL 430 - 1021 

FUSELAGE 2517 2528 I 58010 

LANDING GEAR 361 377 I 716 

FLIGHT CONTROLS 378 388 
I 

n4 

NACELLES 291 289 I 752 

ENGINE INSTALLATION 51 55 

I 
103 

FUEL SYSTEM I 223 225 473 

PROPULSION MISC 

I 
159 159 I 418 I 

INSTRUMENTS 94 96 

I 
2010 

I HYDRAULICS I 215 222 490 
I 

ELECTRICAL 

I 
385 410 

I 
6n 

AVIONICS INSTALLATION 52 52 73 

FURNISHINGS 38J 38J I 678 
I 

AIR CONDITIONING 284 285 425 

AUXILIARY POWER 52 54 74 

SYSTEM INTEGRATION -lli. ~ ~ 

TOTAL EMPTY MFG COST 8086 8687 18,9n 

I SUSTAINING ENGINEE~ING 68J 7JJ 2,538 

PROD TOOL MAl NT 757 813 2,412 

QUALITY ASSURANCE 519 557 1,297 

AIRFRAME WARRANTY 502 539 1,261 

AIRFRAME FEE 1582 1700 3,9n 

ENGINE 3951 3968 7842 

PROPELLER 498 387 994 

AVIONICS 500 soo soo 
RESEARCH & DEVELOPMENT .1m. ...1m.. .!.J!Q!.. 

TOTAL ACQUISITION COST 19,370 20,265 48,389 

Table XVII. Dlrect Operatlng Cost 
Breakdown for Turboprop 
Aircraft 

TLRSOPROP AIRCRAFT_ 
ELEMENTS 1 COMPROMISE 2 aUIETEST ! 3 COMPROMISE 

: 
1331 

i 
I- i CREW 1324-

I FUEL & OIL-- 3590 36J5 7104 I 

INSURANCE 750 I 785 1874 I 
MAINTENANCE 

AIRFRAME LABOR 185 197 307 

AIRFRAME MATERIAL 237 253 628 

I 
ENGINE LABOR 145 146 289 

ENGINE MATERIAL 58J 589 1157 

BURDEN 660 686 1192 

I V£POECIA nON .Jill. --1.& ~ 

TOTAL TRIP COST 10,103 10,365 20,481 

DOC, ~/ATKM 8.73 8 93 791 

</ATNM 1465 1503 1331 

• COSTS I N DOLLARS UNLESS NOTED OTHERWISE 

•• FUEL AT 264 11M3 (100 </GAL) 

dlrect operatlng costs, respectlvely, 
for the three selected alrcraft. In
herent In the calculatlon of these 
costs are a number of gUldellnes and 
assumptlons, WhlCh are summarlly re
lterated in Table XVII for continulty 
even though they have been presented 



elsewhere 1n th1S report. To meet the 
spec~f~ed product1vity requires fleet 
Slzes of 394 a1rcraft for the No. 1 and 
No. 2 des1gns and 175 of aircraft No. 
3. 

D1rect operat1ng costs are pre
sented 1n th1S sect10n for on3y the 
largest fuel pnce of 264 $/m ( 100 
e/gal). Although all three fuel pr1ces 
are now histor1cal, and are likely to 
rema1n so, the h1ghest of the three lS 
fa1rly close to current pr1ces and, 
therefore, more meaningful. D1rect 
operating costs based on the two lower 
fuel pr1ces w1ll be included w1th those 
deri ved for higher values as part of 
the senS1 tl Vl ty study results. Like
W1se, as part of the sens~t1v~ty 

stud1es, several of the 1tems llsted 1n 
Table XVIII w1ll be subject to further 
scrut1ny. 

Table XVIII. Cost1ng GU1del1nes and 
Assumpt10ns 

o JANUARY 1980 DOLLAR VALUES 

o PRODUCTIVITY REQUIREMENT 26 X 1015 REVENUE KG-M 

15.4 X 10
9 

REVENUE T -NM 

o LOAD FACTOR 100% 

o AIRCRAFT ANNUAL UTILIZATION 3000 HR 

o CREW SIZE 3 

o DEPRECIATION IS YR STRAIGHT LINE WITH 10% RESIDUAL 

o HULL INSURANCE RATE OF 2% 

o FUEL PRICES 132, 198, 264 $/M3 

so, 75, 100 ~/GAl 

The rela t1 ve 1mportance of the 
var10US elements that make up the 
d1rect operating cost 1S more read1ly 
apparent when the data of Table XVII 
are presented p~ctor~ally, as ~n F1gure 
35. All three cost dlstribution lay
outs are drawn to the same scale so 

that the total area covered lS an 1nd1-
catlon of the relatlve magn1tude of the 
dlrect operat1ng costs for each alr
craft. w1th the No. 3 a1rcraft be1ng 
the smallest and the No.2 the largest. 
Because of the slm1lanty between the 
No. 1 and No. 2 a1rcraft, their cost 
d1str1but1ons are nearly ldentlcal, as 
expected. The No. 3 a1rcraft lS some
what d1fferent from the other two and. 
qUlte naturally. exh1blts some var
lances 1n 1tS cost d1strlbutlon. 

I COMPROMISE 

13.1% 

35.S''o 
MAINTENANCE 17.9"'. 

INSURANCE 7.4% 

2 QUIETEST 

CPEW 12.8% 
DEPRECIATION 26.50/. 

MAINTENANCE 18.1"'. 

,: .. : .. - .. '. 

INSURANCE 7.6% 

DEPRECIATION 

3 COMPROMISE 
CREW 7"'0 

FUEL &. OIL 35.!CI. 

FUEL &. 01 L 34.7"'0 

INSURANCE 9,1"'. 

F1gure 35. D1rect Operat1ng Cost D1S
tr1but1ons for Turboprop 
Alrcraft 
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In every case, the fuel and oil 1S 
the largest slngle element, and the two 
elements of maintenance and of fuel and 
011 remaln essentlally a constant per
centage of the total. The changlng 
features result from the lncreased pay
load. Wlth more than tWlce the payload 
of the other two, alrcraft No. 3 
reallzes a relat1ve crew cost reductlon 
of almost 50 percent that balances the 
lncreased deprec1atlon and lnsurance 
for a larger alrcraft. 

SENSITIVITY STUDIES 

Numerous sensltlv1ty stud1es were 
performed for the three selected tur
boprop a1rcraft to isolate the effects 
of the parametrlc study var1ables, t~e 
study gUldel1nes and constralnts, and 
the deslgn methodology. The partlcular 
sensltlv1ty parameters lnvestlgated may 
be grouped under flve general category 
head1ngs of propulslon system, per
formance, wlng geometry, welght, and 
economlCS. Results of these sensitlv-
1 ty studles on the three turboprop 
alrcraft are surnmarlzed In Flgure 36 
whlle the detalls are contalned In 
Append1x H. 

The percent var1atlons In DOC, 
block fuel, and n01seprlnt area were 
used as 1ndlcators, where appllcable, 
of the effect of the var10US senSl
tl vlty parameters. To determlne Wh1Ch 
factors have the greatest impact on 
these lnd1cators, a measure of senS1-
tlVlty (MOS) was devised. It lS the 
rat10 of the percent change realized 1n 
one of the indlcators dl vlded by the 
correspondlng percent change In the 
sens1tlv1ty parameter. For evaluatlon 
purposes, the numerlcal MOS values are 
arb1trar1ly interpreted as follows: 

Numerlcal Quail tatl ve 
Evaluatlon Interpretatlon 

MOS < 1 Negllglble 

1 : MOS < 2 Marginal 

2 : MOS < 5 Slgnlflcant 

MOS > 5 Cntlcal 
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F1gure 36. Summary of Turboprop Alr
craft Sens1tlv1ty Study Re-
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A reVlew of the sensltlvlty results 
shows that all of the propuls~on re
lated parameters (thrust/we~ght and 
propeller d~ameter, dlSk load~ng, tlP 
speed, and number of blades) have a 
marg~nal-to-crltlcal effect on the 
no~sepr~nts for the three a1rcraft. In 
contrast, the DOC and block fuel are 
~nsens~t~ve to the propulsion para
meters. 

Of the var~ous performance related 
parameters, the only cr~t~cal senSl
tl.Vlty lS the result of nOlse source 
level var1at1ons. L1kew~se, there lS 
only one slgnlf1cant senslt1vlty area -
the effect of f1eld length on noise
pnnt. Grouped 1n the marglOally 
sens1t1ve category are the effects of 
drag on block fuel, and approach speed 
on DOC, block fuel, and no~seprlnt. 

Negl~glble 1mportance ~s attr~buted to 
both crUlse al ti tude and the approach 
glldeslope. 

The two wlng geometry parameters of 
w~hg load1ng and aspect rat10 have only 
negl1ble effects on the three alrcraft. 
In the we1ght category, var1at1ons 1n 
the a1rframe welght produce marg1nal to 
slgnlficant effects on the DOCs of the 
a1rcraft, but propuls1on and fuel 
welght changes are of negllgible con-
cern. 

In the area 
length and load 
effects on block 
tlVely. All 
negllg1ble. 

of econom1CS, stage 
factor have marg1nal 
fuel and DOC, respec-
other effects are 

Further deta1ls on each sensit1vlty 
study are prov1ded ln Append1x H. Un
less otherw1se noted, only one lnde
pendent var1able lS allowed to change 
In each senSl tl Vlty study. In general 
throughout the sens1t1v1ty studles, the 
DOC van~t1ons are for a fuel pnce of 
$264 $/m (100 !IS/gal), and the noise
pnnt varlations are for an 80 - EPNdB 
level. 

DESIGN REFINEMENTS 

Several features of the a1rcraft 
were exam1ned ~n suff1clent depth to 
assure that a feas1ble des1gn would 
probably be achieved 1n a more deta1led 

effort. In part1cular, four features 
were addressed: the fl1ght stat1on, 
landing gear, cargo compartment 10ad1ng 
doors, and eng1ne mounting. 

Fllght Statlon 

Figure 37 shows a posslble fllght 
deck arrangement that lS based on 
prevlous studles of numerous alrcraft 
deslgns for a crew of three cons1st1ng 
of a pllot, copllot, and flight 
eng1neer. The flight stat10n uses con
vent10nal wheel columns and rudder 
pedals for control of the aerodynam1c 
surfaces. Nose wheel steer1ng 1S 
ach1eved through a hand wheel on the 
slde console by the p~lot. The seat
lng, 1nstrumentatlon layout, equ1pment 
and system control 10cat1on, work load 
dlstr1but1on, center and slde consoles, 
and aV1on1CS d1splays are ~ntended to 
be read1ly access~ble to the pllots to 
m1n1m1ze fat1gue. 

~ !I 
~ I 

... I 
._~;I -- , 

.-"-'~~ ~41 
~ , I' \ ,---Ul 
~ i~! ----
Figure 37. Fl1ght Statlon Layout 
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A full crew statlon for the fllght 
englneer is located dlrectly behlnd the 
copllot, faclng outward. The seat for 
thlS statlon lS mounted on tracks so 
that lt can be rolled to a posltlon on 
the alrcraft centerllne (shown by the 
phantom llnes) wlthln easy reach of the 
overhead and center console panels. Be
sldes asslstlng the pllots In subsystem 
management, the thlrd crew member can 
serve as a scanner. 

The No. 1 and No. 2 alrcraft have a 
crew lavatory located below the fllght 
deck on the right slde under the fllght 
englneer's statlon. Access to it is 
through the cargo compartment. The No. 
3 alrcraft, wlth its 747-type COCkPlt 
above the cargo compartment, has ample 
room aft of the fllght statlon layout 
shown to accommodate a lavatory, bunks, 
and a galley. 

The forward fuselage llnes of the 
three selected aircraft are compatlble 
wlth the baslc geometry requlrements of 
thlS fllght statlon. External V1Slbll
lty lS expected to be at least as good 
as on an L-1011 alrcraft. 

Landlng Gear 

The landlng gear conslsts of a 
slngle strut nose gear and a tWln
tandem maln gear mounted on each slde 
of the fuselage. Both the nose and 
maln gears are based on the deslgns 
used In the L 100 alrcraft - a com
merclal verSlon of the C-130 alrcraft. 

MAIN GEAR - Each main landing gear has 
a four-wheel, twin-tandem arrangement, 
as shown ln Flgure 38 for the No. 1 and 
No.2 alrcraft. Each pair of wheels lS 
mounted on a common axle Wl th lever 
arms that are attached to the fore and 
aft ends of a trunnion-mounted support 
frame. Indlvldual shock absorbers be
tween the axles and support frames pro
vlde independent suspenSlon for the 
forward and aft sets of wheels. The 
No. 3 alrcraft has a slmilar deslgn 
wlth larger structural components and 
tlres. 

To retract the maln gear, the 
wheels are flrst raised to the 
compressed posltlon by the shock 
absorbers. The foldlng vertlcal brace 
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Figure 38. TYPlcal Main Landlng Gear 
Arrangement 

is then folded outboard, and the maln 
structural members together wlth the 
axle beams and wheels are rotated about 
the lower fuselage attach pOlnt so that 
the gear lS enclosed In the wheel-well 
pod. One large outboard door and a 
smaller lnboard door are automatlcally 
closed by the gear retractlon motlon. 

Durlng the gear extenslon cycle, 
the gear lS rotated into the down pOS1-
tlon and the foldlng vertlcal brace 1S 
POSl tioned on center. The shock ab
sorbers are then extended to the normal 
gear-down conflguration. 

Separate up-locks and down-locks 
are provlded for each gear. In case of 
a fall ure of the normal hydraullc 
system, an alternate hydrauli c system 
is avallable for gear extenslon. A 
separate manual system is provlded as 
backup to both the normal and alternate 
hydraulic systems. Also, in the event 
of a malfunctlon, there are panels ln 
the cargo compartment through WhlCh 



access to the main landing gear re
traction mechanism is possible. 

NOSE GEAR - The nose landing gear con
sists of a shock strut with two wheels 
mounted on a single axle, This gear is 
trunnion-mounted to the airframe. and 
it uses folding drag links to react any 
forward and aft loads that are en
countered. Figure 39 shows the nose 
landing gear that is sized for the No. 
1 and No. 2 aircraft. The No. 3 air
craft has a similar, but larger-sized, 
arrangement. 

r oo
_ •• 

I 
L _____ ~~ 

Figure 39. Typical Nose Landing Gear 
Arrangement 

The nose gear is retracted and ex
tended by means of a hydraulic drag 
strut with an actuating cylinder. An 
integral down-lock and an automatic up
lock are used to hold the gear in the 
desired position. In the retracted 
position, the nose gear is contained 
wi thin the fuselage nose and enclosed 
by doors hinged to the fuselage. The 
aft door is opened mechanically by the 

first motion of the gear in the extend
ing sequence and is closed by the last 
motion of the gear in the retracting 
sequence. The forward door is opened 
and closed during both extending and 
retracting sequences. 

In case of failure on the normal 
hydraulic system, there is an alternate 
hydraulic system for extending the 
gear. A separate manual system serves 
as a backup to both the normal and al
ternate hydraulic systems. 

Cargo Compartment Loading Doors 

Several door arrangements from 
previous aircraft design studies were 
considered for the No. 1 and No. 2 
aircraft which are aft loaded. Based 
on our engineering experience, the 
petal-type doors shown on the C-141 
aircraft in Figure 40 were selected 
because they are simple, relatively in
expensi ve to design and maintain, and 
yield an aerodynamically clean after
body in the closed position. For this 
application. the doors are hinged on 
the aft fuselage and hydraulically 
operated to provide a minimum opening 
of 1.4 rad (80 deg) to the sides to 
permit straight-in loading of the con
tainerized payload. 

Figure 40. C-141 Aircraft Being Loaded 
through Petal-Type Doors on 
Aft Fuselage 
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As noted previously, the require
ment to simultaneously load two rows of 
containers is more efficiently satis
fied with a nose-loaded aircraft having 
a·full-width nose visor door. Based on 
experience with the nose visor door on 
the C-5 aircraft, as shown in Figure 
41, such a door is judged to be 
eminently feasible for the No. 3 air
craft. 

Figure 41. C-5 Aircraft Being Loaded 
through Nose-Visor Door on 
Forward Fuselage 

Engine Mounting 

Figure 42 shows a structural 
assembly for attaching a turboprop 
engine to the underside of the wing 
leading edge. This design consists of 
two longitudinallY-directed, A-shaped, 
mounting brackets with bracing struc
ture at the end which attaches to the 
wing. 

Three quick-disconnect points are 
visible in the side views of the 
brackets. The foremost point is for 
attachment to the engine at the gear-
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box, the lower aft point provides 
at tachment to the engine at the dif
fuser' and the upper point connects to 
structure from the wing front beam. 
Thrust, side. and vertical loads from 
the engine are transmitted through the 
aft attachment point, while vertical 
and side loads are carried through the 
forward point. The bracing structure 
between the brackets is intended to 
handle the torsional loads produced by 
propeller rotation. 

Some localized strengthening along 
the wing span is provided inside the 
wing box near the engine mounting posi
tions to distribute the loads. This 
added structure is indicated by the 
backward-K elements shown at the front 
of the wing box in the two section 
views. 
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Figure 42. 
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SECTION 8-B 

Typical Structure for 
Attaching Turbopr?p Engine 
to Aircraft Wing 



REFERENCE TURBOFAN AIRCRAFT STUDIES 

How well does an aircraft W1 th an 
advanced turboprop propuls10n system 
compare w1th one w1th advanced turbofan 
eng~nes? Before a response can be made 
to th~s questlon, a reference a~rcraft 

w1th turbofan eng1nes must be developed 
for the companson. Three reference 
a1rcraft were developed 1n th1S study -
one for comparlson w~th each selected 
turboprop a1rcraft. To mimmize the 
d1fferences between the turboprop and 
turbofan-powered a~rcraft and allow 
attention to be concentrated on Just 
the comparatl ve effects of the two 
propul Slon systems, each reference 
alrcraft has the same delivery capabll
~t~es as ltS corresponding selected 
alrcraft. That is, both alrcraft to be 
compared have the same payload, cargo 
compartment, crUlse speed and altltude. 
Furthermore, they are subject to the 
same operatlng constralnts such as 
fleld length and approach speed. 

PARAMETRIC ANALYSIS 

The three reference turbofan alr
craft were chosen from parametrlc study 
resul ts that were obtalned In two 
steps, as lndicated on Table XIX. The 
flrst step provlded the data for 
deflnlng the two reference alrcraft 
wlth 4-container payloads, whlle the 
thlrd reference alrcraft wlth a 
9-contalner payload was selected based 
on the results of the second step. 

Table XIX. Case Schedule for Turbofan 
Parametrlc 

STEP I STEP 2 

P~YLOAD CONTAINERS 

MACH NUMBER o 75 o 7S 

CRUISE ALTITUDE, 1000 M 10 I 10 1 
FT JJ 33 

WING SWEEP, RAD o J5 o J5 
DEG 20 20 

NING LOADING, KN/Ij" J 3 ·6 2 4 3 ·6.2 
LB/FT 70·130 90·130 

WI NG "'SPECT RATIO 8 • 16 8·16 

ENGINE POWER SETTING. % 70 ·95 70·95 

ENGINE BYPASS RATIO 5 a • 18 5 8·18 

Values for the crUlse altltude and 
wlng sweep angles are those of the 
selected turboprop alrcraft. Although 
the deslgns of turbofan alrcraft 
generally tend to optlmlze at hlgher 
altltudes than those for turboprop a1r
craft, the same al tl tude was used to 
mln1m1ze the number of varlables to be 
consldered when comparlng the two alr
craft. Later, as a sensltlvlty study, 
the effect of dlfferent altltudes was 
lnvestlgated. 

Vanatlons in englne bypass ratlo 
were lncluded in the parametnc study 
by conslderlng four deslgn pOlnt 
englnes wlth ratlo values of 5.8, 8.4, 
13, and 18. The welght and performance 
characterlst1cs of each eng1ne were 
developed In consultat10n w1th Pratt & 
Wh1 tney 2~rom the basic STF477 turbofan 
eng~ne by uSlng Lockheed's propul
sion cycle analysis program. Appendix 
J conta~ns a descrlptlon of the baslc 
eng:tne and a dlScusslon of the metho
dology used to den ve these al ternate 
verSlons along Wl th detalled data on 
each. 

The approach used In thlS para
metrlc study parallels that followed 
for the turboprop alrcraft. For each 
comb1natlon of eng1ne bypass ratlo and 
power sett1ng values, alrcraft deslgns 
were generated for the complete set of 
wlng loadlng and aspect ratlo values. 
The study constra1nts were then applled 
to the results to ellm~nate some of the 
candldates. For the remalning deslgns, 
the mlnlmum nOlseprlnt areas were 
determlned for var10US levels of block 
fuel and d1rect operatlng cost. Sub
sequently, these areas were compared 
Wl th those at the same block fuel or 
d~rect operatlng cost for other bypass 
ratlo and power settlng cases. The 
outcome of the compar1son 1S graphs of 
d~rect operatlng cost and block fuel 
versus nOlsepr~nt area. Figure 43 
presents such a set of resul ts for a 
4-container payload, and Flgure 44 
shows them for the 9-container payload 
case. Appendlx K provldes a fuller 
descrlption of how the results 1n these 
f1gures were obta1ned by show1ng some 
of the lnltlal data and by explainlng 
the method of analysls step by step. 
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F1gure 44. Cost of Qu1etness for 0.75 
Mach Number and 9-Conta1ner 
Payload Turbofan Aircraft 

These results mer1 t a comment be
fore we proceed to the select10n of the 
reference a1rcraft. Of the four d1S
crete bypass-rat1o values that were 
cons1dered, the three h1gher values 
glve the expected opt1on of being able 
to choose between reduc1ng the 
operat1ng cost by tolerat1ng a larger 
n01sepr1nt area or reduc1ng the n01se
pr10t area by pay10g a h1gher operat1ng 
cost. In contrast, there are no 
apparent benef1ts from bypass rat10s 
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between 8.4 and 5.8 because both the 
cost and n01sepr1nt areas are h1gher in 
th1S range than those at the 8.4 bypass 
ratlo. 

SELECTED DESIGNS 

The major des1gn parameters 
selected to deflne the three reference 
turbofan a1rcraft are llsted 1n Table 
XX along w1th the major character1st1cs 
that were determ1ned for each. The 
values for the miss10n features are the 
same as for the three selected turbo
prop a1rcraft for eventual comparat1ve 
purposes. 

Table XX. Major Character1stlcs for 
Selected Turbofan A1rcraft 
Des1gns 

TURBOFAN AIRCRAFT 

I CHARACTE'ISTIC 1 COMPROMISE ~ 3 COMPROMISE I 
I 

I MISSION FEATURes 

NUMBER OF CONTAINERS 4 , 4 9 
CRUISE MACH NUMBER o 75 I 0 75 

o 75 
CRUISE ALTITUDE, 1000 M (FT) 10 1 (33) 10 1 (33) 10 1 (33) 

~ 
BYPASS RATIO 10 13 10 
POWER SETTING om 080 o 85 

WING GEOMETRY 

SWEEP, RAD (DE G) o 35 (20) o 35 (20) o 35 (20) 

t~;;I~~,Tl~N/M2 (PSF) 
13 45 16 12 
6 0 (125) 6 0 (125) 6 0 (125) 

"EIGHTS, 1000 KG ~LB) 

OPERATING 41 2 (90 7) 453(997) 7S 6 (160 J) 
FUEL 170(373) 17 1 (37 7) 32 4 (71 3) 
PAYLOAD 27 3 (60 0) 27 3 (60 0) 61 4 (135 0) 
RAMP 85 5 (188 0) 89 7 (197 4) 169 4 (372 6) 

FIELD LENGTH, M (FT) 2444 (8018) 2354 (7722) 2468 (8074) 

80 EPNd8 "!OISEPRINT AREA 
KM2 (MI') 

52 8 (20 4) I 37 0(143) 795(30"') 

i DIRECT OPERATING COST·, 10 0 (16 9) 

I e ATKM (e/ATNM) 

• F.:.I at 204 S M3 (110 ~ CAL) 

For the two cOmprOm1Se a1rcraft, an 
eng 1ne bypass rat10 of 10 was chosen 
because 1 t represents the probable 
upper llm1t on bypass ratio for a 
d 1rect-dr1 ve eng 1ne • Eng ines W1 th 
h1gher bypass rat10s w1ll neceSS1 tate 
gOlng to a geared-fan arrangement Wl th 
1tS attendant weight and technology 
problems. The n01se reduct10n offered 
by a geared fan 1S such an attract1ve 
feature, however, that one was selected 
for the No. 2 QU1etest aircraft. Tech
nology problems are ex pected to 1n
crease 1n d1rect proport1on W1 th the 
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level of the bypass ratlo for geared 
fans. To minimlze these problems whlle 
still galning an lndication of the 
potentlal beneflts, a bypass ratlo of 
13 was chosen for the thlrd alrcraft. 

Of the remalnlng selected 1 terns In 
the table, the wlng load lng lS set by 
the maXlmum approach speed limit, and 
the englne power settlng lS establlshed 
by the maxlmum field length Ilm1tation. 
The aspect ratlo values are 1ntended to 
mlnlmlze the cost and the noiseprint 
areas. 

USlng the deslgn parameter val ues 
llsted in the table down through the 
heading of wlng geometry, three 
reference turbofan aircraft des1gns 
were developed. Flgures 45, 46, and 47 
provide three-V1ew drawings of these 
alrcraft, whlle the maJor der1ved 
characterlstlcs for each are summar1zed 
at the bottom of Table XX. Further 
detalls on each alrcraft are descrlbed 
1n the followlng sect1ons. 

(1<41.8 Fn 

F1gure 45. Layout of No. 1 Compromise 
Turbofan Alrcraft 

Figure 46. 

/~\IIM 
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(1<42.2 Fn 

Layout of No.2 QU1etest 
Turbofan Alrcraft 

~----_____ 575M ___ ~ 
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-===::;:;o:;::::;::o;:::M'=1o 0 0 

52.1 M 
(170.8 Fn 

F1gure 47. Layout of No.3 Compromlse 
Turbofan Aircraft 

Deslgn 

Geometnc dlmenslons of the three 
alrcraft are complIed ln Table XXI. 
The cargo compartment and fuselage are 
the same Slze as for the turboprop alr
craft because both types have ldentical 
payload requlrements. Also, both types 
of alrcraft exhlblt other common deslgn 
features to slmpl1fy the comparlson of 
the effects of the propulslon systems. 
The most promlnent of these common 
features w1ll be ment10ned only bnef
lYe For a fuller description of deslgn 
features, reference should be made to 
the corresponding sectlon on the turbo
prop a1rcraft. 

The No. 1 and No. 2 a1rcraft are 
loaded through a full-W1d th aft door, 
whlle the No. 3 a1rcraft achleves 
straight-in loading through a full
wldth nose Vlsor door. All of the alr
craft have a h1gh wlng, englnes mounted 
on pylons beneath the wing, and a 
T-tall empennage. The landing gear lS 
comprlsed of a slngle-strut nose gear 
and tWln-tandel'l maln gears mounted on 
each slde of the fuselage. 
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Table XXI. Geometry Summary for 
Selected Turbofan Alrcraft 

I TURBOFAN AIRCRAFT 

ITEM. I COMP~OMISE I 2 aUIETEST 

ASPECT RATIO 
SPAN, M(Fn 
AREA, ,,2 (FT2) 
;HICKNESS RATIO 
LOADING, KN;M2 (PSF) 
SWEEP, RAD (DEG) 

FUSELAGE 

LENCTH, M (F'n 
EaulV 01.0 , M (Fn 

HORIZONTAL TAIL·* 

VERTICAL TAIL+-

!~~: ,:;'2(rn2) 
CARGO COMPARTMENT 

RO\\~ OF CONTAINERS 
LENGTH, M (Fn 
NIDTH, M (Fn 
HEIGHT, M (Fn 

.0 40 

13 5 
43 0 (141) 
137 (1475) 
o 139 
6 0 (125) 
o 35 (2C) 

40 5 (133) 
4 2 (13 7) 

8 6 (28 I) 
16 3 (175) 

5 4 (178) 
24 4 (263) 

I 
24 7 (80 9) 
2 7 (9 0) 
2 9 (9 5) 

16 
479(157) 
144 (1548) 
o 139 
6 0 (125) 
C 3, (20) 

40 5 (133) 4 2 (13 7) 

8 5 (279) 
16 1(173) 

59(19 2) 
28 6 (308) 

I 
24 7 (80 9) 
2 7 (9 0) 
2 9 (9 5) 

• TAPER RATIO 
•• TAPER RATIO 

ASPECT RATIO 
• 0 35 SWEEP· ° 44 RAD (25 DEG), 

• lA.PEI( il.ATlO 
ASPECT RATIO 

• 4 5 THICKNESS RATIO' ° 095 
• 0 9 S.vEEP· 0 ,2 <AD (30 DEG), 
• I 2 THICKNESS RATIO' 0 095 

Weights and Balance 

3COMPROMI$E 

12 
56 4 (185) 
271 (2921) 
o 138 
6 0 (125) 
o 3, (lO) 

46 9(154) 
63(205) 

132(433) 
38 7 (417) 

70(230) 
40 8 (439) 

2 
31 I (102 C) 
5 6 (18 5) 
2 9 (9 5) 

Table XXII llsts the welghts for 
the major subsystems of the three tur
bofan alrcraft. Based on the dlstribu
tion of these welghts, the actual 
center-of-gravlty posltions of the alr
craft were calculated as fuel and pay
load welghts change. The resultlng 
center-of-grav1ty envelopes for the 
three alrcraft, as shown 1n Flgure 48, 
are for an assumed un1form dlstributlon 
of fuel and payload. Some varlatlon 
from this unlform distnbution assump
tion lS permltted as long as the air
craft center of gravlty does not move 
outslde the two loadablllty 11mits on 
the flgures. These limlts are 
establlshed by the horlzontal tall 
Slze. The forward 11mlt lS fixed by 
nose wheel 11ft-off at 80 percent of 
the stall speed for the No. 1 and No. 2 
alrcraft and by trlm constralnts for 
the No. 3 aircraft. Stabll1ty sets the 
aft Ilm1t for all three alrcraft. 
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Table XXII. Weight Summary for Selected 
Turbofan Aircraft, kg (Ib) 

TURBOFAN AIRCRAFT 

ITEM I COMPROMISE 2 aUIETEST J COMPIQ:OMrSE 

STRUCTURE I 
I 

WING I 10,523 (23,150) 12,948 (28,486) 22,533 (49,616) 
FUSELAGE 

I 
9 823 (21 610) .,871 (21,717) 18 285 (40,2:7) 

HORIZONTAL TAIL 
, 

456 (1,003) 458 (1,008) 1,028 (2,261) 
VERTICAL TAIL 576 (1,267) 630 (1,430) 945 (2 080) 
NOSE GEAR 509 (1,120) 537 (1,181) 1,013 (2,228) 
MAIN GEAR 3,406 (7,493) 3,592 (7,903) 6,n7 (14,910) 
NACELLE 612 (1,346) 686 (1,509) I, III (2,445) 
I'YLON 716 (1,~75) 812 (1,786) 1,256 (2,764) 

P~OR.lLSION I 
ENGINES 1 4,325 (9,514) 5,240 (II ,529) I 7,525 (16 555) 
THRUST REVERSERS I n6 (1,598) 880 (1,937) 1,264 (2,781) 
FUEL SYSTEM 

I 
751 (1,652) 755(1,661) 1,038 (2,283) 

MISCEllANEOUS 455 (1,000) 455 (1,000) 909 (2,JeO) 

SYSTEMS & EaU IPMENT 
I 

8,332 (18,330) I e,438 (18,563) 11,880 (26,137) 

OPERA liNG WEIGHT I 41,210 (90,658) 45,322 (99,709) 75,584 (166,287) 

CARGO 27, m (60,000) 127,273 (60,000) 61,364 (135,000) 
ZERO FUEL WEIGHT 68,483 (ISO,658) 72,595 (159,709) 136,948 (301 287) 
FUEL 16,966 (37,325) 117, ISO (37,730) 32,397 (71,273) 
RAMP wEIGHT 85,449 (187,983) 189,745 (197,438) 169,345 (372 560) 

KG 

100 NO.1 COMPROMISE 

LB 

200 

75 

150 NOSE WHEEL 

LIFT -OFF UMIT 

WEIGHT,. 
1000 FERRY 

WEIGHT 
so 

100 

STABILITY 

J 
LIMIT 

25 

10 32 34 36 38 44 

CENTER OF GRAVITY, PERCENT OF WING "'EAN AERODYNAMIC CHORD 

KG NO.2 QUIETEST 
100 

LB 

'oor 
GROSS WEIGHT 

l NOSE WHEEL 
ZERO 

150~ 
75 LIFT -OFF LIMIT FUEL 

JERRY WEIGHT, 
1000 

WEIGHT 

I so 
100 

STABILITY 
LIMIT 

so 25L 

10 30 32 34 36 42 

CENTER OF GRAVITY, PERCENT OF WING MEAN AE~ODYNAMIC CHORD 

Flgure 48. Loadlng Envelopes for Tur
bofan Alrcraft 
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La 
400 

350 

300 

NEIGHT, 
1000 

2SO 

200 

IsoL 

KG 

175 

ISO 

125 

100 

75 

TRIM 
LIMIT 

NO.3 COMPROMISe 

ZERO 
fUEL 

21 34 47 

CENTER OF GRAVITY. PERCENT Of WI NG MEAN AERODYNAMIC CHORD 

F1gure 48. (Cont'd) Loading Envelopes 
'for Turbofan Alrcraft 

Performance 

Table XXIII summar1zes the major 
a1rport performance features of the 
three a1rcraft. In contrast to the 
turboprop alrcraft, Wh1Ch take off 1n 
d1stances cons1derably under the 2440 m 
(8000 ft) fleld length 11m1t, the tur
bofan a1rcraft require the full f1e1d 
length perm1tted. 

Productivity capab111t1es of the 
aircraft are shown by the payload-range 
curves 1n F1gure 49. In each case, the 
payload-range comb1nat10n that corre
sponds to the basic des1gn p01nt is 
spec1ally deslgnated. All of the a1r
craft have the requ1red capabi11ty to 
carry up to 20 percent more payload 
than the des1gn val ue for some red uced 
range. Toe range for the maximum over
load is def1ned by the intersectlon of 
the constant gross we1ght line and the 
hor1zonta1 11ne wh1Ch represents the 
2.5-g structural 11m 1 tation. Some 1n
crease 1n range 1S atta1nab1e at con
stant gross we1ght by trading payload 
we1ght for fuel we1ght unt1l the w1ng 

volume ava11ab1e for carrY1ng fuel be
comes a llmitation. Additional range 
may be ach1eved only at a reduced gross 
we1ght with smaller payloads unt11 the 
zero-payload, or ferry, range 1S 
eventually reached. 

These payload-range data were cal
culated based on the a1rcraft per
formance character1stics Wh1Ch are 
presented 1n Table XXIV and Figures 50 
to 52. Table XXIV shows the vanous 
components that contribute to the total 
drag bU11dup along W1 th the partlcu1ar 
values for each alrcraft. Nacelle drag 
1S not listed on the table because lt 
is accounted for in the net thrust of 
the propuls1on system. 

The drag po1ars shown 1n F1gures 50 
to 52 were den ved based on the drag 
bU1ldups 1n the table. In each case, 
several polars are 1ncluded for crUlse 
and for takeoff cond1tions of gear down 
1n ground effect and gear up out of 
ground effect. The correspond1ng 11ft 
curves are also lncluded for complete
ness. 

Table XXIII. A1rport Per formance Sum-
mary for Selected Turbo-
fan A1rcraft 

ITEM 

TAKEOFF DISTANCES, M (Fn I 
BALANCED FIELD 2 ..... (80181 I 2354 (77221 2294 (7S2n 

OVER II M (35 FD OBSTACLE 2061 (6762) I 2058 (6751) 2140 (7021) 

OVER 15 M (so FD OBSTACLE 2119 (6951) 2117 (694n 2215 (n6B) 

FAA FACTORED 2370 (7776) 
12366 (7764) 2461 (8074) 

TAKEOFF SPEEDS, MIS (KD 

STALL I>J (123) 

I 
I>J (122) I>J (122) 

ROTATION 74 (143) 73 (U2) I 70 (136) 

LIFT OFF 76 (148) 76(14n 73 (141) 

I APPROACH SPEED, MIS (KD 69 (135) I 69 (135) I 69 (135) 
I I LANDING DISTANCE, M (FD 1853 (6078) /1862 (6110) lB52 (6075) 

FLAP DEFLECTION, RAD (DEG) 

TAKEOFF 034(19) I 0 35 (20) 0.35 (20) 

LANDING o 87 (SO) o 87 (50) o 87 (50) 
I 

ENGINE-OUT GRADIENT o 0204- I:: o 055 

LIFT COEFFICIENTS 

TAKEOfF 260 260 

LANDING 3 14 ~ 14 3 14 
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Table XXIV. Drag BUlldups for Selected 
Turbofan Alrcraft 

TURBOFAN AI RCRAFT , 
1 COMPROMISE 1 2 QUIETEST I 3 COMPROMISE I 

I FROFILE DRAG I 

I 

I 
I 

WING 6.1 7· 65 • sa3 

FUSELAGE 65 9 62 7 55 7 
EMPENNAGE 179 18 6 17 0 
INTERFERENCE 7 • 7. 6 6 

ROUGHNESS 4 5 • 4 . ~ 
TRIM 12 0 12 0 12 0 

PYLON I 2 I 2 II - ---
TOTAL PROFILE 172 6 1717 154 7 

INDUCED DRAG 83.9 iO 5 97 I 

TOTAL DRAG 

PROFILE 1726 171 7 154 7 
INDUCED 83 9 705 97 I 
COMPRESSIBILITY 10 0 10 0 10 0 
MISCELlANEOUS -U. 52 52 --- --

TOTAL 271 7 257. 2670 

CI!JISE LIFT COEFFICIENT 058 058 0.58 

LlFT/ORAG 21 35 22 54 I 21 73 

·DRAG IN COUNTS I COUNT· 0 0001 
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Propulslon System 

The maln characterlstlcs of the 
propulslon system are llsted ln Table 
XXV for the three alrcraft. The bypass 
ratlo 10 engines on the No.1 and No.3 
alrcraft are dlrect-drlve englnes, 
whlle the bypass ratio 13 engine uses a 
geared fan. 

The dimenslons and performance 
characteristlcs of the englnes are 
based on those for the Pratt & Whltney 
STF477 turbofan englne. Descnptions 
and detalled data for the basellne 
versions of thlS engine are lncluded ln 
Appendlx J along Wlth an outllne of the 
methods used to scale the baseline 
systems to other Slzes. 

Table XXV. Propul Slon Surrrnary for 
Turbofan Alrcraft 

I TUR90FAN AI ~RAFT 

IrEM I COMPPOMISE 2 QUIETEST 3 CQMPqO",SE 

ENGINe 

NUMBE~ 2 2 4 

BYPASS RATIO 10 13 10 

DIAMETER, M (FT) 2 0 (6 5) 2 2 (7 1) I 9 (6 2) 

LENGTH, M (FT) 3 1 (10 2) 3 4 (11 2) 3 0 (9 9) 

NACELLE 

DIAMETER, M (FT) 2 3 (76) 2 5 (8 3) 2 2 (7 1) 

LENGTH, M (FT) 3 1 (10 3) 3 4 (11 2) 3 0 (9 9) 

PERFORN\ANCE 

RATED "H'UST, 1000 N (LS) 118 3 (26 ,) 125 4 (28 2) 104 5 (23 ,J) 

CRUiSE THPV5T, 1000 N CLB) 2. 9 (5 0) 24 0 (5 4) 21 a (4 9) 

THRUST 'I EIGHT, N/K.G 2 7' (0 23) 2 84 (0 29) 2 45 (0 2,) 
(LS,tS) 

Cia,JISE SFC, KC HP-N o 06 (0 60) o 062 (061) o Cbl (0 60) 
(La H'-LS) 

Noise 

Flgure 53 shows the predlcted nOlse 
levels of the three turbofan alrcraft 
at the standard measurlng pOlnts of 
takeoff, sldeline, and approach. Also 
included on the flgure are the FAR 36 
stage 3 noise limlts applicable to new 
alrcraft. It lS lmmedlately ObV10US 
from comparlng the pred ictlons and 
llmits that the turbofan alrcraft 
selected from the parametnc study are 
unable to meet the nOlse regulatlons ln 
most cases. ThlS was not completely 
unex pected, nor lS lt necessarll y 
disastrous! 
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40 60 160 200 ~ lceo LB 
TAKEOFF GROSS WEIGHT, 1000 

FAR 36 Stage 3 NOlse Llmits 
and Noise Levels of Select
ed Turbofan Alrcraft Wlth
out Treatment 

All of the turboprop and turbofan 
alrcraft were onglnally deslgned wlth 
hardwall nacelles around the englnes; 
that is, no attempt was made to sup
press englne nOlse. ThlS approach has 
llttle effect on the turboprop alrcraft 
because the propeller lS the predom
lnant nOlse source, not the engine. 
For the turbofan alrcraft, however, the 
converse lS true because the englne fan 
and turblne are the maJor nOlse 
sources, and these can be qUleted 
through proper deslgn of the nacelle 
for nOlse suppresslon. 

At the beginOlng of the turbofan 
alrcraft parametrlc study, there was no 
way of knowlng how much nOlse treatment 
would be requlred for each alrcraft to 
meet the FAR 36 llmlts. Rather than 
penallze some alrcraft by addlng too 
much treatment whlle posslbly not 
addlng enough treatment to others, the 
approach was adopted of uSlng hardwall 
(untreated) nacelles for all of the 
parametrlc alrcraft and then modlfYlng 
only the selected deslgns as requlred. 

Pratt & Whltney has lnvestlgated a 
modlfled nacelle for the STF477 engine 
uSlng an approach that was prevlously 
applled to a JT9D englne. In concept, 
the STF477 nacelle could be modlfied as 
lndlcated schematlcally ln Flgure 54 to 
achleve the nOlse reductions shown at 
the bottom of the flgure. Thls flgure 
presents nOlse reductions for only the 
two predomlnate englne sources - the 
fan and the turblne - and for the total 
englne. Essentlally no reductlons are 
reallzed by the englne core and Jet. 

By deslgnlng a nacelle wlth nOlse 
suppresslon lncluded from the be
glnnlng, rather than as a modlflcatlon 
or add-on, the welght penalty for the 
suppresslon has been estlmated to be 
approxlmately 15.9 kg 05 lb) per 
nacelle for the englne thrust levels ln 
thlS study. ThlS welght lS so small, 
relatlve to the alrcraft ramp welght 
(about 0.04 percent), that the alrcraft 
need not be reslzed to take advantage 
of the amount of noise reductlon. Wlth 
thlS treatment, the three turbofan alr
craft are conslderably qUleter, and as 
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Suppresslon and Predlcted 
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shown In Figure 55, thelr predicted 
n01se levels over the measur1ng pOlnts 
eas1ly comply W1 th the FAR 36 regula
tlons. 

