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telescoping rigid blz-des, rolding rig1d blades, and flexible blades. Examples of each
of these we.e idapted to a large compound helicopter design. All aircraft vere sized
to perform t.he same mission and a quantitative analysis was performed uhieh rated ecch
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-ere combined with the cost effectiveness scorea to get an overall merit ratt.ng score
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-4e concept could be further extended to a stowed rotor co-nfiguration by stowing the
rotor within the contoiw of the fuselage- T"hi vould provide efficient high speed
cruise as well az low disc loading hover capability. The fimal task of the study in-
:luded the identifizatioj of L development program for this rotor system,
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ABSTRAt'

Ohis report documents -he findings of a Variable Diameter Rotor Systems
Concept Stu4dy which Sikorsky Aircraft_-Rerforred under U. S. Air Force contract*,
_F336l5,--1-C-IL86. The objective of the study was to inv-.stigate •he various
-schemes that have been vro-psed. for variable diameter rotors for compound

- helicopters, determine the merits of each, and, conclude which is most pronising.
Three basic typez of variable diameter rotors were investigated. These were
classified by the t-•e of- rotor blade construction, and include telescopirg
-igid blades, folding rigid blades, and flexible b]-i.es. Ermples of each of
these were adapted -to a large compound helicopter design. All aircraft were
sfze*I to-perform the zame mission, and. ,a quantlitatIve analysis was performed
Vw!hich rated- eacl, design on overall sys2.•zemS-ost effectiveness. In addition to
this qquantitative analysis, qualitatii-e-_uýgments w[ere made to further rate
the Dotential of each design. These were dcdibined with the cost effectiveness
scores to get -an overall vrit ratii g s-ore Ifor each concept. From this anAly-
-sis, the= most- promiising: otor t,.pe was found t-o be a flexible bladed rottr

Ahich ivqes thin blade- that -can. be retracted bý; rol-ling them on drums vithin
the rotor head. This -desigo concejpt permits- t. verV' lcw hovering disc loadima
- o be obtained- and, in addi-tion. can- be retracted to 10%5 of its hovering dia-
meter. The corcent could be further e5Rttfded to & stoied rotor configuration
-by stowing- the rotor withifi the contour of the fuselage. -. is vould provide

-efficient high speed cruise as well as low disc loading hover capability. The
fival task of the studY included the identificatIdn of a development program
f6r this rotor system.
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-SECTIONI I

IUThDU'CrI0 ANDP SMO-MAY

This study was l-imite. w variable diameter rotors as appliei to compound
helicopters. in this application they provide the cap*ability for Ia., hovering
disc loadings plus higher speed, more efficient cruiise p~erformance. If they
can be retracted to very small diameters, -they can be stopped to pree ent the
least drag and to comoletely eliminate the rotor a~roelaztic bo-zidaries which
presently limit the forward speed cf conventional compound helicopters. With
these capabilities in mind, a. baxeline fixed dia-meter compound aircraft, the
Sikorsky S405--300, was chosen, &hd~ the variable diameter rotor concepts applied
to it. A hovering disc loading of-five psf was selectec, along with a desiredA
ratio of extended to retracted iotor diameter of 10 to 1.

7,he -study was subdivided into shree phases. 'Me fi rst consisted of
surveying the technical literature to determine the various schemes that. have
been .r-ee, eeloping a merit rating system to ,tudlge them, and preparing
prel~iimnary Leayout drawings for the detailed evaluation. Pha'se t-vo vans the
evaluation phase, at the end ol: which the merit rating -' .e-m was used to choose
the most promising concept. During phase three an experimental test program
was iden tiflied for the selected scheme and an aircraft eriploying the chosen
rotor 'was comrared to the conventional fixed-diam-eter compound aircraft.

The-search of the technical literature and patents revealed three
basic tynes of variable diameter Yotors. These include those with telescop-'hg
blades, those with folding --lade.>, and those with flexible blades. There are
many variations of-each, varyin~g mainly in the type of mechanism used to control
the blade retraction and blad'. pitch. Retraction ratios (the ratio of extended
to retracted diameter) vsryv rrom 1.2 to 1 to over 1-0 to i.

From these many varying concepts five examples ve-e chosen for detailedA
eva.luation. These include two tele~coping rotors, ere folding rotor, and two
flexible rotors. The lfirst telescoping rotor uses one telescoping blade segment
and one rigid segment, and heas re-trac-tion ratio of 1.7 to 1. The second uses
eight telescoping segments and achieves a retraction ratio of 5 to 1. The
folding rotor folds the blades in the plane of the rotor disc,around a hinge

*located at one-third blade radius. As such, it achieves a retraction ratio of
3 to 1. The flexible rotors use blades that can be retracted by winding them
on drums within -the rotor head, and they are easily capabl-e of the desired 10
to 1 retraction ratio. The first of these flexible rotors u~ses very thin
blades made of low modulus material, and the serand uses a pneumatic blade that
can be inflated to present a more conventional airfoil.

The merit rating system that was used to evaluate these concepta included
the capability to combtire both quant11itative and qualitative inputs. All. the
at~tributes that, could bwe cvar.tified were incorporated into overall cost effective-
ness values. Qualitative judgements on attritutes such as_ technical rick and
_sro~vth potential were then added to eost effectiveness to coinp~ete thbe %total
evaluation of each concept.
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Using this-evaluatir.' method, the flexible roll-up rotor using four thin
blades was found to be must attractive. It does achieve the desired hovering

- disc 1.oa'ing and retract'on ratio, and it is lighter than any of the other concep
investigated. It causes the fewest penalties in the overall aircraft design.

This coaclusion is made in gpi-te of the high technical risk which has been
assessed against this concept .It h"s many unique problems in the areas of blade
pitch control, ground resonance, and ae-roelbstic instibilities. Solutions are
-proposed in the study for each of these problems, but 4-0s rotor is still an
unproven concept. Its high technical risk has resulted in the flexible rotor

Shiving a hi&h rotor system RDT&E cost. in spite of this,3 it has a higher cost
effectivenei;s than any of the concepts which approach the desired retraction

• ratios;.

When the rotor was applied to the baseline fixed dilaeter compound aircraft,
it was found that the gross weight had to grow ,y ten percent to perform the
same mission. Because of improved efficiency, the aircra.ft could cruise at
280 knots, rather thwi 250 knots, using the same power levels. Even more impcr-
tant is the fact that ti• rotor has been retracted and stopped, and the rotor
no longer limits forward speed. With more poider, and perhaps with the rotor
stowed within the fuselage .ontour, substantially higher speeds would be achie'te-
able.