Two n01se-Ievel values are shown in 
F1gure 55 for takeoff flyover for each 
al rcraft. One lS for full-powered 
takeoff and cllmb, whlle the other lS 
for a cutback power prof1le*. Note 
that the same result is achleved as for 
the turboprop alrcraft; cuttlng back 
the power during cllmb 1S not always 
benef1clal In reduclng the nOlse at the 
measurlng pOlnt. This occurs because 
the reductlon In propulslon nOlse lS 
more than compensated for by the re
duced flyover altltude. 

* The only dlfference between the two 
profiles occurs after the aircraft 
reaches an al tl tude of 305 m ( 1000 
ft). In the cutback case, the englne 
power lS reduced to the minlmum level 
that wlll sat1sfy the FAR 36 regula
tlons. No power reductlon occurs for 
the full-power case. 
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Further 1ns1ght 1nto the a1rcraft 
nOise at the measur1ng po1nts 1S ga1~ed 
oy exam1n1ng the contr1but1ons from the 
var10US n01se sources, Wh1Ch are listed 
1n Table XXVI, for the three turbofnn 
a1rcraft w1th the1r nacelles treated. 
Based on these tables, the follow1ng 
observat1ons are made. 

o There 1S no clear pattern of anyone 
n01se source be1ng predom1nant for 
all or most cases. The fan and tur
b1ne n01se sources, however, are 
generally the largest, or close to 
the largest, contr1butors. 

o During approach, turb1ne n01se 1S the 
predom1nant source for all three a1r
craft. Fan and a1rframe n01se are 
the next largest contr1butors. 

0 For the No. Compromise a1rcraft, 
fan noise 1S the major source for 
sldel1ne and takeoff cases. Fan 
n01se, along w1th a1rframe n01se, 
ranks second to turbine noise during 
approach. 

o For the No. 2 QU1etest a1rcraft, 
there is no predom1nant n01se source. 
The three or four loudest contr1bu
tors for each cond1t1on are all w1th-
1n 3 dB of each other. Airframe and 
fan n01se are always members of th1S 
group. 

o For the No. 3 Comprom1se a1rcraft, 
fan noise 1S by far the loudest con
tributor to the full-powered takeoff 
and sideline cases. A1rframe n01se 
1S predom1nent dur1ng cutback take
off, and turbine nOlse holds thlS 
d1st1nction for approach. 

o In general, the two compromise a1r
craft could benef1t substant1ally 
from add1tional n01se treatment 1n 
the nacelles before a1rframe n01se 
becomes the llm1t to further n01se 
reduct1on. Conversely, add1t1onal 
treatment on the quietest a1rcraft 
would not be benef1c1al because 
a1rframe n01se 1S, or 1S nearly, the 
major n01se source. 
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Table XXVI. N01se Source D1stnbut1ons 
for Turbofan A1rcraft 

NO. 1 COMPROMISE 
MEASURING POINT 

'lOISE SOURCE 

FAN· 92.97 92 86 

lURBINE 82.18 84 65 

CORE 80 61 79 51 

JET n 56 

AiRfRAME 80 12 

TOTAL 94 55 

DURA TION CORRECTION -2.69 

EPNL 91 86 

NO.2 QUIETEST 
MEASURING POINT 

TAKEOFF APPROACH 
NOISE SOURCE FULL POWER CUTBACK 

FAN* 79 85 I 81 23 95.16 

lURBINE n 23 80 18 98 50 

CORE 8056 79 51 86 81 

JET 7500 74 30 79 35 

AiRfRAME 80 69 83 19 96 48 

TOTAL 63 80 86.06 102.31 

DURATION CORRECTION 096 ~4J -5 60 

EPNL 84 76 8649 96 71 

NO.3 COMPROMISE 
MEASURI NG POI NT 

TAKEOFF APPROACH 
NOISE SOURCE FULL POWER CUTBACK 

I FAN' 
I 

99 51 9068 101.07 

I TURBINE 90 03 91 16 105.45 
I 

CORE 8685 84 07 8960 

I JET 3378 80 4J 92 38 

I AIRFRAME 84 86 86.34 97.15 

TOTAL 101.13 I 98 20 107.82 
I 

DURATION CORRECTION -3 71 -<l34 -4.69 

EPNL 9742 97 86 103.13 

• NOISE LEVELS OF SOURCES ARE IN PERCEIVED NOISE LEVEL TONE

CORRECTED MAXIMUMS (PNLT M) 

SIDELINE 

8931 

n.16 

n 48 

74 13 

76.25 

90 78 

-I 69 

89 09 

SIDELINE 

! 74 82 

I n.ol 
n4J 

71 87 

76 81 

80 03 

209 

82.12 

SIDELINE 

93.95 

83.05 

82.04 

I 7866 

I 7966 

95 49 

-207 

93.42 

o Cutt1ng back on eng1ne power dur1ng 
cl1mb 1S as llkely to be a detr1ment 
as a benef1t. Th1S points out the 
need for optlm1z1ng the takeoff and 
cllmb profile for each aIrcraft to 
m1nim1ze n01se. 



I\s d1scussed prev10usly for the 
turboprop a1rcraft, noise at the 
rneasur1ng p01nt cond1t1ons lS 1n
adequate when the 1rnpact of alrcraft 
n01se on the airport cornmun1ty lS the 
maJor concern. N01sepr1nts, Wh1Ch 1n
d 1cate the total area affected by 
part1cular n01se levels of the a1r
craft, are more mean1ngful. For th1S 
study, n01sepr1nt areas have been 
calculated for the three turbofan alr
craft at 70, 80, and 90 EPNdB no1se 
levels. The shapes of these nOlse
prints, as shown ln Figures 56 to 58 
are separated lnto two port1ons of 

takeoff and approach for ease of 
presentation. The apparent overlap of 
the two contours at the approach end of 
the runway lS accounted for 1n 
determining the total noisepr1nt area. 

1000 FT 

Note that the scale for the No. 3 
a1rcraft lS half that for the other two 
a1rcraft and that these n01sepr1nts are 
for the three alrcraft w1th hardwall 
nacelles. N01sepr1nts for these a1r
craft w1th the treated nacelles w1ll be 
between one-fourth and one-th1rd the 
Sl ze of those shown W1 thout the treat
ment, based on the sens1t1vity results 
which are presented later. 

1;)00 FT loo:;;;------;i;a'o,----;':;6'o---.~0----;:1':-0 ---; 
DISTANCE TO TOUCHDOWN 

1000 FT 

20r II.M 
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F1gure 56. N01seprints for No. 1 Gom
prom1se Turbofan A1rcraft 
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Figure 57. N01sepr1nts for No.2 
QU1etest Turbofan A1rcraft 
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F~gure 58. No~sepr~nts for No.3 Com
prause Turbofan Alrcraft 

A~rcraft alt~tude changes are 
largely responslble for the gradual 
reductions In sldel~ne dlstance on the 
nOlSeprints after takeoff and for the 
lncreaslng s~del~ne d~stance on 
approach. A further reduction in slde
hne dlstance lS eVldent shortly after 
takeoff for the cutback case when the 
englne power lS reduced. However, cut
back lS not always beneflclal because 
lt tends to lengthen the nOlsepnnt, 
partlcularly at low nOlse levels, as a 
result of less climb capability. 

Because of the tapered and elonga
ted nature of the noiseprlnts WhlCh 
necessltated presentlng them In two 
parts, the impacts of cutback and 
dlfferent nOlse levels are not easlly 
vlsuallzed. To overcome thlS, the 
nOlseprlnts have been converted lnto 
squares of equlvalent area, which are 
shown in Flgure 59. In thlS form, 
correlatlon between the nOlse level and 
area becomes apparent. It is: a 10 
EPNdB reductlon ln the mlnlmum nOlse 
level for the noiseprlnt produces a 
three to four fold increase in the 
nOlseprlnt area. 
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CUTBACK POWER 
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NOlseprlnt Areas for 
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Economics 

Acquisit10n and d1rect operat1ng 
costs for the three turbofan a1rcraft 
were calculated uS1ng Lockheed's Air
craft L1fe-Cycle Cost Evaluat10n model, 
Wh1Ch 1S described 1n more deta1l 1n 
AppendlX B. The acquis1tlon cost 
port1on of the model computes the cost 
of each structural and functional sub
system, and then adds them to obta1n a 
total acqu1s1t1on, or un1t flyaway, 
cost. D1rect operat1ng costs were 
determ1ned based on the 1967 A1r 
Transportat1on Assoc1atlon methodology 
w1th the coefficients updated to 1980 
values. 

Tables XXVII and XXVIII list the 
values for the various elements that 
contr1bute to the acquis1t1on and 
d1rect operat1ng costs, respect1vely, 
for the three turbofan a1rcraft. These 
costs are based on the same gU1dellnes 
and assumptions as for the correspond
ing turboprop a1rcraft. For a re
fresher, the reader may w1sh to refer 
to Table XVIII, Wh1Ch was presented 
earl1er, for a summary of the costing 
bas1s. Required for the cost1ng, but 
not Ilsted 1n that table, are the fleet 
Slzes to meet the spec1f1ed product1v-
1ty. The fleet cons1sts of 394 a1r-

Table XXVII. Acquis1t1on Cost Break
down for Turbofan A1r
craft 
(COSTS IN $1000) 

TURBOFAN AIRCRAFT 
ELEMENT I COMPROMISE 2 QUIETEST 3 COMPROMISE 

NING 2,130 2,565 5,395 
TAIL 452 492 1,031 
FUSELAGE 2,525 2,536 5,842 
LANDING GEAR 372 390 719 
FLIGHT CONTROLS 388 399 730 
NACELLES 485 553 1,123 
ENGINE INSTALLATION 42 I 46 79 
FUEL SYSTEM 169 

I 
170 344 

THRUST REVERSER 341 375 586 
PPOPULSION MISC 159 159 417 
INSTRUMENTS 95 97 240 
~YDRAULICS 222 

I 
229 496 

EL:CTRICAL 399 420 673 
AVIONICS INSTALLATION 52 52 73 
FuRNISHINGS 383 383 679 
AIR CONDITIONING 284 285 425 
AUXILIA~Y POWE~ 54 55 75 
SYSTEM INTEGRATION 342 379 951 

TOTAL EMPTY MFG COST B.894 

I 
9,575 19,878 

SUSTAINING E!'.GINEERING 717 770 2,564 
PROD TOOL MAl NT 796 654 2,437 
QUALITY ASSURANCE 545 585 1,310 
AIRFRAME NARRANTY 

I 
548 589 1,310 

AIRFRAME FEE 1,725 1,856 4,125 
ENGINE 4,181 4,589 7,849 
AVIONICS i 500 500 500 
RESEARCH & DEVELOPMENT I 2,382 2,476 8,723 

TOTAL ACQUISITION COST I 20,288 

I 
21,i94 48,696 

, 

craft for the No. 1 or No. 2 des1gn, 
and 175 for a1rcraft No.3. 

The direct operat1ng cost breakdown 
1n Tab~ XXVIII uses a fuel pnce of 
264 $/m (100 t/gal). Adm1ttedly, th1S 
pr1ce 1S lower than the current market 
value, but of the three values speC1-
fled for this study, the one used 1S 
closest to reallty. D1rect operatlng 
costs based on the two lower fuel 
prlces, as well as some h1gher values, 
w1II be 1ncluded 1n some sens1tiv1ty 
study results that w1ll be presented 
later. 

The relat1ve importance of the var
ious elements that make up the direct 
operat1ng cost 1S eaS1er to perce1ve 
when the data of Table XXVIII are 
presented as 1n Flgure 60. All three 
cost d1stnbutlon layouts are drawn to 
the same scale so that the total area 
covered 1S 1nd1catlVe of the relatlve 
magm tude of the costs for each a1r
craft. Thus, the No. 2 a1rcraft has 
the largest area whlle the No. 3 alr
craft has the smallest. 

Alrcraft No. 1 and No. 2 are very 
slm1lar 1n design, and as expected, 
thelr cost distrlbutions are nearly 
1dent1cal. In contrast, the No. 3 
a1rcraft 1S cons1derably larger than 
the other two and 1t possesses a d1f
ferent cost d1str1but1on. In every 
case, the fuel and 011 ltem lS the 

Table XXVIII. D1rect Operat1ng Cost 
Breakdown for Turbofan 
Alrcraft 

TURBOFAN AIRCRAFT 
I 

ELEMENTS 1 COMPROMISE 2 QUIETEST ! 

C'lEW 1786-

FUEL & OIL·· 4516 

INSURANCE 734 

MAINTENANCE 

AIRfRAME tASOR 196 

AIRFRAME MATEIIAL 2S6 
ENGINE LASOR 126 

ENGINE MATERIAL 574 

BURDEN 646 

DEPREC1A liON 2734 

TOTAL TRIP COST 11,622 

DOC, ~/AT KM 100 

;,tATNM 16 97 

• COirs In doHcn ",rMMI notad Otherwise 
•• Fuel at 264 11M3 (lOa ~GAL) 

I 
I I 
'1m 
I 

4566 

I 34J 

I 
I 

i 210 

i 273 
I 130 

1630 

.eo 

:941 

12,066 

10 4 

1751 

3 COMPROMISE I 
I 

1902 I 
B6oI6 I 

1885 I 
I 

316 

649 

247 

1078 

1125 

6492 

22,340 

B 6 

1452 
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NO. 1 COMPROMISE 

CREW 15.3% 

DEPRECIATION 23.6% 

MAINTENANCE 15.5% FUEL 8. OIL 38.9% 

I NSURA NCE 6.7% 

NO.2 QUIETEST 

CREW 14.9% 

MAINTENANCE 15.9% FUEL 8. OIL 37.9% 

INSURANCE 0.9% 

NO.3 COMPROMISE 

DEPRECIA T10N 29,0% 

FUEL & Oil 38.7% 

INSURANCE a.S% 
Figure 60. Direct Operating Cost 

Distributions for Turbofan 
Aircraft 

largest single entity, and it, like the 
maintenance category, remains es
sentially a constant percentage of the 
total. The changing features are most
ly a result of the increased payload. 
With more than double the payload of 
the other two. aircraft No. 3 has a 
crew cost that is approximately one
half that of the two smaller aircraft. 
This balances the increased deprecia
tion and insurance costs incurred by 
being larger. 

SENSITIVITY STUDIES 

The three turbofan aircraft served 
as baseline values in a series of 
sensitivity studies in which .the objec-
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tive was to isolate the effects of the 
parametric study variables, the study 
guidelines and constraints, and the 
design methodology. 

Using the same approach as for the 
turboprop aircraft sensitivity studies, 
percent variations in noiseprint. DOC. 
and block fuel were used as indicators, 
where applicable, of the effect of the 
various sensitivity parameters. To de
termine which factors have the greatest 
impact on these indicators. the previ
ously defined measure of sensitivity 
(MOS) was used. As a refresher. the 
MOS is the ratio of the percent change 
that occurred in one of the indicators 
to the percent change in the sensi tiv
ity parameter. For qualitative evalua
tion, the numerical MOS val ues are ar
bitrarily interpreted as follows: 

Numerical 
Evaluation 

MOS < 1 

1 ~ MOS < 2 

2 ~ MOS ~ 5 

MOS > 5 

Quali tati ve 
Interpretation 

Negligible 

Marginal 

Significant 

Critical 

The MOS values and qualitative aSsess
ments for all of the sensitivity 
studies on the turbofan aircraft are 
summarized in Figure 61. 

Noise source level is the only 
parameter in all of the turbofan air
craft sensitivity studies that critic
ally affects the resul ts, and it does 
so for all three aircraft. Likewise. 
there is only one significant sensi
tivity area; it is the effect of air
frame weight on DOC. but onl y for the 
No. 2 Quietest aircraft. Marginally 
sensitive ratings are given to the 
effects of: drag on block fuel for all 
three aircraft, approach speed on block 
fuel for the No. 2 aircraft. airframe 
weight on DOC for the No. 1 and No. 3 
aircraft, and load factor on DOC for 
aircraft No. 1 and No.2. All other 
sensitivity parameters have negligible 
effects. Further details on the ind i
vidual sensitivity studies are provided 
in Append ix L. 
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AIRCRAFT COMPARISON 

One of the main obJect1ves of th1S 
study 1S to compare the effects of tur
boprop and turbofan propulslOn systems 
installed on slm1lar a1rcraft. The SlX 
alrcraft - three Wl th turboprops and 
three wlth turbofans that were 
described ln the precedlng sections 
provlde the bas1s for fulfilllng thlS 
obJective. Because each pair of com
petltlve alrcraft is slmllar 1n ex
ternal appearance, geometrlcal dlf
ferences are negllglble and can be 
ignored. Instead, the comparison can 
be focused on the difference in the 
areas of performance 1ncluding cost, 
nOlse, and sensltlvlties. 

PERFORMANCE 

Numerlcal values are llsted ln 
Table XXIX for flve parameters WhlCh 
prov1de an 1nd1cat1on of the per
formance capablllties of the SlX alr
craft. A comparlson of the three 
turboprop or three turbofan alrcraft 
revel s that two purported ax 10mat1c 
trends are met: "quietness costs" and 
"blgger lS better." The qUletness 
aXlom is supported by comparing air
craft No. 1 and No. 2 for both pro
pulsion systems. Alrcraft No.2, a 

Table XXIX. Numerical Companson of 
Aircraft Performance 

AIRCRAFT 

I COllfRQMISl 2 QUIETEST JCOo..<fROMISE 

PAYLOAD 1000 KG 27 2 27 2 61 • 

L! 60 00 135 

"'!OPUlSION TYPE PRCP FAN PROP FA!'. PRCP F.N 

~AMP WEIGHT 1000 KG 81 S, 85 ?O 166 169 

LB 178 188 18' 19; 36, m 

BLeCK FUEL 1000 KG 10 7 13, 10 a 13 6 212 25 8 

LB 23 5 29 6 23 8 29 9 (60 J6 i 

FUEL E'FICIENCY, TKM KG 12 :::8 9 60 11 ~1 9 47 13 6. 11 23 

TNM/LB 2 03 2 33 2 39 2 30 3 32 273 

~OC c TKM a 9 10 0 8 9 10 4 a 0 8 0 

c: Tf'lM " 7 16 9 15 0 17 5 133 14 5 

FIELD LcNGTH M 1349 2' .... l8n 2366 1343 2438 

Of >167 9018 615'" ,.,. 6;62 aooo 
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quiet verSlon of alrcraft No.1, pays 
for ltS quietness by belng relatlvely 
heavler, less fuel efflclent, and more 
expensive to operate. Consistent wlth 
the Slze aXlom, alrcraft No.3 achleves 
better fuel efflclency and lower DOC 
than alrcraft No. 1 by' carrYlng a 
larger payload. 

A companlon lllustratlon, Flgure 
62, graphlcally hlghllghts the percent 
benefits that each turboprop alrcraft 
enJoys relatlve to ltS counterpart tur
bofan alrcraft. In every case, the 
turboprop Wlns with lower ramp welghts 
and less block fuel used, resulting ln 
hlgher fuel efflciencles*, lower DOCs, 
and shorter fleld lengths. The mag
nltude of some of the beneflts lS par
t1cularly noteworthy w1th fuel sav1ngs 
of 17 to 21 percent, 21 to 26 percent 
lmprovement ln fuel efflc1ency, and 

RA/.'i WEIGHT 
BLOCK FUEL 
FUEL EFFICIENCY 
DOC 
FIELD LENGTH 

RAMP WEIGHT 
BLOCK FUEL 
FUEL EFFICIENCY 
DOC 
FIELD LENGTH 

RAMP WEIGHT 
BLOCK FUEL 
FUEL EFF IC IENCY 
DOC 
FIELD LENGTH 

I COMPROMISE AIRCRAFT 

2 QUIETEST AIRCRAFT 
"'-ti"r-T5;:. 1TT""l-rrrrn rT 20 4 

tT'rT'2 '1'1
1 

CTTTT1r-rM 17.8 

3 CO"",,ROMISE AIRCRAFT 

o 10 30 40 

PERCENTAGE BENEFIT OF TURBOPROP TO TURBOFAN 

Flgure 62. Turboprop Alrcraft Perfor
mance Beneflts Relatlve to 
Turbofan Alrcraft 

* Fuel efficlency, as used here, 1S the 
product of the payload and range 
dlvided by the block fuel. Thus, fuel 
efflclency indlcates the amount of 
payload that may be carried a unlt 
d1stance per un1t of fuel, or alter
nately, the total dlstance a unlt 
payload wlll be carrled for a un1 t of 
fuel. 



DOCs down by 8 to 15 percent. The 20 
to 25 percent shorter field lengths are 
also significant because this means 
that the turboprop aircraft can operate 
into small airports that may not be 
accessible to turbofan aircraft. 

Al though not shown on the figure, 
both the turboprop and turbofan air
craft have about 20 percent lower fuel 
consumption than today' s commercial 
aircraft. Thus, the turboprop offers a 
total potential fuel saving of 40 
percent in comp~rison with current air
craft. 

NOISE 

There are two types of noise 
measurements of concern. One, 
measuring point noise, is set by 
federal regulations, and hence, demands 
compliance. The second, the noiseprint 
concept, is intended to provide an in
dication of the effect of an aircraft 
on the airport community. In this re
port, noiseprint areas are presented 
for several noise levels without 
at tempting to judge what is an accept
able level or area for any community. * 
Such a judgment must take into account 
the community's proximity to the air
port and the background of its consti
tuency, both of which are considerably 
outside the scope of this study. 

ME~asuring Point Noise 

Because of the regulatory require
ments concerning it, measuring point 
noise is addressed first in comparing 
the two types of propulsion systems. 
Figure 63 illustrates the FAR 36 stage 

* Even though an 80 EPNdB noise level 
is used for presenting much of the 
sensitivity data in this report, this 
level Simply served as a convenient 
base and is not intended to imply a 
preferred or suggested level. 

o 1 COMPROMISE 

CJ 2 QUIETEST 

e:. 3 COMPROMISE 

95 
EPNdB 

85 

SYMBOL WITH TAlliS FOR 
CUTBACK POWER ON TAKEOFF 

P .. TURBOPROP 

F .. TURBOFAN 

APPROACH Fl YOVER 
110 ~~="lri; 

as 
1'-0--------:-:100:::-----:400, KG 

20 40 60 laO zoo 400 1000 LB 
TAKEOFF GROSS WEIGHT, 1000 

Figure 63. Comparison of Aircraft 
Noise Levels with FAR 36 
Stage 3 Limits 
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3 nOlse llmlts as a function of gross 
welght at the three standard measunng 
pOlnts of takeoff flyover, sldeline, 
and approach. All SlX alrcraft neces
sarl1y comply wlth the regulatlons, as 
lndlcated by all of the predlcted nOlse 
level pOlnts belng below the llmlt. 
That sane alrcraft pOlnts are further 
below the 11m its than others lS not the 
resu1 t of any concerted deslgn effort 
on that partlcu1ar alrcraft. As dis
cussed In preVlOUS sectlons, the SlX 
alrcraft were selected based on thelr 
1m pact on nOlseprlnt areas. The nOlse 
levels of the turboprop alrcraft at the 
measurlng points are slmply a fall-out; 
those for the turbofans are the resu1 t 
of app1Ylng equal nOlse suppresslon 
treatment to the nacelles after lt was 
observed that the onglna1 se1ectlons 
wlth hardwa11 nacelles could not 
satlsfy the regu1atlons - an expected 
result. 

A1 though the propeller or fan lS 
the predomlnant nOlse source In the 
respectlve alrcraft for most cases, 
generally, only small reductlons In 
these nOlse sources wl11 prove 
beneflcla1 before airframe nOlse be
comes the maJor source. In fact, 
alrframe nOlse predanlnates on approach 
for all three turboprop aircraft. 

Alrframe nOlse lS hlgher for a 
turboprop alrcraft than for a turbofan 
alrcraft because of propeller S11P
stream effects on the wing and flaps, 
all other thlngs belng equal. The In
fluence of these effects on alrframe 
nOlse may be observed by comparlng 
correspondlng alrcraft (see Tables XV 
and XXVI) at the approach measurlng 
pOlnt where all condltlons are essen
tlally equal. In these cases, the SllP
stream lS responslble for about a 3 dB 
lncrease ln alrframe nOlse. Further 
detalls on this sllpstream effect are 
presented in Appendlx M. 

In regard to the alrcraft noise 
levels at the measurlng pOlnts, the 
only slgmficant pOlnt is that all 
comply Wl th the regu1atlons. No Slg
nlflcance lS attached to the nOlse 
level of one alrcraft relatlve to 
another because no attempt was made to 
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minlmlze nOlse at the measurlng pOlnts. 
The reason for the apparent contrad lC
tion In several cases of louder nOlse 
Wl th cutback power than for full power 
wll1 be explalned later. 

Noisepnnts 

NOlseprlnt areas prevlous1y 
calculated are llsted 10 Table XXX for 
the SlX alrcraft at three noise levels 
for both full and cutback power condl
tions. * Although such a tabu1atlon 15 
beneflcia1 lf absolute magnltudes are 
of lnterest, a re1atl ve comparison lS 
much eaSler to 111ustrate ln the format 
of Figure 64. The lengths of the bars 
on the flgure lnd lcate the percentage 
by WhlCh the nOlseprlnt area for the 
louder propu1s10n system exceeds the 
area for the qUleter system. Thus, 
when the bars proJect to the left, the 
turbofan lS louder, has a larger area, 
and lS less deslrab1~. ProJectlons of 
the bars to the nght occur for un
favorable turboprop results. 

Two results occur WhlCh requlre an 
ex p1anatlon. Flrst, the turboprops 
have smaller nOlseprlnts than the tur
bofans at the 90 EPNdB level, but the 
reverse lS true at the lower levels. 
In fact, the lower the level, the 
greater the difference between the two. 
Second, cutback power may be counter
productive and lncrease, rather than 
decrease, the nOlseprlnt. 

Before we can exp1aln what lS 
happenlng In these partlcu1ar cases we 
need to rev lew some details on the 
basic nOlse characterlstlcs of the two 
propulslon systems. Consider Figures 
65 and 66 WhlCh combine the results of 
several flgures from Appendlx C. 
Flgure 65 shows that turbofan nOlse 

* The nOlseprlnt areas for the turbofan 
aircraft are based on the origlnal 
hardwa11 nacelles around the englnes. 
The effects of the lOsulation requlred 
to reduce the nOlse to meet the 
measunng pOlnt requlrements have not 
been accounted for here. 



Table XXX. Numerical Comparison of 
Aircraft Noiseprints 

AIRCRAFT 
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attentuates much qUlcker Wl th dlstance 
than turboprop n01se. For example, 
turbofan nOlse wlll be 13 EPNdB qUleter 
over a 3280 m (10,000 ft) dlstance than 
a turboprop of equal noise level. ThlS 
is dlrectly related to the attenuatlon 
characteristlcs of the two systems. 
Turbofans characterlstlcally have 
h1gh-frequency nOlse WhlCh dlsslpates 
rapldly, while turboprops emlt low
frequency nOlse whlCh 1S not so readlly 
suppressed wlth dlstance. 

Another bas1c dlfference between 
the two systems IS the radically dl
vergent speed correctlons, as indlcated 
in Flgure 66. Turbofan percelved nOlse 
levels are baslcally independent of 
aircraft forward speed, but the EPNdB 
benefl ts because of the duratlon cor
rectlon WhlCh becomes more negat1ve 
Wl th higher speed. The turboprop 
ex perlences the same d urat10n cor
rectlon beneflt, but It IS severely 
overrldden by the propeller tlP speed 
effect. Although the propeller rotates 
at constant speed, ItS noise level 
varles in proportlon to ItS total 
veloclty. WhlCh is the resultant of the 
rotat1onal speed and the aircraft for
ward speed. Thus, at 138 mls (250 kt) 
a turbofan a1rcraft is 5 EPNdB qUleter 
than an otherwlse identical turboprop 
alrcraft because of the forward speed 
effect. 

Wlth that background, the nOlse
pr1nt area varlatlons can now be ex
plalned In conJunctlon with the initlal 
fllght path proflles in F1gures 67 for 
the SlX alrcraft. Each section of the 
f1gure compares the flight paths for 
two competltlve aircraft at both normal 
and cutback power durlng cllmb. The 
proflles at full power are those that 
would typlcally be flown in normal com
merclal operation conslstent Wl th FAR 
25, whlle those at cutback power ate In 
accord Wl th the FAR 36 measunng polnt 
requlrements. Points are noted on the 
proflles to Ind1cate alrcraft pos1t1ons 
when the noise print for a partlcular 
level closes. The poS1 tlon of the FAR 
36 takeoff flyover measuring pOlnt, 
relatlve to brake release, is also 
deslgnated. 
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The followlng explanatlons are 
based on the flight proflles for the 
No. 1 Compromlse alrcraft but apply 
equally to the others. At the 90-EPNdB 
level, the nOlseprlnts close when both 
alrcraft are at al tl tudes of approx 1-
mately 650 m (2000 ft). Because of 
their greater cllmb capablE tles, the 
turboprops reach thlS al tl tude at 
shorter dlstances from brake release, 
WhlCh results In smaller nOlseprlnts. 
For thlS n01Seprlnt, the dlstance and 
speed correctlon effects are not a con
slderatlon. 

At the 80-EPNdB level, the dlstance 
and speed correctlons begln to have an 
effect on the nOlseprlnt Slze. Under 
full power, the nOlseprlnt for the tur
boprop does not close untll it IS about 
4000 m (12, 000 ft) further down range 
than the turbofan, even though the tur
boprop 1S about 1000 m <3000 ft) 
h1gher. ThlS substantlally Increases 
the n01sepr1nt area. Under cutback 
power, the n01seprlnt for the turboprop 
closes about 2500 m (7500 ft) sooner 
than that for the turbofan, Wl th both 
at about the same closure alt1tude. 
However, the smaller amount of nOlse 
attenuatlon wlth dlstance for the tur
boprop glves a wlder sldellne dlstance 
to more than balance the reduced 
closure length. Consequently, the 
nOlseprlnt for the turboprop 1S Sllght
ly larger than for the turbofan at cut
back. 

At the 70 -EPNdB level, the speed 
and distance correctlon effects are so 
pronounced that the closure locations 
of the turboprops WIll not fit on the 
graph. Rather, they can only be hlnted 
at by llst1ng the d1stance from brake 
release to closure on the rlght slde of 
the graph. Wlth the closure d1stance 
for the turboprop at three times that 
for the turbo fan at full power, 1 t 1 s 
qUlte evident that the nOlseprlnt for 
the turboprop wlll exceed that for the 
turbofan by a substantlal margIn. The 
same phenomena occur under cutback 
power. 

Next, attentIon w1ll be focused on 
the relatlve merlts of cuttIng back 
power durIng cl1mb. As a result of re-
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duclng power, two thlngs happen WhlCh 
tend to be counterproductlve. The 
posltlve aspect lS that the nOlse 
source level goes down in proportion to 
the amount of power reductlon. A con
sequence of less power, however, is 
that the alrcraft cllmbs at a slower 
rate, thereby lncreaslng the length of 
the noisepnnt. For the fllght pro
flles shown, thlS effect lS experlenced 
by the turbofan alrcraft as the noise
prlnt level becomes lower. ThlS effect 
lS also responsible for the apparent 
anomaly In several measuring pOlnt 
nOlse cases where the aircraft lS 
louder under cutback power than full 
power. 

As mentloned earller, the fllght 
proflles In Figure 67 for cutback power 
are In accordance wlth FAR 36 for re
cordlng nOlse at the measuring pOlnts. 
The profiles for full power are not 
accordlng to FAR 36 but are for normal 
operatlon WhlCh glves nOlsepnnts that 
wlll tYPlcally be borne by the alrport 
communlty - the type of nOlseprlnts 
that must be mlnimlzed to galn com
munlty acceptance. 

For the FAR 36 regulatlons, the 
flaps must remain In the takeoff POS1-
tlon regardless of power level. As a 
result, the aircraft reaches a hlgher 
al tl tude over the measuring pOlnt than 
In normal operatlOn. In relation to 
the fllght proflles in Flgure 67, the 
alrcraft wlll be at a hlgher al tl tude 
over the measurlng polnt than lndlcated 
by the SOlld Ilnes for normal full
power operatlon. Sometlmes thlS hlgher 
al tl tude lS more beneficial than the 
red uced level of the nOlse source. 
Such lS the case, as may be seen in 
Flgure 63, for all three turbofan 
alrcraft and for the No. 3 turboprop 
alrcraft. Consequentl y, FAR 36 nOlse 
levels are not lndicatlve of actual 
alrcraft noise durlng normal operation. 
Flgure 68 shows how much the FAR 36 
nOlse levels are below the levels that 
would actually be percelved for the SlX 
alrcraft In thlS study. In revleWlng 
the dlfferences, remember that each 3 
dB nOlse change represents a doubllng 
In nOlse intensity. 
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VarYlng the Takeoff Oper
atlng Procedure 

One other polnt must be made con
cernlng the nOlseprlnts. In the 
prevlOus dlScusslon, we noted that the 
nOlseprlnts for the turbofan alrcraft 
are based on the orlglnal hardwall 
nacelles around the engines and do not 
reflect the effects of the lnsulatlon 
that was added to meet the measunng 
point regulatlons. ObVlously, this 
treatment wlll reduce the nOlsepnnts 
of the turbofan alrcraft. No attempt 
was made, however, to calculate the 
nOlseprlnts for the treated turbofan 
alrcraft for the followlng reason. 

One obJectlve of thlS study is to 
evaluate turboprops relatlve to turbo
fans. Flgure 64 shows that the nolse
prlnts for the untreated turbofans are 
smaller than those for the turboprops 
at the two lower nOlse levels, WhlCh 
must be the nOlse levels of lnterest to 
meet the goal of unrestncted alrport 
operatlons. Havlng establlshed that 
the nOlseprlnts for the turbofans are 
smaller than for the turboprops, there 
lS no need to determlne how much 
smaller the turbofan nOlseprlnts can be 
made. For those to whom thlS lS 
vltally lmportant, though, an lndlca
tlon of the posslble reduction can be 



made based on the sensltlvlty results. 
They showed that a 3-dB reductlon ln 
the noise source produces a one-thud 
to one-fourth smaller noiseprint. 
Typically, the turbofan treatment 
provlded a 9-EPNdB reductlon ln the 
nOlse source. Correspondlngly, the 
nOlseprint area should drop to about 
three-elghths of the preVlOUS Slze. 

SENSITIVITY RESULTS 

Of all the sensltlvlty studies that 
were performed, only a few parameters 
were found to have a cn tlcal or Slg
nlficant lmpact on the results. For 
the purposes of thlS companson, those 
sensltlvlty results are summarlzed In 
Table XXXI. To reVlew, the ratlngs are 
as follows. A crltlcal assessment 
means that a one percent change 1n the 
sensltlvlty factor produces more than a 
fl ve percent change in the partlcular 
measure of sensltlvlty, be lt n01se
prlnt area, DOC, or block fuel. Slg
mflcant rat1ngs are for two to f1ve 
percent changes 1n the measure of 
sensltlvlty per un1t change ln the 
senslt1vlty factor. Marglnal ratlngs 

Table XXXI. Compar1son of Sensitivity 
Results 

SENSITIVITY RATINGS 
I P~QPUlSION SYSTEM rUPBOPROP I TURBOFAN 

NOlIE I 
~p7~sTe ! I 

I DOC I I a F i MEAIURE OF IENIITIVITY I PRINT 8 F DOC 
I 

P~CP DIAMETER C, I I N N 

DIIK LOADING I, M I N N 
TIP SPEED C N I N 
!LADES C,N N N 

I 
THRUST/WEIGHT S, M N I N 

I ALTITUDE N N I N N N N 
I DRAG N I N I M N N M I i FIELD LENGTH N N N N N I ! I APPROACH SPEED M M M N N M 

I GLIDESLOPE I N N N N N N 

I NOISE SOURCE LEVEL ! C C 
I 

NING LeADING I N N N N N N 

ASPECT RATIO N N N N N N 

NEIGHT - PROPULSION N N 

AIRFRAME ',M ',M 
FUEL N N , , 

STAGE LENGTH N I N M 

i 
N N 

I 
N 

UTILIZATION I N N 

LOAD FACTOR N i M N N M I N 

FUEL PRICE N N 

I PRO· COST N 
I 

ENGINE COST N N 

AI RFRAMf COST N I N 

FLYAWAY COST N I N 

MAl NTENANCE COST N I N 

'!ATlNGS C - CRITICAL, S - SIGNIFICANT, M - MARGINAL, N - NEGLIGIBLE 
6LANK SPACES INDICATE NOT APPllCA8lE OR ASSESSED 

apply when only one to two percent 
changes are real i zed for each one 
percent change in the sensitlvity 
factor, and neglig1ble ratings are 
glven for changes of less than one 
percent. 

The propeller parameters have maJor 
lmpacts on the nOlseprlnts, but negll
glble effects on the DOC and block 
fuel. The partlcular propeller para
meters have the folloWlng effects on 
the nOlseprwts of each a1rcraft. Tip 
speed lS a critlcal factor for all 
three a1rcraft. Propeller diameter 1S 
cntical for the No. 2 aircraft which 
has the maXlmum size allowed, but only 
a slgniflcant factor for the No. 1 and 
No. 3 aircraft which have propellers 
smaller than the maxlmum. The number 
of blades lS cntlcal for the 10-bladed 
No.1 and No.3 alrcraft but 1S negli
g lble for the 6-bladed No. 2 aircraft. 
D1Sk loadlng has a slgmficant effect 
on the No. 2 alrcraft, WhlCh has the 
lowest dlSk loadlng of the three, but 
only a marglnal effect lS experienced 
by the No. 1 and No. 3 aircraft. 

Thrust/we1ght var1at1ons have a 
slgn1f1cant effect on the n01seprint of 
the No. 2 turboprop alrcraft which has 
the lowest thrust/we1ght ratio of the 
three. Th1S parameter has only a 
marg1nal effect on the noiseprints of 
the other two a1rcraft, and has a 
negl1g1ble effect on the block fuel and 
DOC for all three a1rcraft. 

Inltlal crUlse altitude and 
approach glldeslope along W1 th wing 
geometry factors of Wlng loading and 
aspect ratlo have negllg1ble effects on 
all six aircraft. Drag varlat10ns have 
marg1nal effects on only the block fuel 
for the SlX alrcraft; the other 
measures are negl1glbly affected. 

Field length has a slgnlflcant 
effect on the nOlseprints of the three 
turboprop aircraft, but only negliglble 
effects on those for the turbofan alr
craft. Neglig1ble changes 1n DOC and 
block fuel occur W1 th fleld length 
changes for all six alrcraft. 

Approach speed varlations have a 
maqpnal effect on the block fuel of 
the No. 3 turboprop alrcraft and the 
No. 2 turboprop and turbofan alrcraft. 
The DOC of the No. 2 turboprop and the 
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no~seprint of the No. 3 turboprop are 
also marg~nally affected by chang~ng 

approach speed. These effects occur ~n 

some of the cases where w~ng load~ng ~s 

constra~ned by the approach speed. 
Thus, chang~ng the approach speed means 
go~ng to another w~ng load~ng, thereby 
chang~ng the whole design. 

Varlatlons In the nOlse source 
level produce critlcal changes ~n the 
nOlseprints of all six alrcraft. Of 
all the parameters cons~dered, th1s one 
IS Judged to be most 1n need of further 
attent~on and analys~s. 

Poss1ble errors 1n estimated 
we~ghts of the a~rframe have marg~nal 

to slgn1ficant effects on aircraft DOC. 
Slm1lar varlat10ns 1n propulslon and 
fuel we~ghts have only neglig~ble 

effects because of the relatl vel y 
smaller ~mportance of these parameters 
to DOC. 

Stage length has a marg~nal effect 
on the block fuel of the turboprop alr
craft and a negllglble effect on the 
turbofan a~rcraft. Th~s d~ fference 
ar~ses because of the much lower 
spec~f1c fuel consumptlon of the turbo
props. 

Load factor has a marg1nal ~mpact 

on DOCs for the alrcraft. All other 
factors considered have negl ~g ible 
effects. 
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SPECIAL STUDIES 

Several areas were identif1ed 
during the study as ll'en hng further 
lnvestlgation. Of these, the five that 
were undertaken as part of th~s 

program, and are reported next, covered 
the following tOP1CS: 

o Alternate 
Profiles 

Takeoff and 

o Variable T1P Speed Propeller 

Cllmb 

o Alternate POlnt Design Aircraft 

o C-X Misslon Application 

o Effect of Nearer-Term Engines 

ALTERNATE TAKEOFF AND CLIMB PROFILES 

In the preceding studies, the 
misslon performance and nOlseprlnts 
were calculated for only one fixed 
takeoff and climb procedure that is 
cons~stent w~ th current commerclal 
pract1ce. This resulted in a1rcraft 
designed to m1n1mlze the 80-EPNdB 
noiseprlnts for that flight prof1le, 
but Wl thout any guarantee that the 
fl1ght proflle itself 1S the best one 
for mlnlm1 zlng the nOlsepnnt. What 
effect variations to the flight profile 
wlll have on the alrcraft n01Seprlnts 
lS the subject of the studles 1n this 
sect10n. 

Several operational parameters that 
def1ne takeoff and climb were varled to 
determine the1r effects on the 
nOlsepr1nt areas for the No. 1 and No. 
2 turboprop and turbofan a1rcraft. In 
th1S study, each parameter was analyzed 
separately while all other parameters 
were held constan~. From the results, 
a parall'eter value was selected whlCh 
mlnlmlzed the 80-EPNdB noiseprlnt ln 
each case, and 1t was then held 
constant in the subsequent analyses of 
the other parameters. This approach 
was followed untll all of the 
parameters were invest1gated and the 
best takeoff and climb procedures for 
m1n1mlzing the 80-EPNdB n01seprlnts 



were defined for each of the four 
selected aircraft. 

Originally. all of the aircraft. 
took off with the flaps deflected at 
0.35 rad (20 deg) and achieved an 
obstacle speed 5.1 mls (10 kt) above 
the minimum safe speed. Upon reaching 
an altitude of 122 m (400 ft), the 
flaps were retracted and the aircraft 
continued on to cruise al ti tude at 
their maximum rate of climb. The 
changes to this procedure that were 
investigated for reducing the noise
print areas were: different flap 
angles, different altitudes for re
tracting the flaps. increased obstacle 
speeds. climbing at maximum gradient 
(altitude gained per unit of horizontal 
distance travelled) instead of maximum 
rate of climb (altitude gained per unit 
of time in flight). and cutback power. 
Of these. keeping the flaps deployed to 
higher altitudes was consistently most 
beneficial in reducing the noiseprints. 

Figure 69 summarizes the results of 
this study to reduce the noise prints 
of the four selected aircraft, while 
further details are contained in 
Appendix N. As before. the noiseprints 
have been expressed as equivalent 
squares for the three noise levels. The 
original size of the noiseprint, as 
previously noted in Table XXX, is shown 
for each case along with the extent of 
the noiseprint reduction, which is in
dicated by the shaded area. 

Of greatest Significance is the 
impact on the relative comparison of 
the turboprop and turbofan propulsion 
systems from changing the takeoff and 
climb procedures. Before, the turbo
props were qUieter (that is they 
affected a smaller area) only at the 
90-EPNd B noi se level. Now. with the 
changed profiles, the turboprop noise
prints are smaller than or equal to 
those of the turbofans for 'both the 90 
and 80 EPNdB levels, and the advantage 
enjoyed by the turbofans at 70 EPNdB is 
reduced significantly. 

Improvements to the turbofan 
aircraft noiseprints are considerably 
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KM 
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NOISE?RINT REDUCTION 

10 ,20 , 30 I MI 6 , 

o 5 10 15 20 

LENGTH CF EQUAL SQUARE 

Figure 69. Effects of Alternate 
Profiles on Noiseprint 
Areas 

smaller than those for the turboprop 
aircraft because of the characteristics 
of the two propulsion systems. 
Typically, turboprop aircraft have much 
better takeoff power features which 
produce shorter field lengths and 
greater climb capabilities than for 
turbofan aircraft. As a result. when 
both turboprop and turbofan aircraft 
are designed for the same mission 
conditions. the turbofan aircraft 
design is often constrained by these 
conditions and has minimal to no 
latitude in changing its operational 
procedure. while the turboprop is not 
so restricted. Such was the case in 
this study where the turbofan aircraft 
could not vary the takeoff flap 
setting, for example, by more than a 
couple of degrees. With less than 0.35 
rad (20 deg) flaps, the aircraft could 

73 



not take off wi thin the 2440 m (8000 
ft) field length limitation, and with a 
greater flap deflection the aircraft 
could not satisfy the FAR 25 minimum 
requirements for the engine-out 
gradient during second segment climb. 

In this study, the optimizations 
were directed toward the 80-EPNdB 
noiseprints only. The benefits 
achieved at the 70 and 90 EPNdB levels 
are merely a fallout and probably are 
not. representative of the minimum 
attainable noiseprints. Additional 
study would probably identify other 
takeoff and climb procedures that would 
further reduce the noiseprint areas of 
one or both propulsion systems at other 
levels, and might even change tre 
relative comparisons. 

Before leaving this section, we 
feel impelled to reiterate a disclaimer 
noted earlier: Even though an 80-EPNdB 
noise level has been used here for the 
optimization, this level simply served 
as a convenient base and is not 
intended to imply a preferred or 
suggested level. 

VARIABLE TIP SPEED PROPELLER 

Our results have shown that the 
propeller is the primary noise source 
on these turboprop aircraft, and 
furthermor'e, that tip speed· is the 
characteristic most responsible for the 
propeller noise. While reducing the 
tip speed does tend to produce a 
quieter propeller and aircraft, the 
lower speed means less performance, 
which must be compensated for by going 
to a larger, and somewhat noisier, 
propeller and engine. 

An alternative for reducing the 
noiseprint is to operate the propeller 
at its design tip speed during cruise 
but at a lower tip speed when the air
craft is close to the ground. This 
approach is ideal for a propeller 
powered aircraft because its propulsion 
system is usually sized to provide the 
required cruise performance and. as a 
fallout, has a surplus of power avail
able for satisfying airport-related 
performance requirements. 
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This method of operation was 
investigated for the No. 1 Compromise 
Turboprop aircraft 0 In the analysis. 
the aircraft was assumed to retain all 
of its cruise characteristics and per
formance, which are based on a propel
ler tip speed of 229 mls (750 ft/s). 
For operations arourid the airport, the 
aircraft, engine, and propeller remain 
unchanged but the propeller tip speed 
was reduced to 204 mls (670 ft./s) with 
an accompanying drop in propulsion 
thrust. New takeoff, climb, and land
ing flight paths were determined with 
the reduced thrusts and were used to 
recalculate the noiseprints at 70, 80, 
and 90-EPNdB noise levels. 

Figure 70 shows the relative 
effects on the baseline aircraft 
noiseprints of reducing the propeller 
tip speed. Also provided on the figure 
are the effects of cutting back engine 
power at 305 m (1000 ft) al ti tude to 
the minimum level permitted by FAR 36, 
and of leaving the flaps deployed to 
altitudes greater than the 122 m (400 
ft) normal retraction al ti tude 0 This 
latter effect was investigated based on 
the results of the study on alternate 
takeoff and climb profiles. 
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As shown on the figure, just 
reducing the tlP speed has mixed 
effects in that the 90 EPNdB noiseprlnt 
lS increased by 2.4 percent, but 17.5 
and 36.7 percent reductions are 
reallzed for the 80 and 70 EPNdB noise
prints, respectlvely. These results 
occur because of two counterproductlve 
effects which are caused by changing 
the tlP speed. Beneflcia11y, the pro
pulsion system noise is reduced. Ad
versely, the rated takeoff thrust is 
lower by 21 percent which, in turn, 
lncreases the takeoff distance by 9 
percent and restricts the aircraft's 
abllity to climb. 

The influence of each of these 
effects lS more clearly evident in 
Figure 71 WhlCh compares the FAR 36 
measuring pOlnt nOlse for the alrcraft 
at the two tip speeds. Note flrst the 
camparlson at the approach measurlng 
pOlnt. Here, for both tlP speeds, the 
alrcraft lS at the same fllght speed, 
at the same distance from the micro
phone, and at the same attltude. Thus, 
the dlfference in the perceived noise 
levels lS due solely to the reductlon 
ln the noise of the propulslon system 
as a result of the lower tip speed. In 
contrast, the measuring point noise is 
greater at the lower tip speed for the 
other two condltlons of takeoff flyover 
and sldeline. ThlS lS the dlrect re
suI t of the lower engine thrust and 
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reduced cllmb capabill ty WhlCh causes 
the aircraft to be closer to the 
measuring point. In these two cases, 
the beneflts of the quieter propulslon 
system are more than offset by the 
lower altitude and shorter noise atten
uation dlstance at the measuring pOlnt. 

Returning now to the results shown 
In Figure 70, the changes in the noise
prlnts for the three nOlse levels are 
as expected with the hOlseprints at the 
lower levels reallzlng greater reduc
tlons ln area. ThlS occurs because 
noise attenuates logarithmically wlth 
dlstance, that is, for a glven distance 
there lS greater attenuation over that 
half of the distance which lS closer to 
the nOlse source than over the half 
that lS closer to the recelver. As the 
dlfference between the nOlse source and 
recelver levels becomes greater, reduc-
109 the source nOlse lS much more 
effectl ve in decreaslng the noiseprint 
than a slmllar percentage lncrease in 
the attenuation dlstance. 

As was found in the study of 
al ternate climb profiles, keeplng the 
flaps deployed to higher al ti tudes lS 
effective In reducing the nOlseprint 
areas and further enhances the beneflts 
of lower tip speeds. Interestingly, 
the most effective approach for 
reduclng the noiseprints at all three 
noi se level s, ln conJunctlon Wl th the 
reduced tlP speed, lS to remaln at full 
power with the flaps down rather than 
followlng a FAR 36 cutback procedure. 

ALTERNATE POINT DESIGN AIRCRAFT 

NASA wind tunnel tests of prop fan 
scale models have been for a set of 
condi tlons that are somewhat d 1 fferent 
from those suggested by our alrcraft 
design optlmizatlon stUdies. As an ald 
to visualizing the effects of these 
differences, our No. 1 Turboprop Air
craft was used as a base to derl ve an 
alternate pOlnt design alrcraft subJect 
to the NASA test conditlons, which are 
listed ln Table XXXII. 

The al ternate deslgn has the same 
fuselage geometry and carries the same 
27,273 kg (60, 000 lb) payload as the 
base aircraft. All of the other mlSS
lon requlrements and study constralnts 
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Table x..UII. 

C~UISE MoOCH NUMIU 

CRUIS! ALnTUDE 

NING SWE!P 

~RCPELU~ ! ..... oes 

np SPUD 

CUllS! CISK LOADI NG 

!AnD CISK LOADING 

NASA - Model Test 
Cond~tions 

03 

10,608 M (35,000 FT) 

0.44 RAO (lJ CEG) 

10 

244 MPS (800 FPS) 

~oo KW/Ml (37 $ HPI1'T1 

750 K'N/M2 (93.75 HPm 

appl1cable to the base aircraft have 
also been ~mposed on the alternate de
sign. 

In developing the alternate a1r
craft, a parameter~c matrlx of w~ng 
loadlng and aspect ratlo values were 
investlgated to determlne the optimum 
designs for minlmum nOlseprlnt, minlmum 
DOC, and a compromise between the t~o. 
Flgure 72 provldes a graphlcal comparl
son of the maJor characteristics of the 
12 aircraft pOlnt designs that were 
generated. Imposed on the figures are 
the study constraints on fleld length, 
engine-out gradient, fuel volume, and 
approach speed, which eliminate some of 
the designs. As 1n our previous work, 
the maXlmum approach speed Ilmlt tYP1-
cally defines wlng loadlng values for 
the optlmum deslgns. 

While the wlng loading and aspect 
ratio values can be readily read from 
the graphs for the minimum nOlseprint 
and DOC designs, selectlon of the best 
compromlse design point is not as easi
ly accompllshed wlth the eXlst1ng 
graphs. The selection process is Slm
pllfied conslderably, however, if the 
values along the llmit~ng llnes of the 
pert~nent characteristlcs are replotted 
as ln Figure 73. The tr1angles on the 
flgure denote the wlng aspect ratlo 
values which minimize each characterls
t~c parameter, such as noiseprlnt and 
DOC. To select the compromise a~r

craft, the most straightforward 
approach is to choose the aspect ratio 
value midway between those for the 
other two point des~gns, which was 
done. 
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Due to the flatness of the DOC and 
noisepr1nt curves, there is very l~ttle 
d~fference in the maJor character~stics 
of the three selected point des~gns, 

WhlCh lS apparent from the comparlsons 
~n Table XXXIII. Because of the s~mi
larity of the three deslgns, subsequent 
efforts were concentrated on only the 
comprom~se a~rcraft, WhlCh w~ll be re
ferred to as the alternate des~gn. 

Subsequently, the deslgn was 
checked for compliance wlth the FAR 36 
requirements and, as 1ndicated by the 
results in the top part of Table XXXIV, 
was found to be unsatisfactory dur~ng 

takeoff flyover. To solve this pro
blem, the aircraft was res~zed with 
success~vely h~gher thrust-to-weight 
values, thereby shortenlng the takeoff 
distance and lncreas~ng the alt~tude 

over the measuring point, untll the 
compliance noted ~n the bottom of the 
table was obta~ned. Flgure 74 shows 
the resized verSlon of the alternate 
des~gn. 

As a result of the resi zing, the 
alrcraft weights and DOCs increased 
while the noiseprints became smaller. 
The extent of these changes are sum
marized in Table XXXV. In every com
parison of likely measures of effec
tiveness, as shown in Table XXXVI, the 
basel1ne a1rcraft ~s super~or. Th~s 

result 1S to be expected because the 
baseline aircraft lS a fully optlm~zed 
des~gn, while the alternate design is 
not. 

Table XXXIII. Compar~son of Alternate 
Des~gns 
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Table XXXVI. Compar~son of Alternate 
and Base11ne A~rcraft 
Character~st~cs 

AIRCv.JIT aASfUNe ALTERNAT! 

~ 
C'lUlst 'MOl NUMBeR 0.7' o ao 
caUlS! "'LT111JOe, 1000 M (fT1 JJ J' 
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PRCP!u..e~ ' .... OES 10 10 

TIP SP!£O, MrS (FI'S) 229 (7!1Ol 244 (BOO) 

CRUISE DISK LO.AO, KW/~ (HPm 173 (21 51 JOO (37 Jl 

!.ATlO DISK LOAO, KW/M2 (HP,."n .oo:z ('00) 7~ (93 II 
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S'NEEP, qJ.O (orol o ., (20) o .j,4 (25) 

ASPECT ~TlO 12 10 6 

LOADING, KN/M2 (PSF) '.9 (12l.3) '.6 (118 al 

~ 1000 KG (Lal 

<1<"" 91 0 (17'11 2) 84 9 (186 7) 

CP!qJ.T1NG "I 3 (aa QI A2 9 (9' " 

ILOCl( FIJ!L 107(2351 11 '(~ AI 

FIELD L£NOI11, M (fT1 1861 (6106) 16u(m" 

cae c:, TlCM (C:/TNM) 

FU!L, S/M3 (S,GAL! - 2~ (1) aa(147) 92(15 3) 

528 (2) 11 9 (19 II 12 6 (20 9) 

m(ll 15 0(2.5 0) 15.9 (26 51 

NCISEPQINTS, Kw.l (MI~ 
NOIS! L!V!L, El'Ndi - 70 316 (l15 31 2332 (901 II 

ao 34 (32.61 W(9O.7) 

90 11 (. 1) 23 (I 7) 

C-X MISSION APPLICATION 

Cons1derable 1nterest has been 
expressed 1n recent years 1n the 
concept of a common a1rcraft for dual 
~ivil and m111tary use because of the 
potential reduction in unit price 
afforded by a larger productlon run. 
The ObV10US disadvantage 1n the concept 
lS that both the C1V1I and milltary 
users must compromlse the1r requ1re
ments to achleve a common deslgn. 

Thus far in this study, all of the 
aircraft have been des1gned strictly 
for clvil use. The beneflts obtalnable 
W1 th the advanced turboprop propulslon 
system are so substant1al, however, 
that applicat10n to military use merits 
conslderat10n. Even more 1mportantly, 
the idea of a j01nt c1vil/milltary 
turboprop alrcraft bears lnvest1gatlon. 

In pursult of thlS dual-role 
alrcraft concept, the No. 3 Alrcraft 
from thlS study was analyzed for 
appilcablilty to the Alr Force's C-X 
m1SS1on because of the apparent 
compatlb1llty between the alrcraft 
capab1lltles and the mlSS10n re
quirements. The C-X speclflcatlons 
were rev1ewed to determlne those most 
pertlnent to this analys1s; they are 
summarlzed 1n Appendlx O. As a result 
of this reVlew, several physlcal 
modlflcatlo'l1s to the alrcraft were 
found to be necessary so that it could 
comply with the performance require
ments. Because of the need to ma1ntain 
the payload, range and speed capab1l1ty 
of the No. 3 aircraft, 1t was res1zed 
but not reoptlm1zed as the var10US 
mod1f1cat1ons were added. 

Aircraft Modifications 

The following SlX changes were made to 
the aircraft: 

1) Cargo floor strength 1ncreased to 
handle concentrated loads, such as 
the M1 maln battle tank 

2) Aft ramp and door added for enhanced 
10adab1llty and aerlal dellvery 

3) Forward ramp added for loadlng and 
unloading at austere flelds 

4) Landing gear modif1ed for soft field 
operat1ons 

5) Aerial refueling system added 

6) Wing span shortened to permlt 
1ndependent operat1on of two 
alrcraft on the ramp of a small 
austere a1rfield 

The individual and collect~ve 

effects of these changes on the ramp 
we1ght, fuel consumption, 80-EPNdB 
n01sepr1nt, and costs of the aircraft 
are indlcated 1n Flgures 75 to 79. As 
expacted, mod1fYlng the alrcraft to 
enhance lts capabll1t1es enlarges ~ts 

slt:e; and, consequently, each measure 
of 1tS performance 15 degraded, but not 
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Figure 76. Effects of C-X Modifica
t10ns on Fuel Consumption 
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Figure 78. Effects of C-X Modif1ca
t10ns on Acqu1s1tion Cost 
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Figure 79. Effects of C-X Modif1ca
tions on Direct Operat
ing Costs 

by large amounts. For example, the 
block fuel 1ncreases by 12.6 percent, 
Wh1Ch 1S the greatest penalty, wh1le 
all others change by less than 10 
percent. An 1mportant p01nt to note is 
that these changes were, in essence • 
added on to a point de:ngn Wl thout any 
reopt1m1zation. Had they been incor
porated at the start of the optlm1za
tion process, the resul t1ng penal t1es 
would have been smaller. 



Flgure 80 contalns a three-Vlew 
drawlng of the modlfled alrcraft. 
Unfortunately, Wl th Just this drawlng 
one cannot read lly appreclate how the 
alrcraft was modlfied to serve in a 
dual clv1l/m1lltary role. F1gure 81, 
however, overcomes thls shortcoming 
by compar1ng the "before" and "after" 
verSlons. As a further ald to under
stand1ng the growth 1n Slze, the 
geometr1c characterlstlcs, welghts, and 
propuls1on systems of the two verSlons 
are compared 1n Tables XXXVII, XXXVIII, 
and XXXIX, respect1vely. 

Superflc1al effects of some of the 
mod1flcat1ons are eV1dent in the 
comparat1ve layouts In Flgure 81. For 
example, as a result of add1ng aerlal 
delivery capab1l1ty, the fuselage 1S 
longer and both the w1ng and maln 
land1ng gear locat1ons have changed. 
L1kew1se, eV1dence of soft f1eld 
operat1onal capab1l1ty lS suggested by 
the greater number of wheels and the 
b1gger land1ng gear falrlng. Deeper 

------=::;;;;;;:=;; S6.~M ----
: (IU ~ Fl') 

Figure 80. No. 3 Turboprop Aircraft 
Modified for C-X 
Applicatlon 

F1.gure 81. Effects of C-X Hodifica
tlons on External Appear
ance of No.3 Turboprop 
Alrcraft 

Table XXXVII. Geometry Comparison for 
No.3 Turboprop Alrcraft 
in C-X Application 

I ClVIL CIVILIMIUrARY 
MOOtL !ASEUNE VE'lSION 

WING I 
I 

ASPKT RAno I 12 ~ 'O.S 

SPAN, M(FT') ! S1 0 (Ta7) 1O.4 (lUI 

.>.Re..., MJ. (r,2) I :70.S (2916) ~.7(3161) 

TMICICNUS RAno I 0.139 l.l~ 

SWlEP, RAO (OEG) I 0 ~(l0) o ~aOl 

FUSELAGE •• \4 (FT') I 
UNGTM 44.a (lS4) :l.l (171) 

EQUIVALENT OIAMirU 6.3 (lO.~ ~.l(20.~ 

HORIZONTAL rAIL I 
SPAN, M(FT') 

I 
13.2(~.:) 13.7(44.1) 

AReA, MJ. (r,2) 38.7(416) 41.6 (448) 

vEmCAL rAIL , 
S'AN. M(FT') 

I 
7 3(:Z$ ~ 7 ~ (l4.91 

Aae..., MJ.(m 4Q.2(~) 38 • .5 ("4) 
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Table XXXVIII. Welght Comparlson for 
No.3 Turboprop Alrcraft 
in C-X Application. KG(LB) 

MODEL 

ST1tUCi1.J R£ 

NING 

FUSEl.<G! 

HORIZONTAL rAIL 

vE~nClL rAIL 

NOSE GE.lR 

MAINGE.lR 

NACELLE 

P~PULSION 

ENGINES 

PROPELLERS 

GE.lRBOX 

FUEL SV~TEM 

MlSCELl.'NEOUS 

svmMJ & EQUIPMENT 

CPERAnNG "'llGriT 

CA~GO 

lORO FUEL "'lIGHT 

FUEL 

RAW WlIGHT 

Table XXXIX. 

... CDEL 

PROPnL!1 

3l.<DU 

nP SP~, MIS (fT/Sl 

CIVIL C.vIL MIU;ACY 
aASELINE VERSION 

22,~,g ( .a,SIC) 22,130 ( .a,6801 

18,217 ( 40,2101 22,937 ( !2,~I) 

1,020 ( 2,243) 1,100 ( 2,<20) 

931 ( 2,(49) 918 ( 2,019) 

I,coa( 2,218) 1,242 ( 2,n:l) 

.,74 ( 14,~ 9,313 ( 18,288) 

1,028 ( 3,.S82) 1,850 ( "m» 

',145( 9,11031 S,061 ( 11,148) 

<,;'CO ( 10,341) S,610 ( 12,342) 

3,037 ( ~,681) 3,753 ( 3,2m 
1,270 ( 2,79.) 1,348 ( 2,·65) 

909 ( 2,000) 909 ( 2,000) 

10,:10 ( 22,:53) 12,ISJ ( 26,308) 

77,796 (171,I!2) 88,302 (194,39" 

61,364 (13.5,0001 61,364 (13.5,000) 

139,160 (306,1!2) 149,726 (329,39" 

26,026 ( 58,~ 29, 9'10 ( 6J, 178) 

16.5,781 (:164,729) 179,716 (39',373) 

Propulsion System Com
parison for No. 3 Tur
boprop Alrcraft in C-X 
Appllcatwn 

CIVIL CIVIL. IItIUTArv 
aASEUNE VERSION 

10 10 

229 (75:lI 219 (750) 

DISK LO-&D, K!NIM2 (HP,,,r; 

RATED 402(~ 402 (50) 

C~UISE 173 (21 .$) 173 (21 .31 

DIAMET!I, lit (FTl j.6 (18 •• ) 6 Q (19 n 
ENGINE 

NUMSER • • 
DIAMETER, lit (FTl o a (2.n 0.9 (2.9) 

LENGTH, lit (FT) 2.1 (6.8) 2.2 (7 Z) 

NACEW 

DIAMETER, lit (FTl 1 6 (,.<11 1 S (S S) 

LENGTH, lit (FTl 4.3 (1' 1) 46(U.O) 

PEIfORMANCZ 

~ TED POWlI, KW (HPJ 12,589 (16,S7.$) 14,,g7 (19,_, 

RATED THRUST, 1000 N (U) 122 (27 " 141 (31 61 

C"-IISE THRUST, 1000 N (UI 21 (4.1) 24 (S .$) 

THRUST ;WEIGHT, N/KG (UIU) 2.9 (0.30) 3.1 (0 32) 

CRUISE !FC, KG,HI"" (U/HR-I.SI o C4S (0 461 o C4S (0.0101 
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lnslghts are galned, however, by 
examlnlng the modlflcatlons ln more 
detail. 

Cargo Floor Strengthened - Origlnal
ly, the cargo floor was designe~ for a 
unifo!m loading of 979 kg/m (200 
lb/ft ) to accommodate contalnerlzed or 
palletlzed cargo. For the C-X mlSSlon, 
however, the vehlcular equlpment aXlal 
load of 10,000 kg (22,000 lb) sets the 
deSign en tena for the floor. As a 
resul t, the car go floor welght in
creased by 702 kg (1544 lb), for almost 
a 4 percent rlse in fuselage weight. 

Aerlal Delivery Capablilty Added and 
Loadablilty Enhanced - The basellne 
alrcraft has no aft openlng for cargo 
movement, and ltS aft fuselage is 
conflgured to mlnlmlze upsweep drag 
whlle provldlng sufflclent ground 
clearance dunng takeoff rotatlon. To 
permlt aerlal dellvery. an aft door and 
ramp were added WhlCh produced the 
following changes that are reflected ln 
Flgure 81: 

o Fuselage lengthened by 5.3 m 
(17.4 ft) wlth a correspondlng 
welght lncrease of 1404 kg (3089 
lb), or 7.7 percent 

o Aft-fuselage upper contour ralsed 
to permlt stralght-ln loadlng and 
dellvery. ThlS also lncreased 
the helght of the tall relatlve 
to the ground. 

o Upsweep of the aft-fuselage lower 
contour lncreased to maintain the 
same mln lmal level of ground 
clearance during rotatlon. Chang-
109 the upsweep angle from 0.05 
rad (3 deg) to 0.11 rad (6.5 
deg), added 5.4 counts of drag • 

o Aft movement of wlng and maln 
landlng gear requlred to malntaln 
mass balance and ald ln ground 
clearance durlng takeoff rota
tlon. 

Flgure 82 provldes slde Vlews of the 
aft door open wlth the ramp ln posltlon 
for aerlal and ground dellvery. Also 



lncluded lS a Vlew of the end of the 
fuselage whlCh shows the 3.2 m (10.5 
ft) wldth of the opening. This wldth 
1S less than that of the full cargo 
compartment, but it lS cons1stent w1th 
the overall dimensions of the largest 
1 tem 1n 1nventory that was spec1fied 
for aer1al del1very. Slm1larly, the 
total he1ght of the aft door opening of 
3.6 m (11. 7 ft) 1S d1ctated by the 
tallest 1tem that was spec1f1ed for 
aerlal dellvery. 

_._ ••.• _.:··Tr..U.,::~:: ~ 
'-'00 O'CUNOLCAOINQ ~ 

I 
II!W LCCKING F'NO 

Figure 82. Aft Door and Ramp Requir
ed for C-X Application 

ThlS helght of the aft openlng lS 
0.66 m (26 In) greater than the cargo 
height of the basellne alrcraft. To 
provide the addltlonal space, the cargo 
compartment helght was lncreased, as 
noted in Flgure 83, and the wlng 
carry-through structure was ralsed to 
avold lnterference wlth the cargo 
compartment. As a result of elevatlng 
the wlng, the shape of the wlng
fuselage intersection has changed, as 
:;.ndlcated on Flgure 81. Ralslng the 
wlng does provlde a slde beneflt of 
more clearance between the ground and 
the propeller tlpS. 

Forward Ramp Added - For commercial 
loading and unloadlng operatlons, the 
aircraft would taxl up to a cargo dock 
wlth an adjustable matlng sectlon, 

I-----(~~f~----., 
I 

. 

5B"CM 
(lll rN) 

I 

L .... , .. __ ,-
f--------a6• INI 

Flgure 83. Cargo COMpartment Cross
Section Change for C-X 
Applicatlon 

slmllar to the moveable walkway used 
for passenger movement. Thus, for 
maxlmum efflclency no speclal prOVl
Slons would be carried onboard the 
alrcraft for cargo movement; rather, 
they would be ground based. Durlng 
mllltary operat1ons at austere fields, 
however, such ground-based equlpment 
would probably not be avallable, and 
some provls1ons for cargo transfer 
would have to be incl uded In the 
alrcraft. 

A foldable ramp, whlCh lS stored In 
the fuselage, has been added to the 
a1rcraft for rap1d cargo deployment 
once the Vlsor door has been opened. 
F1gure 84 shows this ramp In its three 
standard peSl t10ns - stowed, level for 
cargo transfer to a commerc1al loadlng 
dOCK, and fully dOwn for roll-on, roll
off ground dellvery of vehicles and 
bulk cargo. ThlS ramp, which lS as 
wide as the cargo compartment, conslsts 
of two major sectlons plus a toe plate, 
the latter of WhlCh lS deployed only 
for ground deliverles. 

Installlng thlS forward ramp added 
842 kg (1853 lb) to the fuselage, a 
fuselage welght 1ncrease of 4.6 
percent. It also requlred moving the 
nose gear aft 3 m (10 ft). 
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F1gure 84. FOrYlard Ramp for C-X 
App11cation 

Landlng Gear Modlfled - The baseline 
alrcraft has four wheels on each maln 
gear, WhlCh perml ts lt to operate on 
paved commercial runways Wlth a load 
classification group (LCG) III rating. 
For application to the C-X mission, the 
number of maln wheels was doubled to 
elght to lnsure comp11ance with the 
speclfled requlrements to be able to 
operate on LCG IV paved runways and on 
deslgnated unpaved, seml-prepared, 
compacted sur face (sand, gravel, etc.) 
runways. With these additional wheels, 
the landlng gear fairing had to be 
enlarged conslderably, as indlcated ln 
Flgure 81, whlCh added flve counts of 
drag. The other penalty resultlng from 
these changes was a 15.5 percent 
lncrease ln maln gear welght of 1045 kg 
(2299lb). 

Aerial Refueling System Added - The 
Universal Aerlal Refuellng Receptacle 
Sllpway Installatlon (UARRSI) was 
lnstalled on top of the fuselage, Just 
behlnd the COCkPlt, as lndlcated by the 
dashed hne portlon of the drawlng ln 
Flgure 81. Adequate space exists for 
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runnlng the fuel llnes lnslde the top 
of the fuselage from the UARRSI to the 
fuel tanks ln the w1ng. Addlng thlS 
aerial refuellng capablllty increased 
the fuel system welght by 457 kg (1005 
lb), or 36 percent. No drag penal tles 
were lncurred because the receptacle 
was lnstalled flush-mounted. 

Wlng Span Shortened - The C-X specl
flcatlons on ground maneuvering dlctate 
that: the aircraft must maintaln at 
least a 7.6-m (25-ft) horizontal clear
ance between 1 tself and other alrcraft 
or ramp obstructions; when parked, wlll 
not prevent another alrcraft from taxl
lng to or from ltS parklng space; and 
once parked for loadlng or unloading, 
will not be moved untll lt has 
completed that operatlon. ThlS 
speclflcatlon lmposes the severest 
constralnt on the smallest ramp, WhlCh 
lS the 76-m (250-ft) by 91-m (300-ft) 
ramp at austere alrflelds. 

Flgure 85 contalns a sequence of 
slmulated movements of the alrcraft as 
lt enters the ramp area, moves to a 
parklng area for loadlng or unloadlng, 
and then returns to the runway. Of 
crltlcal lmportance lS the dashed llne 
that traces the poslt1on of the wlng 
tlP throughout thlS movement. For the 
wing tip to keep at least 7.6 m (25 ft) 
from the parked alrcraft, WhlCh lS as 
far from the access taxlway as 
possible, the wlng span cannot exceed 
56.4 m (185 ft). Thus, the Wlng span 
must be shortened because on the 
baseline aircraft lt lS 57 m (187 ft), 
whlle on the modified verSlon lt has 
grown to 60 m (197 ft). Shortenlng the 
span offers beneflts of reduced 
alrcraft structural welght and 
acqulsltlon cost, but infllcts 
penal tles of h1gher lnduced drag and 
operatlng cost. 

In addltlon to the requlrement for a 
7.6-m (25-ft) lateral clearance from 
all obstacles, the folloWlng crlterla 
were speclfied for vertlcal obstacles 
that must be cleared. For runways, no 
obstacle will extend above a line 
startlng at the runway edge and extend
lng 12.2 m (40 ft) at an upward grad
lent of 5 percent, then changlng to a 
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Figure 85. Ramp Maneuvers on C-X 
Mission and \.Jing Span 
Limit 

safety zone extending indefinitely at a 
gradient of 14.2 percent. For taxi
""ays, no obstacle will extend above a 
line starting at the taxiway edge and 
E~xtending for 21.3 m (70 ft) at a grad
ient of 10 percent, then changing to a 
safety zone extending indefinitely at a 
gradient of 14.2 percent. No part of 
the aircraft shall overhang these areas 
with less than 1.2 m (4-ft) vertical 
clearance with all landing gear on the 
runway or taxiway. 

Figure 86 graphically illustrates 
these obstacle height limits in rela
tionship to our modified aircraft. The 
point on the aircraft that comes 
closest to the 1.2-m (4-ft) minimum 
vertical distance limit is at the 
outboard propeller tip. Here. the 
distance from the obstacle height limit 
to the tip is 1.7 m (5.6 ft), which is 

• '.2 M (.4 F1) MINIMUM CLEARANCE 
REQUIR1:D. 1.7 M (5.6 F1) ACruAl 
ClEARANCE. 

_""..n-~ , ~4'~GRADE 
10% GRADE 

. I 
12.2 M (40 m--l 

\ EDGE Of RUNWAY /lAXIWAY 

21.3 M (70 F1)--l 

Figure 86. C-X Obstacle Height Limits 
Relative to Aircraft 

40 percent more clearance than the 
minimum. 

Aircraft Performance 

The C-X per formance spec ifications , 
as summarized in Appendix 0, fall into 
three broad categories of mission. 
field. and noise. These headings will 
be used to report the per formance 
capabilities of our modified aircraft. 

Mission Performance - Payload-range 
characteristics of the aircraft are 
shown in Figure 87 for three structural 
limi ts. Points that represent the 
minimum C-X specifications for the five 
missions discussed in Appendix O· are 
marked on the graph for comparative 
purposes. In every case. the aircraft 
provides more than the minimum required 
capabilities. For reference, the 
aircraft point design is at 2.5 g's and 
is designated by the triangle. 

With a design cruise speed of 0.75 
Mach number at an initial cruise alti
tude of 10 km (33,000 ft), the modified 
aircraft exceeds the C-X minimums of 
0.7 Mach number at 7.9 km (26,000 ft). 
It is also compliant wit:;h the require
ments on airdrop and low altitude 
speeds. 

Field Performance - The aircraft's 
takeoff and landing performance capa
bilities are compared in Figure 88 with 
the C-X requirements. In every case, 
it takes off or 'lands in a distance 
below the limit. 
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Figure 87. 11ission Performance for 
c-x Application 
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Figure 88. Field Performance for C-X 
Application 

These distances were calculated fol
lowing the prescribed military proce
dures. This includes the assumption of 
zero slope runways and no wind. 

All of the takeoff distances are 
cri tical field lengths* except for the 
cases of critical engine-out and blown 
tire takeoffs. These two takeoff dis
tances are defined as the distance to 
accelerate from brake release to lift
off speed with the most critical engine 
failed and one main landing gear tire 
deflated, respectively. 
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The normal landing distance is the 
horizontal distance from a 15-m (50-ft) 
height to a complete stop. The maximum 
effort and maximum payload landing dis
tances are the distances from touchdown 
to a complete stop plus 150 m (500 ft). 
Both the normal and max imum effort 
landings are with the critical engine 
inoperative and idle reverse thrust. 
For the maximum payload landing. how
ever, all engines are operative and o 

maximum reverse thrust is permitted. 
The ground maneuvering capability of 

the aircraft was partially covered in a 
prior discussion that addressed limit
ing the wing span to permit movement 
within the prescribed guidelines on the 
ramp of a small austere airfield. 
Another aspect of this type of capa
bility is being able to make a 3.1-rad 
(180-deg) turn on a 27-m (90-ft) wide 
runway without external assistance. 
Figure 89 shows the sequential posi
tions of the aircraft as it accom
plishes such a maneuver. 

With its 11.2-m <37-ft) wide main 
landing gear tread, the aircraft is 
able to operate from relatively narrow 
runways. Also. by changing the pitch 
angle of the propeller blades to 
achieve reverse thrust, the aircraft 
can back up the prescribed 1.5 percent 
grade on a paved runway without exter
nal assistance. 

FAR 36 Noise - Even though the No.3 
Turboprop aircraft must grow larger if 
modified to perform the C-X mission, it 
is still able to comply with current 
FAR 36 stage 3 regulations on noise. 
This conclusion is based on the com
parative results in Table XL, which 
show that the aircraft predicted noise 
for all three measuring points is 
several decibels below the regulatory 
limit. 

*Critical field length is the distance 
required to accelerate with all en
gines operating. experience a failure 
of the most critical engine and either 
continue to accelerate with the criti
cal engine inoperative to liftoff 
velocity or decelerate to a stop in 
the same distance. 
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rable XL. 

I MUSURING 
I CONomON 

I T .... KEOFP F1. YOVER 

I rAK!OF'SIO!UN! 

I "P~OACH , 

FAR 36 Noise Check for 
c-x Applicat~on 

'=AR J4 F~EDlcnD I 
UMiT NOIs( I 
101 7 n ~ 

100 0 906 

103.4 ;>96 

Aircraft Costlng 

The cost results, prevl0usly shown 
1n Flgures 78 and 79, are based on the 
original civ~l fleet size requirements. 
Had the production run been 1ncreased 
to 1nclude the required number of C-X 
a1rcraft, the learn1ng curve benefits 
and the smaller research and develop
ment allotment per aircraft mlght have 
prod uced a net red uct10n in both the 
acqu1sltion and operating costs, even 
w1th the mod1ficat1ons. 

NEARER-TERM ENGINES 

All of the results presented so far 
are based on the use of the Pratt & 
Whltney STS487 turboshaft and STF477 
turbofan study englnes ln the propul
S10n system. These eng1nes were chosen 
because, when the study began, they 
were the only two advanced engines from 
o~e fam1ly with equ1valent technology. 
W1th normal planning and development, 
these eng1nes could achieve an in1t1al 
operational capabil1ty in 1998. Earl1er 
availab1llty is poss1ble but would be 
accompan1ed by some degradation 1n per
formance, by heav1er we1ghts, and by 
louder nOlse levels. 

Recently, Pratt & Whitney released 
data on two s1milar, but nearer-term, 
eng1nes that could be available in the 
late 1980s. These two study englnes -
deslgnated the STS589 turboshaft and 
STF592 turbofan - rely extensively on 
the technology base developed as part 
of the NASA Energy Efficlent Englne 
Program. USlng these eng lnes for com
petltlve turboprop and turbofan-powered 
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cargo aircraft perm1ts a compar1son to 
be made of the two types of propulsion 
that may be more attract1ve because the 
engines are nearer-term, require con
slderable less scaling, and involve 
substantially less risk as a result of 
their broader technology base. 

To ga1n some 1ns1ght 1nto the pos
sible effects of these nearer-term 
engines, they were put on the No. 1 
Turboprop and Turbo fan Aircraft 1n 
place of their orig1nal engines. For 
th1S change, the aircraft were resized, 
but not reopt1mized, with all of the 
m1ssion requirements, study guidelines, 
and geometric ratios that define the 
a1rcraft held constant. Tables XLI and 
XLII summar1ze the maJor effects of 
these changes for the turboprop and 
turbofan a1rcraft, respect1vely. 

As noted 1n Table XLI, 1nstalllng 
the STS589 engine 1ncreased the tur
boprop alrcraft ramp weight by 6.3 
percent w1th most of this increase 
com1ng from h1gher fuel consumpt1on, 
Wh1Ch rose by 18.6 percent. Further 
examinat10n of the trends 1n the table 
reveals a cons1stent pattern of slm1lar 
1ncreases. Overall, these resul ts 
merely reflect the benefits of advanced 
engine technology with the more ad
vanced STS487 engine using less fuel 
and, consequently, producing a lighter 
weight aircraft with lower operat1ng 
costs. 

Sim1lar effects of a larger a1r
craft, higher fuel consumpt1on, and 
greater operat1ng cost are obtained by 
introduc1ng a nearer-term engine on the 
No. 1 Turbofan Alrcraft. As ind1cated 
1n Table XLII, the ramp weight grows by 
5.3 percent with fuel consumption and 
the propulsion system be1ng the maJor 
contr1butors. In th1 s case, fuel 
consumptlon 1S up by 14.2 percent and 
the propulsion system is 18.6 percent 
heav1er. 

Much of the additional fuel consump
t10n W1 th the STF592 engine could be 
eliminated by increasing its 5.3 bypass 
rat10 toward the value of 10 which was 
used for the STF477 eng1ne. Such a 
change, however, would requ1re con
siderable effort to reVlse the engine 
performance estimates to determ1ne how 
much. 
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Table XLI. 

ENGINE 

"OPULSlCN 

Effect of Nearer-Term 
Engine on No. 1 
Turboprop Alrcraft 

CRIGINAL Nt4RER-TUM 
STS41 STS 5S9 

RATED DIS I( LOADING. KW/M:(HP~ 40%(~ 40% (501 

RATED PowtR. 1000 KW (HI') 12.S (11 II Il.7 (IS.:) 

~TeD THRUST. 1000 N (U) 124 (27 9) 129 (%9 \) 

C~UIS! THRUST. 1000 1'4 (UI 220(49) 22.9 (5.\) 

aUIS! SFC. KG/N ..... (U/U .... RI J il45 (0 .1<1) 0.J5Z (0 .l3) 

P~P DIAMET!R. M (FT) 

Nl!IGHTS, 1000 KG (UI 

RA'" 

OP!RAnNG 

FlJEL 

ENGINE 

PROP 

GEARSOX 

.....aw 

'tRl'ORMANCE 

FlEW UNGTH. M (FT) 

ENGINE~UT GRADIENT. ~ 

cWlse Lill 

COC. <JTKM (e, 'TNMI 

FUEL AT U4 S/M· (I SiGAL) 

FA. 36 NOise EPNdI 

F1.YOVER 

SIDeUNI 

.. mCACH 

Table XLII. 

eNGINE 

POCP'JLSION 

BYPASS RAno 

RATED THRUST. '000 N (U) 

ClUJlS! THRUST. 1000 N (U) 

5 6 (IS !) , 3(19 21 

al.0 (171.:) 86.1 (189 ') 

40.3 (SI.o) 42 a (U.lI 

13..5 (29 0) 16.0 (35.11 

2.2 (.9) l.2 (70) 

2. (5.11 2.(581 

1.5 (3') 1.9 (4 \) 

o a (1 a) I 0(%.11 

1.684 ('.52-41 I.'" ( •• ...0) 

498 771 

IS 91 19.21 

a 7(1' 7) 9 " (15.3) 

"'.7 as .. 
as.6 a74 

985 98 • 

Effect of Nearer-Term 
Engine on No.1 Turbo
fan Alrcraft 

C~IGINA" Nt4RER-TERM 
STF471 STF592 

100 '3 
liS 3 (%6.6) 132.1 (29.n 

U 9 (5.0) 26.7 (60) 

ClUJlse SFC. KG/N-HR (U/U-HII) , 06 (0.401 0.::66 (0.00) 

Nl!IGHTS. 1000 KG (U) 

.... '" 15 •• (lSI 0) 69 9 (197 31 

:PE~nNG 412(9On 4l 3 (95 11 

FUEL 110 (l7l) 19 4 (42.6) 

ENGINE " 3(9 J) ,.2 (11,.4) 

"'.<CEW a 6 (1 II o 7{1_'1 

PYLON o 7 (1 0) 0.3 (1 31 

THRUST~E'!SU 07(1 0) 0.9 (I 9) 

P!'!I'ORMANC! 

mw L.ENGTH. M (m 2 .... (8.018) 2."'O(B,~ 

ENG.NE~T GRADieNT. "- 2 4 2 •• 
ClUJIS! Li1:l :1 ~ 21.08 

OOC. c/TKM (c/T'IMI 

FUEL AT U4 Si~ (1 StGAL) 10 0 (16 9) 10 ,,(17 0) 

C::A. l6 NOIS!. !I""dl 

F1.YOVeR 91 ~ 39 ~ 

SIDeUNI 39: !6 'i 

"I'I'ttOACH 100..3 992 



The FAR 36 measuring point noise 
values are the exception to the pre
viously noted trend that poorer results 
accrue with the nearer-term engines. 
Even though the absolute values of the 
110i se for the nearer-term turbo pro p 
lengines in Table XLI are higher. the 
real concern is with the noise values 
JAelative to the FAR 36 regulations, 
which change with aircraft weight. To 
permit a proper relative assessment, 
the noise predictions are compared with 
the regulatory limitations in Figure 
gO. Relative to the limits, the 
takeoff flyover and sideline noise of 
the nearer-term turboprop increase 
51 ightl y, but the approach noise re
mains essentially constant. In con
trast, the nearer-term turbofan has 
lower noise in both absolute and rela
tive comparisons. This improvement is 
a direct result of' the lower bypass 
ratio, which typically means better 
field performance. That is, the air
(!raft takes off in a shorter distance 
a'nd gains altitude, initially, at a 
greater rate. In fact, with the STF592 
engines the aircraft is about 91 m (300 
ft) higher in altitude at the takeoff 
measuring points, than with the STF477 
engines. 

Fan and turbine noise are predomi
nant on the turbofan-powered aircraft 
and can be partially suppressed through 
nacelle treatment. The noise predic
tions shown for both turbofan engines 
are based on using the treated nacelle 
depicted earlier in Figure 54 and in
(~lude the level of noise suppression 
~mggested in the figure. 