The development pmgram identified for this concept extends over a period
of five years and includes four separate phases of development. This is done
to determine solutions to the more basic probleu. early, and at minimum cost.
This pro-rem cul.inates An a fligt-t test in the fifth year.

f
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SECTION II

81RVEJ- OF VARIABLE DI4T-MER ROTOIR CONCEFTS

The initial segment of this stady included a survey of technical
literature in order to idei.tify what concepts have been proposed for
-rtrying the diameter of helicopter rotor systems. L.formation has been
ct.-lected from patents, magazine arti.cles, news rec Ž.ýes, and technical
reDp.-ts. This 'esiarch has disclosed many diverse ,oncepts, although miny
of these have not been developed beyond the initial conceptual phase.

Three basic types of variable diameter rotors nr.-e been found.
SThese differ in the type of ,l ade construction, and include those with

telescoping blades, those with folding blades, and those with flexitle blades.
They cover s wIde range of rotor retraction ratio, /Dr, def'ined as the ratio
of extended to retracted rotor diameter. There are many variations on these
three basic concerts, particularly in the method of retraction end of

* blade pitch control.

Telescoping rotors are those with two or more rigid segments that
can be telescoped with respect to each other to vary rotor diameter.
Retraction ratios vary depending upon the number of telescoping segments.
A variety of mechanisms have been proposed to retract these blades,
including cables apd straps, screw drives, compressible and incompressibl
hydraulic systems, rack and pinion gearing, plus various forms of rigid
mechanical rods.

WTo basic for.s- of folding blades have been found; those that fold
in the plane of the rotor and thos ý that fold out of rotor plane. Th.e
most co-on form of inplane fold is a two bladed rotor with a vertical
hinge located at one third of the blade -ad!us. The blade can be foidld
approximately 160 degrees abo-at this hinge to give a retraction ratio

f3 -0 1 . Out of plane folding schemes use two or more segments with
horizontal hinges between ther. These fo.•d in a vertiicl plane.

Flexible blade tyqpes include e~ccordion blades, roll -p rotors u. ing
either pi.eumatic blades or thin solid blades that cirn be rolled on a drum,
3nd an internal retracting blaee. Various examples of the roll .p mad
accrirdioh blades have been found In the literature. These all achieve
the desire;4 retraction ratio of IC to I. Tht: internal retracting rotor
is a new concept; it can achieve retraction ratios on the order of 2 to ..

So•e concepts have b en found which combine these retraction methods.
One conzept uses a multisegmeot telescopln. blade which is "hen folded
about a vertic&i hinge to fuLlther incret"e its re'ractlon ratio. In another
concept, the K3man Potochute, out of plaite 1old is combined with a
telescoping blade to aclheve high retraction ratios.



Many of the ideas found were never intended for helicopter rotors, being.
applieI instead to propellers or to fotor parachutes. The propeller ccnceptz
have •very low retraction ratios and het rotor parachutes usually include erten1ing
the rotors in Mlkit but not retracting them. It Is not inconceivable that
ithese concepts could be ap.. ied to helicopter rotors and they were included in
the initial phase of the progrum. At this point in the study, no Judgement was
made on the feasibility of the ct.-'lepts. It wae intended orly to record what
concepts have been proposed for variable diameter rotor sy.tems. Their respec-
"tive meriis were not Judged until the e~aluation phase of the study.

Table I lists .'.e various cotcebts by type and by retraction ratio and
identifies the examples of each that were found during the literature search.
The'numbers on this table refer to U.S. Patent numbers. Appendix I gives a
brief description of these patents iucluding inventor, date of issuance, and
unique features of each.

1.
1. TELESCOMQh BLADES

Telescoping rotors use rigid blade segments that telescope radially for
retraction. Large variations in retraction ratio can be achieved by varyig
the number of blade segments. Many of the examples found use only one fiMed
and one telescoping segment.. This simplifies -,heir mechanizcal complexcity, but
results in a retraction ratio of less than 2 to I. The two variable diameter
rotors which are presently undergoing serious development, BeUl's VDR (Variable
Diameter Rotor) and Sikorsky's TRAC (Telescoping Rotor Airraft), are examples
of this concept.

A variety of methods for retracting the blades has been found, as shown
on Table I. The first of these uses a JACKSmUEW and nut system with the nut
attached to the telescoping segment. The screw extends through the fixed
inboard blade segment, where it is driven by a meehanism within the rotor head.
This mechanism also inclades a syncronizing feature so that all blades are
retracted in unison.

The first column on Table I shows five screw driven concepts with a
retraction ratio of approximately 1.2 to 1. These are spa:rifically applied to
propellers, which explains the low retraction ratios. The first of these,
number 1,461,733, is dated July 17, 1923.

The next five concepts have retraction ratios on the order of 1.7/1.8 to
1. They jre specifically applied to helicopter rotors and use one telescoping
an& one rigid segment. Patent 1,922,866 first introduces the helicopter rotor
with telescoping .'lades. Patent 2,145,413 adds safety devices to disconnect
power to the screw mechanism when the limits of extension and retraction have
been reached. Patent 2,163,4d2 introduces a method to drive the retraction
screw in an articulated rotor by using a univer-al joint in the screw drive

- mechanism at the point where it passes through the articulation hinges. Patent
3,29T,094, which is assigned to Boeing, shows a method to very blade twist with
diameter.
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CZi1korsk~y's TIRAC is presently undergoing development and testing. In this
design, which is appl~ied to a fully articulated rotor, the 4ackscrew is ul.ed as,
the primary tensi( n meirber of' the blade. -The, outboard- blade segment is the mai-n
liifting member and telescopes over the inboard segment. The inbonL- segment is
a torque tube which encloses the jac-kscrew, transmits blade pitch -%.atrol mc~t~u.w
to the outboard blade, and carries bending moments across the 101C _---Jin

The firtal exam~ple of screw driven telescoping blades uses more than ')ne
*telescoping seirment, to achieve higkier retraction ratios.. The screw drive

mchanism is complex, uith a separate screw wnd nut vithin each segment Vi Mi
an interconnection scheme between all c,.f thems.

The most popular method proposed for retracting telescoping bi edes is by
using MALES or STIRAPq. A tatal cf 2t4 concepts uoing this type of retraction
ha~.e been found 1n the literature. The first of- these, patent no. 1,922,866,
is dated Auguast 15, 1.933 and shows a three segment 1-lade. One cable is used
per blade, attached to the outer blade segment. 1his cvav1e is wound on a drum
within thc- rotor head for retrza:,tion. Resulting retraction ratio is 3 to 1.

Patent 2,510,216 shows a variable diameter propelle* using cables tar-
retraction. Hiere the Il~ade is attaaei.ed throuagh a helical ball spline -so that
the blade pitch varies during diameter changes. As with other propeller designs,

thsschemea achieves onya small rercinratio.

The next column list six concepts using one telescoping segment and one
"fixed segment, and having a retraction ratio of" 1.7/1.8 to 1. All. of these show
the outer sepaent having a smaller chord thah the inboard, with the outer
telescoped within the inner for retraction. Patent 2,684&,2212 is concerned with
a st~owed rotor type of aircraft and replaces the inner segments withb a large
disc wing into wrhich the blades are retract-ed. This disc has a diameter equal
to one half of' the extended rotor dinmeter arnd serves as -the only fixed -4ing
surface during high speed flight. This 1954 pattent was rnssigned to Piasecki

-Helicopter Corporation.IPatent 3,3128,8229 is the patent upon whichn the Bell YVDR is based. The in~vex-T
tor is Arthur M4. YIoung. The patent shous the ~cable drums and the rator hub both1 ~ driven by the aircraft DrOlO-~sion unilt through planetary- gearing to give the rotor
an automatic retraction feature. When the zrum torque exceeds the blade centrzi-
fugal force, the blade is automatically retiracted. When it does not, the blade
is automatically extended. The drum car also be controlled manually by the
pilot, if desired.

The Bell VDR modifies, this concept som-ewhat n~ that. the rotor hub -is
supported on bearings on U.z r-.tor shaft wAd is-not Dowered. IThis alsc provrides
the automatic bladeý retraction 'feuturf- when rotor driv-'Ing torqtie exceeds blade
centrifugal1 force. Bie!-- hr's designed, constructec4, tanc: U: ted a 25 ot diamter
three bladed VD? rotor system, which reduces to 15 foot diameter vhen ret-acted.

PAGE



Two different methods have teen tounl to -tWther increase the retraction
ratio for cable 'ontrolled telescoping J'ades. The first of these is the-

D. Obvious solution of dividing the blade into more segments. The second method
:s only one telescoping segment, but it telescopes beyond the centerline of

tre rotor to achieve a 3 to 1 retraction ratio. This is shown in patents no.
:94l 1,922,866 and 2,464,285, which use two bladed rotors. When retracted, one blade
?R-1 is nested abo7e or beside the other.

Patent 2,749,059 is assigned to Vertol and uses two telescoping segments
"Edi retracted within-a third rigid segment. It also discusses a method to use the

kenetle energy of the roto'- to provide the power for blade retraction.

The rem&inng two design, patents 2,852,207 and 2,989,268; extend the abo,e

concepts. Both use two segment blades and retract the blade segments beyond
the rotor centerline to give the 3 to I retraction ratio. The first patent
retracts the blades into a center disc wing, the second patent discussed how

I this type of rotor could be tip driven.

Retraction rntios higher than 3 to 1 are also proposed for cable controlled
telescoping rotors. These u e many blade segments and as such tend to be complex.
Numbers 2,108,245; 2,120,168, and 2,173,291 are all by the same inventor. The
first shows the retracting cable wound around a spring loaded drum to automatically
retract the blades as the rotor is slowed down. Each of the blade segments is
rigid, with a flexible joint between them to give the blade flexibility. Each
blaae is ccntrolled by one cable mounted to the outboard section. During retrac-
tion each segment is fully retracted within the next most inboard segnent before
this next segment retracts. The second patent introduces separate cables to
each individual blade sepMent that are wrapped around different diameter drums
in the rotor head so that all segment teleseope together, i.e. when the blade
is retracted half way, e-ch segmc.nt is retracted half way into the next segment.
This patent also introduces a cyclic te'.escoping feature where the blades would
retract and extend once per rotor revolution. This is proposed ar. an alternate
to the blade cyclic pitch varlation normally used to balance the rotor lift
during forward flight. The third patent is an extenvion of the previous two to
cover counterbalan.ed single bladed rotors.

Patents 2,457,376; 2,458,855; 2,523,216; 2,(3T,0o6; 2.6'.0,549; 2,713,393,
and- 2,71T,043 are all by the same inventor. They are all involved with the
same basic idea of using a miAtisegment, cable controlled, telescoping blade
which after retraction can rotate about a vertical hinge to further reduce
its retracted diameter. The individual patents are concerned with the details
of blade construction.

The last two ideas in this section, 2,776,017 and the Kaman Rotochute,
are specifically applied to rotor parachutes which e-xtend while airbrne but do
-not retract. The Ksman Rotochute comoines telescoping blades with an out of
plane fold feature. The blades are trailed in a folded position until the rotor
Is spun up. Then they fold out 900 to form the rotor disc and the individual
blades tel{ccope out to increase the rotor diameter.
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Two patents have been found which show a HYDRAULIC RETRACTION method.
Both of these are applied to propellers and therefore have a sinall retraction
ratio. The first of ttiese, patent no.* 2,002,7112, proposes the use of both -

compressible and incomwpressible fluids. n.,e blade diameter is extended under
centrifugal force and as it extends the outw-ard radial- movement of the blades-
expellz an. incompressible fluid. This fluid -.3 used to compress a second fluid
whieih is stored and then used to retract the blade inwardly when the propeller
is slowed down and centtrifugal force is dtecreased.

Patent no. 2,372,350 uses an incompressilbe fluii and int.roduces a
feature to vary blade pitch automa-tically with rotor diameter.