Propeller noise, not engine noise, 
is predominant on the turboprop-powered 
aircraft. While noise treatment added 
to the nacelle would suppress the 
~~ngine noise, it would not attack the 
major noise source. Therefore. nacelle 
treatment was not added to the 
turboprop aircraft. 
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COHCLUSIOHS 

Several conclusions have been 
reached based on the results of this 
study. Each one is presented in a 
h~ghlighted s~ngle summary sentence and 
~s followed by a bnef d~scuss~on that 
explains and Justifies the conclusion. 

o Advanced turboprop (propfan) propul
s~on systems offer potent~ally sig
nificant benefits over a turbofan 
propuls~on system and mer~t further 
development efforts. 

A comparison of competit~ve air
craft w~ th the two types of propul s~on 
shows that an advanced turboprop offers 
advantages relative to an advanced 
turbofan that may be as large as: 

o Fuel sav~ngs of 21 percent 
o Fuel eff~c~ency 26 percent h~gher 
o DOCs 14 percent lower 
o Field lengths 25 percent shorter 

These fuel savings for the turbo
prop nearly double to 40 percent ~n 
compar~son with current commerc~al 

turbofan aircraft. The magn~tude of 
these potential fuel 3aving3 provide 
tremendous incentive for consider~ng 
further development of the turboprop in 
view of ns~ng fuel pr~ce~ and limited 
fuel ava~lab~lity ~n the future. 

The lower DOCs are an attract~ve 

feature for both the airl~nes and the 
paying public. The substantially 
shorter field lengths are another pl us 
for the turboprop. They perm~t turbo
prop aircraft to serv ice small a~rports 
that are inaccess~ble to turbofan a~r
craft. 

o Operation at cruise Mach numbers 
below 0.8 becomes ~ncreas~ngly 
attract~ve as fuel price ~ncreases 
and becomes a greater percentage of 
a~rcraft d~rect operat~ng cost. 

Aircraft des~gns were produced for 
cruise Mach numbers of 0.6, 0.7, and 
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o. 8 ~n the parametnc study, and a~r

craft operat~ng costs were est~mated 

for fuel pnces of 132 to 264 $/111 (50 
to 100 tV gal) • At the tlme of the 
select~on of the first a~rcraft des~gn 

points. the lowest fuel pr~ce was 
representative of then-current prices. 
For that pr~ce, the parametr~c data 
showed that a cruise Mach number of 
0.75 gave the m~n~mum operatlng cost. 
The data also showed that a 0.72 cru~se 
Mach number min~mizes operating cost 
for the h~ghest fuel pr~ce considered, 
a h~storical pr~ce by the end of this 
study. With higher fuel pr~ces, even 
lower cru~se speeds may be best for 
m~n~m~z~ng the a~rcraft operating 
costs. 

o A propeller tip speed of about 229 
m/s (750 fps) prov~des a comprom~se 
for m~n~m~z~ng cost and noisepr~nt. 

Parametric study results showed 
that ~ncreasing the propeller t~p speed 
above 229 mls (750 fps) offered only 
m~n~mal reduct~ons ~n operat~ng costs 
while substant~ally ~ncreas~ng the 
no~seprint area. Conversely, at lower 
speeds, only min~mal decreases were ob
taloned in the noiseprint areas and 

these were accompan~ed by di3pro
portionately large ~ncreases ~n op
erat~ng costs. 

o An ~nstalled sea-level dis~ loading 
of about 402 kW/m(50 hp/ft ) for the 
propeller gives aircraft des~gns that 
effectively compromise conflicting 
design goals to m~nim~ze no~sepr~nt 
area and d~rect operat~ng cost. 

Sea-level-installed dZsk load~ngs 
betwe2n 281 and 640 kW/m (35 and 80 
hp/ft ) were considered in the para
metr~c study. At the lower d~sk 

loadings, problems were encountered 
w~th excess~vely large diameter 
propellers and high operat~ng costs. 
Conversely, w~th h~gher d~sk loadings, 
the a~rcraft no~seprints become ex
ceed~ngly large. 



o Changlng the takeoff cllmb procedure 
reduced the nOlseprlnt areas for tur
boprop aircraft by slgnificantly 
greater amounts than for competltlve 
turbofan alrcraft. 

By changlng the takeoff climb pro
cedure, the nOlseprint areas for the 
No. 1 and 2 Turboprop Aircraft were 
reduced by 40 to 60 percent, whlle 
those for the No. 1 and 2 Turbofan Air
craft decreased by less than 20 per
cent. These reductions represent the 
maximum obtalnable for each of the four 
aircraft based on independent analyses 
of varylng the takeoff flap angle, flap 
retractlon altltude, obstacle speed, 
power level, and type of climb - maXl
mum grad lent versus maxlmum rate. The 
reason for the dlfferences lS that tur
boprop alrcraft typically have much 
better takeoff power features than 
turbofan alrcraft. This produces 
shorter fleld lengths and greater climb 
capabllltties, both of' which are ex
tremely helpful ln reduclng nOlseprlnt 
areas. 

o Reducing the propeller tlP speed on 
takeoff mayor may not reduce the 
nOlseprlnt area dependlng upon the 
nOlse level deflnlng the nOlseprlnt. 

The propeller tlP speed of the No. 
1 Turboprop Aircraft was reduced from 
229 mls (750 ft/s) to 204 mls (670 
ft/s) for takeoff climb, and the fllght 
profile and noiseprints were recalcu
lated. The effect was that the 90-
EPNdB noiseprint lncreased 2.4 percent, 
but the 80 and 70-EPNdB nOlseprlnts 
decreased 17.5 and 36.7 percent, 
respectlvely. These results occur 
because of two counterproductive 
effects fran the reduced propeller tip 
speed. Beneficially, the propulsion 
system noise is lower; but adversely, 
less thrust is available whlCh means a 
longer takeoff distance and a slower 
rate of cllmb. 

o Based on the only available noise and 
cost data, alrcraft wlth ten-blade, 
high-speed propellers are least 
costly to operate; alrcraft wlth 
ten-blade, moderate-speed propellers 
provlde a compromlse ln mlnlmlzlng 
cost and nOlse; and alrcraft wlth 
slx-blade, low-speed propellers are 
quietest. 

Six, eight, and ten-blade propel
lers were consldered for operation at 
tip speeds of 204 mls (670 fps), 229 
mls (750 fps) , and 256 mls (840 fps). 
The parametrlc study results show that 
the six-blade propeller at the lowest 
tlP speed gives the qUletest alrcraft, 
and that a ten-blade propeller at the 
hlghest tlP speed produces the least 
expenslve alrcraft to operate. A 
ten-blade propeller at the mlddle speed 
provlded the best compromlse for 
attempting to simultaneously minimize 
both noise and cost. 

o Eight-blade propeller is not a good 
candidate because of probable blas In 
avallable data. 

An eight-blade propeller rarely 
offered any advantages. ThlS may have 
occurred because the only avallable 
data on thlS advanced propeller are 
based on gUldellnes which naturally 
tend to preclude an elght-blade 
propeller from being a good candldate. 
To be more specific, the elght and 
ten-blade propeller data are for the 
same total propeller actlvity factor, 
whlle the six and elght-blade propel
lers have the same activlty factor per 
blade. The blas lS believed to be ln 
the potentlal manufacturer's cost estl
mate (see Appendlx B) which shows that 
propellers with eight blades cost more 
than those with six blades for a given 
diameter, but that elght and ten-blade 
propellers cost the same. 
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o Accuracy of predicted nOlse source 
levels lS critlcal to study results. 

Sensltlvity study results suggest 
that a 3 dB increase in aircraft nOlse 
level produces 100 and 40 percent in
creases ln the nOlseprint areas for 
turboprop and turbofan alrcraft, re
spectlvely. Thus, small changes in the 
noise sources mean large varlatlons in 
the nOlseprlnts. Because both propul
Slon systems used in this study are of 
the paper variety, that is they are 
deslgn concepts and not hardware items, 
the actual nOlse characteristlcs of 
both systems may change conslderably 
from the predicted values by the time 
these systems are built. ThlS could 
drastically alter the results of thlS 
study. 

o FAR 36 noise levels are probably not 
a valld lndicatlon of the lmpact of 
alrcraft nOlse on the communlty. 

Because of the artlficlal condl
tlons imposed by the FAR 36 regula
tions, the noise levels recorded at the 
takeoff and sidellne measuring points 
are lower than the levels perceived 
when the aircraft operate ln a normal 
manner. Even though the FAR 36 nOlse 
levels are a poor lndlcatlon of normal 
operatlng nOlse for an alrcraft at two 
of the three measuring points, they are 
an even poorer lndicator of the effect 
of aircraft noise on the total airport 
community, as is evident from the study 
results. The only measure that gives 
the total noise impact on the community 
lS the size of the aircraft noiseprint 
area for several nOlse levels. 
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o Hlgh bypass ratlos are preferred in 
turbofan englnes. 

Lower fuel consumptlon and quieter 
aircraft were obtalned by uSlng hlgh 
bypass ratlo (above 8) engines. Based 
on consul tatlons Wl th eng ine manufac
turers, the turbofan engines were 
assumed to have direct-drive fans for 
bypass ratios up to 10 and geared fans 
above 10. The geared fans merlt fur
ther consideratlon because of their 
quietness. 

o An advanced turboprop alrcraft can 
serve as a JOlnt clvll/mllltary alr
llfter wlth mlnlmal modlflcatlons and 
penaltles. 

The No. 3 Turboprop Alrcraft, when 
modlfied so that lt can also meet the 
C-X alrcraft requlrements, experlences 
a 12.6 percent penalty ln block fuel 
and less than a 10 percent penalty in 
su7h measures as ramp weight, operatlng 
welght, acqulsltion cost, and operatlng 
cost. These penaltles for the modlfi
catlons were calculated for a resized, 
but not reoptlmlzed, alrcraft wlth the 
same payload, range, and speed capa
blll.tl.es. Smaller penaltl.es would 
occur Wl th a reoptimlzed alrcraft. 
Al so, the costs would be more attrac
tlve lf credlt had been taken for a 
larger productlon run to supply both 
the civil and mllltary fleet Slzes. 



RECOMMENDATIONS 

Considerable research and develop
ment wlll be requlred before an 
advanced turboprop (propfan) propu1s10n 
system can be flown on a new aircraft 
ln the forseeab1e future. New propu1-
Slon systems have typically taken a 
mlnlmUIn of flve to seven years to de
velop and demonstrate the readlness of 
a new-technology level. Currently, 
plans are Just belng formulated for a 
program to develop a large turboshaft 
engine and gearbox. 

One of the gUldelines for thi s 
study was that the alrcraft be designed 
consistent Wlth 1985 technology readl
ness levels to permlt an lnltlal opera
tlona1 capab 111 ty ln 1990. Stnct 
adherence to thlS gUldellne was impos
slb1e because the maln item of inter
est, the propfan propu1s10n system, 
wl11 requlre a mlrac1e to achleve 
technology readlness status by 1985 
because there lS now less than the 
previously mentloned minlmUIn of flve 
years requlred for technology develop
ment and readiness demonstratlon. In 
man yother re1 ated areas, too, the 
current level of effort, or lack of 
effort, wl11 have to change drastlca11y 
to meet the 1985 date. 

In general, all efforts related to 
the deve10IXllent of propfan propulsion 
systems need to be accelerated so that 
the technology lS available for app11-
cation to the next generation of com
mercial aircraft, which should appear 
in the early 1990s. With its potentla1 
fuel savlngs, rapld develoIXllent of the 
propfan propu1slon system is ln our 
national lnterest. Some specific tasks 
to be taken as part of that deve10IXllent 
are recommended, wlth no prlority lm
plied by the order of presentatlon. 

o Have englne manufacturer check per
formance and nOlse characterlstlcs of 
the pOlnt deslgn alrcraft ln thlS 
study. 

TYPlca1ly, the polnt deslgn alr
craft have englnes that are not the 
base11ne turboshaft or turbofan study 

englnes supplled by the manufacturer. 
Instead, they represent englnes that 
are scaled in thrust and Slze from the 
basellne englnes. Even though the 
scaling programs use accepted thermo
dynamlc and englne cycle theory, they 
are not always able to account for 
materla1 and manufacturing constralnts. 
Because of the crltlcal lmpact of 
englne noise and fuel consumptlon on 
the results of thlS study, conflrmatlon 
by an englne manufacturer of the englne 
characterlstics for the pOlnt deslgn 
alrcraft lS recommended. 

o Determlne propeller/wlng lnterference 
effects. 

Llmlted wlnd tunnel tests are 
planned on thlS subject as part of the 
NASA Advanced Turboprop Program. Add 1-
tlonal tests are needed not only for 
the base condltlons of the planned 
tests but al so for the propeller-re
lated characteristlcs ldentifled as 
best in thlS study, that lS, lower tip 
speeds, dlSk loadlngs, and cruise 
speeds. There is also a need to cor
relate the Wlnd tunnel results Wlth the 
predlctlons of eXlsting analytical 
programs such as that developed by 
Lockheed. Programs whose predlctlons 
have been shown to correlate well Wl th 
actual results perml t excellent deslgn 
latitude at mlnlmal expense compared to 
repeated wlnd tunnel tests. 

o Inltiate design studles of large-slze 
turboshaft englnes and gearboxes. 

EXlstlng turboshaft englnes and 
gearboxes are less than half the Slze 
of those needed by the selected alr
craft ln this study. Hlstorlcally, lt 
has taken longer to develop a new 
englne than a new alrcraft, even when 
the technology for both is essentially 
ln hand. Recogni Zlng that the tech
nology for about a 15,000 kW (20,000 
hp) englne and its gearbox lS defl
nitely not state of the art, we 
recommend that design studles be ini
tiated lmmedlately if the propulsion 
system lS to be avallable for an alr-
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craft that Wlll begln lnltlal operatlon 
ln the early 1990s. 

o Establlsh what effect the propeller 
will have on the aerodynamlc per
formance of a supercrltlcal alrfoll. 

Wind tunnel tests are recommended 
to determine lf the propeller effect on 
the alrflow wlll cause the benefits of 
the supercrltical alrfoll to be lost or 
degraded. If this occurs, then a 
structural welght penal ty Wlll be In
curred by having to go to a thinner 
airfoll to maintain the same drag level 
as for the supercritical alrfoil. Or 
alternately, lf the supercrltical 
alrfoll lS to be retalned to prevent a 
structural weight lncrease, then a drag 
penalty must be absorbed. 

a Analyze the effect of the propeller 
on the wlng structure. 

The large diameter and/or high disk 
load ing of the propfan will lmpart 
torslonal loads lnto the engine attach
ment structure and wing structure that 
are higher than those of current turbo
prop alrcra ft. Simul taneously, the 
propfan lS llkely to lntroduce acoustlc 
fatlgue and dlfferent flutter effects. 
Theoretlcal analysis of the englne 
mountlng structure and the wlng are 
recommended to determlne the amount of 
the additional structural welght that 
lS requlred to accommodate the tor
slonal loads, to account for the 
acoustic fatigue, and to suppress any 
flutter. No attempt was made ln the 
current study to address these sub
Jects. Consequently, the effects of 
the recommended studies need to be 
applled to the selected alrcraft to 
determlne any performance degradatlon. 

a Determlne desired noise levels and 
estlmate alrport noiseprint area 
llmlts. 

Currently, there are no data to 
suggest what represents a mlnlmum or 
acceptable nOlseprlnt area for any 
noise level at any alrport. Assumlng 
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that continuous operatlon from alrports 
lS desired wlthout curtallment due to 
exceSSlve noise, studles wlll be re
qUlred to determlne what constitutes 
acceptable noise levels and areas. 
There are two parts to thlS recommended 
effort. One is to determlne what 
mlnlmum noise level will dlsturb people 
asleep. The second part Wlll requ1re 
an analysis of existlng alrports to 
determlne the Slze and shape of the 
area around each alrport that wlll not 
be affected by cont1nuous aircraft 
operatlon. 

o Investigate appllcabllity of selected 
alrcraft to mllltary usage. 

Dual C1Vll and m1lltary use of an 
a1rcraft lS usually beneflclal because 
It decreases the unlt cost by lncreas
lng the Slze of the production run. 
More importantly 1n thlS case, military 
1nterest in a propfan propuls1on system 
should accelerate progress on ltS de
velopment. This study has shown that 
the No. 3 Turboprop Alrcraft can also 
perform the C-X mlssion by taklng 
advantage of the fuel savlngs and short 
fleld length afforded by the propfan 
system. 

The merlts of applYlng the selected 
alrcraft to Navy mlSSlons of patrol, 
antl-submarine warfare, and carrier 
on-board dellvery also warrant atten
tlon. 



APPENDIX A. SYMBOLS AND ABBREVIATIONS 

SYMBOLS 

A Area 

AR Aspect Ratlo 

b Wlng Span 

Coefflclent of Drag 

Airframe Drag Coefflcient 

Scrubblng Drag Coefflclent 

Coefflclent of Drag Based on Nacelle Frontal Area 

SWlrl Drag Coefflclent 

Wave Drag Coefflclent 

Wlng Proflle Drag Coefflclent 

CGF Cost Factor for Geared-Fan Engine 

Llft Coefficlent 

CP Power Coefficient, CP (ESHP/1000) = __ .;...o;...~-'---=-,,"';;";"'_-= 
2 a (N/1000)3 (D/10)5 

CSF Cost Scale Factor for Englne 

CT Thrust Coefflclent, CT 0.1518 (T/1000) = -~~~~~~~~ 
a (N/1000)2 (D/10)4 

D Propeller Dlameter 

d Nacelle Maxlmum Dlameter 

DENG Engine Dlameter 
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SYMBOLS 

DL 

DNAC 

ENGD 

ENGL 

ENGW 

ESHP 

e 

F 

F/L 

GR 

g 

H 

HPYL 

J 

K 

KI 

LCLEAR 

LENG 

LNAC 

LPYL 

LSP 

M 
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Propeller Statlc D1Sk Loading 

Nacelle Dlameter 

Englne Dlameter 

Enpne Length 

Engine Welght 

Equlvalent Shaft Horsepower of Turboshaft Englne 

Span Efflciency Factor 

Propeller Tip-to-Fuselage Mlnlmum Spaclng 

Fleld Length Llmlt 

Gear Ratlo 

Acceleratlon of Gravlty 

Altltude 

Pylon Helght 

V 
Blade Advance Ratlo, J = ND 

Constant ln Propeller Welght Equatlon 

Constant ln Gearbox Welght Equatlon 

Clearance Length Between Propeller and Wlng Quarter 
Chord Station 

Englne Length 

Nacelle Length 

Pylon Leng th 

Propeller Splnner Length 

Mach Number 

Effectlve Mach Number 

Free-Stream Mach Number 



SYMBOLS 

6M 

N 

OB 

Pamb 

Pstd 

Q 

Q
o 

Q
l 

RREF 

SIMM 

S'1T 

SWING 

T 

T 

T 
C 

TS 

V 

VAPP 

Vref 

V o 

Hach Number Increment 

Propeller Rotat10n Speed 

Octave Band 

Amb1ent Pressure 

Standard Day Pressure 

Dynam1c Pressure 

Free-Stream Dynam1c Pressure 

Dynamic Pressure Beh1nd Propeller 

Reference Rad1us for N01se Measurement 

W1ng Area Immersed 1n Prop Sllpstream 

Nacelle Frontal Area 

W1ng Area 

T1P Spac1ng Between Adjacent Propellers 

Eng1ne Rated Thrust 

Thrust Coeff1c1ent 

Propeller T1P Speed 

Aircraft Veloc1ty 

Approach Veloc1ty 

Reference Veloc1ty for Drag 

Free-Stream Veloc1ty 

Local Veloc1ty 

A1rcraft Veloc1ty over Takeoff Obstacle 

Safety Marg1n Appl1ed to V2 
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SYMBOLS 

W/S 

WT 

'Y 

~ amb 

() 

A 

p 

a 

SUBSCRIPTS 

Englne Welght 

Wlng Load lng 

Gearbox Welght 

Propeller Welght 

Fllght Path Angle 

Pressure Ratlo, Pamb/PSTD 

Propeller Efflclency 

NOlse Emlsslon Angle 

Wing Sweep Angle 

Denslty 

Denslty Ratlo 

B, b Basellne 

s Scaled 

ABBREVIATIONS 

AIP Alrcraft Interference Program 

ALICE Alrcraft Life-Cycle Cost Evaluatlon Program 

ANOPP NASA Alrcraft NOlse Predlctlon Program 

ATA Alr Transport Assoclatloon 

BF Block Fuel 

BPR Bypass Ratlo 

DOC Dlrect Operatlng Cost 



ABBREVIATIONS 

E3 Energy Efflclent Englne 

EPNdB Equivalent Percelved NOlse In Declbels 

EPNL Equlvalent Percelved NOlse Level 

FAA Federal AVlatlon Admlnistratlon 

FAR Federal AVlation Regulatlons 

FPR Fan Pressure Ratlo 

FVR Fuel Volume Ratlo 

ISA Internatlonal Standard Atmosphere 

MOS Measure of Sensitlvlty 

NASA Natlonal Aeronautlcs and Space Admlnistratlon 

PNL Percelved NOlse Level 

PNLT Percelved NOlse Level, Tone-corrected 

PNLTM Percelved NOlse Level, Tone-corrected Maxlmum 

R&D Research and Development 

RH Relatlve Humidlty 

SF Scale Factor 

SFC Speclfic Fuel Consumptlon 

SHP Power Level 

STOD Source To Observer Dlstance 

TF Turoofan 

TP Turboprop 
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APPENDIX B. COSTING METHODOLOGY RELA
TIONSHIPS FOR PROPULSION SYSTEMS 

Lockheed's AIrcraft LIfe-Cycle Cost 
EvaluatIon (ALICE) Model* was used to 
estImate the costs of the candIdate 
aIrcraft In thIS study. The model 
generates both acquIsItIon cost and 
dIrect operatIng cost (DOC). For the 
acquIsItIon cost, the model uses a 
level of detaIl that provIdes desIgn 
sensItIvIty effects that can not be 
realIzed through the use of tYPIcal 
parametnc cost methods WhICh use only 
alrcraft physical and performance data 
as theIr cost base. In the ALICE 
model, each structural and functlonal 
subsystem IS IndIVIdually costed, and 
then all are added to obtaIn the 
aIrcraft acquIsItIon cost. 

The methodology for determInIng the 
DOC uses the 1967 AIr TransportatIon 
AssocIatIon equatIons wIth the 
coeffIcIents updated to the 1980 year 
level for this study. The only 
exceptIon is In the area of maIntenance 
where alternate methods, denved from 
experIence. are used. 

TYPIcal results from the model are 
Included on FIgures 8-1 and 8-2. The 
level of detaIl used to determine the 
acquIsItIon cost IS Illustrated by 
FIgure 8-1 WhICh lists the varIOUS 
subsystem costs and research and 
development Items that contrIbute to 
alrcraft flyaway cost. Elements that 
contnbute to DOC are llsted on FIgure 
8-2. 

One of the obJectIves of thIS study 
IS to compare the economIcs of aIrcraft 
wIth turboprop (TP) and turbofan (TF) 
propulsIon systems for varIOUS nOIse 
1 eve 1 s • Th e v all d 1 t Y 0 f t hIS 
comparIson is dependent upon the 
relatIve SImIlarIty of the ground rules 
for the performance and costs of the 
maIn Independent varIable the 

* S. G. Thompson, "AIrcraft LIfe-Cycle 
Cost EvaluatIon (ALICE) Model," LG77-
ER0084, Lockheed-GeorgIa, AprIl 1977, 
Revised March 1980 (Ref. 37) 

propulsIon system. In regard to per
formance, both systems reflect equl v
alent technologIes, design expertise, 
and goals of mInimum fuel consumptIon. 
In the area of costs, the followIng 
relatIonshIps have been denved to be 
relatIvely compatIble for the two 
systems. These equations assume that 
the tYPIcal InItIal productIon and 
operational problems have been cor
rected and that mature program level s 
have been reached. 

ENGINE ACQUISITION COST 

Eng ine prIces are based on an 
assumed purchase In the commercIal 
market, that is, the prIce IS set by 
the engIne manufacturer to cover both 
the productIon and development cost and 
does not Include the use of a learnIng 
curve benefIt as a functIon of produc
tlon quantlty. 

Turboprop Engine Cost 

The STS487 basellne TP engine IS 
rated at 15.2 megawatts (20,424 shaft 
horsepower), and Its 1980 cost IS 
estImated to be 2.16 mIllion dollars. 
This cost Includes the gearbox. For 
other SIzes, the cost IS adjusted as a 
functIon of the scaled engIne power 
accordIng to the relatIonshIp: 

CSF = 0.4 SF + 0.6 
= 0.533 SF + 0.467 

If SF > 1.0 
If SF < 1. 0 

where CSF is the cost scale factor and 
SF IS the ratio of the scaled power 
level to that of the base SIze. 

Turbofan Engine Cost 

The STF 477 basellne TF eng lne is 
rated at 117.87 kllonewtons (26,500 
pounds) of thrust, and Its 1980 cost IS 
estlmated to be 2.03 million dollars. 
For other SIzes, the cost IS adjusted 
accordIng to the same relatIonshIp as 
for the TP engIne except that the ratIo 
of scaled engIne thrust to base size IS 
used as the Independent varIable. A 
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NASA LANGLEY TURBOPHOP.97S-01SS0.0~-29-dO HACOAT/STPfC9 

~ CIVIL ACQUISITION COST SUHMARY 
WING S3S2708.9~ 
TAIL 12S~S3~.05 

BODY 58~69ql.62 

NOSE LANDING GEAR 12~058.811 
HAIN LANDING GEAR 599720.81 
fLIGHT CONTROLS 13189~.1I1 
NACELLES 116166.95 
PROPULSION 
ENGINE 105~26.]1 

AIR INDUCTION .00 
fUEL SYSTEH ~83875.16 
PROPULSION HISC ~11501.25 
ENGINE CONTROLS .00 
FIRE EXTINGUSHING .00 
EXH/THRUST REV. .00 
LUbE SYSTEH .00 
PROPELLERS .00 
TOTAL PROPULSION 1006808.1~ 

INSTRUHENTS 
HYDRAULICS 
[LECTRICAl 
AVIONICS IINSTL , RACK~I 

FURNISHINGS 
AIR CONOI TlONING 
ANTI ICING 
APU 
fINAL ASSEMBLY 
PROD fLI GH T 
LfC SURfACES 
LfC DUCTS 
SYSTEH INTEGRATION 

TOTAL EMPTY HfG. COST 

SUSTAINING ENGINEERI 
LfC SULTION SYSTEH 
TECHNICAl OATA 
PROD. TOOLING HAINT. 
HISC. 
ENG CHANGE ORDER 
QUALITy ASSURANCE 
AIRfRAHE WARRANTY 
AIRfRAME HE 
AIRFRAME COST 
ENGINE WARRANTy 
ENGINE fEE 
ENGIN[ COST 
AVIONICS COST 
REACTOR ASSEHBLY 
NUCLEAR DUCTS 
HEAT EXCHANGERS 
RESEARCH t OEVELOPHENT 

TOTAL FLY 

2586739.62 
.00 
.00 

2~58106.911 

.00 

.00 
1321813.118 

AWAY COST 

2110506.311 
1197130.82 
6Jq~1I9.89 

73099.50 
6181165011 
~26919.01 

.00 
111391.39 

.00 

.00 

.00 

.00 
1001898.28 

12866111.95 
110529111.01 

.00 

.00 

Flgure B-1. TYPlcal Output from ALICE Program for Alrcraft Production Cost 

19366299.15 

310125118.00 

8911>616.15 
500000.00 

.00 

.00 

.00 
8696811 I. 31 

'192116005.50 

R ANa 0 
DEVELOP TECH DATA 
DESIGN ENGINEER. 
DEVElOP TOOLING 
OEV[LOP TEST AATICLE 
fLIGHT TEST 
SPECIAL SUPT EQUIP 
DEVELOP HE NT SPARES 
ENGINE DEVELOPHENT 
AVIONICS OEVELOPHENT 
REACT OEvELOPHENT 

TOTAL RtO 
lfC R t a 

31383212.50 
8301380611.00 
~22026'152.00 

129130681.00 
10950018.00 

9968856.15 
611'1999~ .00 

.00 

.00 

.00 
15219~723Z.00 

.00 
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bypass ratlo of 10.0 1S close to the 
Ilm1t for an engine w1th a direct dr1ve 
for the fan. For higher bypass rat1os, 
a geared fan arrangement 1S required to 
Ilm1t eng1ne n01se. An add1t1onal cost 
has been 1ncluded for th1S gear1ng, and 
1t 1S calculated from the equat1on: 

CGF = 1.03 + 0.015 (BPR _ 10)1.246 

where CGF 1S the gear factor cost Wh1Ch 
1S appl1ed to the base pnce, and BPR 
1S the eng1ne bypass rat1o. 

ENGINE MAINTENANCE COST 

Malntenance costs are tYP1cally 
d1V1ded into two categor1es of mater1al 
and labor. The proJ ected 1980 labor 
rate used 1n thlS study 1S $13 per 
ma1ntenance manhour and the overhead 
burden factor 1S 2. Other spec1flc 
ma1ntenance rates and cost1ng 
approaches that were denved for the 
basel1ne eng1nes folloWlng consulta
tions w1th Pratt & Wh1tney are: 

Item 

Materlal Cost, 
$/eng1ne flt hr 

Matenal Cost 
Scallng 

Labor Rate, 
hr/eng1ne fIt hr 

Labor Rate Scal1ng 

Turbofan Turboprop 

40.93 43.49 

Proport1onal to 
eng1ne cost scal1ng 

0.8 

SFO. 31 

1.0 

SFO. 31 

where SF 1S the eng1ne power scale 
factor. These material costs are 1n 
1980 dollars. The labor rate on the 
turboprop 1ncludes the gearbox. 

PROPFAN COST 

The propfan cost data are based on 
those 1n Reference 12 and supplemented 
by Ham11 ton Standard. For parametnc 
stud1es, these data can be represented 
1n equat10n form as a funct10n of 
number of blades and propeller diam
eter. Spec1f1cally, the equat10ns for 
the costs 1n 1980 dollars are: 
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6 Blades -
Cost = $123,864 + $2,382 D 

8 and 10 Blades -
Cost = $123,864 + $5,240 D 

where D 1S the propeller d1ameter in 
feet. These are the corrmerc1al pr1ces 
and, as such, 1nclude the development 
costs. 

PROPFAN MAINTENANCE COSTS 

Equat10ns for the propfan matenal 
and labor ma1ntenance were der1 ved 
based on the data in Reference 12 and 
supplemented by Ham1lton Standard. 

Material Cost 

Equat10ns for the mater1al costS.1n 
1980 dollars are a funct10n of 
propeller d1ameter, D, 1n feet and the 
number of blades: 

6 Blades -
Cost ($/flt hr) = (0.31 + 0.020 D) 

8 and 10 Blades -
Cost ($/flt hr) = (0.37 + 0.020 D) 

Labor Rate 

Slmllar equations were der1ved as a 
funct10n of propeller dl.ameter, D, in 
feet and the number of blades for the 
labor rates in terms of manhours per 
eng1ne fl1ght hour: 

6 Blades 
8 Blades 
10 Blades 
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Labor Rate = 0.000735 D 
Labor Rate = 0.000755 D 
Labor Rate = 0.000785 D 

APPENDIX C. PARAMETRIC NOISE 
PREDICTION METHODOLOGY 

Lockheed's EPNL (Equ1valent Per
ce1ved N01se Level) Pred1ct1on Program* 
1S 1ntended for deta1led a1rcraft point 
des1gns, and as such, 1t requ1res ex
tens1ve 1nput to fully descnbe the 
a1rcraft. Because of the amount of 
1nput data and the actual run time of 
the program, 1t becomes 1mpract1cal and 
too ex pens1 ve to exerC1se the program 
to pred1ct n01se levels for the large 
number of a1rcraft that are usually 
cons1dered 1n a parametric study. To 
allev1ate these problems, Lockheed,** 
as part of 1tS 1ndependent research and 
development stud 1es, used the EPNL 
Pred1ct1on Program to develop 
slmpl1f1ed parametr1c methods for 
pred1ct1ng the n01se and footpr1nt 
areas for turboprop and turbofan 
powered a1rcraft. 

Pr10r exper1ence w1th a1r~raft 

n01se pred1ct1on has shown Wh1Ch 
parameters have the greatest 1nfluence 
on n01se levels. Those parameters most 
pertwent to th1S study are l1sted 1n 
Table C-I along w1th ranges of values 
that are commensurate w1th the a1rcraft 

* 

** 

A. P. Pennock, "EPNL Pred1ct1on 
Program," LG7 8ER0211, Lockheed
Georg1a, September 1978 (Ref. 28) 

N. Searle, "A Parametr1c Method for 
Pred1cting the Far-F1eld N01se and 
Footprint Area for Propfan-Powered 
Alrcraft," LG79ER0163, Lockheed
Georgla, October 1979 (Ref. 29) 

N. Searle, "A Parametnc Method for 
Pred1cting the Far-Field N01se and 
Footpr1nt Area for Turbofan-Powered 
Aircraft," LG80ER0023, Lockheed
Georg1a, January 1980 (Ref. 30) 



Table C-I. Parameters and Ranges of 
Val ues for Slmpllfled NOlse 
Predlctlon Methods 

TJRBCSHAFT ENGINE 3730 - 22,380 ~N (5000 - 30,000 HP) 
RA TED PO.VER 

TURBOFAN ENGINE 26,689 - 333,615 N (6,000 - 75,000 LB) 
RA TED THRUST 

PEQCENT PONER SETTING 40 - 100 

AIRCRAFT FORWARD SPEED 51 - 206 M, S (100 - 4CO KT) 

SOURCE -TO-QBSERVER 305 - 9144 M (1000 - 30,000 FT) 
DISTANCE 

NUMBER OF ENGINES 2, 4 

PROPELLER FOR TURBOSHAFT ENGINES 

NUMBER OF BLADES 6, B, 10 

TIP SPEED 204 - 256 MIS (670-840 FPS) 

NOMI~lAL DISK LOADING 281 - 640 KW M2 (35 - SO HP FT2) 

FOR T'ABOFAN ENGIMS 

BYPASS RATIO 5 B, 8 4, 13 0, Ie 0 

Slzes. NOlse levels of alrcraft wlth 
various comblnatlons of these para
meters were predlcted wlth our EPNL 
program, and then, regresslon analyses 
were applied to the results to form 
algon thms that are suitable for pre
dlctlng aircraft nOlse In a parametrlc 
study. Recogmzing that the value of 
the resul tlng slmpllfled method lS de
pendent upon the level of sophistlca
tlon of the program on WhlCh it lS 
based, the following review of the EPNL 
Predlctlon Program lS provided for the 
reader's beneflt. 

EPNL PREDICTION PROGRAM 

Alrcraft nOlse is a comblnation of 
the nOlse levels emltted by varlOUS 
propulslon system elements and by the 
alrcraft aerodynamlc features. The 
most slgnlflcant propulslon system 
noise sources are the propeller or fan 
and the englne compressor, turbine, 
core (combustor), and Jet turbulent 
mlxlng. These components glve rise to 
dlscrete-frequency and broadband nOlse 
sources, each of whlCh has a unlque 
dlrectionallty and parameter depen
dence. Each source, therefore, re
qUlres lts own predlctlon methodology. 

The methods used In the EPNL Pre
dlctlon Program for each englne source 
have been used In prev 10US stud les A, 

and are very slmilar to those used In 
the NASA ANOPP (Aircraft Noise Pre
d lctlon Program) code. These methods 
and the way the predictions are com
blned to predlct EPNL are descrlbed 
brlefly In the followlng sectlons. 

Fan NOlse 

The method for predictlng fan noise 
lS based on that presented by Heidmann* 
and recommended for use by the NASA 
ANOPP offlce. It explicitly predicts 
radiated nOlse In terms of the broad
band, dlscrete-tone, and multiple-pure
tone components. Based on comparlsons 
of predlctlons wlth measured CFM56 data 
from General Electrlc and STF477 englne 
predlctlons by Pratt & Whltney, the 
method was modlfled Sllghtly to correct 
over-predlctlons on the contributlon of 
the multlple-pure-tone components. 

Propeller or Propfan Noise 

The method used to predlct thlS 
nOlse source was developed by Hamil ton 
Standard**. It predlcts the propeller 
noise components, WhlCh include loading 
nOlse from steady and non-steady blade 
forces, thlckness nOlse, and broadband 
nOlse. Inputs for runnlng thlS method 
are propeller dlameter, power and/or 
thrust, tlP speed, number of blades, 

* 

** 

G. Swift and P. Magnur, "A Study of 
the Predlctlon of Crulse NOlse and 
Lamlnar Flow Control NOlse Crlteria 
for Sub somc Alr Transports," NASA 
CR-159104, -159105, Lockheed
Georgia, November 1979 (Ref. 31) 

M. F. Heldemann, "Interim Pre
dlction Method for Fan and Com
pressor Source Noise," NASA TMX 
71763, June 1975 (Ref. 32) 

"V /STOL Rotary Propulslon System 
Noise Predlctlon and Reductlon," 
FAA-RD-76-49, Hamll ton Standard 
D1Vlsion of Unlted Technologles, 
May 1976 (Ref. 33) 
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and forward speed. Output lS in the 
form of one-thlrd octave-band spectra 
at 0.17-rad (10-deg) lncrements from 
0.35 to 2.79-rad (20 to 160-deg) 
aZlmuth. 

Hamllton Standard also has a more 
advanced proprietary method for pre
dlctlng far-fleld nOlse. ThlS advanced 
method (frequency domaln program) eval
uates propeller noise sources In the 
form of monopole, dlpole, and quad
rupole (non-llnear) dlstrlbutlons whlCh 
make the lnfluence readlly discernlble 
of such blade design features as sweep, 
camber, twist, and thlckness. Haml1ton 
Standard used this advanced method to 
produce data for developlng correctlons 
to the method currently used ln the 
Lockheed program. 

COMpressor NOlse 

A NASA method 32 lS used to predlct 
compressor noise. The procedure is 
adaptable to both compressor and fan 
nOlse, and explicitly predlcts radlated 
nOlse in terms of the broadband, dlS
crete-tone, and (where appllcable) com
blnation-tone components. Results of 
the method have been correlated Wl th 
the types of englnes expected to be 
developed for the 1985-1990 time 
penod. 

Turblne NOlse 

Turblne nOlse predlctlons are In
cluded although thlS noise does not 
present a serious problem due to its 
relatlvely hlgh frequency. The method 
lS that developed by General Electric** 
under FAA contract. ThlS method re
quues only llmlted description of the 
englne lnternal deslgn, and lt has been 
shown to correlate well Wl th turblnes 
of current englnes and those envlsloned 
for the near future. 

** R. K. Matta, G. T. Sanduski, and V. 
L. Doyle, "GE Core Englne NOlse In
vestlgation Low Emlssion 
Englnes," FAA-RD-77-4, General 
Electric, 1977 (Ref. 34) 
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Combustor NOlse 

Combustor nOlse lS a broadband, 
low-frequency source WhlCh lS radlated 
out of the exhaust duct and lS usually 
centered around 400 Hertz. In the case 
of propeller-powered alrcraft, this 
source lS llkely to be buried by the 
low-frequency propeller nOlse, In WhlCh 
the blade fundamental and harmonlcs 
usually cover the range from 100 to 500 
Hertz, and by the broadband nOlse WhlCh 
lS usually centered around 400 to 500 
Hertz. However, thlS component lS 
lncluded because the relative levels of 
propeller and combustor nOlse were not 
known at the beginnlng of thlS study. 

The method used for predlctlng com
bustor n01J1e was developed by General 
Electrlc • It has been shown to give 
results that are in good agreement wlth 
measured data for several current 
englnes. 

Exhaust Jet Turbulent Mixlng NOlse 

The magnitude of turbulent mlxing 
nOlse from the exhaust Jet lS dependent 
primarlly upon the alrcraft forward 
speed, the effluent veloclty and 
temperature, and the jet diameter. 
These and other parameters are lnput to 
a NASA developed method* which lS used 
to predlct Jet nOlse. The method is 
based on Jet nOlse theory, test data, 
and ex istlng pred lctlon method s. 
Expenmenta1 data over a wide range of 
test condltlons have been shown to 
verify the method, WhlCh lS very 
versatlle In that conical, plug 
coaxial, and slot nozzles can all be 
accommodated. 

Alrframe Aerodynamlc Noise 

The Method for predlctlng alrframe 
nOlse was developed based on a Unl ted 

* J. R. Stone, "Interlm Prediction 
Method for Jet NOlse," NASA TMX 
71618, 1975 (Ref. 35) 



Technolog1es Research Center study** 
and includes separate routines for 
w1ng, empennage, flap, and landing-gear 
n01se. The method uses emp1r1cal 
equat10ns to pred1ct the spectra and 
d1rect1v1ty of the var10US aerodynam1c 
sources. Propeller sllpstream and flap 
lnteract10n noise, Wh1Ch 1S suspected 
to have cons1derable influence on large 
propeller-powered a1rcraft, 1S address
ed by applY1ng sllpstream veloc1ty 
effects to the flap noise predictlon 
rout1ne. 

EPNL Calculat10n 

The EPNL Pred1ct1on Program com
b1nes the n01se spectra for the var10US 
n01se sources along the a1rcraft fl1ght 
profile to obta1n the EPNL at p01nts on 
the ground below the a1rcraft. The 
procedure followed 1nvolves a number of 
steps. 

For a spec1f1ed set of a1rcraft 
parameters, each of the n01se pred1c
t10n rout1nes 1S exerc1sed to pred1ct 
a1r frame, propeller or fan, and eng1ne 
components (Jet, core, turb1ne, and 
compressor) sound pressure levels. 
These levels are pred1cted as one-th1rd 
octave band (113 OS) spectra over a 
range of angles, measured relat1ve to 
the engine aX1S, at some reference 
rad1us. As the aircraft 1S flown along 
the 1nput fl1ght prof1le, pos1t1ons are 
reached such that if the llnes def1ned 
by each angle are extended rad1ally 
they w1lI 1mp1nge on the observer, as 
1nd1cated 1n Figure C-1. At the 1n
stant when imp1nge~ent occurs for a 
part1cular angle, the n01se spectrum 
for that angle 1S projected out the 
appropr1ate source-to-observer distance 
(STOD) between the a1rcraft and the 
observer on the ground, taking 1nto 
account spher1cal d1vergence and 
atmosphenc absorpt1on. Th1S step is 
repeated for each angle so that a 1/3 
OS tlme h1story 1S obta1ned for each 
n01se source (airframe, propeller or 

M. R. Fink, "A1rframe N01se 
Pred1ct1on," FAA-RD-77-29, Un1ted 
Technolog1es Research Center, March 
1977 (Ref. 36) 

fan, and eng1ne components) as the a1r
craft overflles the observer. These 
1/3 OSs are then added to obta1n the 
total n01se t1me h1story from all 
sources. Subsequently, perceived n01se 
levels (PNLs) and tone-corrected PNLs 
(PNLTs) are computed as a function of 
tlme, sim1lar to that shown 1n Figure 
C-2. Next, the EPNLs are calculated 
from the total a1rcraft PNLT-t1me 
h1story, cons1stent w1th the FAR 36 
gU1del1nes. 