WkA-I( An-) PINION GEARING has also been pro-posed for telescoping propaller
an~d rotor blades. Because the l~ength of the rack must equal Lhe total blade
retraction distance, it is difficult to apply thiz metlhod to rotors- having
large retraction ratios. Of the four concepts found, three were for prope'llers
and had retraction Yatios of Less than 1.5 to 1, and only one was applied
sp~ceifically to a helicopter rotor. Th is latter patent, no. 1,969,077, is
-ixrtlar to the screw4 ret-raction discussed etarlier. It shows a retraction drive
shaft extending up through the rotor shaftv to the head and out the blade.
Incur --d is a universal i1oinrW where the shaft passes across the articulato
hinger. Rather than. using a ball and screw assembly in the blade, this scheme

shows- a b3!vel gear whicha dri-ves "the pninion of a rack and pinion assembly.tThe final type o-f m-eharns!P for actuation t-elescoping rotors uses RIGID
MEC14-41ICAL RODS. The three concerts feund all are applied tc propellers and,
like the two Previous methods, have small re--tr-cti--on rattios. All have the
blade~s splined on the hub w-th the blade radial position controlled by the
mechanical rods and links. LW-o of these, nos. 2,38-0,540 and 2,404,290, 1have
automatic features t'o vaxT diamet-er with driving torque and RPM. The third,
patent, no. 2,d222 nsahl's.spline to vary bladc pitch with diaxneter.

2. M1LING BLADES

Fo'lding blades also use rigid blade se&--ents. Retraction ratios3 mr~y
from 2 t-) I to 10 tz; 1. Maximum. retraction ratios are achievable by folding
the blades out of the plane of the rotor disc. These out of plane folding
rotors would be difficult to app~ly to a practical compou~nd helicopter; manty of
the exampleýs found arre applied to rotor parachutes 'where the rotor is extended
in Inight, by not retracted.

With an Muplane folded rotor it vould be difficclt if not impossible to
develop rotor lift at reduced rotor diameters. The lift on a partially
retracted blade would be felt az a mom~ent about the inboard section of the blade.
if con~ventional pitch change bearings are used inboard, this moment would hav'e
t1-o be reacted by the blade control system.



The first example of INPLANE FOLD uses a two bladed rotor vIth a vertical
hinge at- one third of the blade raclius. For retraction the blade is foldedabout this hinge approximately 1600 to give a 3 to 1 retraction ratio. Bothyatent number 2,464,285 and the Hiller Retractable Rotor are examples of this.

The Ryan Disrc Rotor is similfar in ccic.pt. It ust.s three fully articulated
blades and a large discus-shar-Ad centerbody into which the blades are retracted
during the high speed node of f-ight. This centerbody -hields the blades from
the aumbient airstream so that no aerodynamic forces are generated duriLg rotor

- stopping ogerations. To retract the blades the rotor hub is rotated approx-
iiuately 90 within the centerbody. The blade folds about a vertical hinge and
ltS pulled in through a slot in the cente,ýoody. The bryan patent oaso mentions
a feature whereby the blttdes " . . . ere c-ounterbalanced about their swing axes
to minimize r.traction loads while the rotor is rotating".-

The four inplane folded rotors shown with higher retraction ratios are all
by the-same inventor and use inplane fold in conjunction with telescoping rotor
blades. The inplane fold feature gives a retraction ratio of 2.5 or 3 to 1
Vith the remainder of the retraction achieved through telescoping the bledes.

The rotors using OUT OF PL.ATE FOLD are not iroposed for applications where
the rotor extends and retracts in flight. Patent 2.021, 4-O and 2,869,649 use
out of plane fold to reduce rotor diameter on the ground for aircraft stowage.
The first uses two blaed. segments, the second at. least four which are folded
out of plane so that they are stored horizontally on top of each other. As therotor is spun up, centrifugal force extends the rotor to its full diameter.

There is no operation proposed at any intermediate rotor diameters.

The next three concepts are for rotochutes which extend but do not retract
in flight. The Kaman Rotoch, e and the General Electric Rotochute boT.h use the
same concept, combining out of plane fold with telescoping blades to achieve
maxim-m retraction ratios. In the stored position the blades are retracted and
folded aft in a trailing position. Tc ,'xtend the rotor, the blades are folded
900 to form the rotor disc, and as it is spun up, centrifugal force telescopes
the blade out to a maximum diameter.

The Ryan Flyball Rotor consists of two blade segmen,0s hinged horizontally
together. The inboard segment is also hinged horizontally to the rotor hub.
The blade segments can then be folded vertically to a. minimum diameter. A tip
weight ýs included on the outer segment. The inner section is hollow and
tontains a spring which hold the rotor in the folded position. As the rotorgains speed, centrifugal force overcomes the spring tension and holds the blade
in the extended position.

Tne last three patents, numbers 2,172,333; 2,172,334, and 2,330,803, are-
by Ythe same inventors. Here~a many segmented blade is shown with horizontal
hinges between each blade segment. For retraction these segments are wound on
a hexagonai drum withint the rotor head.
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3. FLEXIýBLE BLADES

The final type of variable diameter rotor uses flexible bladez. The
majority of these retract the blades by, winding t~em on drums within the rotor
head. This leads to mini-mum retracted rotor diameters and --aximur. retrpctiofl
ratios. Due to their extreme flexibility and lack of torsional syiffness, 3li

:of these concepts have difficult control and dynami~c problems. Th11ey promis~e to
be mechnnically simpler ttan other types of variable diamete~t rotors, if solu-
tions can be found to these problems.

The first of these ccmceotz uases TH~ LXBEBLADES with low modulus
matterials so that they can be wound on the diu -s Blade thicknesses are-oin the
order to two to four percýent of the blade chord. Dr. David S. Jenney h-as
investigated this typ~e of rotor systlem at both Sikorsky Aircraft andl tit Unite(-
Aircraft Research Labs, and hia work has includect the design and t-est-Ing of
various 'rotors and an initial attempt %to develop a pract~ical --ontrol system-
Similar concepts are show.n In ten other patent-s. ?atent 2 ,6!4~,636 includesaI method to stiffen the blade cl.ýrd~wise by using longitudinal vires or straps.
Patent 3,065,7109 covers tnese -type of4- rotors with propulsior unrits --n the bladeI tips. it alzo proposes vaeious blade controýl sc-hemes using control surfices
mounted on these propulsicon uis control t-a.-s on~ the Iblades themselvres, or by
varyjing the argla of incidence of 'the tip r C t'he blad-s v-'th -spe c-t t0 the
propulsion units. ihz

Patent 1 - ,3,188,020 introduces a met~hod-, to put chordvlse tension in the blade.
This is done ~y supporting a tip~ we!12ht 4th catenaryt calbles in the leading and
t~ra..ling edges Of the blade. The leading and tyailing edges -,) f t he blade are
concave in th':- plan view so that ten~sion in the catenpary cubles places the blade
membrane in rhcrdwise tension.