SIMPLIFIED METHODOLOGY FOR TURBOPROP 
AIRCRAFT NOISE PREDICTION 

The EPNL Pred1ct1on Program was 
used to generate EPNLs for a given 
a1rcraft with a matr1x of the propeller 
parameters: t1P speed, d1Sk load1ng, 
and number of blades. Subsequently, a 
least squares regression analys1s of 
the EPNL values prov1ded the bas1c al
gor1thms for calculat1ng EPNLs 1n para-

POSITION AT 
TIM: ts 

TYPICAL 
P'U:DICTICN 
'CINTS 

caSE;'vE.~ 

?CSITICN AT 
TIME t2 

F1gure C-l. N01se Spectrum Angular1ty 
Relat10nship to Noise 
Level Measurement at the 
Observer 

TIMe RELATrJE iO OBSERVE;' -

F1gure C-2. TYPlcal PNL - T1me H1story 
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'lIetnc alrcraft slzlng studles. These 
baslc equatlons pred ict EPNL as a 
function of tlp speed and sea-level
rated dlSk loading for 6, 8, and 10 
propeller blades. Secondary equatlons 
were then developed to account for var
latlons from the basellne condltlons of 
100 percent power, 9142 kW (12,255 hp), 
82 mls (160 kt) forward speed, a 
source-to-observer distance (or al tl
tude) of 305 m (1000 ft), and 2 
englnes. Figures C-3 through C-8 
lllustrate the basic EPNL predlctlons 
and the adjustments required for varla
tions from the base codes. 

Figure C-4, WhlCh shows noise 
attenuation with dlstance, contalns an 
apparent ananaly for WhlCh there lS an 
ex planatlon. TYPlcally, the hlgh
frequency noise assoclated wlth hlgh 
tlP speeds lS attenuated more rapidly 
wlth dlstance than the low-frequency 
nOlse from low tlp speeds. Just the 
opposite trend is evident ln Figure 
C-4, whlCh shows greater reductlons for 
the lower tip speeds. Thls apparent 
anomal y lS the result of two effects. 
Flrst, the sound pressure level of the 
blade passlng frequency lS substan
tlally lower for the lower tlp speed 
nOlse sources, thereby causlng the 
hlgh-frequency broadband component to 
be a proportlonately greater contrl
butor to the overall sound pressure 
level spectrum. ThlS hlgh-frequency 
broadband component lS attenuated more 
rapldly wlth dlstance than the low
frequency component wlth the result 
that the low tip speed noise source lS 
attenuated faster than the hlgh tlP 
speed nOlse source. Second, the Noy 
tables, WhlCh are used in computlng the 
PNLs from the 1/3 OB spectra, are 
for.lUlated ln such a way that the Noy 
val ue assoclated Wl th the blade passing 
frequency of the low tip speed noise 
sources decreases qUlcker wlth 
dlstance, even though the sound 
pressure level ltself does not decrease 
as fast. ThlS causes the PNL and the 
EPNL to decay faster Wl th dlstance be
cause the Noy value assoclated wlth the 
blade passlng frequency lS the maJor 
contrlbutor to PNL. 
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·2 

that wh~le fl~ght path angle ~s not 
~ncluded in the pred~cted EPNL at a 
g~ven po~nt on the ground, the angle ~s 
accounted for ~n calculat1ng the noise 
footpr~nt area for a g~ven no~se level. 

-40 ALTITUDE, 1000 M (FT) 

9.15 (30) 

F1gure C-8. Correct~on for Number of -30 
Turboprop Eng~nes 

The propfan noise pred iction rou
t~ne used by Lockheed is des~gned for 
use in cases w~ th relat~ ve propeller 
t~p Mach numbers below 0.9. However, 
the comb1nat10n of a cruise Mach number 
of 0.8 and rotat~onal t~p speeds as 
h~gh as 256 m/s (840 fps) , exceeds the 
program lim~ts for accurate pred~ct~on. 
To prov~de val~d pred~ct~ons at rela
t~ve t~p Mach numbers above 0.9, a cor
rect~on was der~ved ~th the ass~stance 
of Hamilton Standard. This ~nvolved in
puthng a matnx of po~nts to both the 
Lockheed and Ham ~l ton Standard propfan 
pred 1ct~on programs, of wh~ch the 
latter ~s unencumbered by speed l~mits. 
The two sets of pred~cted propfan spec
tra obtained from these programs were 
then exerc~sed through the EPNL Predlc
t10n Program along w~th the other no~se 
component pred~ct~ons. Based on a com
par~son of the results, equations were 
dev~sed for correct~ng the EPNL pred~c
t~ons at relat~ve t~p Mach numbers ex
ceed~ng 0.9. This correctlon ~s 

presented graph~cally in Figure C-9. 
Aucraft fl1ght path angle has a 

neglig~ble effect on the predicted EPNL 
and 1S not ~ncluded ~n the rout~ne. 

Th~s conclus~on is drawn from exper
~ence and from an exam~nation of 
several cases representatlve of the 
range of study parametr~c variables. 
The results for one of these cases (a 
2-conta~ner payload and a cru~se Mach 
number of 0.6) are lncluded In Figure 
C-l0. As shown, var~atlons In the 
fllght path angle up to 0.12 rad (7 
deg) produce less than a 0.1 decibel 
change ~n the predicted EPNL. Note 
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An lndlcatlon of the accuracy of 
the slmpllfled nOlse predlctlon method 
lS presented In Table C-II. NOlse 
levels predlcted by the slmpllfled 
method and by the EPNL Pred lctlon 
Program are listed for two alrcraft 
pOlnt deslgns at the end s of the 
parametrlc study spectrum. Cases 1 and 
2 are for takeoff and approach of a 
4-englne alrcraft carrYlng a 
6-contalner payload at a cruise Mach 
number of 0.8. Cases 3 and 4 are 
slmllar for a 2-engine alrcraft carry
ing a 2-container payload at a crUlse 
Mach number of 0.6. Note that there is 
less than a 1. a EPNdB difference 
between the predlctions of the two 
methods. 

SIMPLIFIED METHODOLOGY FOR TURBOFAN 
AIRCRAFT NOISE PREDICTION 

A slmple method for predlctlng the 
nOlse of turbofan-powered aircraft was 
developed followlng the same approach 
as that descrlbed In the precedlng 
sectlon for turboprop-powered alrcraft. 
The EPNL Predlctlon program was used to 
generate EPNLs for a glven alrcraft 
wlth varlable englne parameters of 
bypass ratlo and percent power sett1ng. 
A least squares regress10n analysls was 
applled to those EPNL values to obtaln 
the baS1C algorithm for pred1ct1ng the 
nOlse of turbofan-powered alrcraft. 
Secondary equations were subsequently 
derlved to account for var1ations from 
the basel1ne condit1ons of 82 m/s (160 
kt) forward speed, a source-to-observer 
distance (or altltude) of 305 m (1000 
ft), and 2 eng1nes. Equatlons were 
also developed for scaling the engine 
from its base Slze. ThlS requlred a 
separate equatlon for each bypass ratlo 
because, w1th a common engine core, 
there are different thrust levels for 
the baseline engine at each bypass 
ratlo. These baseline thrusts are 
listed 1n Table C-III. The bas1c noise 
predlctlon algorithm and those for 
provld1ng corrections are presented 
graphlcally In Figures C-ll to C-15. 

Table C-II. Comparlson of NOlse Pre
dlctlon Methods 

CASE 

NUMBER OF CONTAINERS 

CRUISE MACH NUMBER 

PROPEllER 

o a 

NUMBER OF BLADES 10 

TIP SPEED, MPS (FPS) 256 (840) 

"'OMINAl DISK lOAD, 640 (BO) 
Kw'Ml (HP H2) 

RATED ENGINE POWER, KW (HP) I 95501 (12 son 
I 

"'UMBER OF ENGINES 

o 6 

20.< (670) 

2S1 (3s) 

6426 (8614) 

OPERATIONAL Mooe TAKEOfF APPROACH TAKEOFF APPROACH 

PERCENT POWER 100 11 3 100 123 

I ALTITUDE OVER OBSERVE~, M(FD: 462 (151S) 122 (4001 467 (1533) 122 (400) 

I EPNL PREDICTIONS, EPNd8 

SIMPLE METHOD 100 25 100 7B 90 6B 93 75 

EPNL PREDICTION METHOD 

uEPNL 

100 Q.4 101 JS 91 Q.4 92 79 I 

o 21 .-Q ~7 ..0 36 0 96 

Table C-III. Rated Thrust of Basellne 
Turbofan Englnes 

BASELINE RATED THRUST 
BYPASS RATIO NEWTONS POUNDS 

5.8 103,376 23,240 

8.4 118,100 26,550 

13.0 144,010 32,375 

1B.0 167,786 37, no 
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APPENDIX D. PROPFAN AERODYNAMIC 
INSTALLATION EFFECTS 

Aerodynam1c 1nstallat1on effects 
that can be directly attributed to the 
propfan propulsion system 1nclude the 
follow1ng: 

o eng1ne nacelle/w1ng installation 
o 1nduced drag 
o scrubb1ng drag on crU1se and takeoff 
o sW1rl drag 
o drag d1vergence 

There 1S very little test data 
ava1lable on propeller/propfan and w1ng 
1nteract1ons for the operat1ng and 
design condit1ons of th1S study. 
Hence, it w1ll be necessary to rely 
upon theoret1cally der1ved 1nfluences 
or use Judgement to assess the effects 
of the 1nteract1ons. The val1d1ty of 
these theoret1cal answers w1ll rema1n 
1n abeyance unt1l suff1c1ent test data 
are amassed to conf1rm the theory. 

ENGINE NACELLES/WING INSTALLATION 

The 1nstallat1on of a propfan 
nacelle on a w1ng causes an 1ncrease 1n 
drag and a loss 'In 11ft at constant 
angle of attack. The drag 1ncrease 1n 
the subson1C speed reg1me is compr1sed 
of a nacelle form drag and a drag 
penalty due to alterat10n of the span
load d1str1bution, or induced drag. In 
the transon1c reg1me, an add1tional 
drag penalty is incurred due to an 1n
crease 1n the wave or shock drag 
assoc1ated w1th recovering the 11ft 
loss. Form drag penalties due to aero
d ynam 1cally-shaped nacelles can be 
rel1ably est1mated uS1ng class1cal 
methods; however, the effects of the 
11ft loss and an attendent change 1n 
the spanload distribution which affects 
the 1nduced drag are more d1ff1cult to 
assess. Consequently, a combination of 
exper1mental and theoret1cal data are 
used. For example, Figure D-1 1S a 
summary of the nacelle 11ft and drag 
1ncrements from two separate exper1-
mental tests on a C-130 aircraft. Data 

are shown under two speed cond1tlons. 
Note that the nominal drag penalty 13 
20 counts for the four C-130 nacelles, 
which results in a drag coeffic1ent, 
based on frontal area

2 
of 0.067 lor a 

frontal area of 1.2 m (12.98 ft ) per 
nacelle full-scale. The nom mal 11ft 
loss is 0.08 for four nacelles or 0.02 
per nacelle. 

NACELLES 

FAIRED W/O SPINNER 

1/15 SCALE 

S • 0.0054 M2 (8 313 IN2) 
L • a 51M (20 IN) 
dmo• • O.083M (3.2511'1) 

Lid ·6.15 mo. 

... tAL 201 LOW SPEED 
co· tAL 205 HIGH SPEED (M. 0,5) 

0'0020~ 
6CD ~ 

0.2 0.4 0.6 

-0 002 t 
LIFT COEFFICIENT 

--,---- ....... 

----- .. 

ANGLE OF ATTACK, RAD (DEG) 

.<J 07 H) a Q 07 (4) 
a ........... -.-....-,,-.--.-..-, 

.<J.2 

F1gure D-1. C-130 Nacelle Drag and 
L1ft Effects 

In this study, the nacelle 
1nstallat1on drag 1S est1mated uS1ng a 
drag coeff1c1ent of 0.067, based on the 
nacelle frontal area. The effect 0 f 
the nacelle 1nstallation on a swept
w1ng configurat1on for the h1gher 
cruise speed s is not defined W1 th 
expenmental data, but 1t is assumed 
that the same installation drag can be 
ach1eved as for the stra1ght-wing 
C-130. The eng1ne performance package 
(thrust and fuel flow) includes the 
nacelle drag; consequentl y, it is not 
included 1n the a1rplane drag buildup. 
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INDUCED DRAG 

The presence of the eng1ne nacelles 
on the w1ng affects the spanload dis
tr1but1on, caus1ng an 1ncrease in 
1nduced drag. Based upon data from 
Lockheed's C-130 A1rcraft Interference 
Program (AlP), the add1tlon of the 
nacelles causes an 1ncrease 1n induced 
drag of three percent. The effect of 
the nacelles on the 11ft and spanload 
d1stribut1on is shown 1n F1gure D-2. 
Both ex penmental and theoret1cal data 
are 1ncluded. 

V'ING 

"'I NG .. NACEllES 

0.::[ ./ ) J ,l-
I 

"b 

/:{L
t 

~~-o 
..Q 07 H) J 0 07 (4) 0 14 (8) 

ANGLE OF A TTAC" RAD (DEG) 

(0) EFFECT OF NACELLES ON LIFT CURVE 

12 

C, C 
CAVG • 

'\ ,,-

, ' 

°0~~20~~.~0--~~~80~~IOO 

SEMI SPA.N LOCATION, PERCENT 

(b) EFFECT OF NACELLES ON SPAN-L lAD 
DISTRI8UTION 

F1gure D-2. Effect of Nacelles on 
C-130 Wing 

For the des1gn cond1t1on of thlS 
study, the span effic1ency factor 1S 
decreased three percent for the propfan 
a1rcraft relat1ve to the turbofan a1r
craft. The result1ng span eff1c1ency 
factor, e, for the propfan aircraft is 
then 0.92. This value is der1ved based 
on the 0.95 efficiency factor for the 
turbofan-powered C-5 and C-141 a1r
craft. 
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SCRUBBING DRAG 

The scrubb1ng drag on the w1ng, 
caused by the 1ncreased veloc1ty 
through the propfan, lS calculated 
uS1ng class1cal momentum methods and lS 
assumed to affect only that part of the 
w1ng 1mmersed 1n the sllpstream. 
Scrubb1ng drag penal tles are 1ncluded 
for both takeoff and crU1se cond1t1ons 
w1th the latter be1ng nominally two to 
three drag counts. Der1vat1ons of the 
equat10ns appl1cable for these two 
cond1t1ons follow. 

Cru1se 

The drag due to scrubb1ng 
computed 

dur1ng 
1n the crU1se ( C

DP
) is 

follow1ng manner: 

where 

C 
DWp = W1ng prof1le drag 

Q 

T c 

a 

b 

x 

= \ilng planform area 1mmersed 
1n prop sllpstream 

= Free-stream dynamic pressure 

= Dynam1c pressure behind prop 
at w1ng quarter chord 

= Thrust/(2 Q
o 

D2) 

= 0.5 [(1 + 8 T /~) 1/2 - 1] 
c 

= a [1 + X/(D 2/4 + X2) 1/2] 

= Distance from prop plane to 
w1ng quarter chord 

= V (1 + b) 
o 

= V /1295 

D = prop d1ameter 



Takeoff 

The drag due to scrubblng during 
takeoff and lnltial cllmb lS calculated 
l~ the followlng manner. Using the 
methodology of Smelt and Davles*, a 
drag equatlon may be developed of the 
fonn: 

where 
Ds 

Drag 

= Drag (V2 _ V2 )/V 2 
1 0 ref 

= Addltlonal drag due to prop 
slipstream 

= Proflle drag on wing area 
affected by prop slipstream 
at T = 0 and V f c re 

= Free-stream velocity 

= Local veloclty at wlng 
quarter chord 

= Reference veloclty at WhlCh 
Drag lS computed 

ThlS can be rewrltten as 

where
2 

V 1 

= 4 Drag V2 a (1 + a)/V f2 o re 

= V2 (1 + 2a)2 from 
m~entum theory. 

Also, from momentum theory: 

Thrust = T = 2 A v2
0 

a (1 + a) 

where 

A = 

P = denslty 

Smelt and Davies, "Estlmatlon of 
Increase In Llft Due to SllP
stream," RAE R&M No. 1788, Brltlsh 
A.R.C., 3 February 1937 (Ref. 38) 

Assuming that the central third of 
the prop is ineffective for slipstream 
drag effects, then 

Aeff = 'IT/4 [D
2 - (D/3)2] = 2'ITD2/9 

Thus, 

Substi tuting thlS expresslon lnto the 
equatlon for drag glves, 

Ds = Drag T/(Vre / 'IT P D2/9) 

For wlng-mounted englnes, 

Drag 

where 
C * = D 

or 

Thus, 

= C * Q S. D wlng 

Drag coefflclent of 
lmmersed components 

D = s 

where (J lS the denslty ratlo. 
ThlS method produces thrust losses 

of approXlmately 10 to 12 percent for 
the propfan conflguratlons, the prlmary 
drlvlng functlon belng the froflle 
drag. Prevlous Boelng studies assume 
losses as hlgh as 13 percent for take
off, while C-130 performance studles 
assune losses of approxlmately elght 
percent. 

SWIRL DRAG 

The only recent quantitative data 
on sWlrl effects on supercrltical wlngs 
In the transonlc speed reglme are ln 
the ffSA-Douglas Wind Tunnel Test Re
port • The drag lncrements ex tracted 
from thlS test are strongly a functlon 
of both the magnltude and dlrectlon of 
the sWlrl. From the Ham 11 ton Standard 

115 



12 propfan data , the sWlrl angle lS 
approXlmately 0.12 rad (7 deg) at the 
crUlse disk loadlng and Mach number for 
best performance, compared to a sWlrl 
angle of 0.017 - 0.052 rad (1-3 deg) 
for the C-130. Even though the data In 
Reference 13 lS highly lnconslstent, 
the drag ldentlfled wlth the 0.12 rad 
(7 deg) sWlrl angle lS used untll the 
transonlc modellng of sWlrl effects can 
be completed. At thls angle, the test 
data of Reference 13 show a drag lncre
ment of 5 counts for POSl tl ve sWlrl 
angles (up lnboard rotatlon) and 9.5 
counts for negatlve angles (up outboard 
rotatlon) • Therefore, a 2-englne con
flguratlon will have values of 10 
counts and 19 counts for posltlve and 
negatlve sWlrl angles. Because 
counter-rotatlng propellers requlre 
separate gearboxes and adversely affect 
acqulsltlon costs and spares, only one 
rotatlonal dlrectlon is used In the 
study. The resulting drag penalty for 
a 2-englne conflguratlon, then, is 14.5 
counts. Normallzlng the value for use 
In the parametrlc slzlng program and 
assuming that swirl drag is a functlon 
of propeller dlameter and wlng span 
(b), the followlng equatlon applles for 
a 2-englne conflguratlon: 

0.00145 x (D/b) 

(D/b)Ref 

Wlth (D/b)Ref = 0.1167 for the Ref-

erence 13 model, the swul drag equa
tlon reduces to 

CDsWirl = 0.01243 (D/b) 

DRAG DIVERGENCE 

The lncrease in local effect 1 v e 
free-stream Mach number caused by the 
lntroductlon of a velocity lncrement 
through the propeller produces a Sllght 
decrease In drag divergence. At the 
present time, no sUltable experlmental 
data base eXlsts for the quantlfication 
of the drag dlvergence penalty. As a 
result, a theoretical/empirlcal 
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approach lS requlred to deflne the 
effect. Sub sOnlcally , this effect re
sults In an increase In drag determlned 
prlmarlly through a scrubblng drag pen
alty; however, transonlcally, the shock 
strength and locatlon can be expected 
to change. An approach for assesslng 
the drag dlvergence penalty lS: 

(1) Determlne the lncremental Mach 
number through the propeller. The 
effectlve Mach number that the 
portlon of the wlng lmmersed In the 
sllpstream feels lS: MEFF = MO + 
~M. 

(2) Havlng determlned the effectlve 
Mach number, compute the incre
mental wave drag, uSlng 2-dlmen
slonal transonlc codes, bet'teen MO 
and (MO + ~ M). Call thlS DW-

(3) Area welght the wave drag lncrement 
to the complete wlng at the deslgn 
Mach number. 

~ CD = CDW SIMM/SWING 

(4) In the event that the actual drag 
dlvergence Mach number lncrement lS 
requlred, several Mach numbers can 
be consldered uS1ng Steps 1 - 3 to 
deflne Cn vs Mach number, wlth and 
wlthout the propeller. 

The NASA-Douglas test data 13 effec
tlvely 1nclude a drag dlvergence pen
alty at the deslgn Mach number. There
fore, no separate ltem lS lncluded. 

SUMMARY OF EFFECTS ON TYPICAL AIRCRAFT 

The magnltude of propeller In
stallatlon effects are lllustrated for 
the No. 1 Com prom lse alrcraft, as an 
example. 



Deslgn Condltlon: 
Mach Number = 0.75 
Range = 4250 km (2295 n. ml.) 
Payload = 13,600 kg (60,000 Ib) 
Altltude = 10.1 km (33,000 ft) 
Englnes = 2 

Alrcraft: 
Wlng area 
Wlng span = 

= 131.8 m2 (1419 ft2) 
39.6 m (130 ft) 
5.6 m (18.5 ft) Prop dlameter = 

Takeoff disk 
loadlng = 

Drag Coefficient 
Alrcraft 
Wl thout 
propulslon = 
Scrubblng = 
Induced = 
SWlrl = 
(Nacelle = 

SUllInary: 

0.00018 
0.00030 
0.00176 

0.02796 

0.00216 Recorded as 
thrust reductlon) 

Total for Propulsion: 0.00224 

Alrcraft Total: 0.0302 

Installatlon Effects: 

Wlthout nacelle 
0.00224 x 100 = 7.4% = 0.0302 

Wl th nacelle 
0.00224 + 0.00216 

= 0.0302 + 0.00216 

= 13.6% 

APPENDIX E. TURBOPROP PROPULSION 
SYSTEM DATA AND ANALYSIS 

Performance data for the turboprop 
propulslon system were developed1~ased 
on the Hamllton Standard propfan and 
the prift & Whl tney STS487 turboshaft 
englne • To cover the wlde range of 
performance deslgn varlables of thlS 
study, Hamllton Standard produced 
addltlonal propfan data that are 
lncluded In the propulslon system 
performance. Both Pratt & Whltney and 
Hamll ton Standard are commended for 
thelr assistance in provldlng data and 
gUldance durlng the development of the 
data base for the turboprop propulslon 
system. 

PROPFAN DATA BASE 

The use of 6, 8, and 1 O-blad e 
propfans lS lnvestlgated In the 
parametnc slZlng study for a varlety 
of tlP speeds, blade dlameters, and 
englne power levels. These propfans 
have advanced thln alrfolls Wl th a 
deslgn 11ft coefflclent of 0.21. The 6 
and 8-blade verSlons have an actlvlty 
factor per blade of 230, while the 
10-blade model has the same total 
actlvlty as the 8-blade propeller; 
thus, the 10-blade model has an 
actlvlty factor per blade of 184. 

Performance data for these propfans 
are tabulated ln Reference 12 In terms 
of power coefflcient (CP) and thrust 
coefflclent (CT) for senes of values 
of advance ratlo (J) and Mach number. 
These data ha~5 been comblned graphlc
ally by Stone wlth addltional values 
that were calculated by Hamilton 
Standard for thlS study. The resultlng 
performance characterlstlcs for a 
10-blade propfan are shown In Figures 
E-1 to E-7 as a tYPlcal set from the 
data base. Note on Flgures E-1 and E-2 
that the thrust coefficlent reaches a 
maxlmum and then decreases wlth further 
lncreases l.n power coefflCl.ent for 
several low values of the advance 
ratl.o. ThlS decrease In thrust 
coefflclent lS due to propeller blade 
stall. As power lS lncreased, the 
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Propfan Performance - 10 
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Figure E-4. Propfan Performance - 10 
Blades, Mach = 0.65 
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Figure E-5. Propfan Performance - 10 
Blades, Mach = 0.70 

0.7 i 

).4 

).3 

).2 

0.1 

ADVANCE RATiO 

J = 2.8 
J = 3.J 
J = 3.2 
J = 3.4 
J = 3.6 
J = j.B 
J = 4.J 
J = 4.2 
J = 4.4 

·).5 

/ 

1.0 1,,5 2.0 2.5 

POWER COEFFICIENT 

Figure E-6. Propfan Performance 10 
Blades, Mach = 0.75 
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Figure E-7. Propfan Performance - 10 
Blades, Mach = 0.80 

speed control increases blade pi tch to 
maintain a constant tip speed. For con
tinued power increases, blade pitch is 
increased past its stall angle, result
ing in decreasing thrust coefficients. 
The thrust coefficients would normally 
go negative for the range of power co
efficients shown, except that they were 
arbitrarily restricted to remain non
negative. 

The propeller weight information, 
which is presented graphically in 
Reference 12. includes the weight of 
the blades, the pitch change mechanism, 
and the spinner. To use this informa
tion in the computer program, equation 
(El) was derived to fit the predict~d 

propeller weight curves. 

WT pROP = (E1) 

K (D/D
B

) 2.5 (DL/DL ) 0.3 (TS/TS ) 0.3 
B B 
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where: 
D lS the propeller d1ameter, m(ft), 

DB lS a basel1ne propeller d1ameter of 
4 . 57 m (15 ft), 

DL lS the propeller stat1c d1Sk 
load1ng, power/area, 

DLB 2s a basel1~e d1Sk load1ng of 401.5 
kW7m (50 hp/ft ), 

IS lS the propeller t1P speed, m/s 
(ft/s) , 

ISB lS a basel1ne t1P speed of 244 m/s 
(800 ft/s) , 

K 1S a constant w1th values of: 

K = 720.88 kg (1589.27 Ib) for 10 
blades 

K = 833.37 kg (1837.28 Ib) for 8 blades 

K = 692.76 kg (1527.28 Ib) for 6 blades 

Reference 12 also conta1ns est1-
mated gearbox we1ghts, Wh1Ch may be 
calculated from equat10n (E2). 

WIGB = (E2) 

K1(D/D
B

)3 (DL/DL
B

) (GR/GR
B

)0.5 (ISB/IS) 

where the symbols defined 1n equat10n 
(E1) apply and GR lS the gear rat1o, 
GRB 1S a base rat10 of 8, and K1 1S a 
constant, 386.83 kg (852.82 Ib) 

BASELINE ENGINE 

The basellne turboprop powerplant 
1S the Pratt & Wh1 tney SIS487 turbo
shaft study eng1ne, Wh1Ch was der1ved 
under NASA's program on advanced 
eng1nes for low energy consumpt1on. 
Reference 23 presents performance and 
1nstallat1on character1st1cs for th1S 
eng 1ne W1 th a caut10n that they should 
be regarded as max1mum target levels 
because the eng1ne 1ncorporates very 
aggress1ve, energy-eff1c1ent, advanced-
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technology concepts W1 th 1990+ opera
t10nal capab1l1t1es. Some of the eng1ne 
features are: an overall pressure rat10 
of 40:1, a maX1mum combustor eX1t te"l-

o 0 perature of 1811 K (2800 F), an umn-
stalled sea-level rat1ng of 15.2 MW 

o 0 (20,424 hp) up to 302 K (84 F), and a 
mass of 970 kg (2134 lb). 

INSTALLATION CONSIDERATIONS 

A propeller operat1ng alone 1n a 
un1 form flow f1eld creates a force 
Wh1Ch may be referred to as an 
"apparent thrust." When a nacelle (or 
other body) lS placed behind the pro
peller, the pressure f1eld generated by 
th1S body d1ffuses the 1ncom1ng stream
tube to produce a buoyancy effect Wh1Ch 
delays the drag nse of the propeller 
by retard1ng root chok1ng. Ihe result-
1ng thrust lS def1ned by Ham11 ton 
Standard as propeller net thrust, and 
1t 1S dependent upon the propeller-to
nacelle d 1ameter rat10 Wh1Ch 1 S a 
funct10n of propeller d1Sk load1ng. 
Values glven 1n Reference 12 for th1S 
rat10 are 11lustrated 1n F1gure E-8. 
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Parameters 
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Two of the dImensIons shown on the 
f1gure are sp1nner length (LSP) and 
nacelle length (LNAC). A sp1nner 
length equal to one-th1rd the propeller 
dIameter was assumed based on the Slze 
of the scale model propfan to be tested 
on the JetStar aIrcraft for NASA. The 
!1acelle length 1S equal to the sum of 
the gearbox, eng1ne, and nozzle 
lengths. The length of the nozzle was 
def1ned to be 1.2 t1mes the d1ameter of 
the eng1ne power turbIne case, and the 
length of the gearbox plus extens10n 
shaft was set equal to 60 percent of 
the eng1ne length. 

An under-the-w1ng eng1ne locat1on 
was selected to provIde good eng1ne 
access1bIl1ty w1thout 1nterrupt1ng the 
WIng box structure. The eng1ne 1S 1n
stalled as h1gh as possIble w1thout in
terferr1ng WIth the wing front beam to 
m1n1mIze the tW1st1ng moment on the 
w1ng due to the offset of the thrust 
centerllne relat1 ve to the w1ng box. 
The Jet nozzle 1S deflected downward to 
reduce Imp1ngement of the exhaust on 
the flaps. 

The chordw1se placement of the 
eng1ne on the w1ng 1S the result of a 
compromIse between aerodynam1c, pro
pul Sl ve, and structural penal ties. 
TYP1cal pressure d1str1but1ons from the 
lower surface of supercr1tIcal w1ngs 
1nd1cate that, 1f the nozzle eX1t 1S 
placed further aft than the 40-percent 
chord pos1t1on on the w1ng, there w1Il 
be adverse pressure grad1ents. EngIne 
placement w1th the plane of the pro
peller about one d1ameter length for
ward of the w1ng quarter chord 1S de
slrable for propuls1ve eff1c1ency based 
on the requ1rements shown in Figure E-8 
from Reference 12, but the further for
ward the engine, the greater the struc
tural we1ght penal t1es. Alternately, 
as the eng1ne is moved aft to m1nImIze 
structural weIght, aerodynam1c pen
al tIes are Incurred and the propulsIve 
effICIency may be JeopardIzed. 

Because of these conflIcts, the 
rear flange on the eng1ne turb1ne 
cas1ng 1S located under the front beam 
of the w1ng. Th1S perm1ts a relat1vely 
stra1ght-forward structural attachment, 
and It keeps the eXIt of the nozzle 
forward of the 40-percent w1ng chord 
POS1 tlon • 

GU1del1nes prov1ded by Reference 12 
for the spanw1se d1str1but1on of pro
pellers on a w1ng are shown In F1gure 
E-9. The smaller value for F 1S de
slred for mInIm1Z1ng eng1ne-out 
problems, wh1le the larger value 1S 
preferred for red uced near-fIeld cab 1n 
nOIse. 

Figure E-9. 
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PERFORMANCE 

The performance of the total pro
pulslon system, l.e., englne wlth pro
peller, has been complled as speclflc 
fuel consumption and net pylon thrust 
for three ratlng condltlons of maxlmum 
takeoff, cllmb, and crUlse power. Net 
pylon thrust lS defwed as the alge
bralc sum of pro peller net thrust, ax
lal resldual net Jet thrust, and na
celle drag. Nacelle drag, as dlscussed 
ln AppendlX D, lS calculated uSlng a 
constant nacelle drag coefflclent of 
0.0671 based on nacelle max lmum cross
sectlonal area. ThlS drag coefflclent 
lncludes the effect of the propeller 
Sll?stream on the nacelle; sllpstream 
effects on the wlng are lncluded in the 
alrcraft drag polar. Resldual net Jet 
thrust lS the sum of nozzle gross 
thrust mlnus lnlet ram drag. 

Durlng the deflnl tlon of the take
off thrust levels, some comblnatlons of 
low tlP speed and hlgh dlSk load 109 

(small propeller dlameter) resulted In 
propeller power levels greater than 
could be absorbed efflclently at low 
advance ratlos for low fllght speeds. 
For these cases, takeoff thrust was 
deflned as the max lmum thrust obtaln
able at the glven propeller dlameter, 
tip speed, and advance ratio. 

Installed englne performance was 
den ved based on the assumptlon of 149 
kW (200 hp) accessory power extractlon, 
100 percent 101et ram recovery, and a 
gearbox efflclency of 99 percent. 

Flgures E-10 through E-14 show, as 
an example, the net pylon thrust and 
speclflc fuel consumptlon at full power 
during takeoff, cllmb, and crUlse for a 
partlcular comblnatlon of 10 blades, 
229 ml s (750 ftl s) tlP speed, ~nd a 
nomln~l dlSk loadlng of 402 kW/m (50 
hpl ft ). (Speclflc fuel consumptlon 
durlng takeoff remalns essentlally 
constant at 0.1865 kg/hr-kW (0.306 
Ib/hr-hp) and, therefore, lS not shown 
as a separate figure). To cover the 
ranges of the three fllght condltlons, 
performance data were generated for 
alt1tudes from sea level up to 13.7 km 
(45,000 ft) and for Mach numbers up to 
0.3. The effect of operatlng at part 
power lS lllustrated 1n Flgure E-15. 
Slmllar performance data for thlS and 

122 

LS 

N 

17 

Flgure E-10. 

La 

.J,.LTlTl,.OE 1 JJO M (Fn 

o 5 
iYACH NUMBER 

l J (10 0) 

o I 

Example of Maxlmum Takeoff 
Performance 

ALTITUDE, 1000 M (FT) 

o 

o 75 MACH NUMBER 

Figure E-11. Example of Maxlmum Cllmb 
Performance 

other comblnatlons of propeller 
characterlstlcs for both full an<26part 
power are contalned In Reference • 
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SCALING PROCEDURE 

All of the per formance data 
presented thus far have been for the 
basel1ne eng1ne power of 15.2 MW 
(20,424 hp). In the parametric study 
and for the selected des1gn p01nts, the 
a1rcraft requ1re eng1ne power levels 
other than those of the basepo1nt 
eng1ne. To scale the basepo1nt eng1ne 
to the power level requ1red in each 
part1cular case, a procedure was 
dey lsed Wh1Ch depend s onl y on an 
assumpt10n of constant propeller 
eff1c1ency. The baS1C relat1onsh1p 
between eng1ne thrust and power lS 
shown 1n equat10n (E3). 

where: 

T/SHP = T) 326/V 
p 

T lS the rated thrust, N (lb) 
SHP 1S the power level, kW (hp) 

(E3) 

V 1S the a1rcraft speed, m/s (ft/s) 
T) 1S the propeller effic1ency 

p 

For a part1cular value of the a1r
craft speed (V), the ratlo of eng1ne 
thrust to power lS constant 1f the 
propeller eff1ciency does not change 
w1th power, over the range of p1tch 
change. Th1S, then, Y1elds the bas1c 
relat1onsh1p that lS needed to scale 
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the englne to any deslred Slze. Mathe
matlcally, the baS1C relatlonshlp lS 

= (E4) 

SHP s SHPb 

where the subscripts sand b lndlcate 
the scaled and base englnes, respec
tlvely. 

Performance Scallng 

The performance of the englne lS 
scaled whlle maint~lnlng a constant 
dlSk loadlng (SHP/O) and a constant 
tlp speed (TS). When expressed math
ematlcally, thlS statement takes the 
form of two equatlons: 

SHP SHPb s constant = = (E5) 

02 02 
s b 

TS = TSb s 
(E6) 

The scallng procedure uses a thrust 
scale factor (SF) whlCh lS the ratlo of 
requlred thrust to avallable thrust at 
a glven power settlng, altltude, and 
fllght Mach number, l.e., 

SF = T IT l' 1 requlred aval aD e 

or, In terms of the scaled and base 
englne subscrlpts, 

(E7) 

Thus, the scaled thrust lS glven by 

Ts = SF Tb (E8) 

and, from equatlon (E4), the scaled 
power lS glven by 

SHP = 
Ts(SHPb/Tb) = SF SHPb 

(E9) 

An equatlon for the scaled propel
ler dlameter may be derlved by startlng 
wlth equatlon (E5), Substltutlng the 
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deflnltlon of the scale factor of equa
tlon (E7), and rearranglng to obtaln 

D s = SFo. 5 x 0b (E10) 

Reference 23 shows the effect of 
englne scallng on speclflc fuel con
sumptlon. There lS no effect when the 
englOe lS scaled to larger Slzes, but 
there lS a penalty In scallng to 
smaller Sl zes . The magnl tude of the 
penalty lS glven by 

SFC Fact02 = 
0.143 SF - 0.379 

(E 11) 
SF + 1.236 

1f SF lS less than one. 

Eng1ne/Nacelle 01menS1on Scal1ng 

Equat10ns for scal1ng the eng1ne 
d1mens1ons were suppl1ed 1n Reference 
23. They are: 

ENGO
s 

= ENGD
b 

x SFO. 5 

ENGL
s 

= ENGL
b 

x SFO. 43 

(E12) 

(En) 

The max1mum d1ameter (ENGO) of the 
basellne englne lS 0.915 m <3 ft) at 
the real" turb1ne, and the overall 
length'(ENGL) lS 2.24 m (7.35 ft). 

The nacelle length and dlameter are 
funct10ns of the eng1ne length, eng1ne 
d1ameter, and propeller diameter. Once 
the englne and propeller are scaled to 
the des1red slze, the nacelle dlmen
Slons are calculated to fit the eng1ne. 
Hence, no relat10nsh1ps are needed to 
scale the nacelles. 

Weight Scallng 

Reference 23 glVes a graph1cal re
lat10nshlp for scaling englne welght as 
the eng1ne Slze varies between 50 and 
200 percent of the basel1ne des1gn. In 
equat10n form, the englne welght scal-
109 relatlonshlp lS: 

(E14) ENGW = s 
ENGWb (0.098798SF2 

+ 0.78176SF + 0.1199) 



where the we1ght of the basel1ne eng1ne 
(ENGWb) is 970 kg (2134 Ib). 

As d1scussed 1n a prev10us sect1on, 
propeller and gearbox we1ghts are de
f1ned as a functlon of propeller d1-
ameter. By uS1ng the scaled propeller 
d1ameter, the we1ghts for the propeller 
and gearbox are automat1cally adjusted 
to the scaled Slze. Hence, no spec1al 
scallng equat10ns are needed for these 
two we1ght 1tems. 

Technology Scal1ng 

The STS487 eng1ne has technology 
levels that are pred1cted to be con
slstent w1th a 1998 commerc1al eng1ne 
cert1f1cat1on. An earl1er 1ntroduct1on 
of the eng1ne would be accompan1ed by 
welght and spec1f1c fuel consumpt1on 
penal t1es that reflect lower levels of 
advanced technology. These penal t1es 
have been quant1f1ed In Reference 23 
and are lllustrated 1n F1gure E-16. 
Early 1ntroduct1on of th1S eng1ne lS 
also llkely to be accompan1ed by louder 
nOlse levels, Wh1Ch are not 1ncorpo
rated d1rectly, but are recogn1zed and 
part1ally accounted for 1ndlrectly 
through the larger power requ1rement 
result1ng from less technology advance
ment. 
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APPENDIX F. TURBOPROP PARAMETRIC 
DATA ANALYSIS 

Thi s append lX prov 1des a step
by-step descnpt10n of the analytlcal 
process that was used to reduce the 
parametr1c data to a form that could be 
used for select1ng a1rcraft for further 
study. In add1tion, all of the reduced 
parametr1c data are presented, Wh1Ch 
were instrumental in assess1ng the cost 
of qU1etness. 

METHOD OF ANALYSIS 

In the Phase II port1on of the par
ametric study, four variables were con
sldered: number of propeller blades, 
propeller t1P speed, propeller d1Sk 
load1ng, and w1ng aspect ratlo. For 
these var1ables, three values were 
selected for the f1rst two, and four 
for the last two. Then, for each com
blnat10n of values, an alrcraft des1gn 
was produced by Lockheed's Generallzed 
A1rcraft Slzlng and Performance 
program. Est1mates were made of the 
n01sepnnt area at an 80 - EPNdB n01se 
level, and of the d1rect operating cost 
for each of the three fuel pnces. To 
11lustrate the data reductlon process, 
a set of aircraft designs w1th vary1ng 
w1ng aspect ratlo and propeller disk 
10ad1ng was arb1trar1ly selected, which 
has these cond1t1ons: 

0 Cru1se Mach Number 0.8 
0 Payload 4 Contalners 
0 CrU1 se Al tl tude 10. 1 km 

<33,000 ft) 
0 W1ng Sweep Angle 0.44 rad (25 

Wing Loadlng 
d2g) 

0 5.71 kN/m 
( 119.5 Ibl ft 2) 

0 Number of Propeller - 10 
Blades 

0 Propeller Tip Speed 229 m/s 
(750 ftl s) 

ObV1ously, when generating so many 
alrcraft des1gns, there 1S a tremendous 
amount of data that can be graphed and 
anal yzed . Conslstent Wl th the 1ntent 
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of thlS study, we chose to graphlcally 
portray only the ramp welght, block 
fuel, takeoff distance, englne thrust
to-welght ratlo, propeller dlarneter, 
fuel volume ratlo, dlrect operatlng 
cost (DOC) for each of three fuel 
prlces, and 80 -EPNdB nOlseprlnt areas 
for full power and cutback power 
condltlons. These are presented 1n 
F1gures F-1 through F-11. 

Al though a number of limltatlons 
have been 1mposed on thlS study, those 
that could lmpact the analysls for th1S 
set of deslgns are: 

o 
o 
o 

Takeoff Dlstance 
Propeller Dlarneter 
Fuel Volume Ratlo 

~2440 m (8000 ft) 
56.1 m (20 ft) 
-1 

A check of the data shows that only 
the propeller dlameter llmltatlon lS a 
constralnt for thlS case. As the f1rst 
step ln the analysls, thlS llm1tlng 
value lS lnd1cated by the heavy Ilne on 
F1gure F-12, a reproductlon of Figure 
F -5. It lS then duly noted on the 
other flgures by ldentlfYlng combina
tlons of aspect ratlo and dlSk loadlng 
that are on the propeller dlameter 
llmlt lwe and by locatwg these com
blnat10ns on the varlOUS figures so 
that a llm1t llne can be drawn on each. 
For thlS example, only Flgures F-13 and 
F-14 (reproductions of F1gures F-7 and 
F-10) are lncluded w1th the llm1t 
111 ustrated. 

The next step lS to super1mpose a 
regular pattern of constant cost llnes 
on the DOC plot, as shown in Figure 
F-15. These lines are then transferred 
to the graph of nOlseprlnt area 1n 
F1gure F-16, and the mlnlmurn values are 
read for each cost llne. This pro
cedure lS repeated for the elght other 
comblnatlons of values of propeller t1P 
speed and number of blades to complete 
a table slmllar to Table F-!. For each 
subset ln the table, that lS for the 
n1ne area values for each cost, a 
minimum value can be ldentified by 
ei ther a visual or graphlcal comparl
son. The latter approach lS deplcted 
1n Flgure F-17 for a constant DOC of 
7.40 c/t-krn (12.4 ~/T-n.ml.). 
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The minlmurn area from Figure F-17 
lS then comb1ned with slm11arly deflned 
values for the other DOC levels to 
obtaw the deslred end result, F1gure 
F-18. By repeatlng the process three 
more tlmes, slmilar flgures can be 
obtalned for the DOCs at the other two 
fuel prlces and for block fuel. 