Patent 3,120,275 shows a flexi.ble rotor using the- -.1agnrzs effect. The blade
is made up of cylindrical sections which. a-e rotat-e-d abo'ut their longitudinal
axes to develop lift. For reT~raction the blade is wounid on, s dr=± within the
rotor head.

A reference has also been Vsound to a HVIOYA FLEXPOTOP" which uises t~he sam
concept. This was a news release dated M.ay, 196-1, and no furthber i-formation

* ~has been found onit

ti~A variatin of the roll up rctar uzes ?iWEU14ATIC B'LADEq ithat Increase-their
thiknsswhr.extended. Ths gives them better xaerodynamic char.-I trstc
and ncresestheir rigidity while still a~llO-idug themn to be vvtmid on small

diameter drums. Pa~tents 3.18h 187 ad,298,142, both by the sarte inventor, Show
a-blade made up of two resilient sheets joined ttheir edges, with collaps-ible
spars between them. With the i-,nars dtflated the blades are- very flat and c,9n
be rolled on the drum within tho rotor head. As, the bla-des are extended, the
spars are pressurized to give tl-em thickness and inmprove their aerodynamic and
-dynamit. characteristics.
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4 Wodyear patent, nusmber 2,967,573, constructs the entire airfoil of
airtigqt fibric. -As An- the pre'vious7 idea, when the blade is deflated it can
bL- -wound oni a- realistically sized drum and when inflated it has stiffness aad
a- reasonable shapeý. The shape of the pressurized blade is held by s..a
pluAgýlity- of flexible,_ substantially noni-extensible_ threads in a number betwt"'n

f ~~about 25 and aboUt ICO per square inch positioned in susttalyprle
relationship inside the envelope and extending substantially vertically betweLen
ad- cnectg te top- and btom surfaces of te er~velcpe .

Patent 3,362,665V shows a similar concept applied to a rotochute.

The next, type of flexible variable diameter rot~or folds the blades ACCORDION
fath-i6h. Patent 2,616,509 uses this feature with rigid struts e.nd pneunatic
pressiure to hold the desired shape. -Patents 2,996,121 and 2,969,211 are some-
what similar to the-roll up rotors. They have a blade tip weight sunported by
two- cables with a flexible aerodynamku surface supported at varlious points along
the -length of the cables. To retract the blade, the cables are wound on a drum

ft while the flexible outside shape folds accordion fashion into a cuff assembly
at the root end of the blade.Ft A-further patent, no. 3,321,020, has been found which considers accordiorn
type fold. It shows a blai~e where only the outside airfoil shape is retracted;
the rigid spar eannot retract. The idea is to reduce the blades response to

aerodynamic forces without the complication of a. completely retracted blade.
The final concept showan on Table 1 is the UITERIMAT RETRALCTING FLEXIBLE

ROTOR. This is a new concept that was conceived of during this phase of the
study, and is shown in Figure 1. This unique variable diameter rotor concept
has a rigi~d inboard segment intti which the outbo~ard flexible segment is retr.acted.
A retraction cable is attached to the tip of the tlexible segment so that when
the- ca~b -b is reeled in,the tip is pulled-inside the inboard segment. WJhen fully

contracted, the tip would be near the rotor centerline and the retracted rotorI would have a diameter o- one half the original diameter.
Athree bladed rigid type rotor system is shown in Figuare 3. with the

blades having both tapered planform and thickness to facilitate retraction.
The outboard segment obtains i*ts stiffness from the centrifugal force generated
by the tip weight end in part from the inflated wall construction a:-, shown in
section AA.

The major problem area-appears to be holding the 7equired airfoil shape
-j on the outboard flexible segment. Becwuse of the retraction -scheme, d-rj.

threads cannot bp used between the upper and lower surfaces. Figure
1 shows the airfoil shape being held by the p'.eurnatic' blade skin. Other

problem areas are similar to those connected with the other flexible blade
systez..s, such as stability and conr-rol. The short span length of the flexible
section should help to moderate these effects. Stability during ret~ractiol~s,
when the cable hlas relieved the centrifugal input of the tip weight, is also
a concern. "The inboard half of th2 blade could-conceivably be made of conventibna7
-rigid construction.
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~- 1 Telscopng Bae

)Getlo& or Retraction: -1.4m11,713(l w,6
SA -Rr e-V 197881 2.j41.5413

2,4.03,899 Z4616,4"8
2 -- O3 94~6 Sikorsky TRAC

2,1.5,576 3iL297,09. VvQettol) ________1B. &Ole oGr strap 2,510,k16 2 ,02?1,)&70

2,.465.703
2,6811,212 (Piasecki

Disc Rotor)
Belljt&-2)

3,128,29(2

1. Compressible. 2,002J712
-2. N~on Compressible 2,002,712

-2,372,350 ___ ___

__D._ Rack -& Pinion 1,07#,87- 1,969,077
1,922,866
2-,979,238 _________

-E. -Rigid -NHeonanical Pods 2,380,- 510(2)
2,.01.,0290(2)

____ I 2,W.1.~29

I. Folding Blades
A. bIplahe Fold

B. Out of Plane Fold 2,021,1.70

~. IlL Flexible Blades
A. Roll -Up Rotor

1. Thin Flexible Blade

2. Pneumaatic Blade

3.- *Ccordion Floto r

'C.. -Inte'inal Retracting Rotor (New Concept)-

(I --Nmbers refer to Ur. S. Patent WAmbers

()Automatically operated with Rotor Torque or RPW



•i ~TABLE

Variable Diamete- Rotor Concepts

-Retraction Ratio k Extended Diameter
Dr Retracted Diameter

A 7 8 9

3,249,160

1,922,866 2(o8 2 )5 2,637,406
2,4614,285 2,120,168(2) 2.6O4,5149
2,719.059 (Vertol) 2,173,291 2,713,393
2,852,201 2,457,376 2,717,01-3

-2,9 89-2 6 8  2,458,855 2,176,017
2,523,216

[ 2ý46,285 - -

-Hiller Retractable Rotor System 2?,523,216
3,273,655 (rVan Disc Rotor) 2,637.406

_______ __________2,717,0143

2,869,649
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PU 168,2.(2) 2,,,.6Kan-an hotochute
-2,Mo,68(2) 2,610,549
22,173,291 2 ,T3,393