PARAMETRIC DATA 

All of the parametr1c data that 
were used to assess the cost of 
qUletness and 1tS relatlonshlp to 
payload slze, crU1se Mach number, and 
fuel prlce are presented here. Flgures 
F-19 to F-21 show the cost of qUletness 
for an 0.8 Mach number for the three 
fuel prlces, and for 2, 4, and 
6-conta1ner payload s. F1gures F -22 
through F-25 lsolate the effects of 
payload on the cost of qU1etness for 
each fuel prlce. 

Cost of qUletness results for a 
4-contalner payload and crU1se Mach 
numbers of 0.6 and 0.7 are presented 1n 
Figures F-26 and F-27, respectively. 
F1gures F-28 and F-29 compare the 
effects of speed and fuel pnce on the 
cost of qU1etness at full and cutback 
power condltlons. 

Flgures F-30 to F-32 present cost 
of quietness data for a 9-contakner 
payload at three crUlse Mach numbers of 
0.7, 0.75, and 0.8. The effects of 
speed on the cost of qUletness are 
1ncluded In Flgures F-33 and F-34 for 
full power and cutback condlt10ns, 
respectlvely. 
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Figure F-2. Block Fuel Variation for Turboprop Parametric Example 
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Dlrect Operatln§ Cost Varlatlon for Turboprop Parametric Example. 
Fuel at 132 $/m (50 tlgal) 
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Fuel at 198 $/m (75 ~/gal) 

130 



c;/TKM 

10.2 

DISK LOADING 
~!TNr-M ____ ""'---__ ~~_KW 1M2 (HP IFr) _____ _ 
17.2t ·--~-i ~ 7~ 281 (35)-·-·--~,---- .---

1 i -~ - ! \ .. 
10.0 16.81---.:..----...:.-J.-_-_ --:!=-::~:::::~:::~:~t'-"-.-;~.L~~' ~':.~_::::::: __ I~ -_ -_' _=_E...;' _;;:;:-_;;;..-:-~_-_ ---,-': 

I __ ~ __ ~ __ ~~ ______ { _______ I~/~~~_\~._C ____ '~-~f_-~ __ ~ __ Lf-__ ~.~ 
r- .-_-- \! -I __ 

16 i i 
1\"- ' -.\ I , 

\ t .............. ~ ... 

\J -
: 

t\" I 
1\ -" , .... 
I "\ 

1--.1 t'\,.. 

I I 1 

I 1 

: 1 
, i , 
: I , ; 
I 1 

--.; - - . 's 1 

. -
t , 

t #: - " . ,- ~ 
I I . , , .. , , . 

10 
, 

I , , 
"" I 1 r t 

~~ 
t ~ - I 

'13--t-
'. . . - t 1 

. 
. .,,-\ , t I ( - I - [ t I f =- - - .• 

'"\-----,,-'"- , f\ f .1 f \' 402 (50) -
, 

-.- -- j 

,\ I \ l -F- t .~ i , -r--
I I 

, f - t - I 

, I -'\ !~-' .- '1'-I I I 

-.. ~- I L ..... , - 1 I .... - , 

t _"'-. I 

! ,484 t,' (60) 
: I 

640 
0) 

. 
1\ ! r ·~=t- I f - .. t 1- :-........I 562 (70) - (8 I 

" I \1 . I V 
. t- --1-/ r I / -. 

I , , , 
~ i... I- ~ -I --~ I rO- r f 

, 
!' 1 I I - ,- I , --

, ""-- ... ,,~' r i I ••••• j~ 1 , ::' , 
~.' I 

1'" -- -, , I ,-
T O,--! '0 l-.- -«~I. . I ," I .; ,1- : ... ~ I . 

I I 
I - I , ! i I t I ........... r' .. • ....... ""'-, .... r . I ,r 1,,1 ,-. , f I I --- -.~ I ~ I ," I 

I r . ~. 

I I r - I "'-.. _-- - , I . 
I I 

Flgure F-9. Dlrect Operatln§ Cost Varlatlon for Turboprop Parametrlc Example. 
Fuel at 264 $/m (100 c/gal) 
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Flgure F-13. Propeller Llmlt Applled to Dlrect Operatlng Cost 
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Table F-I. Sample Data Compllatlon for 
Optlmlzatlon of 4-Contalner 
Payload, 0.8 Mach Number 
Turboprop Alrcraft 

DOC, ~ IKM, NOISEPRINT AREAS (SO KM) FOR 

~~:~A~3 NUMBER TIP SPEEDS (MPS) OF 
OF BLADES 204 229 256 

7 28 248 5 631 7 
179 9 387 0 

10 89 6 216 9 

734 235 6 639 5 
154 0 374 I 

10 n.5 94 7 214 9 

7 4) 6 86 0 655 0 
8 85 7 370 2 

10 676 214 4 

746 6 Bl 5 655 0 
8 769 370 2 

10 665 214 4 

DOC, ~IfNM, NOISEPRINT AREAS (sa MI) FOR 
P P D (PS) 0 FUEL AT NUMBER TI SEES F F 

5J c GAL 1 OF BLADES 670 1 750 T 840 

12 2 I 6 · ! 960 ! 244 0 
: 8 · t 69 5 I 

149 3 I 
I 10 · 340 8J 8 

12 3 1 6 · I 91 0 1 247 0 

! 8 · I ,9 5 144 5 
10 28 0 32 7 83 0 

12 4 , 6 I 33 2 

! 
59 0 253 0 , 

I 56 3 

I 
143 0 

! 
8 33 I 

10 26 I 324 82 8 

12 5 

I 
6 31 5 

I 
88 0 1 253 0 

I 8 29 7 56 0 143 0 
10 25 7 32 4 82 8 
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TIP SPEED, 
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NOlseprlnt Area for Var
latlons In Propeller T1P 
Speed and Number of 
Blades at Constant DOC 

FUEL PRICE, 
$/M3 (~/GAL) 

132(50) 

t
U 7.0 10 BLADES, 256 M/S (840 FPS) TIP SPEED 
w 
~ 

a 
o 

o 

100 200 

50 
80 EPNdB NOISE PRINT AREA 

Flgure F-18. Cost of Quletness as a 
Functlon of Tip Speed and 
Number of Blades 

300 SO KM 

100 SO MI 
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APPENDIX G. PROPELLER NOISE 
CORRELATION 

Much of the thrust of thlS study lS 
to assess the effect of advanced turbo
props on alrcraft nOlseprlnt areas. To 
enhance the crediblllty of the cal
culated areas, the major segment of the 
nOlseprlnt was ldentlfled, and the 
accuracy of the predlcted nOlse was 
checked for the predomlnate nOlse con
trlbutor to that segment. 

V.lsual inspectlon of the nOlse
prlnts shown prevlously In the maln 
portion of this report for the three 
turboprop alrcraft reveals that the 
takeoff portion of the nOlsepnnt lS 
three to four times that for approach. 
An lndicatlon of the main nOlse sources 
contrlbutlng to the Slze of the nOlse
prlnt lS galned from a check of the 
nOlse source dlstrlbutions over the 
measurlng pOlnts. The data shown 
prevlously clearly establlsh that the 
propeller lS the predomlnate nOlse 
source for full power takeoff and slde
Ilne condltlons, both of WhlCh are 
prlme factors related to the size of 
the takeoff portlon of the nOlseprlnt. 

The characterlstlcs of the selected 
alrcraft were sent to Hamll ton 
Standard, the developer of the propfan 
propeller concept, so that they could 
check the propeller noise pred~ct~ons 

w~th thelr program. Thelr predlctions 
of the sound pressure level spectra for 
the propellers were then comblned wlth 
the englne and alrframe nOlse predlc
tlons of our program (see Appendlx C 
for a descnptlon) in a calculatlon of 
the equivalent percelVed noise levels 
(EPNL) of the alrcraft. Table G-1 
compares propeller perceived noise 
levels (PNLTM) and the resul tlng EPNLs 
for the alrcraft Wl th the only lnput 
dlfference belng that the propeller 
sound pressure level spectra were 
predlcted by Hamllton Standard* (col
umns headed H.S.) and Lockheed (LOCK 
headlng) programs. Note that all four 
conditlons are at the FAR 36 measunng 
pOlnts, but the alrcraft are flown as 
speclfled by FAR 36 for only the cut
back takeoff and approach condltlons. 
A normal fllght procedure was used for 
the other two. Al so, a constant 3 dB 
has been added for ground reflectlon In 
all cases. 
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Table G-I. Propeller NOlse Predlctlon 
Comparlson 

~w" CONDITION 

AIRC'''FT NOISE, '?N~ 
H 5 ! lOCI'- DrrF 

---j 

, I COMP~OI\ISE 

NORMAL TAKEOFF 9' 65 

CUTSACK TAKEOFF 87 83 

SIDELINE B800 

APP·CAC~ 97 58 

l QUIETES T 

95 76 I NORI'AL -ArEOFF 

CUTBAC': TAKEOFF 37 54 

SIDELINE 86 i2 

APPROACH 95 53 

PPOPELLER CHARACTERISTICS 

AIRCRAFT 

NUMBEQ OF BLADES 

-IP SPEED, M'; (FT S) 

DIA"ETER, II (FT) 

I ,,; 91 90 \ 91 03 I 93 10 o 37 

85 42 2 41 39 04

1 

87 21 1 33 

90 39 -2 39 90 05 91 17 -I 12 

97 73 I -() 15 98 ~3 9950
1

0 uo 

I 
94 89 o 37 92 49 ~2 2S ; 0 21 

84 86 2 00 ~8 9) 8"" 32 I 1 ,J 

9096 -4 34 sa 92 I 91 34 i -2 '1 

92 95 2 -3 I 09 -3 I 99 51 I J :: i L __ 

I COMPROMISE 20U!:TE5T 

10 6 

229 (7oJ) :04 (670) 

J04{18,) c l l{200c) 

DISK LOADING, KVI ,,2 (HP FT2) 
402 (,0) __ ~4~~ ____ .J 

~---------------------
NOTE CONDITIONS ARE FAR 36 MEASURING POINTS NORMAL TA' ,Off 

At,D SIDELINE ARE NOT AS PER FAR J6 FLIGHT O?E<ATl0NS 

The small dlfference between the 
two sets of predictlons lndlcates a 
much closer correlation between the two 
methods than was orlglnally antlcl
pated. Lockheed and Hamll ton Standard 
concurred that a better correlatlon 
would probably not be obtalned wlthin a 
reasonable level of effort by try~ng to 
modlfy the Lockheed method. Further
more, the accuracy of the propeller 
nOlse predlctlon methods lS thought to 
be as good or better than that for the 
englne components and alrframe. Con
slstency In the comparative results of 
turboprop versus turbofan powered air
craft dictates that further improve
ments to the propeller nOlse predlctlon 
methods are not warranted wlthout 
slmllar efforts on the other noise 
predlctlon methods, which lS conslder
ably beyond the scope of thlS study. 

* Lockheed's propeller nOlse lS pre
dicted by an earller and less SOphlStl
cated version of the Hamllton Standard 
program. The latest version lncludes 
quadrupole and sweep effects that are 
not In the earller model, and dlfferent 
approaches are used for ground reflec
tlon and unsteady loadlng. 



APPENDIX H. TURBOPROP AIRCRAFT 
SENSITIVITY STUDIES 

Th1S append1x conta1ns the deta1led 
results of the numerous sens1t1v1ty 
stud1es that were performed for the 
three selected turboprop a1rcraft. The 
part1cular sens1t1v1ty parameters 1n
vest1gated are 11sted 1n Table H-I un
der flve general category headings of 
propuls1on system, performance, w1ng 
geometry, we1ght, and econom1CS. Var1a
t10ns of each of the elements under 
these head1ngs were analyzed to de
termine the effects on DOC, block fuel, 
and n01seprint area, Wh1Ch were used as 
sens1t1vity indicators, where applic
able.* 

Unless otherw1se noted, only one 
1ndependent var1able is allowed to 
change 1n each sens1t1v1ty study. In 
general throughout the senSl t1V i ty 
stud1es, the DOC var3at1ons are for a 
fuel pr1ce of 264 $/m (100 ~/gal), and 
the noisepr1nt var1at1ons are for an 80 
EPNdB level. Any except10ns are noted. 

PROPULSION SYSTEM 

The f1rst four 1tems llsted under 
the propuls1on system head1ng on Table 
H-I deal exclus1vely w1th the propeller 
subsystem. In contrast, the last para
meter lS concerned w1th the performance 
of the total propuls1on system. 

* A measure of sens1t1vity (MOS) for 
evaluat1ng the impact of each element 
was def1ned as the ratio of the per
cent change reallzed 1n one of the 
1nd1cators d1v1ded by the corres
pond ing percent change 1n the senS1-
t1v1ty parameter. For evaluat10n 
purposes, the numerical MOS values 
are arb1trarily interpreted as 
follows: 

Numer1cal 
Evaluat10n 

MOS < 1 
1 < MOS < 2 
2 ~ MOS < 5 

HOS > 5 

Qual1tative 
Interpretat10n 

Neg11g1ble 
Marglnal 

Slgmf1cant 
Crit1cal 

Table H-I. Turboprop A1rcraft Sens1-
t1V1ty Stud1es 

PROPULSION SYSTEM WEIGHT 

o PROP DIAMETER o PROPULSION SYSTEM 

o PROP DISK LOADING o AiRfRAME 

o PROP TIP SPEED o FUEL 

o PROP BLADES 

o THRUSTjWEIGHT ECONOMICS 

I'ERfORMANCE o STAGE LENGTH 

o CRUISE ALTITUDE o UTILIZATION 

o DRAG o LOAD FACTOR 

o FIELD LENGTH o FUEL PRICE 

o APPROACH SPEED o PROP COST 

o GLIDESLOPE o ENGINE COST 

o NOISE LEVEL o AIRFRAME COST 

NlNG GEOMETRY o FLYAWAY COST 

o MAINTENANCE COST 
o ASPECT RATIO 

o WING LOADING 

Propeller D1ameter 

A max1mum propeller d1ameter 11m it 
of 6.1 m (20 ft) was adopted because of 
the folloWlng a1rcraft geometrical con
slderations. The centerline of the 
eng1nes, when mounted in aerodynam1c
ally opt1mum POS1 t10ns beneath the 
w1ng, lS approx1mately 4.1 m (13.5 ft) 
above the ground for the three selected 
alrcraft. W1th a 6.1 m (20 ft) d18-
meter propeller th1S would leave only a 
marg1nal clearance of 1 m (3.5 ft) be
tween the ground and the propeller t1p. 
If a greater clearance lS requ1red to 
avo1d propeller damage, then smaller 
propeller diameters are mandatory, 
assum1ng no changes to the a1rcraft 
conf1gurat1on. 

The propeller d1ameter for the No. 
2 a1rcraft lS at the 11m1t1ng value of 
6.1 m (20 ft), wh1le the d1ameters for 
the other two are below the lim1t at 
about 5.6 m (18.5 ft). Figure H-l 
shows the effects on the three a1rcraft 
of chang1ng the propeller d1ameter, 
Wh1Ch may be necessary 1f other lim1ta
t10ns are 1mposed, such as those 1nd1-
cated. 

Of the three a1rcraft, the noise
pnnt area for the ~o. 2 a1rcraft lS 
much more senS1 t1 '.Ie to changes 1n 
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NO.1 COMPROM1SE 
P~CP OIAMETER 
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;~~ ::::'~:G TH_ 
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Or-~~~~ _____ ~~~~~ __ ~/OOC 

-10 _ 

-2J~ 
-3C~ 
-.lOr 
-SJL 

-20 -15 -Ie -J 

: ~ DISK LOADING 

~ NOISEPRINT 
I 

10 

PE'CENT CHANGE P~OP DIAMETER 

NO.3 COMPROMISE 
?~OP DIAMETER 

;~f' 
20 

PERCENT 10 
CHANGE 0 

-IO~ 

~~~ 
-50L 

M (FT) 4 9 (16) 5 5 (IB) 6 ! (20) 6 7 (22) 

I I I I 
DISK NOISE 
LOADING "/ 

~'" 6 THRUST WEIGHT 

/ BLOCK FUEL 
DOC, -DOC 

BF/ /; ~FIELDLENGTH 

/ I
I ~ NOISE.RINT 

'-DISK LOADING 

I 
-20 10 :b 
PERCENT CHANGE PROP DIAMETER 

Flgure H-l. Propeller Diameter Sensl
tlvity Results for Turbo
prop Alrcraft 

propeller diameter than for the other 
two. There are two reasons for thlS. 
Flrst, the No. 2 aircraft has the 
longest fleld length of the three, 
which directly lmpacts the nOlsepnnt 
area. It suffers greater lncreases ln 
field length w1th decreas1ng propeller 
d1ameter because the tlP speed 1S lower 
and the takeoff performance 1S poorest 
for th1S a1rcraft. In fact, 1f the 
propeller diameter is decreased by more 
than 18 percent, the a1rcraft 1S not 
able to comply W1 th the 2440 m (8000 
ft) f1eld length lim1tation. The second 
reason for the stronger nOlse sensit1v-
1ty of the No. 2 alrcraft 1S that 1t 
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has by far the smallest n01sepnnt of 
the three alrcraft, and a unl t change 
1n area has a more profound effect. For 
example, a 2.56 sq km (1 sq m1) var1a
tlon 1n n01sepr1nt area produces a 5 
percent change for the No. 2 alrcraft, 
a 3 percent change for the No. 1 alr
craft, and a 1.5 percent change for the 
No. 3 alrcraft. 

Some other observations are note
worthy. Vanatlons of the propeller 
d1ameter over the ranges shown produce 
less than a two percent change In 
d1rect operat1ng costs. Sim1larly, less 
than a four percent change 1n block 
fuel is exper1enced. Exceed1ng the 6.1 
m (20 ft) Ilmit appears to be very 
benef1c1al 10 reduc1ng the n01sepnnt 
area for the No. 2 a1rcraft; in par
t1cular, enlarglng the propeller d1-
ameter by 0.6 m (2 ft) reduces the 
nOlseprlnt area by 33 percent. Th1S 
assumes that 0.76 m (2.5 ft) lS 
adequate clearance between the ground 
and the propeller tlp. If lt 1S not, 
then some modlf1cat1ons to the aircraft 
w11I be requlred, such as a longer 
land1ng gear or mount1ng the eng1nes 
above the w1ng, Wh1Ch w1Il penal1ze the 
a1rcraft design and performance. 

The large varlat10n ln disk loadlng 
merely reflects the change 1n propeller 
diameter. Recall that dlSk loadlng lS 
the rat10 of eng1ne power to the square 
of the propeller d1ameter. W1th the 
eng10e power held approXlmately con
stant, as 1n these cases, the d1Sk 
load1ng curve has a quadrat1c shape due 
to the square of the changing propeller 
diameter. 

On the measure-of-sens1tlv1ty 
scale, changing the propeller d1ameter 
has a negllgible effect on the DOC and 
block fuel for all three a1rcraft. The 
n01sepr1nts of the No. 1 and No.3 a1r
craft are, however, slgn1ficantly 
affected by chang1ng the propeller d1a
meter, and that for the No. 2 a1rcraft 
lS cntically impacted. 

Disk Loading 

An alternate approach for shoWlng 
the effects of var1at1ons 1n propeller 
dlameter lS through the propeller d1Sk 
load1ng, Wh1Ch is 1nversely proport1on
al to d1ameter squared. Thus, the re
sults outlined ln the preced1ng sect10n 



are presented 1n F1gure H-2 as a func
tlon of the sea-level d1Sk 10ad1ng for 
the three a1rcraft. Increas1ng the 
d1Sk 10ad1ng means that the propeller 
d1ameter becomes smaller for a glven 
power level, and, as a result, field 
lengths are longer and n01sepr1nt areas 
are larger. Both d1rect operat1ng costs 
and block fuel were found to be rel
at1vely 1nsens1t1ve to changes 1n 
propeller dlameter and are llkewise 1n
senslt1ve to changes 1n d1Sk 10ad1ng. 

NO. 1 COMPROMISE 
:J1li'. LOADING 
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40 

30 
20 

10 

a 
-10 

-20 

-lJ 

-40 

-so 

I I I 
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61M 

(20 FD 

NOI$EPRINT 

./ _______ FIELD LENGTH 

~ ,~OC 

PROP OIA 

THRuST WEIGHT 

-30 -/3 -13 3 13 30 40 

PE~CENT CHANGE DISK LOADING 

Flgure H-2. D1Sk Loading Sens1tlvity 
Results for Turboprop 
A1rcraft 

Study l1mltatlons on fleld length 
and propeller dlameter have been noted 
on the f1gures, where appllcable. The 
propeller d1ameter llmlt restncts the 
No. 1 and No. 3 a1rcraft to a max lmUIn 
reductlon ln d1Sk 10ad1ng of about 12 
percent, whlle no reduct10n lS per
mitted for the No. 2 a1rcraft. The 
field length llmlt lS much less re
str1ctlve because 1t 1rnpacts only the 
No. 2 alrcraft, and then, onl y after 
the disk 10ad1ng has 1ncreased by 47 
percent. 

The measure of sens1tiv1ty for the 
effect of dlSk 10ad1ng on DOC and block 
fuel lS negliglble for all three alr
craft. Marg1nal rat1ngs are glven to 
the effect on noiseprlnts for the No.1 
and No.3 a1rcraft, whlle a slgnlflcant 
ratlng applles to the effect on the No. 
2 a1rcraft. 

Propeller T1P Speed 

The effects on the three a1rcraft 
of chang1ng propeller t1P speed are 
presented ln F1gure H-3. In all cases, 
varYlOg the tlP speed over the range 
shown produces less than a 5 percent 
change 1n alrcraft block fuel, DOC, 
propeller d1ameter, or ramp welght. 
The maJor effects are on the thrust/ 
we1ght ratlo and the nOlsepnnt area. 
For the No. 1 and No. 3 aircraft, the 

+ thrust/welght rat10 changes by up to -
20 percent, and correspondlngly, the 

+ nOlsepnnts change by more than -100 
percent. 

Tip speed has a greater effect on 
the No. 2 a1rcraft, Wh1Ch ex periences 
more than a 40 percent 1ncrease 1n the 
thrust/we1ght ratlo and almost an order 
of magnltude 1ncrease 1n the nOlsepr1nt 
area. In th1S case, as for the other 
two, the nOlsepr1nt lncreases at a 
greater rate at the hlgher tlP speeds 
than at the lower val ues • 

The measure-of-sens1tiv1ty rat1ngs 
for all three a1rcraft to chang1ng pro
peller tlP speed 1nd1cates negl1gible 
effects on DOC and block fuel, but 
crlt1cal 1m pact on the n01seprlnts. 
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Propeller Tip Speed Sen
Slt1v1ty Results for Tur
boprop A1rcraft 

Number of Propeller Blades 

Changlng the number of propeller 
blades, as shown 1n F1gure H-4, has 
only a m1n1mal effect on the ramp 
we1ght, block fuel, DOC, and propeller 
d1ameter of the three aircraft. Re
duc1ng the number of blades on the No. 
1 and No. 3 a1rcraft does, however, 
cause the thrust/we1ght ratlo to drop, 
Wh1Ch 1n turn causes a small increase 
1n f1eld length but a slgmf1cant 1n
crease 1n n01sepr1nt area due to the 
poorer cl1mb capab1l1t1es. Conversely, 
1ncreas1ng the number of blades on the 
No. 2 a1rcraft prov 1des a greater 
thrust/we1ght rat10 and a shorter f1eld 
length. The noise correspond1ng to the 
1ncreased eng1ne Slze 1S offset by the 
greater cllmb capab1llty so that the 
net effect 1S essent1ally no change 1n 
the n01sepr1nt area. 
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Figure H-4. Propeller Blade Count 
Sens1t1v1ty Results for 
Turboprop A1rcraft 

Chang1ng the number of propeller 
blades has a cr1tlcal effect on the 
n01sepr1nts of the No. 1 and No. 3 
a1rcraft, but a negl1g1ble effect for 
the No. 2 a1rcraft, accord1ng to the 
measure-of-sens1t1v1ty rat1ngs. Neg-
11glble rat1ngs apply to all three a1r
craft when evaluating the effect of the 
number of propeller blades on DOC and 
block fuel. 

Thrust/Weight Variat10n 

F1gure H-5 presents the same re
sults as shown prev10usly 1n Figure H_1 
except that now thrust/weight 1S the 
absc1ssa instead of propeller d1ameter. 
In all three cases, a1rcraft block fuel 
and DOC are 1nsenS1 t1 ve to changes In 

the thrust/weight rat1o. Field length 
1S sllghtly affected by thrust/we1ght, 
but the most slgn1f1cant change occurs 
to the n01sepr1nt, Wh1Ch 1S senS1 t1 ve 
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to the a1rcraft thrust level and 
capab1l1ty to climb. 

The measure-of-sensitiv1ty rat1ngs 
for the effects of thrust/we1ght on 
nOlsepr1nts are marglnal for the No. 
and No. 3 a1rcraft and slgn1f1cant for 
the No.2 alrcraft. Negl1glble rat1ngs 
are ind1cated for the effect on DOC and 
block fuel for all three a1rcraft. 

PERFORMANCE 

SlX performance-related areas were 
cons1dered as part of the effort to 
ldent1fy those parameters that have the 
greatest lmpact on the deslgn of the 
three selected turboprop alrcraft. In 

part1cular, var1aClons 1n 1n1t1al 
crU1se al t1 tude, alrcraft drag, f1eld 
length, approach speed, glldeslope on 
approach, and n01se level were ad
dressed. 

Cruise Altitude 

Sl zlng the turboprop a1rcraft for 
an 1n1 t1al crU1se al ti tude other than 
the base value of 10.1 km (33,000 ft), 
produces the effects 111ustrated 1n 
F1gure H-6. The most 1mportant result 
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1S that 1n all three cases, the base 
alt1tude prov1des e1ther the m1n1mum 
val ue or 1S W1 th1 nO. 8 percent 0 f ':he 
m1n1mum value for DOC, n01seprint, and 
ramp we1ght. 

The sea-level-rated thrust of the 
eng1nes var1es somewhat proportionately 
w1th alt1tude because of the lapse rate 
effect, and as the rated thrust 
changes, so does the f1eld length. 
Block fuel follows the expected trend 
of decreas1ng w1th h1gher alt1tude. It 
tends toward a defin1te m1n1mum at some 
h1gher alt1tude greater than that Wh1Ch 
m1n1m1zes DOC or ramp we1ght. 

In terms of the measure-of-sens1-
t1v1ty rat1ngs, alt1tude changes have a 
negl1g1ble effect on the n01sepr1nt, 
DOC, and block fuel for all three 
alrcraft. 

Aircraft Drag 

L1ke others 1n the 1ndustry, we are 
concerned by the Ilm1ted data on 
propeller sWlrl and propeller/w1ng 
1nterference drag effects. Some other 
features of an a1rcraft also pose 
problems 1n calculat1ng 1tS total drag. 
For example, calculat1ng the drag 
contr1but1ons for the wing/fuselage 
flllet, the fuselage afterbody, and the 
land1ng gear pod are as much an art as 
a SC1ence. Only through ex penS1 ve and 
t1me-consum1ng w1nd tunnel tests can an 
accurate measure be obta1ned for the 
actual drag of a part1cular des1gn. 
Such an approach 1S ObV1ously not 
SU1 table for a parametric a1rcraft 
prel1m1nary des1gn study; emp1r1cal 
methods for est1mat1ng the drag must 
necessar1ly be employed. 

Recogmz1ng that these methods are 
approx1mate, var1at1ons were cons1dered 
for the drag est1mates of the selected 
a1rcraft. F1gure H-7 shows the effects 
of chang1ng the drag for reductlons of 
up to 20 counts* and for 1ncreases of 
up to 40 counts. The only pos1t1ve 
benef1 t of increased drag 1S that the 
larger eng1ne Slze requ1red does 
shorten the f1eld length and thereby 
helps to m1n1m1ze the effect on the 

* One count 1S 0.0001 
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n01sepnnt. Of the other two major 
measures, the block fuel changes at 
nearly tW1ce the rate of the DOC for a 
un1t change 1n drag. For a one percent 
change 1n drag, the block fuel changes 
by Sllghtly more than one percent, 
wh1le the DOC changes by about two
th1rds of one percent. 
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F1gure H-7. 

-----FIELO l!NGTH 

PERCENT DRAG CHANGE 

A1rcraft Drag Sens1t1v1ty 
Results for Turboprop 
Alrcraft 

Of the three a1rcraft, the No. 2 
a1rcraft 1S most not1ceably affected by 
chang1ng the drag, and the No. 3 alr
craft 1S least affected. Generally, 
there 1S not a lot of d1fference among 
the three a1rcraft 1n the drag effects 



on a part1cular parameter W1 th the 
except10n of the fleld length. The 
reason for the dlfferent fleld length 
trends lS that the f1eld length for 
each aircraft lS the longer of the 
balanced held length and the FAA 
factored f1eld length. The No. 3 
alrcraft has the factored f1eld length, 
wh1le the other two a1rcraft have thelr 
field lengths deflned by balanced f1eld 
condlt1ons. 

Drag changes to the three alrcraft 
have a marg1nal effect on the block 
fuel and a negl1gible effect on the 
n01sepnnt and DOC, accord 109 to the 
measure-of-sens1tiv1ty rat1ngs. 

Field Length 

All three a1rcraft take off 1n 
f1eld lengths conslderably shorter than 
the Ilmlt 1mposed for thlS study. 
Flgure H-8 shows the effects of des1gn-
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F:!.gure H-8. Field Length Sens1tiv1ty 
Resul ts for Turboprop 
A1rcraft 

lng these alrcraft for other fleld 
lengths by allowlng the d1Sk load1ng to 
change. Note that the propeller d1a
meter Ilm1t precludes any reduct10n In 
f1eld length of the No. 2 alrcraft. 
For the other two a1rcraft, some re
duct10n In f1eld length lS perm1tted 
before the propeller llm1t lS reached. 

Both DOC and block fuel are only 
negl1g1bly affected by changlng the 
fleld length performance through varla
t10n of the d1Sk loadlng. The nOlse
prlnt, however, lS slgn1f1cantly 
altered by these changes. 

Approach Speed 

All three a1rcraft are deslgned for 
the llm1t1ng approach speed of 69 m/s 
(135 kt). The effects of changlng thlS 
llmlt are shown 10 Flgure H-9. Only a 
four percent 1ncrease 1n approach speed 
lS penn tted before all three alrcraft 
become constrained by the projected 
llmlt on ava1lable 11ft technology. 
Even 1f the 11ft llm1t lS relaxed, the 
No. 1 and No. 2 a1rcraft qU1ckly col
llde w1th the fuel volume llmlt after 
an add1t1onal two percent 1ncrease 1n 
approach speed; that lS, the w1ngs do 
not have enough volume to carry the 
fuel needed for the spec1f1ed range. 

Several th1ngs occur as the 
approach speed llm1t lS lowered. The 
most obv 10US lS that the w1ng load 109 
decreases rap1dly, thereby promotlng a 
proport1onately large lncrease 1n w1ng 
area. Th1S area becomes even larger 
dur1ng the reiterat1 ve deslgn process 
as the a1rcraft structure, propulslon 
system, and block fuel grow to accom
modate the larger w1ng Slze. Slmulta
neously, the propeller d1ameter 1n
creases w1th the requ1rement for more 
thrust to fly the larger a1rcraft. 
Al though not shown ln the flgures, the 
No. 1 and No. 3 alrcraft reach the 6. 1 
m (20 ft) propeller d1ameter limlt for 
decreases in approach speed of more 
than 20 percent. 

Over the range of approach speed 
var1at1ons that produce val1d a1rcraft, 
the No. 1 a1rcraft exper1ences 
negllg1ble effects on DOC, block fuel, 
and n01sepr1nt due to chang1ng the 
approach speed. The No. 2 and No. 3 
alrcraft, however, undergo marglnally 
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Figure H-·9. 

significant 
block fuel. 

Glideslope. 

Approach Speed Sensi
tivity Results for Tur
boprop Aircraft 

changes in both DOC and 

All of the noiseprints were cal
culated for an approach flight profile 
that is in accord with the FAR standard 
0.05-rad (3-deg) glideslope. The sensi
tivity of the noiseprints for the base 
aircraft was investigated when they are 
operated on a 0.1-rad C6-deg) glide
slope. As indicated by the results in 
Figure H·-10, this O.OS-rad <3-deg) 
change in glideslope produces less than 
a 3-percent reduction in noiseprint 
area. There are two reasons for this 
small effect. The most significant is 
that approach contributes only 20 to 30 
percent of the total noiseprint. The 
second reason is related to the effect 
of the changing glideslope on aircraft 
altitude and speed. On the 0.1-rad 
C6-·deg) glideslope. the aircraft al ti
tude is twice that for a 0.05-rad 
C3--deg) glideslope at a particular 
distance from the airport threshold. 
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Although this increased altitude has a 
positive effect on reducing the noise
print, the amount of the reduction is 
essentially cancelled because the air
craft's higher speed results in a 
louder noise source. 

The effect of glideslope on the 
noiseprint for all three aircraft is 
rated negligible in terms of the 
measure of sensitivity, 
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Figure H-10. Glideslope and Noise 
Source Level Sensitivity 
Resul ts for Turbo pro p 
Aircraft 

Noise Source Level 

Figure H-10 also shows what the 
effect will be if the predicted level 
for the noise source is off by :3 dB. 
This amount of variation causes the 80 
EPNdB noiseprint area to change by 
approximately a factor of two for all 
three turboprop aircraft. In terms of 
percentages, a 3-dB increase in the 
noise source produces nearly a ·100 
percent increase in the noiseprint 
area, while a 3-dB noise reduction 
decreases the noiseprint by about 50 
percent. 

Accord ing to the measure-of
sensitivity ratings, the noiseprints of 



the three alrcraft are crltlcally 
affected by a 3-dB vanatlon In the 
nOlse source level. 

WING GEOMETRY 

The two parameters used to deter
mlne the sensitlvity of the selected 
aircraft to changes In wlng geometry 
are the wlng loadlng and aspect ratio. 

Aspect Ratio 

Variatlons In wlng aspect ratlo 
were consldered with the dlSk loading 
of each aircraft held constant. As 
noted on Flgure H-11, attempts to 
reduce the aspect ratlo are restrlcted 
by the propeller dlameter llmlt. In 
fact, for the No. 2 alrcraft no 
reductlons are per~ltted unless the 
llmlt lS relaxed. 
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Flgure H-11. Wlng Aspect Ratio Sen
Sltlvity Results for 
Turboprop Alrcraft 

The sensitlvlty study results 
confirm that the aspect ratlo for eac_h 
alrcraft glves the mlnl~um DOC and 
nOl seprlnt. Chang lng the aspect ratlo 

merely penallzes the alrcraft 
small amount. The effect is 

by a 
rated 

of negllglble for the measure 
sensitlvlty. 

Wing Loading 

Figure H-12 shows that the three 
alrcraft are relatlvely insensltlve to 
changes in wlng loadlng. Due to the 
approach speed llmlt, only lower wlng 
loadlngs are valid, and they are not 
deslrable because of the penaltles 
lncurred. The penal tles are suf
flclently small to be rated negllglble 
on the measure-of-sensltlvlty scale. 
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Flgure H-12. Wing Loadlng Sensitlvlty 
Results for Turboprop 
Alrcraft 

WEIGHT 

The sensitlvitles of the dlrect 
operatlng costs for the selected 
aircraft were assessed for vanatlons 
ln the welght estimates for three maJor 
categorles of propulslon, alrframe, and 
fuel. For thlS assessment, the alr
craft ramp welghts were held constant. 
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Changes 1n 
categor1es 
equ1valent, 
payload. 

the we1ghts of partlcular 
were compensated for by 
but OPPoslte, changes in 

The results of the we1ght sen
Slt1v1t1es are depicted 1n Figure H-13. 
The changes 1n DOC reflect changes 1n 
the payload as well as 1n the costs of 
the propuls1on system, a1rframe, or 
fuel corrmensurate w1th the part1cular 
we1ght changes. As 1nd1cated by the 
resul ts, a gl yen percent change 1n 
airframe we1ght has a slgn1f1cant 
1m pact on the percent DOC change for 
all three a1rcraft. In compar1son, 
equal percent changes in fuel and 
propuls1on we1ghts tend to have a much 
smaller effect on the percent change 1n 
DOC. 

Another observat1on of 1nterest is 
that nearly equal percent changes 1n 
DOC are real1zed for all three a1rcraft 
for an equ1valent percent change 1n 
propuls1on we1ght. A Slm1lar effect 
occurs for var1at1ons 1n percent fuel. 
In contrast, different changes 1n 
percent DOC are experlenced for the 
three a1rcraft for a glven percent 
change 1n a1rframe we1ght. 

A negl1g1ble measure-of-sens1t1vity 
rat1ng descr1bes the effect of pro
puls10n and fuel we1ght changes on DOC 
for all three aircraft. Chang1ng the 
a1rframe we1ght has a marg1nal effect 
on DOC for the No. 1 and No. 3 alrcraft 
and 1S barely slgnif1cant for the No.2 
alrcraft. 

ECONOMICS 

A number of econom1C sens1t1v1ty 
stud1es were conducted to determ1ne the 
effects of varying stage length, annual 
ut1lizat1on rate, load factor, and fuel 
pr1ce. Effects were also est1mated for 
varY1ng the costs of the propeller, 
eng1ne, a1rframe, total a1rcraft, and 
malntenance. 

Stage Length 

FlY1ng the selected aircraft over 
stage lengths shorter than the design 
range of 4250 km (2295 n.mi.) produces 
the effects shown in Flgure H-14. In 
all cases, the alrcraft design and 
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payload rema1n unchanged; only the fuel 
carried 1S reduced commensurate w1th 
the shorter range to be covered. As a 
result of the reductlon 1n fuel, the 
ramp we1ght goes down, the field length 
1S shortened, and consequently, the 
nOlseprint becomes smaller. 

DOG 1S the only parameter which 1S 
adversely impacted by the reduced 
range. Th1S 1S as expected because 
good des1gn practice dlctates that 
mlnlmum DOGs always occur at the deslgn 
pOlnt range. 

In ter'llS of our measure of sen
Sltlv1ty, the percent change 1n DOG and 
n01sepnnt are rated negl1g1ble, wh1le 
that for block fuel 1S between 
neglig1ble and marg1nal. 

Annual Utilization 

Figure H-15 1nd1cates the maXlmum 
potentlal reduct10n 1n DOG due to 
1ncreas1ng the annual unl t ut1l1zat1on 
from 3000 to 6000 hours. To understand 
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why the data presented form an upper 
bound on the amount of DOC reduction. 
two simplifying assumptions must be 
reviewed. First, the fleet size was 
held constant and the productivity was 
allowed to increase. To appreciate the 
significance of this assumption, 
consider that if the productivity 
requirement is unchanged, then fewer 
aircraft would be required for the 
higher utilization. This would be 
reflected in a smaller DOC reduction 
because the unit aircraft cost and the 
depreciation that is included in the 
DOC would increase due to less beneri t 
from the production learning curve and 
a larger allotment of the R&D costs to 
each aircraft. 

The sE~cond simplifying assumption 
was that the aircraft have the same 
15-year calendar lifetime regardless of 
the annual utilization. If the 15-year 
period were treated as an operational 
li fetime, the aircraft depreciation 
cost per hour of use would remain 
constant with increasing annual 
utilization rather than decreasing, and 
the DOC reduction would be smaller. 

The figures show that, as the fuel 
priee increases, smaller DOC reductions 
are realized at a particular utiliza
tion. This occurs because the fuel 
cost contribution to DOC increases 
while the portion due to depreciation 
decreases. 

Greater percent reductions in DOC 
are experienced by the No. 3 aircraft 
than by the other two at a given 
utilization and fuel price because it 
is more energy efficient. That is, the 
No. 3 air"craft requires less fuel to 
carry a unit of payload for a unit 
distance. Because of this, the portion 
of DOC contributed by fuel is rela
ti vely smaller for the No. 3 aircraft 
than for the other two, so that depre
ciation has a stronger effect. 

The potential percent change in DOC 
appears to be substantial; however. 
when the amount of change in utiliza
tion is taken into account, utilization 
has a negligible effect on DOC accord
ing to the measure-of-sensitivity 
rating s. 
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Load Factor 

A reduction in the load factor from 
100 to 85 percent has the effects shown 
in Figure H-16 for the three aircraft. 
With a 15-percent reduction in payload, 
the aircraft requires less fuel to fly 
the mission range, and the ramp weight 
is reduced accordingly. This reduced 
ramp weight re.sults in a shorter field 
length and a smaller noiseprint. Only 
the DOC is adversely affected by 
carrying less than the design payload. 
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Results for Turboprop 
Aircraft 
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The measure-of-senslt1vlty ratlng 
for the reduct10n 1n load factor 
1nd1cates a negllg1ble effect on the 
block fuel and nOlsepr1nt for all three 
alrcraft and a marglnal 1nfluence on 
the DOC values. 

Fuel Price 

F1gure H-17 shows the percent 
change In DOC that results when th3 
fuel pnce 1S 1ncreased from 264 $/m 
(100 ~/gal) up to 792 $/m (300 ~/gal). 
Even though substantlal changes In DOC 
are ind 1cated, when the correspond Ing 
cnange in fuel pnce needed to produce 
the DOC change IS accounted for, the 
measure-of-sensltlv1ty ratlng IS 
negl1g1ble. 
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F1gure H-17. Fuel Prlce Sensit1vlty 
Results for Turboprop 
Aircraft 

Propeller Cost 

Propeller cost changes as great as 
~ 50 percent were Investlgated and 
found to have a neglig1ble effect on 
the DOCs of the three selected 
a1rcraft. For example, a 10-percent 
change 1n propeller cost produces less 
than a O. 1-percent change 1n DOC. As 
lllustrated In Flgure H-18, th1S result 
becomes more prom1nent as fuel prlce 1S 
1ncreased. What happens 1S that the 
greater the fuel prlce, the larger the 
percentage contr1but1on of fuel to DOC 
and the smaller that of items that are 
1ncluded In depreciation. Thus, the 
h1gher the fuel pnce, the smaller the 
percent change 1n DOC for a glven 
change In propeller cost. 
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Flgure H-18. Propeller Cost Sen
Slt1Vlty Results for 
Turboprop A1rcraft 

Engine Cost 

F1gure H-19 shows the effect of 
varY1ng the eng1ne cost by +50 percent 
for the three a1rcraft. The-changes 1n 
DOC per un1t change 1n eng1ne pr1ce are 
negllg1bly small. For example, a 10-
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percent change 1n englne cost produces 
less than an O.B-percent change 1n DOC. 
VarY1ng the fuel pr1ce has the same 
effect on these resul ts as 1 t d1d 
relat1ve to the propeller. 
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Airframe Cost 

Var1at1ons 1n the cost to manu
facture the a1rframe (that 1S. the 
a1rcraft w1thout 1tS propuls1on and 
aV1on1CS systems 1nstalled) w1ll affect 
the DOCs of the three alrcraft to the 
extent shown on F1gure H-20. Although 
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the percent change 1n DOC for th1s case 
1S larger than for the propeller or 
eng1ne. 1tS measure of sens1t1v1ty 1S 
st1ll rated negllgible. The bas1s for 
th1S 1S that a 10-percent change 1n the 
manufactur1ng cost causes less than a 
2-percent change 1n DOC. In th1s case 
also. fuel pr1ce has the same effect as 
1t d1d re-latlve to the propeller and 
eng1ne. that 1S t 1ncreas1ng the fuel 
pr1ce tends to reduce the 1mpact on DOC 
of chang1ng the manufactur1ng cost. 

Flyaway Cost 

As the urn t fl ya way cost of the 
a1rcraft changes. the DOC w1ll be 
affected as 1nd1cated 1n F1gure H-2l 
for the three alrcraft. Although a 
10-percent change 1n flyaway cost Wlll 
prod uce between a 2 and 5-percent 
change 1n DOC. fl yaway cost as a 
parameter rates as having a negl1g1ble 
measure of sens1t1v1ty. Increas1ng the 
fuel pr1ce tends to min1m1ze the effect 
of flyaway cost on DOC Just as 1t d1d 
for the propeller. eng1ne. and 
a1rframe. 

Ma1ntenance Cost 

Cons1derable d1Scuss1on has been 
v01ced concern1ng the ma1ntenance cost 
for a turboprop type of propul Slon 
system because of potent1al problems 
W1 th the, gearbox. propeller. and 
eng1ne. No attempt was made to analyze 
or reduce the ma1ntenance requ1rements 
for a turboprop propulsion system 
because that 1S clearly outside our 
purv1ew and the scope of th1s study. 
However. 1t 1S with1n our realm to 
assess the effect of arb1trary changes 
1n ma1ntenance cost W1 thout regard for 
the cause of the change. 

F1gure H-22 shows that negllg1ble 
changes in DOC can be expected even for 
relat1vely large changes 10 propuls1on 
ma1ntenance cost for all three air
craft. Or. ex pressed numer1cally. a 
ten-percent change in propuls1on ma1n
tenance cost w1ll cause less than a 
one-percent change 1n DOC. 

As for the prev10us cost senS1-
t1v1ties. 1ncreas1ng fuel pr1ce reduces 
the effect of chang1ng ma1ntenance cost 
on DOC. 
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APPENDIX J: TURBOFAN PROPULSION SYSTEM 
DATA AND ANALYSIS 

Performance data for the turbofan 
propul Slon system were developed by 
Lockheed based on the Pr~~t & Win tney 
STF477 turbofan eng1ne • Pratt & 
Wh1tney are commended for the1r support 
and gU1dance 1n ass1st1ng w1th the 
adaptat10n of the1r basepo1nt eng1ne to 
cover the range of engine performance 
requ1rements for th1S study. 

BASELINE ENGINE 

The basel1ne turbofan power plant 13 
tne Pratt & Wh1tney STF477 eng1ne which 
was denved* under NASA's program on 
advanced eng1nes for low energy con
sumpt1on. Reference 22 presents per
formance and 1nstallat1on charactens
tlcs for th1S eng1ne W1 th a cautl.on 
that they should be regarded as maximum 
target levels because the eng1ne 1ncor
porates very aggress1ve, energy
eff1c1ent, advanced-technology concepts 
w1th 1990+ operat1onal capab1l1t1es. 
Some of the eng1ne features are: an 
overall compress1on ratlo of 45: 1; a 
max1mum combustor eX1t temperature of 
17000K (26000F); an uOlnstalled, sea
level- rated thrust of 118 kN (26,550 
lb) up to 3020

K (840F); and a mass of 
1790 kg <3940 lb). 

PERFORMANCE 

W1th 
baseline, 
d1screte 
13.0 and 

the STF477 eng1ne as a 
a fam1ly of 4 eng1nes w1th 

bypass rat10s of 5.8, 8.4, 
18.0 was developed by uS1ng 

* D. E. Gray, "Study of Turbofan 
Eng1nes Des1gned for Low Energy Con
sumptlon," NASA CR-135002, Pratt & 
Wh1tney A1rcraft Div1sion, Un1ted 
Technolog1es Corporat1on, April 1976 
(Ref. 39) 



the methodology and background provlded 
by the NASA Ames Short-Haul Systems 
Study** on thermodynamlc cycle trends 
and englne parameter varlatlons. 
Installed performance was derived for 
each of these englnes In terms of net 
pylon thrust and thrust speclfic fuel 
consumptlon for takeoff, cllmb, and 
crUlse power. The term "net pylon 
thrust" refers to the engine total 
thrust minus both englne lnternal 
losses and nacelle drag effects. The 
lnternal losses reflect tYPlcal 
subsonlc transport alrcraft airbleed 
and power ex tractlons of 0.9 kg/ s (2 
lb/s) and 112 kW (150 hp), respectlve
ly, as well as lnlet recovery and 
ex haust duct pressure losses. The 
nacelle drag lS a summatlon of the 
freestream scrubblng drag over the fan 
cowl, the fan exhaust scrubblng drag 
over the gas generator cowl, the 
afterbody pressure drag due to boattall 
effects, and the splllage or addl tlve 
drag of the nacelle forebody. 

Table J-I llsts the rated thrusts 
and bare welghts for the' four englne 
pOlnt deslgns. The table also contalns 
the overall dlmenslons for the englnes, 
nacelles, and pylons for each case. An 
estlmate of the nacelle drag lS shown 
ln Flgure J-1 for each case as a 
functlon of crUlse Mach number. ThlS 
drag lS based on both model and fllght 
test results for the C-141, JetStar, 
and C-5 alrcraft. Correctlons to the 
drag levels for other than sea-level, 
standard-day condltlons may be obtalned 
by multlplYlng by the ratlo of standard 
pressure to actual ambient pressure. 

Flgures J-2 through J-4 show the 
net pylon thrust and speclflc fuel 
consumptlon for the 8.4 bypass ratlo 
englne at full power dunng takeoff, 

** T. P. Hlgglns, et al, "Study of 
QUlet Turbofan STOL Alrcraft for 
Short Haul Transportatlon ," NASA 
CR-2355, Lockheed Alrcraft Corpo
ratlon, 1973 (Ref. 40) 

Table J-I. Characterlstlcs of Base
pOlnt Turbofan Englnes 
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Flgure J-1. Nacelle Drag Estlmates for 
STF477 Englne 
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F1gure J-4. Cru1se Performance for 
STF477 Eng1ne. Bypass Rat10 = 8.4 

cl1mb, and crU1se. To cover the ranges 
of the three fl1ght cond1t1ons, 
performance data were generated for 
altitudes from sea level to 13.7 km 
(45, 000 ft) and for Hach numbers up to 
0.8. The effect of operat1ng at part 
power 1S 111ustrated on F1gure J-5. 
These f1gures are presented as an 
example of the performance data that 
were produced for each of the four 
eng1nes used 1n the parametr1c study. 
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SCALING PROCEDURE 

All of the performance data for the 
four turbofan eng1ne des1gn points are 
for one rated thrust value per eng1ne. 
In the parametr1c study and for the 
selected des1gns, the a1rcraft requ1re 
thrust levels other than those of tne 
basepo1nt eng1nes. For these alternate 
thrust levels, the basepo1nt eng1ne 
characteristics are scaled 1n propor
t10n to the rat10 of requ1red thrust to 
ava1lable thrust of the basepo1nt 
eng1ne at a glven power sett1ng, al t1-
tude, and fllght Hach number. In 
mathemat1cal notat1on, the scale factor 
(SF) 1S 

SF = T . d /T 1 bl requ1re ava1 a e 

or, 1n terms of subscr1pts sand b for 
scaled and base eng1nes, respect1vely 

SF = Ts I Tb (J1) 

I 

I 
I 
I 
I 

I 
I 

Eng1ne/Nacelle D1mens1on Scallng 

Equat10ns for scaling the eng1ne 
d lameter (DENG) and leng th (LENG) are 
those avallable in Reference 22. 

DENG
s 

= DENG
b 

(SF)O.S 

LENG
s 

= LENG
b 

(SF)O.43 

(J2) 

Val ues for the d1ameter and leng th 
of the base eng1ne were presented 
earl1er 1n Table J-I. 

Nacelle and pylon d1menS1ons are 
calculated as funct10ns of eng1ne 
d1ameter. Once an engine has been 
scaled to a part1cular thrust level, 
the overall Slzes of the nacelle and 
pylon may be determ1ned uS1ng the 
relat1onsh1ps shown 1n Table J-II. 

Table J-II. Slzlng Relat1onsh1ps for 
Nacelles and Pylons w1th 
Turbofan Eng1nes 

BPR 5 8 8 ~ I 
I 

13.0 I 180 

DNACjDENG" 1.16 I 16 I I 16 I I 16 I 

LNAC/DNAC 1.37 I 35 I 1.32 ! 1.30 
I 

! (LNAC/DENG) ISS 1.57 I 153 I.SO 
I 
I 

LPYL/LNAC 1.36 1.27 I I 13 I 100 

(LPYL/DENG) 2.15 I 1.99 I 1.73 i I.SO 
I I HPYL/LPYL 0.10 I o 10 o 10 

I o 10 

i 
I i 

I 
I 17 o 15 (HPYl/DENG) I 0 22 o 20 

"REFER TO TABLE J-I FOR DIMfNSION DEFINITIONS 

Weight Scaling 

r 

I 
I 

I 

I 
I 

Reference 22 glves an ernp1r1cal 
equat10n for scal1ng eng1ne we1ght 
(WENG) • 

WENG = WENG (SF) 1.135 
s b 

(J4) 

The welghts of the basellne englnes 
are listed 1n Table J-I. Welghts for 
the nacelle and pylon are calculated 
based on the1r dimensions. Thus, once 
the correct d1mens1ons are determ1ned, 
the we1ghts are est1mated w1th standard 
equatlons so that no spec1al we1ght 
scal1ng relat1onsh1ps are needed for 
these two 1tems. 
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Performance Scal~ng 

Reference 22 graph1cally dep~cts 

the effect of eng~ne scal~ng on 
specif~c fuel consumpt~on. There ~s no 
effect when eng~nes are scaled to 
larger s~zes. but there ~s a penalty 1n 
scallng to smaller Slzes. The magni
tude of the penalty lS glven by the 
equat~on 

SFC Factor = CJ5) 
1.117 - 0.214 SF + 0.096 SF2 

lf SF is less than one. 

Technology Scaling 

The STF 477 eng lne uses technology 
levels that are predlcted to be con
slstent Wl th a 1998 commerclal englOe 
certlflcatlon. An earller lntroductlon 
of the eng lne would be accompanled by 
welght and speclflc fuel consumptlon 
penaltles that reflect lower levels of 
advanced technology. These penal tles 
are presented In Reference 22 for the 
basellne 8.0 bypass ratlo engine. 
Followlng consultations wlth Pratt & 
Whl tney. sim lIar penal tles were 
developed for hlgher-bypass-ratlo 
eng lnes of 13 and 18 that reflect the 
addltlonal technology advancements re
qUlred for the geared fans ln these two 
englnes. Estlmates of the penal tles 
lnvolved In early lntroductlon of these 
four basepolnt englnes are provlded on 
Figure J-6. Early lntroductlon of thlS 
englne lS also llkely to be accompanled 
by louder nOlse levels. WhlCh are not 
incorporated dlrectl y. but are recog
nized and partlally accounted for In
dlrectly through larger thrust requlre
ments resultlng from less technology 
advancement. 

INSTALLATION CONSIDERATIONS 

The turbofan englnes are mounted on 
pylons beneath the wlng to provide easy 
access for malntenance Wl th only mln
lmal adverse effects on aircraft struc
tural we~ght and aerodynamlc per
formance. Englne placement relatlve to 
the wlng lS based on prellmlnary deslgn 
gUldellnes that have evolved from 
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YEAR Of COMMERCIAL ENGINt CERTIFICATION 

F~gure J-6. Estlmated Adverse Effects 
of STF477 Engine Early 
Introduct~on 

ex perience In the deslgn of transport 
alrcraft. 

SpanWlse Locatlon on the Wlng 

The mlnlmum dlstance from the slde 
of the fuselage to the centerllne of 
the ~nboard englne is equal to tWlce 
the nacelle dlameter. Addltlonal 
eng~nes are placed outboard on the wlng 
Wl th a mln~mum spaclng between eng~ne 

centerl~nes of two nacelle diameters. 

Chordwise Locat~on on the Wing 

The eXlt plane of the englne nozzle 
should be located between the 10 and 20 
percent w~ng chord posltlons at the 
part~cular w~ng span station. 

Vertical D~stance from Wing 

The vert~cal d~stance from the 
englne centerllne to the wlng center
llne should be between 60 and 80 per
cent of the nacelle dlameter. 

Angle of Incl~nation of the Englne 

The eng~ne centerllne should be 
parallel to the fuselage centerline. 



APPENDIX K. TURBOFAN PARAMETRIC DATA 
ANALYSIS 

The purpose of th1s append1x lS to 
prov lde a step-by-step descrlptlon of 
the process that was followed to reduce 
the turbofan alrcraft parametnc data 
for the selectlon of pOlnt designs for 
further study. 

Before descrlblng that process, 
however, one prior statement merlts 
repeatlng and ltS 1mpllcatlons ex
pla lned. The statement 1 s: the 
selected turbofan alrcraft are 1ntended 
to prov ide bases for comparing 
propulsion systems. To allow attent10n 
to be focused on Just the comparatlve 
effects of the two propuls1on systems 
and m1n1m1ze non-propuls1on related 
effects, each turbofan alrcraft has the 
same dellvery capabllltles as the 
correspond1ng turboprop a1rcraft. That 
lS, the turbofan and turboprop alrcraft 
to be compared have ldentlcal crU1se 
Mach numbers, payloads, cargo compart
ments, and crU1se al t1 tudes. Both 
types of a1rcraft are also subject to 
the same operatlng constralnts on fleld 
length, approach speed, and englne-out 
cllmb gradlents. 

The four varlables consldered In 
the turbofan alrcraft parametric study 
are llsted In Table K-I along wlth 
thelr values. The four bypass rat lOS 
ldentlfy dlscrete englne deslgns, WhlCh 
are scaled based on the thrust re
qUlred. (Appendlx J conta1ns descrlp
tlons of these four eng1nes and how 
they are slzed.) The englne power 
settlng lS def1ned as the ratlo of 
thrust requ1red at crU1se to the thrust 
ava1lable. It provldes a mechamsm ln 
the a1rcraft slzlng program for In
creaslng eng1ne Slze to lmprove takeoff 
performance. 

For each comb1nation of val ues ln 
the table, an alrcraft deslgn was 
prod uced along Wl th estlmates of 1 ts 
performance, nOlse, and cost charac
terlstlcs. All of the resul tlng 
deslgns were then compared so that 
Opt1~um deslgns could be ldentlfled for 
vanous cn tena. ThlS very general 
descnptlon of what was done Wl th the 

Table K-I. Turbofan Alrcraft Para
metnc Varlables 

~ 
BYPASS RATIO 

POWER SeTTING 

WING 

ASPECT RATIO 

LOADING, KN/M2 

LB~ 

5.B, 8.4, 13.0, IB.O 

70 TO 90 PERCENT 

8, 12, 16 

3.3 TO 6.2 

70 TO 130 

parametrlc data wlll now be expanded by 
presentlng an example. 

For thlS example, one set of 
craft deslgns Wl th varlatlons In 
load 109 and aspect ratlo has 
chosen wlth these character1st1cs: 

alr
wlng 
been 

0 Crulse Mach Number 0.75 
0 Payload 4 Contalners 
0 Range 4250 km 

(2295 n.ml.) 
0 CrUlse Altltude 10. 1 km 

03, 000 ft) 
0 W1ng Sweep Angle 0.35 rad 

(20 deg) 
0 Englne Bypass Ratlo 13 
0 Englne Power Settlng 0.80 

Flgures K-1 through K-8 dlsplay the 
effects of varlat10ns In Wl.ng loadlng 
and aspect ratlo on ramp we1ght, block 
fuel, takeoff dlstance, approach speed, 
fuel volume ratlo, dlrect oper~t1ng 
cost (DOC) for fuel at 264 $/m (1 
$/gal), and 80-EPNdB nOlsepnnt areas 
for full power and cutback condltlons. 

Three Ilmltatlons tend to be 
slgnlflcant 1n establlshlng the optlmum 
deslgns. These 11m 1 tatlons are that 
the alrcraft take off In less than 2440 
m (8000 ft), land at approach speeds 
below 69 m/s (135 kts), and have 
suffic1ent wlng volume to carry the 
fuel requlred for the speclfled range. 
The first step In the analys1s lS to 
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111ustrate these llm1ts, as shown on 
F1gures K-9, K-10, and K-11, Wh1Ch are 
the respect1ve graphs of takeoff 
d1stance, approach speed, and fuel 
vol ume rat10. To show these llm1 ts on 
the other flgures, those combinat1ons 
of w1ng 10ad1ng and aspect rat10 values 
are 1dent1f1ed that he on the llm1 t 
hnes and are transferred to the other 
f1gures. For th1S example, F1gures 
K-12 and K-13 (reproduct1ons of F1gures 
K-6 and K-7) are included w1th the 
llm1ts noted. 

The nex t step is to supenmpose a 
regular pattern of constant cost llnes 
on the DOC graph, as shown 1n F1gure 
K-14. These llnes are then transferred 
to the n01sepr1nt area graph 1n F1gure 
K-15, and tne m1n1mum area values are 
read for each constant cost llne. ThlS 
procedure 1S repeated for the other 
comb1nat1ons of eng1ne bypass rat10 and 
power sett1ng to complete a table 
Slm1lar to Table K-II. For each subset 
1n the table, that 1S for each DOC 
value, a m1n1mum value lS eV1dent from 
a v1sual 1nspect1on. By comb1n1ng the 
m1n1mum val ues at each DOC level, the 
des1red end result lS obtalned in the 
form of F1gure K-16. Slm1lar f1gures 
can be obta1ned by repeat1ng the 
process 1f block fuel or DOC at another 
fuel pr1ce 1S preferred as the ordinate 
on the graph. 

Dur1ng th1S study, the follow1ng 
correlat1on was recogmzed. The Opt1-
mum a1rcraft for m1n1m1z1ng n01sepr1nt 
area are obtained at those engine power 
settlngs for wh1Ch the comb1nat1ons of 
w1ng 10ad1ng and aspect rat10 values 
c01nc1de Wl th those along both the 
approach speed and fleld length llm1ts. 
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1000 

Figure K-1. Ramp Weight Variation for Turbofan Parametric Ex'ample' 

BLOCK FUEL, 
1000 

KG 
24 

22 

Figure K-2. Block Fuel Variation for Turbofan Parametric Example 

169 



M 

2600 

2400 

2200 

TAKEOFF 2000 
DISTANCE 

1600 

1400 

1000 

Flgure. K-3. Takeoff Dlstance Varlatlon for Turbofan Parametrlc Example 
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75 

70 
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Flgure K-4. 
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Approach Speed Variation for Turbofan Parametrlc Example 



FUEL 
VOLUME 

RATIO 

WING LOADING 
l - - -- - - - 2? -" -- - - '- - r- ---- -~----------L--KN/M (LB/Fr)o..--~--=--:--~=-= ~~ - --- --' 
~ _ t.. __ -;-. _ • ___ - ~ ___ - __ 1---- - :.1 

3 60 -=-=.-=- - :co. -=- --:-- --= :3 3 (70) -- -= --= -=- ---~-:-:.- =- - - --
• _~~-=f:_==f_::-:':;":: ~~~=..;_. __ ~r~::bN--=-= __ ~[~::-:::;i~~ ==-==~ -1 

Flgure K-5. Fuel Volume Ratlo Varlatlon for Turbofan Parametrlc Example 

~/TKM 

DIRECT 
OPERATING 

COST 
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Flgure K-6. Dlrect Operatlng Cost Varlatlon for Turbofan Parametrlc Example 
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Figure K-7. Noiseprint Variation at Full-Power for Turbofan Parametric Example 

NOISEPRI NT AREA 
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POWER CUTBACK 

Figure K-8. 
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Flgure K-9. Takeoff Dlstance Llmlt Imposed for Turbofan Parametnc Example 
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Flgure K-10. Approach Speed Llmlt Imposed for Turbofan Parametnc Example 
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Flgure K-12. 
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F1gure K-13. N01sepr1nt Var1at1ons w1th L1m1ts Appl1ed for Turbofan Para
metnc Ex ample 
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F1gure K-14. Constant Cost L1nes Used 1n Analys1s Appl1ed to DOC Graph 
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Flgure K-15. Constant Cost Llnes Used in Analysis Applled to NOlseprlnt Graph 
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Table K-II. Sample Data Compllatlon 
for Turbofan Alrcraft 
Parametrlc Study 

DOC, ~/r~M I ENGINE 
FUEL AT 264 I BYPASS 

11M3 I RATIO 

10 2 

10 3 

10 4 

I 

5 8 
8 4 

13 0 
18 a 

5 8 
8 4 

13 0 
18 a 

5 8 
8 4 

13 a 
18 a 

DOC, ~ 1NM I ENGINE 
FUEL AT I BYPASS 
IS/GAL 1 RATIO 

17 2 
I 

5 6 I 
6 4 

i 13 a 
! 18 0 

17 4 5 8 
8 4 

13 0 
18 a 

176 5 e 
8 4 , 

13 0 

I 18 0 

I , 
I 

I 

I 
I 
I 
I 
I 

NOISEPRINT AREA (SO KM) Fm 
ENGINE POWER SEniNGS (PERCENT) 

95 90 I 85 I 80 75 

· * 
* 69 1 

* 38 6 
* * 

* * 
* 696 

39 6 38 8 
* · 

I 85 2 ! 81 8 

6601642 
* * 
* I * 

* 85 2 82 8 
6861668 647 
38 1 I 37 a * 

* I * * 

878 8621839 
69 4 67816551 
38 1 37 3 '* I · • i • i 

NOISEPR1NT AREA (SO Ml) FOR 
ENGINE POWEP SETTINGS (PERCENT) 
95 90 85 80 75 

· · · 32 9 31 6 
1 · · 26 2 25 5 24 8 
I * · 14 6 · . 

· · · · . 
· · · 32 9 132 a 
* 26 7 26 5 ~~~125.0 · 14 9 147 · * · ,:, I ,:. * I · 33 9 

15> I 26 9 26 8 26 2 25 3 
15 0 14 7 14 4 '* 

• 1 • • • i 

70 

80 0 
62 4 

81 a 
62 9 · · 
82 1 
634 

* · 

70 

30 9 
24 1 · · 
31 3 
24 3 · · 
31 7 
24 5 · · 

• NO DESIGNS OBTAINABLE AT SPECIFIED CONDITIONS WITHIN CONSTRAINTS 
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Flgure K-16. DOC - NOlseprlnt Results 
for Use ln Alrcraft 
Selectlon 



APPENDIX L: TURBOFAN SENSITIVITY 
STUDIES 

The three turbofan a1rcraft served as 
basel1ne veh1cles 1n a senes of se!1-
Slt1V1ty stud1es, Wh1Ch are presented 
1n th1S appendix. Table L-I 11StS all 
of the sens1t1v1ty parameters that were 
1nvestlgated, WhlCh fall under four 
maJor head1ngs of performance, we1ght, 
w1ng geometry, and econom1CS. 

USlng the same approach as for the 
turboprop alrcraft sensltlvity stud1es, 
percent var1at1ons 1n nOlsepr1nt, DOC, 
and block fuel were used as 1nd1cators, 
where appl1cable, of the effect of the 
var10US senSl t1 v 1 ty parameters. To 
determ1ne Wh1Ch factors have the 
greatest 1mpact on these 1ndlcators, 
the prev10usly deflned measure of 
sensltlvlty (MOS)* was used. 

Further detalls on the lndlv1dual 
sens1t1vity studles are prov1ded 1n 
subsequent sect1ons. Unless otherwlse 
noted, only one 1ndependent varlable lS 
allowed to change In each case. In 
general throughout these studles, the 
DOC varlftlons are for a fuel pr1ce of 
264 $/m (100 re/gal) , and the n01se
pnnt vanatlons are for an 80 EPNdB 
level. Any exceptlons are noted. 

PERFORMANCE 

SlX performance-related sens1t1v1ty 
stud1es were performed to assess the 

* The measure of sens1t1v1ty (MOS) lS 
the ratlo of the percent change that 
occurred 1n one of the 1nd1cators to 
the percent change 1n the sens1t1vlty 
parameter. For qual1tatlve evalua
t10n purposes, the numerlcal MaS 
values are arb1trarlly 1nterpreted as 
follows: 

Numencal 
Evaluat10n 

MaS < 1 
1 < MOS < 2 
2 "( MaS < 5 

MOS ') 5 

Quall tat1 ve 
Interpretatlon 
Negllgible 
Marg1nal 
Slgn1f1cant 
Cntlcal 

Table L-I. Turbofan A1rcraft Sensl
t1v1ty Stud1es 

PERFORMANCE WING GEOMETRY 

o CRUISE ALTITUDE o ASPECT RATIO 

o DRAG o WI NG LOADI NG 

o FIELD LENGTH ECONOMICS 
o APP ROACH SPEED 

o GLIDESLOPE 
o STAGE LENGTH 

o NOISE LEVEL 
o UTILIZAiiON 

o LOAD FACTOR 

o FUEL PRICE 

~ o ENGINE COST 

o PROPULSION SYSTEM o AIRFRAME COST 

o AIRFRAME o FLYAWAY COST 

o FUEL o MAINTENANCE COST 

effect of vary1ng the 1n1 t1al crU1se 
alt1tude, a1rcraft drag est1mate, f1eld 
length lllnt, max1mum approach speed, 
glldeslope on approach, and predicted 
n01se source level. 

Cruise Altitude 

VarYlng the ln1t1al crUlse altltude 
from the base value of 10.1 km (33,000 
ft) has a negl1g1ble effect on the 
n01sepnnt, DOC, and block fuel of the 
three turbofan alrcraft. Th1S con
clUS10n lS reached based on the sen
Slt1V1ty results 1n Flgure L-1. These 
results conf1rm that the No. 2 qUletest 
alrcraft lS at the best al t1 tude for 
mlnlmum n01se and m1n1mum DOC. Like
W1se, the base al tl tude for the No. 1 
and No. 3 compromlse a1rcraft glves 
mln1mum DOCs and block fuels w1th1n the 
fleld length constra1nt. A small re
duct10n 1n n01sepr1nt could be ach1eved 
for the two compro!nlse alrcraft by In
creaslng the altltude Wh1Ch, because of 
the lapse rate effect, substantlally 
lncreases the sea-level-rated thrust of 
the eng1nes and, as a result, shortens 
the f1eld length. 

Aircraft Drag 

F1gure L-2 shows that there are 
some marglnally slgnlflcant effects 
produced by a1rcraft drag var1atlons 
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NO. I COMPROMISE 

PERCENT CHANGE ALTITUDE 

10 
NO.2 QUIETEST 

THRUST 

.~ NOISEPRINT 

DOC NOISE\ 
RAMP WEIGHT P'UCfNT 

CHANGE 0 DOC 

-2 BLOCK FUEL 

... /1 

.:t 
FIELD LENGTH 

FIELD LENGTH 

LIMIT 

-10 -5 10 
PERCENT CHANGE ALTITUDE 

10 NO.3 COMPROMISE THRUST 

: BF ~ ~~ WEIGHT 

PERCENT NOISE~ ~ BLOCK FUEL 

CHANGE_: RAMPD~l ~ NOISEPRIN! 

:~ ~L~H ~ 
t 

LIMIT 

·8 ~FIELO LENGTH 

-10 -10 -5 10 

PERCENT CHANGE ALTITUDE 

Flgure L-1. Altltude Sensltlvlty 
Results for Turbofan 
Alrcraft 

that range from reduct10ns of 20 counts 
to lncreases of 40 counts. In general, 
all three alrcraft exh1b1t very slmllar 
effects from drag var1atlons. The para
meters most notlceably affected are 
englne thrust and fleld length. Eng1ne 
thrust changes ln dlrect proportlon to 
drag and has an inverse effect on fleld 
length. These two changes counteract 
each other and tend to m1nlm1ze thelr 
1nfluence on the nOlsepr1nt. 
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- 10 

FIELO LENGT'" 
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Flgure L-2. 

peRCENT DRAG CHANGE 

Alrcraft Drag Sensltlv1ty 
Results for Turbofan 
Alrcraft 

Of the other two maJor 1nd1cators, 
the block fuel vanes by 1.5 percent 
for each 1.0 percent change 10 drag. 
Th1S lS roughly tW1ce the rate of 
change exper1enced by DOC. 

Field Length 

All three alrcraft take off 1n 
fleld lengths that are el ther at the 
maxlmum length perm1tted or are close 
to It. F1gure L-3 shows the effects of 
des1gn1ng these alrcraft for other 
held lengths by allowlng the w1ng 
load lng to change. In every case, 
requlnng shorter f1eld lengths would 
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F1gure L-3. F1eld Length Sens1t1v1ty 
Results for Turbofan A1r
craft 

have only negllg1ble effects 1n terms 
of the measure of senS1 t1 v 1 ty on the 
n01seprlnts, DOCs, and block fuels of 
these a1rcraft. 

Approach Speed 

All three alrcraft are deslgned for 
the llmltlng approach speed of 69 m/s 
(135 kt). The effects of chang1ng thlS 
llmlt by varylng the w1ng loadlng are 
shown In Flgure L-4. 

Any attempts to 1ncrease the 
approach speed are qU1ckly squelched 
because of the f1eld length and fuel 
volume constra1nts that become 
appl1cable. No such restr1ct1ons eX1st 
that m1tigate aga1nst lowering the 
approach speed; however, there lS a 
pract1cal cons1derat1on. Substant1al 
reduct10ns 1n w1ng load1ng are requ1red 
to lower the approach speed because the 
w1ng area is 1nversely proportional to 
the wlng load1ng. Also, lower approach 
speed s mean that the alrcraft become 

heaV1er, consume More fuel, cost more 
to operate, and make more n01se. All 
of these effects are adverse W1 th 
marg1nal to negl1g1ble rat1ngs 1n terms 
of the measure of sens1t1v1ty. Thus, 
W1 th1n the constra1nts and cons1dera
t10ns of th1S study, there 15 no 
apparent reason for seek1ng a lower 
approach speed. 
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i 
-10 -5 

PERCENT CHANGE APPR04Cti SPEED 

F1gure L-4. Approach Speed Sens1t1v1ty 
Results for Turbofan 
A1rcraft 

Glideslope 

All of the noisepnnts were cal
culated for an approach fllght prof1le 
that 1S 1n accord with the FAR standard 
O.05-rad (3-deg) glldeslope. An 
alternate O.1-rad (6-deg) glldeslope 
was 1nvest1gated for the three turbofan 
a1rcraft. As 1nd1cated by the results 
1n Figure L-5, th1S O.05-rad (3- deg) 
change 1n glldeslope produces about a 
10-percent reduct10n 1n n01sepr1nt 
area. Th1S effect lS three times what 
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F1gure L-5. Glideslope and N01se 
Source Level Sens1t1v1ty 
Results for Turbofan 
A1rcraft 

1t was for the turboprop a1rcraft. The 
reason for the dlfference lS apparent 
followlng an eXalJllnat10n of the n01se
prlnts for comparable turboprop and 
turbofan alrcraft. Vlsual lnspectlon 
of the nOlsepnnt shown 1n the maln 
sectlon of thlS report for the turbo
prop a1rcraft reveals that the approach 
portlon of the nOlsepr1nt lS about 
one-fl fth of the total area. In 
contrast, approach 1S respons1ble for 
one-th1rd to one-half of the total 
n01sepr1nt for the turbofan. 

The turbofan a1rcraft also benef1ts 
more from a steeper glldeslope than 
does the turboprop alrcraft because the 
turbofan a1rcraft lS not subject to the 
cOMblnat1on of tlp speed and forward 
speed effects at al t1 tude that plague 
1tS counterpart. However, 1n terms of 
the measure-of-sens1tlv1ty rat1ngs, the 
effect of varylng the glldeslope 1S 
negl1g1ble. 

N01se Source Level 

F1gure L-5 al so shows what the 
effects are 1f the predlcted level for 
the n01se source lS off by ~3 dB. 
Every 3-dB 1ncrease In n01se level 
produces approxlmately a 40-percent 
1ncrease 1n n01sepr1nt. Relat1ve to 
the 80-EPNdB level of the base cases, 
the effect of changlng the nOlse source 
level lS cn tlcal to the Slze of the 
n01sepnnt. 
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WEIGHT 

Sensltlv1tles of the d1rect oper
atlng costs for the turbofan a1rcraft 
were assessed for varlatlons In the 
welght estlmates for three major 
categor1es of propuls10n, alrframe, and 
fuel. For th1s assessment, the 
aircraft ramp we1ghts were held 
constant. Changes 1n the welghts of 