042,5T,376 2,717,043
9451.58, 855 2 ,7T6,or(

N 2,457,-,762,32,21,216

• • 2,637 ,h05
- 2,717,035

2,869,649 Kaman Rotochute 2,172,333
GE Rotochute 2,172,3314

________ Rysn Flyball Rotor 2,330,803
Sikorsky 'Roll 1'h." Rotor
2,172,333 2,996,121 I
2,172,33sp 3,065,799
2,226,978 3,117,630
2,1.52,353 3,120,275
2,614,636 3,188,020
VIDYA FLEEXROTOR

2,96-,7:T "Z-ondrear)
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3,298,142 3,362,665
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SECTI0N III

EVAILJATION OF CORC0 M

1. TECINICAL APPROACH

"r"m the many variable diameter rotor concepts identified in the survey of
technicil literature, five representative rotor systems were chosen ftr detailed
evaluation. These cover all three types of variable diameter rotors (those
with telescoping blades, those with felding blades, and those with flexible
blades) and retraction ratios from wnder 2 to I to over 10 to 1. 1-cluded are:

" Telescoping rotor, two segments, DeDr of 1.7
* Telescoping rotor, eight segments, De/Dr of 5.0
SFolding rotor, inplane fold, De/Dr of 3.0
* Roll up rotor, thin flexible blades, De/Dr = 10+
c Roll up rotor, pneumatic blades, De/Dr = 10+

Each of these concepts has unioue design characteristics with respe-t to
performance, weight, co,anlexity, cost, reliability, and maintainability. Since
these characteristics are not themselves functionally oriento.I to a specific
mission utilization, It is difficult to assess their relative Importance. By
integrating these characteristics into a total aircrOft system which was sized
to meet a specific mission requirement, the relative merit of each •.oncept was
evaluated by rating the total aircraft system attributes. During the evalua-
tion phase of this study, each concept was designed for a ar3ue compound air-
craft sized to perform a specific mission. A 1978-1980 tii.eframe was assumed.
The resulting aircraft design was then analyzed with the merit rating system
described below.

it.. General Approach

Table Y7 lists the system attributes which are. important for this type of
aircraft. A majority of these attributes are integrated into system cost ef-
fectiveness, defined to be the mission effectiveness divided by the total life
cycle coct. Mission effectiveness is the product of mission capability, avail-
•" .lity, and dependability, where:

1) Mission capability is assined to be productivity, i.e.. the
product of payload multipliei by range and divided by mission
block time.

2) Mission availability is defined as the probability that the
aircraft will be available for a mission on demand. This
depends largely on maintenance requirements.

3) mission dependability is the probability that an available
aircraft, once underway, will be able to complete its mission.
This itncludes such factors as vulnerability and detectability.
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Table UI

SYSTEM, ATTRIBIUrE STRUCTUR

I. Cost efffectiveness
A. Mission effectiveness

1. Mission capability
Mission payload
Mission range
Mission block time

2. Mission dependabili'ty
Mission reliability
Mission suriivability

Mission vulnerability
Mission detectability

3. Mission availability
Maintainability

Design comnplexity
Mission reliability

B. Unit life cycle cost-
1. Unit development cost

No,-,recurring cost
Fleet size

R quired Xleet effectiveness
Mission effectiveness

2. Acquisition cost
Vehicle
Initial spares
Ground support equipment
Initial training & travel

3. Operating cost
Crew
Replenishment spares
Fuel, oil, & lubricants
Maintainability

Design complexity
Mission reliability

II. Technical risk
111, Off-design performance
IV. Adaptability* to stowed rotor designs
V. Growth pobtential
VI. Safety
VII. Handling qualities
VIII. M~aneuverability
IX. Vibration
X. Hlovering downwash
XI. Stowability/transportability
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T"he resulting cost effectiveness, measured in ton-knots per megadollat,
is a powerful measure of merit since it integrates most of the significant
system attributes and can be expressed as a numerical ve.lu. Hence, it
inherently weighs the relative importance of each attribute and establishes
an aggregate merit score for all the attributes it encompasses.

Ideally, ell syetem attributes should be related to cost effectiveness&
Actually, some attributes do not lend themselves to quantitative analysis
or would demand a depth of analysis greatly exceeding the scope of this

study. These attributes were treated qualitatively and combined
with the cost effectiveness number to complete the total merit rsting
structure shown in Table II. These qualitative iettributes include:

Technical Risk
Off-design Performance
Adaptability to Stowed Rotor Designs
Growth Potential
Handling Qualitie-3
Safety

R Maneuverability
Vibration
Hovering DowuwashS~Stowability/T1ransport ability

The total merit rating of a concept is the s-m of weighted scores for
all of the above attributes. These weighted scores are the product of a
raw score and a weighting factor. The raw score is a relative value
ranging from 0 to 1. A value of 1 is assumed to be the most favorable
attainable score for a iarticular attribute. It was assigned to that
design concept having the highest value of the subject attribute. Thus,
six concepts having cost effectiveness values of 180, 175. 182, 200,190,
and 173 ton-knots per megadollar would be converted to respective raw
scores of .9, .875, .91, 1.00, .95, and .865. If judgement is the basis
of scoring, then this judgement was expressed directly as the raw
score.

Weighting factors guantify the relative importance of thp individual
system attributes. It was assumed that a total of 100 points uas distributed
among the system attributes in accordance with their relative importance.
These weighting points represent a perfect score, that is a design concept
having perfect rav scores of I for all attributes would total a weighted
score of 100. The distribution of the perfect score among the system
attributes is a matter of judgement. Table III shows the etaluation
matrix which is the end product of this type of analysis, And also shows
how the score was distributed for this study. Cost effectiveness was
given greatest 'mportance since it encompasses so many of the most signifi-

cant attributes, it encompasses half the total score, with the other half
distributed among the remaining attribates.



Table III

EVALUATION MATPRIX

Attributes Perfect Design ConceptScore A B C D E f

Cost effectiveness 50

Technical risk 10

Off-design performance 6

Adaptability to stoved rotor designs 6

Growth potential 6

Handling qualities 6

Safety 6

M~aneuverability 3
Vibration 3

Hovering downvash 2

Stowalbility/transportability 2

Total score 100

'Ranking
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-To develop the -Informition required to complete this evaluation table, the
-concepts were first sized for a fixed aircraft design gross weight. A baseline

fixed diameter compound, the Sikorsky S-65-300, was chosen for comparative
purposes, and the rotors were sized for its 62,800 pound gross weight. Because
of the differen-es which result from the various rotor concepts, these initially
designed aircraft will not all perform the S-65-300 mission at the 62,800 pound
gross weight. The next ste. was to use Sikorsky's Helicopter Trend Model and
Helicopter Computer Design Model to resize each solution until It did perfoim
the required mission.

These helicopter models produce parametric design trends of vehicle and
mission attributes as functions of installed power characteristics ax4 design
criteria. The most significant variables are described in the HTM flow diagram
shown in Figure 2, A design analysis establishes rotor and Ving geometxr$
for P giver: design gross weight within the constraints of power available, allov-
able disk loading, and alloweble blade loading. Mission fuel was computed for
ihe specified mission profile. Weight and cost equations with adjustable
coefficients and exponents were used to obtain weight empty and costs. Analysis
was adjusted for Etatc-of-the-art technology.

A specified payload option permitted computation and trending at a fixed
payload level.

b. The Baseline Aircraft, and its Modification to Accept Variable Diameter Rotors

The Sikorsky S-65-300 transport aircraft was chosen as a bareline since it
is a modern example of a compound lPelicopter and its size is representative of
s fture Air Force requirements. it is designed to perform a mission similar to
the Air Force 8.5 ton -V/STOL transport mission. It has a cruise speed of 250
knots and uses a 79 foot diameter, seven bladed, fully articulated main rotor.
Its hover disc load'ng is 12.8 pounds per square foot. A general arrangement
drawing of this aircraft is shown in Figure 3.

A primary objective of this study was to develop rotor systems which will
permit lower disc loading, with a disc loading of five pounds per square foot

goal. At 62,800 pounds this results in a rotor with a diameter of 126.4 feet.

For rotors with high retraction ratios this may be feasible. However, for
rotors with low retraction ratios, such as the two segment telescoping rotor,
this disc loading goal did not seem rlealistic. The rotors after retraction
would still have a diameter of seventy feet. Therefore, two different approaches
'were followed. For the rotors with high retraction ratios (D /D of 3 or higher)
an initial hover disc loading of 5 psf was assumed. For the Tower retraction

Sratio of the two segment telescoping rotor, an .nitiel disc loadink of 10 puf
was used. It was felt that this approach would lead to an objective analysis
of the advant&Zes and disadvantages of all the-different concepts.
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Figure ) shows sketches of how the S-65-300 design could be modifiedto accept -these 4iisc loadings. Both of these aircraft are assumed to have

the same iross weitht as the S-65r300. Version A ts the disc loading cf ten
soitieon. This ip quite sie•larsto the o-65- h ; it has the rotor diameter
increased from 79 tor 89.. feet. The tail rotor rs slightly smaller and is
moved aft for rotor clearance. The aircraft nose is extended slightly forbalance.

S~Veksion B has the !6.4 foot rotor reqnired to givle a disc loading of
five pounds per square foot. Because of this "argo rotor, It-:is impractical
from- an -aircraft bailance-potnt of view to, -use -a conventionil tail _r6tor located
#ft, Of the main rotor disc. Mounting the tail rotor under the mainrotor is
difficult due to ground clearance and personnel safety. Because of this, a~high

disc loading varisle pitch fan was used under the main rotor. These anti-torque
fans are presently receiving considerable attention In the helicopter industry,
and may replace tail rotors on some future helicopter designs.

It would be possible to ease the tail rotor sizing problem by using some
type of torqueless rotor drive zystems. However, this study was concerned
strictly with shaft driven rotors.

Table IV lists the important parameters of tie S-65-110 plus the in1tial
values that were assumed for the two variations that were used for this study.
It is emphasized that these are initial values only. These were allowed to
change during the detailed evaluation if this was advantageous, and they ulso
were-varied f one concept to anoyhhr.

The S-65-300 has a design cruise specd of 250 knots. With the variablediameter rotors, the aircraft parasitte drag is the somne or higher than the

S-65-300, Vhich would be expected since their rotor heads are larger and more
complex. WLth the rotors retracted, the overall lift to drag ratio of
the aircraf is improved since the rotor is providing little rotational drag and
.It6 power is substantially reduced. If the rotor is stopped, the lift to drag
ratid is f~uther improved since no power goe- to the rotor and all the lift is

rgenerated by the wing. As -'result, the aircraft with variable diameter rotors
are able to cruise at higher speeds than the S-65-300 with no more installedi power. To Measure this inereased speed, potential, the speed capability of each
variable diameter rotor concept was determined using the same installed power as
the s-65-300.

The potential for the high retraction ratio vuriable diameter rotors is
not orly in providing higher lift to drag ratios in the 25G knot speed range.
With the rotors retracted and stopped, rotor rotational drag and dynamic Insta-
hilities are elieidngted. Efficient higher speed flight is achievable v.th theaddition of more installed power. To assess this potential, the maximu= speed,
of each concept was determined with the arbitrary addition of 20 percent more
Installed power.
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I Table IV-
Basic Aircraft Parameteks

Fixed Variable 'Variable -

Diameter Diameter "Diameter

s-65-300 %D/D <3 DIDl >3

Gross Weight- 62,800 lbsý 62,800 lbs 62,8W0-lbs
Cruise Speed 250 knots (to be determined) -'(to be deterzibed),

Rover Disc Loading 12!. SPSF 10 PEP 5 PIS?

Rotor Diameter- 79 ft -89.4. ft 126.1& ft

Tip Speed, Hover - 70 FPS _75 MP T50 FPS

CTcS.L. Std 0.9 0.09 0.t9

TailAea Ttl 9 otor Disc WLoa22in

N u ob or Pof e r B l od e r -7 ~ f t 84 8 2 o 548 - .oPf
Rotord Te2.,Hoe zo t b 263900 ft lbs 26,800 ft o bsIAnti-Torque Dysevice

Anti-Torque Device Talb Ro960 Talb 5100r lb~Dscodn

Rotor PweHoe 570aH 00H 70H

Anti-Torque Device
DiomenteArm 28.5 ft 19.2 ft 52.3 ft

Anti-Torque Device

Disc Loading 15.9 PSF 15.9 PSF 15 PS?
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Although not a part of this study, it would be advantageous to apply some,
of these rotors to stowed rotor type aircraft. It might be quite conceivable,Sto- stow the rotor system within the fuselage contour and thereby eliminate the
High parasite drag of the retracted rotor system. Perhaps some combination of

-. stowing and fairing the rotor would lead to the best soluticn. This would greatly -
increase the speed potential of these concepts for efficient high speed flight,
whiile still providing the desired low disc loading during hover.