one of the three categor1es were 
compensated for by equ1valent, but 
OPPos1te, changes 1n payload. 

Flgure L-6 d1splays the results of 
these we1ght senS1 t1 v 1 ty stud 1es. The 
changes 1n DOC reflect the adjusted 
payload weight as well as d1fferent 
costs for the propuls10n system, 
a1r frame, or fuel Wh1Ch resul ted from 
chang1ng the we1ght of the part1cular 
category. As lnd1cated by the results, 
the No. 2 qU1etest a1rcraft lS more· 
senSl t1 ve to the we1ght changes than 
elther of the comprom1se a1rcraft. For 
all three a1rcraft, propulslon and fuel 
we1ght changes have a negl1g1ble 
effect. A1rframe we1ght var1at10ns 
have a slgnif1cant effect on the No. 2 
a1rcraft, but the 1mpact on the No. 1 
and No. 3 a1rcraft 1S lower, hav1ng 
only a marg1nal effect. 

WING GEOMETRY 

The two parameters used to 
determ1ne the sens1t1v1ty of the 
selected a1rcraft to changes 1n w1ng 
geometry are the w1ng load 1 ng and 
aspect ratlo. 

Aspect Ratio 

Var1at1ons 1n w1ng aspect rat10 
were 1nvestlgated w1th the wlng 10ad1ng 
held constant for each aircraft. As 
noted 1n F1gure L-7, approach speed and 
f1eld length Ilm1ts preclude gOlng to 
h1gher aspect rat10 values. Decreas1ng 
the aspect ratlo from the base val ue 
for each aircraft produces only adverse 
effects on the three sensitlv1ty 
1nd1cators, even though the amount 1S 
negl1g1ble on the sensitlv1ty rat1ng 
scale. In every case, the sens1tlv1ty 
study results conf1rm that the aspect 
ratio chosen for each a1rcraft glVes 
the mlnlmum n01sepr1nts, DOCs, and 
block fuels. 
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Sensltlvlty for Turbofan 
Alrcraft 

Wing Loadlng 

Flgure L-8 shows that the three 
alrcraft are relatlvely lnsenSl tlve to 
changes ln wlng load lng. Due to 
approach speed, fleld length, and fuel 
vol~e llmlts, only lower wlng loadlngs 
are valld, and they are not deslrable 
because of the penaltles lncurred, even 
though they are negllglbly small. 

ECONOMICS 

Sensltl vity studles were conducted 
to determlne the effects of such 
economlC related parameters as stage 
length, annual utlllzatlon rate, load 
factor, and fuel prlce. The effects of 
varYlng the costs of the englne, alr
frame, total alrcraft, and malntenance 
were also assessed. 

Stage Length 

Operatlng the turbofan alrcraft 
over stage lengths that are shorter 
than the 4250 km (2295 n. ml.) deslgn 
range produces the effects shown In 
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F1gure L-8. W1ng Load1ng Sens1t1v1ty 
Results for Turbofan A1r
craft 

F1gure L-9. In each case, the a1rcraft 
des1gn and payload are unchanged, but 
the amount of fuel carr1ed 1S reduced 
corrmensurate w1th the part1cular stage 
length to be flown. As a result of the 
smaller fuel load, the ramp we1ght 1S 
reduced, the f1eld length 1S shortened, 
and consequently, the n01sepr1nt be
COMes smaller. Only DOC 1S adversely 
affected by the reduced range, as 
expected, because m1n1mum DOC always 
occurs at the des1gn p01nt range for an 
e!flCIent deSIgn. 

Even though the total changes 1n 
block fuel and DOC appear to be large, 
wnen the change 1n range 1S accounted 
for, as In our measure of sens1t1v1ty, 
tne effects of varY1ng stage length are 
perce1ved to be negllg1ble. 

Annual Ut1lizatlon 

Two slmpl1fY1ng assumpt10ns were 
used 1n determInIng the effect on DOC 
of 1ncreas1ng the annual un1t ut1l1za
tlon from 3000 to 6000 hours. F1rst, 
fleet Slze 1S constant and product1v1ty 
1S allowed to 1ncrease; and second, the 
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Results for Turbofan 
A1rcraft 

aIrcraft have a 15-year calendar llfe
t1me regardless of ut1llzat1on. The 
1mpllcatlons of these assumptions have 
already been d1scussed 1n a comparable 
sect10n on turboprop a1rcraft; they 
wIll not be reIterated here. 

F1gure L-10 1nd1cates the max1mum 
potent1al reduction 1n DOC due to In
creased ut1l1zat1on. As fuel pr1ce in
creases, smaller DOC reduct10ns w1ll be 
real1zed because the fuel cost con
tr1but1on to DOC 1ncreases, wh1le the 
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Resul ts for Turbofan 
A1rcraft 

deprec1at10n port10n, Wh1Ch benef1ts 
from h1gher ut1l1zat10n, decreases. 

The No. 3 aucraft has the 
potent1al for ach1ev1ng greater DOC 
reductlons wlth lncreased utlllzatlon 
than the other a1rcraft because 1 t 1S 
more energy-eff1c1ent. That is, the 
No. 3 a1rcraft requlres less fuel to 
carry a un1 t of payload for a un1 t 
d1stance. Because of th1s, the port1on 
of DOC contributed by fuel for the No. 
3 alrcraft 1S relat1vely smaller than 
for the other two a1rcraft. Thus, 

deprec1at10n has a stronger effect. 
The potent1al percent reduct10n 1n 

DOC 1S rated as negl1g1ble when the 
requ1red change 1n ut1l1zat10n 1S taken 
1nto account. 

Load Factor 

A 15-percent red uct10n in load 
factor has the effects shown 1n F1gure 
L-11. W1th 15 percent less payload to 
carry, the a1rcraft requ1re less fuel 
to fly the m1SS1on range, and the ramp 
we1ghts are reduced accord1ngly. As a 
result, the f1eld lengths are shortened 
and the n01seprlnts become smaller. 
Only the DOCs are penal1zed by carrY1ng 
less than the des1gn payload. 
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As suggested by the flgures, the 
reduced load factor has a neglig1ble 
effect on the block fuel and n01sepr1nt 
for the three a1rcraft. The effect on 
DOC 1S barely marg1nal for the two 
smaller a1rcraft and negl1g1ble for the 
larger No.3 a1rcraft. 

Fuel Price 

F1gure L-12 shows the percent 
change 1n DOC that results when the 
fue 3 price 1S 1ncreased fr~m 264 
$/m (100 tigal) to 792 $/m (300 
Ugal) • Although substant1al changes 
1n DOC are 1ndicated, when the corres
pond1ng change 1n fuel pr1ce 1S 
recogn1zed, the measure-of-sens1t1v1ty 
rat1ng 1S negl1g1ble. 
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40 
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F1gure L-12. Fuel Pr1ce Sens1t1v1ty 
Results for Turbofan A1r
craft 

Eng1ne Cost 

VarY1ng the eng1ne cost by up to ~ 
50 percent has negl1glbly small effects 
on the DOCs of the three a1rcraft, 
based on the results in F1gure L-13. 
For example, a 10-percent change 1n 
eng1ne cost produces less than a 
0.6-percent change 1n DOC. As fuel 
pnce 1ncreases, the effect of eng1ne 
cost becomes even smaller because fuel 
contr1butes a greater percentage of DOC 
and the share for eng1ne deprec1at1on 
1S less. 

Airframe Cost 

Var1at10ns 1n the cost to 
manufacture the a1rframe (the a1rcraft 
w1thout 1tS propuls1on and aV10n1CS 
systems) will affect the DOCs of the 
three alrcraft to the ex tent shown 1n 
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Results for Turbofan 
A1rcraft 

F1gure L-14. Al though the percent 
change in DOC for th1S case lS larger 
than for the eng1ne, the measure of 
sens1tlv1ty lS st1ll negl1g1ble. The 
bas1s for th1S lS that a 10-percent 
change 1n the manufactur1ng cost glves 
less than a 2-percent change 1n DOC. 
In th1S case also, fuel pr1ce has the 
same effect as 1t d1d on the eng1ne, 
that lS, increas1ng the fuel pr1ce 
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Results for Turbofan 
Al.rcraft 

tends to reduce the lmpact on DOC of 
changlng the manufacturlng cost. 

Flyaway Cost 

Changlng 
the aHcraft, 
three alrcraft 

the unl t 
affects 
to the 

flyaway cost of 
the DOC of the 
ex tent showTI ln 

Flgure L-15. The DOC varlatlons 
between 2 and 5 percent that are 
produced by a 10-percen~ change In the 
flyaway cost are negllglble on the 
senSl tiv lty ratlng scale. Hlgher fuel 
prlces reduce the effect of flyaway 
cost on DOC Just as they dld for the 
englne and alrframe. 
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Maintenance Cost 

To complete this parallel series of 
studles, a maintenance cost sensltlvlty 
study was performed for the turbofan 
alrcraft. Flgure L-16 shows that neg
llglble changes In DOC can be expected, 
even for relatl vely large changes ln 
propulslon system malntenance for all 
three alrcraft. Expressed numerlcally, 
a 10-percent change In propulslon 
malntenance cost wlll cause less than 
an O. 8-percent change ln DOC. As for 
the previous cost sensltlvltles, In
creaslng fuel prlce red uces the effect 
of changlng malntenance cost on DOC. 
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APPENDIX M: ADDITIONAL NOISE 
CONSIDERATIONS 

The purpose of this appendix is to 
document some small noise-related 
studies that were conducted following 
the comparison of the turboprop and 
turbofan powered aircraft. 

PROPELLER SLIPSTREAM EFFECTS ON AIR
FRAME NOISE 

OUI" resul ts show that airframe 
noise predominates on approach for the 
three turboprop aircraft. Furthermore, 
we note that the airfrallie noise of the 
turbopl"op aircraft is between 2.5 and 
3.5 dB noisier than for the turbofan 
aircraft on approach when both aircraft 
are at essentially the same conditions 
(Compare corresponding aircraft in 
Tables XV and XXVI). The differences 
in airframe noise at the other measur-

,ing points cannot be attributed solely 
to the propeller slipstream because of 
the variances in aircraft al ti tude and 
speed. 

To understand the contribution of 
the propeller slipstream to airframe 
noise, the noise levels of the major 
airframe components* were calculated 
wi th ~md without the slipstream. The 
results are presented in bar graph form 
in Figure M-1 for the No. 2 Quietest 
Turboprop Aircraft at the approach 
measuring point. In this case, the 
flaps, which are deflected 0.87 radians 
(50 degrees), are the major noise 
sourCE~. While the slipstream adds 3.5 
dB to the flap noise, the net effect is 
only an additional 2.6 dB on the total 
airframe (wing + tail + flaps + gear) 
because the Slipstream does not affect 
the gear, and it has only a small 
effect on the wing and tail combin
ation. 

* While the fuselage is a major 
structural element of the airframe, 
Reference 31 has shown that the 
noise level produced by the fuselage 
is negligible relative to the other 
structural elements and is not 
incl uded ·here. 
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Figure M-1. Propeller Slipstream 
Effects on Noise 

WING 
+ 

TAIL .. 
FLAPS .. 
GEAR 

Without the slipstream effects, the 
noise levels in Figure M-1 should be 
those expected for a turbofan-powered 
aircraft of the same geometry. A check 
of the numbers confirms that this is 
indeed the case. The 96.3 dB noise 
level shown for the total airframe 
(wing + tail + gear) without the slip
stream is only 0.2 dB lower than the 
airframe noise level listed previously 
in Table XXVI for the No. 2 Turbofan 
Aircraft. This small difference occurs 
because the turboprop aircraft is 
slightly smaller than the turbofan air
craft, having lower values of wing 
area, wing aspect ratio, and tail area. 

ACOUSTIC GROUND REFLECTION EFFECTS 

In this report, all of the pre
dicted noise levels include 3 db more 
than free-field noise levels to account 
for ground reflection effects. This 
assumption is based on experience with 
noise measurements for noise-suppressed 
turbofan-powered aircraft, where the 
noise spectra are characterized by 
broad-band energy contained in the 
middle and upper frequencies, and where 
the microphone is pole mounted over a 
hard surface. This ground reflection 
effect is not very sensitive to micro
phone heights above 2 feet. 
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For an aircraft powered by a pro
peller where the noise spectra contains 
low frequency discrete tones, in addi
tion to broad band noise, the ground 
reflection effect is more complex. The 
situation is illustrated in Figure M-2 
from Reference 41 for the two types of 
noise sources when they are located 
directly above a perfectly reflecting 
surface and the microphone is 4-ft 
above ground, e.g., FAR 36 microphone 
locations. As shown, the propeller 
discrete tones can be subj ect to large 
cancellations, or reinforcements of up 
to 6 dB, depending upon their fre
quency, while the broad band noise 
caning from the engine core and air
frame is subject to an average increase 
of 3 dB. The resulting effect, in 
terms of !J. PNdB and !J. EPNdB, requires 
detail evaluation; however, through 
judicious selection of propeller fre
quencies, tone cancellation can reduce 
the propellel" discrete-frequency noise 
at the 4-ft high microphone. Any noise 
reduction obtained by this frequency 
tuning is, however, sensitive to micro
phone height and thus does not hold for 
all points in space. These effects 
will be diminished if the ground 
surface were considered to be partially 
absorbing instead of perfectly 
reflecting - a more difficult case to 
analyze. 

As an example, estimates of these 
effects have been evaluated for the No. 
2 Quietest Turboprop Aircraft. The 
propeller fundamental tone is close to 
71 Hz, and consequently, the flyover 
noise is attenuated. But, in contrast, 
the first harmonic at 142 Hz is subject 
to a 6-dB increase, and the engine/air
frame mid-to-high frequency components 
are subj ect to a 3-dB increase. The 
overall effects on noiseprints are 
shown in Figure M-3, where a reduction 
in flyover noise is indicated. For a 
sideline location, the overall effect 
is different because of a different 
so u rc e/ gro und/ ob server g ean etr y, and a 
slight increase in sideline noise is 
shown. In this example, inclusion of 
propeller-tone ground-reflection 
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Figure M-2. Ground Reflection Effects 

effects prov ides some red uctions in 
noiseprint areas at the two lower noise 
levels of 70 and 80 EPNdB. 

Based on these results, we must 
conclude that further study is needed 
on the influences of ground reflection 
effects both ground absorption 
characteristics and microphone height -
on the selection of propeller rotation
al frequencies for the low-noise design 
of turboprop-powered aircraft. 
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APPENDIX N. ANALYSIS OF ALTERNATE 
TAKEOFF AND CLIMB PROFILES 

Various changes to the takeoff and 
climb procedures were investigated in 
an effort to reduce the noiseprints of 
the No. 1 and No. 2 Turboprop and 
Turbofan Aircraft. The final results 
have already been summarized in the 
body of this report along with a dis
c ussion of the net effects of the 
changes on the relative comparison of 
the two types of propulsion. This 
Appendix presents the details of what 
individual changes were considered, 
what the effects were, and how the 
noiseprint reductions were achieved for 
each of the four aircraft. 

Before proceeding with the detailed 
report, two points bear repeating so 
that there is a clear understanding of 
the base from which the analysis begins 
and of the assumptions which constrain 
the results. First, in the base case, 
all of the aircraft took off with the 
flaps deflected at 0.35 rad(20 deg) and 
achieved an obstacle speed 5.1 mls (10 
kt) above the minimum safe speed. Upon 
reaching an altitude of 122 m (400 ft), 
the flaps were retracted and the air
craft continued at their maximum rate 
of climb to cruise al ti tude. Second, 
the optimizations were directed toward 
the 80-EPNdB noiseprints only. The 
benefits achieved at the 70 and 90 
EPNdB levels are merely fallouts and 
are not suggested to be the minimum 
noiseprints that can be attained if 
other takeoff and climb procedures are 
adopted. 

The changes to the takeoff and 
climb procedure that were investigated 
were: different flap angles, higher 
a1 ti tudes for flap retraction. in
creased obstacle speeds, climbing at 
maximum gradient (al ti tude gained per 
uni t of horizontal distance travelled) 
instead of maximum rate of climb 
(alti tude gained per unit of time in 
flight), and cutback power. Each of 
these were varied independently and 
sequentially to minimize the noise
prints, using the following procedure 
for all four aircraft. Initially, the 
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takeoff flap angle was varied while all 
other parameters were held constant at 
their original-values. That flap angle 
which minimized the 80-EPNdB noise 
print was selected and held constant 
while the effects of different flap re
traction altitudes were then investi
gated. This type of cycle of varying 
one parameter, selecting an optimum 
value, and holding it constant while 
optimizing another was repeated several 
times to reach the final resul ts shown 
in Figure N-1. Presented here are the 
maximum noiseprint reductions. what 
variations to the takeoff procedure 
caused the reductions, and the accom
panying block fuel penal ties for each 
of the four aircraft. The remainder of 
this appendix describes how these re
suI ts were obtained for each aircraft. 

EFFECTS OF TAKEOFF CHANGES 

BLOCK FUEl. INCREASE, % NOISEPRINT DECREASE, % 

'" '" .,. 
0:: 
'" 

eo 

90 

o W ~ ~ 

I NO. I ~URBOPROP , 

[%"§'W%%\-\'§§§ 

~~ 

Figure N-l. Summary of Results for 
Alternate Climb Procedures 



NO. TURBOPROP 

The initial investigation for this 
aircraft dealt with variations to the 
flight profile under conditions of 
full power and maximtml rate of climb. 
After determining the best combination 
of flap angle, flap retraction alti
tude, and obstacle speed, attention was 
focused on the effects of maximtml gra
dient climb and cutback power. 

Maximum Rate of Climb 

Figure N-2 graphically depicts the 
sequential approach that was followed 
and the noiseprint changes that were 
obtained for the initial part of this 
investigation. Figure N-3 contains the 
corresponding effects on block fuel 
consumption • 

.'!akeoff Flap Angle - Two factors, 
which tend to counteract each other, 
are responsible for the results shown 
in part a) of Figure N-2. As the flap 
angle increases, the lift coefficient 
and area of the wing-flap combination 
increase, which enhances the climb 
capability of the aircraft, and thereby 
tends to reduce the noiseprint. Con
currently, however, the drag also in
creases, which means that less of the 
engine thrust is available to accel
erate the aircraft. 111US, the portion 
of lift due to speed is reduced, which 
causes the aircraft to climb slower and 
the noiseprint to become larger. 

lhese results show that only very 
small benefi ts are obtained for any of 
the noiseprints from reducing the take
off flap angle below the base value of 
0.35 rad (20 deg), and that only penal
ties accrue for larger angles. In 
keeping wi th the spirit of the optimi
zation process, however, a 0.26 rad (15 
deg) flap angle was selected for the 
subsequent analyses, even though this 
value! gives less than a 0.2 percent 
decrease in area. A mini scule savings 
of 0.01 percent in block fuel is real
i zed at this flap angle, as shown in 
part a) of Figure N-3. 

Flap Retraction Al ti tude - Resul ts 
from- the second step are illustrated in 
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Figure N-2. Noiseprint Variations Due 
to Alternate Climb Pro
cedures for No. 1 Turbo
prop Aircraft at Maximum 
Rate of Climb 

part b) of Figures N-2 and N-3. They 
show that deploying the flaps to higher 
altitudes substantially reduces the 
noiseprints for all three noise levels 
while increasing the fuel required by a 
small amount. 
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Figure N-3. Fuel Consumption Varia
tions Due to Alternate 
Climb Procedures for No. 1 
Turboprop Aircraft at 
Maximum Rate of Climb 

The nOiseprint curve for each level 
eventually reaches a horizontal plateau 
where no further reductions in area are 
possible from keeping the flaps deploy
ed. This plateau is attained when the 
aircraft altitude is high enough to 
produce noiseprint closure. That is. 
as the aircraft climbs. it reaches an 
al ti tude at which the noise perceived 
on the ground is less than the minimum 
level which establishes the boundary of 
the noiseprint, and the nOiseprint no 
longer grows in si ze. 
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The significance of the noise level 
used in selecting the takeoff proce
dures becomes very evident in this 
case. For a 90-EPNdB level. the flaps 
need to be deployed only to an altitude 
of 451 m ( 1500 ft). For 80 and 10 
levels, however, the maximum benefits 
are realized only if the flaps remain 
deployed to altitudes of 1829 m (6000 
ft) and 3048 m (10,000 ft), respec
ti vely. Following the ground rules for 
this study, the value which minimizes 
the 80-EPNdB noiseprint was selected 
for the next step in the analysis. 

Obstacle Speed - Increasing the 
aircraft obstacle speed* above the min
imum safe val ue used as a baseline, 
adversely impacted the noiseprints at 
all three noise levels, as illustrated 
in part c) of Figure N-2. Furthermore, 
the higher the noise level of the 
noiseprint, the greater the severity of 
the penal ty • 

What causes these two effects? 
First, when the obstacle speed is in
creased, the aircraft must accelerate 
to a higher liftoff speed before leav
ing the runway. This increases the 
takeoff distance and keeps the aircraft 
close to the ground for a longer period 
of time during takeoff and initial 
climb. Both of these contrib,ute to en
larging the noiseprint. Second, the 
typical trend is that the higher the 
noise level defining the noiseprint, 
the quicker the noiseprint closes, the 
smaller its area, and the greater the 
percentage effect of a unit change in 
area. 

While part c) of Figure N-3 shows 
small reductions in block fuel at high
er obstacle speeds, there are no noise
print benefits from increasing the 
obstacle speed, and so, the baseline 
mlnlmum safe obstacle speed value is 
retained for the rest of this analysis. 

*Obstacle speed is the speed of the 
aircraft when it reaches an al ti tude 
of 10.1 m <35 ft) on takeoff. This 
corresponds to the height required to 
clear a possible obstacle at the end 
of the runway. 



!akeoff Flap Angle Check - With the 
previous results indicating the desir
ability of deploying the flaps to an 
altitude of 1829 m (6000 ft) to mini
mize the 80-EPNdB noiseprint, the 
takeoff flap angle was reoptimized. 
The results in part d) of Figures N-2 
and N-3 show that a reduction of the 
flap angle to 0.17 rad (10 deg) is 
beneficial to both the noiseprint and 
block fuel consumption. 

Interestingly, the 80-EPNdB noise
print can be reduced by increasing or 
decreasing the flap angle relative to 
the 0.26 rad (15 deg) value previously 
used. This is the result of the lift 
on the aircraft coming from its speed 
and the product of the lift coefficient 
and area of the wing-flap combination, 
as previously 'explained. With 0.17 rad 
(10 deg) flaps, the speed contribution 
is responsible for the reduced noise
print, while at 0.7 rad (40 deg) flaps, 
the area and lift coefficient product 
is the major contributor. The two ex
tremes of the curve are limited at the 
lower flap angles by field length re
strictions and at the higher angles by 
engine-out gradient limitations. 

B:>th the 70 and 90-EPNdB noise
prints display a preference for remain
ing at the 0.26 rad (15 deg) flap angle 
previously selected. 

Maximum Gradient Climb 

Figure N-4 shows the effects on 
noiseprint area and block fuel con
sumption of climbing at maximum gra
dient for some portion of the flight 
profile. Initially, the aircraft 
follows the baseline procedure of 
taking off with 0.35 rad (20 deg) 
flaps, of passing the obstacle with a 
speed of V

2 
+ 5.1 mls (10 kt), and of 

climbing to 122 m (400 ft) before re
tracting the 'flaps. The aircraft then 
climbs at maximum gradient, instead of 
maximum rate t from flap retraction to 
the altitude shown. Once the aircraft 
reaches each particular altitude value, 
it reverts to a maximum rate of climb. 

The hori zontal plateau for each 
noise level signifies, as discussed be-
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Figure N-4. Maximum Gradient Climb 
Effects for No. I Turbo
prop Aircraft 

fore, that the aircraft has attained 
sufficient altitude so that its noise 
no longer contributes to the particular 
noiseprint, that is, the noiseprint has 
closed. A compari son of these resul ts 
wi th those in part b) of Figure N-2 
shows that climbing at maximum gradient 
allows the high-level noiseprints to 
close when the aircraft is at a lower 
altitude than when the flaps remain 
deployed. However. there is a greater 
percentage reduction in noiseprint area 
from keeping the flaps deployed. The 
reason for this is that with the flaps 
deployed the aircraft speed remains low 
and the distance travelled horizontally 
from brake release on takeoff is con
siderably shorter than for maximum 
gradient climb. 

A comparison of the resul ts in 
Figure N-4 with those in part b) of 
Figure N-3 shows that of the two 
methods. climbing at maximum gradient 
uses less fuel. This is as expected 
because when the flaps are deployed 
they produce a drag penalty which is 
reflected in the higher fuel consump
tion. 
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Having observed that smaller areas 
were obtained by climbing with flaps 
deployed until after the noiseprint 
closed, rather than by climbing at max
imum gradient, attention was directed 
toward determining if any combination 
of the two might be more attractive. 
That is, might greater benefits be 
achieved by keeping the flaps deployed 
to an altitude greater than the 122 m 
(400 ft) standard retraction value and 
then continuing to climb at maximum 
gradient until the noiseprints close. 
Figure N-5 illustrates the results from 
doing this for each of the three noise 
levels. This figure also compares this 
proced ure with a similar case of in
creasing the flap retraction al ti tude 
and then climbing at the max imum l"'ate. 
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Figure n.,.5. Comparison of Maximum
Gradient and Maximum-Rate 
Climb Effects on Noise
print for No.1 Turboprop 
Aircraft 
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Clearly, increasing the flap retraction 
altitude before climbing at maximum 
gradient does reduce the noiseprint, 
but not below the level achieved by 
simply leaving the flaps deployed until 
the noiseprint closes. Also, for a 
given flap retraction altitude, smaller 
noiseprint areas are obtained by climb
ing at maximum gradient instead of max
imum rate until the noiseprint closes. 

Figure N-6 shows the fuel penal ties 
to be expected when reducing the noise
prints by the amounts indicated in 
Figure N-5 from deploying the flaps to 
higher al ti tudes and then I climbing at 
maximum gradient. Of this penalty, the 
gradient climb is largely responsible 
for that incurred up through 610 m 
(2000 ft) altitude, but thereafter, the 
additional increases are almost totally 
due to the flaps. 
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Figure N-6. Comparison of Maximum
Gradient and Maximum-Rate 
Climb Effects on Fuel 
Consumption for No. 1 
Turboprop Aircraft 

Cutback Power 

Aircraft having difficulty meeting 
the FAR 36 noise regulations can be 
certified by following a procedure that 
includes reducing engine power just 
before reaching the takeoff flyover and 
sideline noise measuring points. The 
potential effects of following such a 
procedure to reduce the noiseprints of 
an aircraft were investigated. 

As prescribed by FAR 36 for the 
cutback case, the flaps remain deployed 
in the takeoff position while the air
craft climbs to an altitude not less 



than 305 m (1000 ft) and reduces engine 
power' to the minimum levels permitted 
prior' to passing the measuring points. 
This type of profile is then continued 
until the aircraft is sufficiently past 
the measuring points so that no higher 
read:i.ngs are recorded as the aircraft 
resumes pOwer and climbs to altitude. 

This type of procedure was investi
gated with variations considered to the 
takeoff flap angle. obstacle speed, and 
cutback al ti tude. Figure N-7 summar
izes the results. Parts a) and b) con
firm that the previously selected flap 
anglE~ and obstacle speed are the best 
val UE~S for minimizing the noiseprint. 
Several observations may be noted based 
on part c). First, delaying the start 
of power cutback to higher al ti tudes is 
undesirable for the 90 EPNdB noise
print, but does offer some benefits at 
the two lower noise levels. Second, 
the changes for both the 90 and 80 
EPNdB noiseprints give evidence of 
noiseprint closure as indicated by the 
platE~au reached on the right side of 
each curve. Third, at the 70 EPNdB 
level there is an optimum cutback 
al ti tude. and it occ urs well before 
noiseprint closure, which is not shown 
on the figure. 

Figure N-8 compares the extent to 
which the base noiseprint area, that 
was previously listed in Table XXX, has 
been reduced through flight profile 
modifications with full and cutback 
power. The top bar in the figure for 
each noise level indicates the reduced 
noisE~print size, as discussed in a pre
vious section, which can be achieved by 
climbing at full power with some 
cnanges to the basic climbout proce
dures. The second bar depicts the re
duced noiseprint size that occurs with 
power" cutback, as reported previously 
in Table XXX. The last bar reflects 
the benefits of using the optimum alti
tude for power cutback. 

These resul ts show that power cut
back offers only slight benefits rela
ti ve to those obtained with full power 
and modified climb-out procedures. 
While the power cutback is wi thin 
prescribed safe operating limits, 
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pilots are not overly enamored ,with any 
power reduction during this phase of 
flight and probably will tend to resist 
such a procedure. Recognizing that the 
pilot concerns are likely to preclude 
universal compliance with a cutback 
procedure to reduce noiseprint areas in 
practice, and in view of the relatively 
small benefits that accrue from the re
duced power, we will concentrate our 
efforts on reducing noiseprints at full 
power operation. 

NO. 2 TURBOPROP 

The investigation to reduce the 
noise prints of this aircraft paralleled 
that for the No. 1 aircraft. To limit 
repetition, the results will be pre
sented for this case without extensive 
explanations unless there is some rad
ical change in the trends. 

Maximum Rate of Climb 

Figure N-9 ill ustrates the sequen
tial approach that was followed and the 
noiseprint changes that were obtained 
from varying the takeoff flap angle, 
the flap retraction al ti tude, and the 
obstacle speed in conjunction wi th 
takeoff and climb at the maximum rate. 
Figure N-10 displays the corresponding 
effects on block fuel consumption. 

Part a) of Figure N-9 shows that 
the noiseprints are insensitive to de
creasing the flap angle for all three 
noise levels and only slightly sensi
tive to increasing the angle for the 70 
and 80 EPNdB levels. The 90 EPNdB level 
noiseprint experiences a substantial 
reduction in size from increasing the 
flap angle to 0.67 rad (39 deg) because 
wi th the larger value, the aircraft is 
at higher al ti tudes and lower speeds 
for almost the entire takeoff portion 
of this relatively small noiseprint. 
While larger angles might prove more 
beneficial in reducing the noiseprints, 
at angles greater than 0.68 rad (39 
deg) the aircraft is unable to comply 
wi th the minimum limits of FAR 25 for 
engine out during second segment climb. 
Based on the favorable results at this 

196 

0) FlAP ANGLE EFFECTS. FlAP RETRACTION AT 122 M(400 FT) ALTITUDE. 
OBSTACLE SPEED OF V2 • S.1 MIS (10 KT). 

NOISE LEVEL, 
·EPNdB 

c ... _ ... - 70 
............ ----- 80 

AREA 
CHANGE, 
PERCENT 

"-

"\ E ENGINE-OUT 
\ '"rGRADIENT 

-10 \ LIMIT 
\ 

\E 
\ 
\ 

-20 ),0.°0 ---:C~.1;-----:':".'-::4---c'O.f',D I 90 

TAKEOFF FLAP ANGLE 

b) RETRACTION ALTITUDE El'FECTS. 0.68 RAD (39 DEG) FlAP ANGLf. 
OBSTACLE SPEED OF V2 .5.1 MIS (10 Kn. 

-60 
80 

,-------- --------.90'--

AREA 
CHANGE, 
PERCENT 

-20 

, 
I 
I 
I , 
I 
I , 
I 

I 

/ 
I 

/ 
/'70 

......... ' NOISE 
~_...--" LEVEL, 

_--- fPNdB 

o~c~~--~--------~--------~: 
~---~-----i~----~----~---~lr; 

FlAP RETRACTION ALTITUDE, 1000 

0) OBSTACLE SPEED EFFECTS. 0.68 RAD (39 DEG) FlAP ANGLE. 
FlAP RETRACT! ON AT 1829 M(6000 FT) ALTITUDE. 

AR" / NOISE 
'""" ,/ LEVEL, 

~[ I ~ 
PERCENT .. '" 
CHANGE, ~' so EPNdB 

_..,,;.."'" ---"MIS 70 
0 0 10 15 

io de 3'OKT 

OBSTACLE SPEED OF V 2 + 

d) FLAP ANGLE CHECK. FLAP RETRACTION AT 1829 M(6000 FTl ALTITUDE. 

AREA 
CI~ANGE, 
PERCENT 

OBSTACLE SPEED OF V2 - S.l MIS (10 Kn. 

10 , NOISE LEVEl., 
EPNdB 

90 , 

aQ~ 
70 ____ -

TAKEOFF FlAP ANGLE 
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Figure N-IO. Fuel Consumption Varia
tions Due to Alternate 
Climb Procedures for No. 
2 Turboprop Aircraft at 
Maximum Rate of Climb 

angle for all three noise levels, it 
was selected for use in the subsequent 
steps. 

Results similar to those for the 
No. 1 Turboprop aircraft were obtained 
from the investigation of varying flap 
retraction altitude and obstacle speed. 
That is, a flap retraction altitude of 
1829 m (6000 ft) minimizes the 80-EPNdB 

noiseprint, and increasing the obstacle 
speed above the minimum safe value of 
the baseline has no positive effects. 

Flap angle variation was 
reconsidered for the 1829 m (6000 ft) 
altitude flap retraction case. The re
suI ts in part d) of Figures N-9 and 
N-10 show that both 0.61 rad 05 deg) 
and 0.68 rad (39 deg) flap angles. are 
equally effective in reducing the 80-
EPNdB noiseprint, but that the lower 
value imposes a smaller fuel penalty. 
and therefore, is preferred. 

Maximum Gradient Climb 

Figure N-11 ilustrates the reduc
tions in noiseprint area and the fuel 
consumption penalties that occur in 
climbing at maximum gradient, instead 
of maximum rate, over a portion of the 
flight profile. In particular, the 
aircraft climbs at maximum gradient 
between the altitudes of 122 m (400 
ft), where the flaps are retracted, and 
the values listed along the abscissa of 
the graph. 

The data that contributed to Figure 
N-11 have been combined with those from 
part b) of Figure N-9 to obtain the 
comparative results in Figure N-12. 
This comparison shows that smaller 
noiseprints are obtained for the No. 2 
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Figure N-ll. Maximum Gradient Climb 
Effects for No. 2 
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Figure N-12. Comparison of Maximum -
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Climb Effects on Noise
prints for No. 2 Turbo
prop Aircraft 

Turboprop Aircraft by keeping the flaps 
deployed until the aircraft climbs to 
an altitude which closes the noise
print, as opposed to simply climbing at 
maximum gradient until the nOiseprint 
closes. 

Cutback Power 

Figure N-13 presents the results of 
stUdies related to cutback power fol
lowing takeoff. The initial set of 
results indicates that the original 
takeoff flap angle of 0.35 rad (20 deg) 
is more effecti ve wi th cutback power 
than the 0.68 rad 09 deg) angle that 
is best for the full power case. The 
middle set confirms that the minimum 
obstacle speed is preferred. The last 
set suggests two divergent conclusions. 
For the 90 EPNdB noiseprint, increasing 
the cutback al ti tude above the 305 m 
(1000 ft) mlnlmum is to be avoided, 
mainly, because this noiseprint closes 
when the aircraft reaches an altitude 
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of about 430 m (1400 ft). For the 
other two cases, delaying power cutback 
to a higher al ti tude is beneficial 
because the aircraft must climb to a 
relatively much higher altitudes before 
the noiseprints close. Specifically. 
the closure altitudes are about 1340 m 
(4400 ft) for the 80 EPNdB noiseprint 
and 3290 m (10,800 ft) for the 70 con
tour. 

Figure N-14 compares the extent to 
which the base noiseprint area, that 
was previously listed in Table XXX, has 
been reduced through flight profile 
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modifications with full and cutback 
power. The top bar in the figure for 
each noise level indicates the reduced 
noiseprint size, from a previous sec
tion, which can be achieved by climbing 
at full power wi th some changes to che 
basic climb-out procedure. The second 
bar shows the reduced noiseprint si ze 
that occurs with power cutback, as re
ported before in Table XXX. The last 
bar reflects the benefits of using the 
optimum altitude for power cutback. 

TI1ese results show that power cut
back offers advantages over the full 
power base case in reducing the noise
prints. Modifying the flight profile 
while maintaining full power provides 
the greatest noiseprint reduction, how
ever. 

NO. TURBOFAN 

Analysis of alternative flight pro
files for the two competi ti ve turbofan 
aircrclft followed the same sequence as 
for the turboprop aircraft. That is, 
the initial variations were in conjunc
tion with a maximum rate of climb, 
while the subsequent ones were for a 
maximt~ gradient climb. Because of the 
comparative characteristic of turbo
fans, relative to turboprops, of being 

takeoff thrust limited, and in view of 
the marginal to negative results listed 
in Table XXX for cutback power on the 
baseline aircraft, no consideration was 
given to cutback power as part of the 
flight profile alternatives for the two 
turbofan aircraft in this study. 

Maximum Rate of Climb 

Figure N-15 shows the noiseprint 
changes that were obtained and the se
quential approach that was followed in 
analyzing different takeoff flap 
angles, flap retraction altitudes, and 
obstacle speeds. The corresponding 
effects on block fuel are presented in 
Figure N-16. 

As indicated in part a) of Figure 
N-15, the No. 1 Turbofan Aircraft has 
very little flexibility in its takeoff 
flap angle. If the flaps are set 
greater than 0.35 rad (20 deg), the 
aircraft cannot meet the minimum gra
dient requirements of FAR 25 with an 
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Figure N-IS. Noiseprint Variations Due 
to Alternate Climb Pro-
cedures for No. I Turbo
fan Aircraft at Maximum 
Rate of Climb 
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Figure N-16. Fuel Consumption Varia
tions Due to Alternate 
Climb Procedures for No. 
1 Turbofan Aircraft at 
Maximum Rate of Climb 

engine out during second segment climb. 
Alternatively, if the flap angle is 
less than 0.28 rad (16 deg), the air
craft cannot takeoff wi thin the 2440 m 
(8000 ft) field length limit. Wi thin 
these two constraints, the smallest 
noiseprint occurs at a 0.35 rad (20 
deg) angle for the 80 EPNdB base level. 
This angle is also best for the 90 
EPNdB level, and it penalizes the 70 
EPNdB nOiseprint by less than one half 
of one percent. 

Leaving the flaps deployed to high
er altitudes is beneficial in reducing 
the noiseprints for both the 80 and 90 
EPNdB noise levels, as shown in part b) 
of Figure N-15. However, the trend is 
that the lower the desired noise level, 
the less beneficial is prolonged flap 
deployment likely to be. In fact, for 
the quietest level of 70 EPNdB, the 
noiseprint area is increased when the 
flaps stay deployed. This trend re
flects the relatively limited takeoff 
thrust characteristic of turbofan 
powered aircraft. Once the aircraft 
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gains its initial increment of altitude 
on takeoff. continued flap deployment 
limits subsequent climb because the 
drag of the flaps retards aircraft 
acceleration, thereby negating the more 
extensi ve climb capability that can be 
achieved through higher speed. 

As determined for the turboprop 
aircraft, increasing the obstacle speed 
was detrimental to attempts to decrease 
the noiseprints. 

Maximum Gradient Climb 

Figure N-17 shows the reductions in 
noiseprint area and the fuel consump
tion penal ties that occur in climbing 
at maximum gradient, instead of maximum 
rate, over a portion of the flight pro
file. In particular, the aircraft 
climbs at maximum gradient between the 
altitudes of 122 m (400 ft), where the 
flaps are retracted, and the values 
listed along the abscissa of the graph. 

The data that contributed to Figure 
N-17 have been combined with those from 
part b) of Figure N-15 to obtain the 
comparati ve results in Figure N-18. 
This comparison shows that smaller 
noiseprints are obtained at 70 and 80 
EPNdB for the No. 1 Turbofan Aircraft 
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Figure N-17. Maximum Gradient Climb 
Effects for No. 1 Turbo
fan Aircraft 
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Figure N-18. Comparison of Maximum -
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Turbofan Aircraft 

by retracting the flaps at 122 m (400 
ft) Cll titude and climbing at maximum 
gradient until the noiseprint closes, 
rather than by leaving the flaps de
ployed and climbing at the maximum 
rate. At the 90 EPNdB level the re
verse occurs; maximum benefits are 
achieved by leaving the flaps deployed 
until the noiseprint closes. 

NO. 2 TURBOFAN 

As in the previous cases, the 
analysis was done first for maximum 
rate of climb and then for maximum 
gradient climb. Flap angle variations 
were not investigated because this 
aircraft was sized by the field length 
and engine-out gradient limitations. 

Maximum Rate of Climb 

Changes to the noiseprint area that 
can be obtained by varying the flap 
retraction al ti tude or obstacle speed 
are presented in Figure N-19. Figure 
N-20 shows the associated changes in 
block fuel consumption. 

The trends for this aircraft are 
very similar to those for the No . 
Turbofan Aircraft. Thus, the dis
cussion of the trends in the previous 
section is equally applicable here. 

Maximum Gradient Climb 

Figure N-21 shows the reductions in 
noiseprint area and the fuel consump
tion penalties that occur in climbing 
at maximum gradient, instead of maximum 
rate, between flap retraction at 122 m 
(400 ft) altitude and the altitud e 
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Figure N-19. Noiseprint Variations Due 
to Alternate Climb Pro
cedures for No.2 Turbo
fan Aircraft at Maximum 
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values on the graph. These results 
have been combined with those of Figure 
N-19 to obtain the comparisons in 
Figure N-22. The same trend is obtain
ed as for the No. 1 Turbofan Aircraft 
but with a slight shift. At the go 
EPNdB noise level, continued flap 
deployment is still the best way to 
minimize the noiseprint. Also. at the 
70 EPNdB level, climbing at the maximum 
gradient is still the best. However, 
at the 80 EPNdB level, both methods are 
now equally effective. 
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APPENDIX O. SUMMARY OF C-X 
REQUIREMENTS FOR APPLICATION STUDY 

MISSIONS ----
Hission fuel loads are to be com

puted assuming a 1962 U.S. Standard 
Atmosphere and military reserves. 

1. Maximum Payload Hission. Carry 
59.090 kg (130,000 Ib) or more at 
2.25 g' s over an unrefueled range 
that is to be determined (TBD). 
Carry the maximum 2.25..;g payload 
over an unrefueled range of 4445 km 
(2400 NH); the initial portion may 
be flown at less than 2.25 g I s but 
not less than 2.0 g's. 

2. Heavy Logistics Mission. Carry the 
larger of 54,545 kg (120,000 lb) or 
92 percent of the max imum 2. 25-g 
payload at 2.25 g's over a 4445 km 
(2400 NM) unrefueled range. 

3. Intertheater Logistics Mission. 
Carry the greater of 45,455 kg 
(100,000 lb) or 75 percent of the 
max imum 2. 25-g payload at 2.5 g IS 

over a 5185 kg (2800 NM) unrefueled 
range. 

4. High Performance Logistics Mission. 
Carry the greater of 31,820 kg 
(70,000 Ib) or 50 percent of the 
maximum 2.25-g payload both direc
tions on a 925 km (500 NM) combat 
radius mission, unrefueled, at 3 
g's. 

5. Ferry Range. Have a 9250 km (5000 
NM) unrefueled range with no pay
load at 2.5 g's. 

SPEEDS 

1. CI"uise Speed. Perform the required 
missions at a cruise speed of at 
least 0.7 Mach number at an initial 
cl"uise al ti tude of at least 7925 m 
(26,000 ft). 

2. Airdrop Speed. As a design goal, 
the maximum airdrop speed shall be 
129 mls lAS (250 KIAS). In stabi
lized level flight, airdrops will 
be made at speeds between 1.2 times 
the stall speed (not to exceed 67 
mls lAS (130 KIAS) and 120 mls lAS 
(235 KIAS). for altitudes between 
sea level and 7620 m (25,000 ft), 

'and for the aircraft gross weights 
required by the missions. 

3. Low Altitude Speed. Have a crui se 
airspeed of at least 154 mls lAS 
(300 KIAS) and a maximum level 
flight speed of 180 mls lAS (350 
KIAS) between sea level and 4570 m 
(15,000 ft) altitudes for the spe
cified missions. 

NOISE 

Comply with FAR 36, stage 3. 

FIELD PERFORMANCE 

The aircraft shall be capable of 
performing the following takeoff I land
ing, and ground operations at sea level 
on a 32°C (90°F) day. 

1. Maximum Gross Weight Takeoff. At 
the maximum weight for the required 
missions, be capable of safe and 
routine takeoffs from a 2590-m 
(8500-ft) paved runway with a load 
classification group (LCG) II I 
rating. 

2. Small Austere Airfield Takeoff. At 
the midpoint takeoff gross weight 
for the High Performance Mission, 
be capable of safe and routine 
takeoffs from a 915-m (3000-ft) 
long by 27-m (90-ft) wide load 
classification number (LCN) 40 
paved runway. 

3. Critical Engine Inoperative Take
off. With the most critical engine 
inoperative, be capable of takeoff 
from a 915-m (3000-ft) long by 27-m 
(90-ft) wide LCN 40 paved runway 
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wi th no payload and the fuel re
quired at the mid point of the High 

. Performance Mission. 

4. Blown Tire Takeoff. Be capable of 
takeoff with one blown tire, no 
payload, and the fuel required at 
the midpoint of the High Perform
ance Mission. 

5. Normal Landi~g. Be capahle of safe 
and routine landings on a 1220-m 
(4000-ft) long by 27-m (90-ft) wide 
LCG IV paved runway with the maxi
mum 2.25-g payload and fuel to fly 
a 925 kIn (500 NM) range mission 
with zero payload. 

6. Maximum Effort Landing. Be capable 
of maximum effort landings on a 
915-m (3000-ft) long by 27-m (90-
ft) wide LCN 40 paved runway with a 
payload of 45,455 kg (100,000 lb) 
or 75 percent of the maximum 2.25-g 
payload, whichever is greater, and 
fuel to fly a 925 km (500 NM) range 
mission with zero payload. 

7. Maximum Payload Landing. Be cap-
able of maximum effort landings on 
a 915-m (3000-ft) long by 27-m (90-
ft) wide LeG IV paved runway with 
the max imum 2. 25-g payload and the 
fuel to fly a 555 km (300 NM) range 
mission with zero payload. 

8. Ground Flotation. Have a LCN not 
greater than 40 when carrying the 
larger of a 45,455-kg (100,000-lb) 
payload or 75 percent of the maxi
mum 2.25-g payload, and fuel to fly 
a 925 km (500 NM) range mission 
wi th zero payload. Be capable of 
operating on designated unpaved, 
semi-prepared, compacted surface 
(sand, gravel, etc.) runways. 

9. Ground Maneuvering. Must maintain 
at least a 7.6-m (25-ft) clearance 
from other aircraft and ramp ob
structions. When parked shall not 
prevent another aircraft from taxi
ing to or from its parking space. 
Once parked for loading/unloading 
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will not be moved until loading/ 
unload ing is completed. Small 
austere airfield ramp is 76-m (250-
ft) by 91 m (300-ft) with access 
via 15-m (50-ft) wide taxiway to 
center of 91-m (300-ft) long side. 

10. Turning. It is desired that the 
C-X be capable of a 3.14 rad (180 
degree) turn on a 27-m (90-ft) wide 
LCN 40 paved runway wi th not more 
than three maneuvers and without 
external assistance. 

11. Backing Up. Be capable of backing 
up a 1.5 percent grade on a LCG IV 
paved runway with the maximum 
2.25-g payload and fuel to fly a 
1850 km (1000 NM) range mission. 

12. Minimum Runway Width. Be capable 
of operating from 18-m (60-ft) wide 
runways when turn areas or access 
to a parallel taxiway are provided 
at both ends of the runway. 

Note: Landing distance for runways 
1220 m (4000 ft) or more will be 
computed as the horizontal dis
tance from 15 m (50 ft) over the 
threshold to a complete stop 
using maximum braking and idle 
reverse. For runways 915 m 
(3000 ft) long, landing distance 
will be computed as the distance 
from touchdown to a complete 
stop plus 152 m (500 ft) using 
maximum braking and idle re
verse. 

AIRDROP 

The aircraft shall be capable of 
conducting high and low al ti tude air
drops of paratroopers and equipment 
under good and adverse weather condi
tions. 

1. Platforms and containers are to be 
airdropped from a centerline mount
ed rail/roller system compatible 
with the 274-cm (108-in.) wide U.S. 
Army Type II and Type V airdrop 
platforms. Provi sions shall be 



made for sequential airdrops of any 
possible combination of 2.4, 3.7, 
4.9,6.1,7.3 and 8.5-m (8,12,16, 
20, 24 and 28-ft) platform lengths 
totaling up to 45,455 kg (100,000 
lb) in gross rigged weight and at 
least 18 m (60 ft) in platform 
length. For sequential airdrop. 
the maximum unit load will not ex
ceed 15.910 kg (35,000 lb). For 
airdrop and Low Altitude Parachute 
Extraction System (LAPES) of single 
platform loads, provisions will be 
made for payload weights of at 
least 22,725 kg (50,000 lb). Pro
visions will be made for airdrop 
and LAPES of oversize loads up to 
and including the M551, Armored 
Reconnaissance Airborne Assault 
Vehicle, TOE-Line Item A93125, 
rigged per Army FM 10-515/AF TO 
1:3C7-10-181. As a minimum, the 
aircraft shall be capable of simul
taneous and sequential airdrop of 
TBD Container Deli very System A-22 
supply containers at 1070 kg (2350 
lb) each, from high 7620 m (25,000 
ft) or low 183 m (600 ft) alti
tudes. 

2. Provisions will be made to airdrop 
combat equipped paratroops using 
static line deployed parachutes. 
TIle airdrop equipment shall permit 
at least 100 troops preceded by at 
least four A7A/A21 equipment bun
dIes to exit the aircraft in 55 
seconds, 

CARGO COMPARTMENT 

The cargo compartment will be sized 
to permit the loadmaster access around 
the periphery of the cargo box (front, 
back, and sides) while the aircraft is 
in flight with the maximum volume of 
cargo aboard. While the aircraft is in 
flight, a single loadmaster will be 
able to reconfigure the cargo compart
ment for rolling stock, palletized 
cargo. troop transport, or aeromedical 
evacuations. For preplanned aero
medical evacuations, there will be a 

minimum of 48 litter positions and 54 
seats with emergency oxygen for each 
li tter and seat. 

CARGO RESTRAINT 

Cargo restraint provisions will 
accommodate ultimate loads acting sepa
rately up to: 

Longitudinal - 3 g I S forward, 1.5 
g I S aft 

Lateral - 1.5 gls 

Vertical - 4.5 gls down, 2 gls up 

RAMP 

The cargo compartment ramp will be 
capable of being raised from, and 
lowered to, rear ground" level from 
within the cargo compartment while sup
porting the cargo load to be carried on 
the ramp in flight. The ramp, includ
ing extensions and/or toes will be 
capable of making contact with a ground 
plane 0.3 m ( 1 ft) below the ground 
level of the aircraft at any gross 
weight. 

CARGO ITEMS REQUIRING AIRLIFT 

The aircraft will be capable of 
airlift of a large variety of cargo 
items of rolling stock, containers, and 
pallets, and airdrop/extraction of 
platform loads of vehicles and sup
plies. 

1. Rolling Stock. The aircraft will 
be capable of airlifting signifi
cant elements of equipment items of 
the USAF, USMC, and of U. S. Army 
Airborne, Airmobile, Armor, or 
Infantry Divisions. Any items 
which cannot be carried shall be 
identified. Clearances between all 
vehicles are 15.2 cm (6 in.). 
Clearances between vehicles and 
sidewalls, bulkheads, overhead, and 
doors will be at least 15.2 cm (6 
in.). Vehicles will not be stacked 
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or loaded sideways. Vehicles 
married in the vehicle list will 
stay together. 

2. Containers. Provisions will be 
made for airlifting vans, shelters, 
and containers which are configured 
for interface with a 274-cm (108-
in.) wide 463L materials handling 
rail system. Slave pallets may I;>e 
used if necesary. For sizing use: 

a. 2.4-m (8-ft) wide by 2.6-m 
(8.5-ft) high by 6.1-m (20-
ft) long ocean container 
mounted on a 274-cm (108-
in.) wide by 8-cm (3-in • ) 
high by 6.1-m (20-ft) long 
adapter pallet with a total 
gross weight of 21,365 kg 
(47,OOOlb). 

b. 2.4 m (8-ft) wide by 2.6-m 
(8.5-ft) high by 12.2-m 
(40-:ft) long ocean con
tainer mounted on a 274-cm 
(1 08-in.) wide by 2.6-m 
(8.5-ft) high by 12.2-m 
(40-ft) long adapter pallet 
wi th a total gross weight 
of 32,725 kg (72,000 Ib). 

3. Pallets. Be capable of airlifting 
USAF type HCU-6/E cargo pallets as 
defined by MIL-P-27443 at maximum 
gross weights of 4680 kg (10,300 
Ib) each, including tare weight of 
pallet and net. Be able to carry 
at least 75 percent of the maximum 
2.25-g payload on pallets so that 
the pallet density shall not exceed 
3000 kg (6,600 Ib) per pallet. 

AERIAL REFUELING 

The Universal Aerial Refueling 
Receptacle Slipway Installation will be' 
used to provide aerial refueling from 
the Air Force KC-135 and KC-10 air
craft. 
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