TThe S-65-300 uses a rotor hover tip speed of 700 feet per second. During
ýcruise the rotor is sloved to a tip speed of 540 feet per second to avoid sonic
speeds on the advancing side of the rotor disc. Thie is a speed change of 23

-percent, and is achieved by varying the engine power turbine speed.

With a variable diameter rotor the tip speed will be slowed down by decreasing
the rotor diameter witbout varying the speed of the drive system. These speed
variations will be at least forty percent. It is possible, therefore, to further
increase the hover tip speed without running Into advancing tip Mach number effects.
-Since higher tip speed generally results in a lighter rotor weight, a tip speed
pf 750 FPS was assumed for the variable diameter roto. s.

The blade CT / value at the design hover conditions was held constant for
all the rotors. For a gross-weight of 62,800 lbs and 750 fps tip speed, this
results in 522 square feet of blade area being required for the variable diameter
rotor systems. This is achieved on the disc loading of ten rotor with four blades
of 2.92 foot chord. The disc loading of five rotor was initially assumed to
have two blades with a 4.13 foot chord, although fo'sr blades were also used here,
if this was found to be advantageous. This use of a minimum number of rotor
blades simplifies the rotor heads and-tends to result in the lo-west weight rotor

Also shows on table TV are pertinent anti-torque system design
D e Ab the disc loading is reduced, the rotor power required dropsSaramet poerrs. faiding. powe ruie RoPM
since in:uced power is falling. For constant tip speed, the rotor RPM
is also decreasing. As a result, the rctor torque does not vary with disc loading.
An the tail rotor is moved aft to clear the larger rotor, its moment arm in reases
and this-will-decrease its required anti-torque thrust. The disc loading of ten
solution, with its 89.4 foot main rotor, requires slightly less anti-torque thrust
than the baseline; 4960 pounds compared to 5760 pounds. Using the same tail
rotor disc loading as the baseline, a 19.9 foot diameter tail rotorx is required
compared to the baseline's 21.5 feet.

The disc loading of five solution uses the highly loaded fan to react torque.
It has an anti-torque disc lo&ding of 75, PSF, which results in a dlameter of
9.3 feet.

c. The Detailed Evaluation

During the &valuation phase of the study, the following specific technical
areas were invzstigated:
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S. Dynamics
. Performance
. Mechanical Design, Including

Method of Propulsion and Control
. Weight
. Reliability-and Maintainability
. Acoustics

(I) Area of Investigation
() Dynamic Analysis

Each rotor desig~n concept was investigated for problems with-I flutter, resonance, flapping and torsional divergence, control
-I loadsý, and vibration. It was intended to delete any concept which

- couid not meet an acceptable level Lor all of these characteristics,
although this was not found to be necessary. The concepts did
exhibit a significant variability in these characteristi cs and this
was reflected in the various attributes of thi me-it rating system.

I (b) Performance Analysis

Hover and forward flight performance analysis was used in the
helicopter models to size aircraft rotors, wing, and propellers
for the given set of design requirements. Critical hover perfor-
mance parameters, which vary depending on the type of rotor system,
include figure of merit, vertical drag, and overall hover poxer
efficiency. Of these, the figure of merit was the most important
in chis study. Many rotor parameters vary, including airfoil shape,
root cutout, planform. twist, tip shape, blade loading, and dis2
loading, and all affe;, the attainAble rotor figure of merit.

Aircraft forward f'light performance depends on parasite drag,

wing requirements, and powerplant losses similar to those in hover.
These were assessed for both full and retracted normal RP4 opera-
tions, plus slowed and stopped operation, whore applicable.

After Lhnese parameters were determined fir each rotor, they
were used as inputs to the helicopter computer models to parametric-
were converted into the following efficiencies:

1. Rotor figure of merit ratio correction factor - The ratio
of the figure of merit of the study rotor to the figure
of merit of conventional rotor. This conventional rotor
is assumed to have the same disc and blade areas, and a
blade with constant chord aid airfoil distributions. For
reference, the baseline 3-65-300 has a figure of merit of
.653 at its design hovering condition. Because it ises
a conventional blade construction, it has a figure of
merit ratio correction of 1.00.
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2. Vertical drag ratio - The ratio of vertical drag to
hover gross weight.

3. Hover power efficiency - The ratio of nain rotor hover
power to the correspondingr engine power.

4. Parasite drag cleanliniess coefficient - The ratio of 2/3
eouivalent parasi e drag area to (design gross weight)

5. -Forward flight pover efficiency - The ratio of main
rotor forward flight power to the corresponding engine
power.

(c) Medbanical P-esign

The m~echanical design segment of the study continued the eff'ort
which was doae to develop the preliminary layout drawings. Com-
ponents were sizod so that their weights could be determined. Any
required dynamic performance constraints were incorporated. The
retraction mechanism was sized. Rotor control systems were also
developed, again using the requirements developed during the dy-
namic and aerodynamic analysis.

(d) Weirht

With the sizes Gf components determined, the rotor weight
could be developed. Thiswas done at the initially assumed size
corresponding to the 62,800 pound aircraft gross weight. The
computer models were then used to parametrically vary the rotor
'weight and other component weights over a range of aircraft gross21 weights so that the solution aircraft size could be determined,
These models use parametric equations to estimate subsystem weights.
Design parameters used in these equations include such things as
total blade area for rotors, main gear box torque for drive systems,
installed power for engine installations, and gross weight for
airframe and subsystems, such as flight controls, hydraulics, etca

SThese weigh* equations were modified for each rotor concept to
reflect the difference in baseline concept weight and/or a differ'once
in design paramet-ers
(e) Re iability/Mintafnability/AvaJ3 a)lity Analysis

The design complexity of variable diameter rotors, including
the inherent requirement for actuating systems, his a direct impact
on reliability and maintainability, The system reliability of each
rotor concept was estimated and translated into an aircraft mission
reliability. Maintainability in terms o' maintenance - manhours

-- • = _ _k
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flight hour was eftiinated consistant v-ith- design cc~npltexity and
*systedn reliaC)Ility. This maintenance burden, translated into down-.
hours per flight hour, was then used to assess the relative mrission
availability of each aircraft.

(f) AeousticsAnalysis

Factors such as number of-blades, rotor tip speeds, and
power requirements contribute to the noise levels of each cone-ept.
These relative noise levels were assessed for each concept.

After all of the abov.ý! analysis had been performed and the helicopter
computer models had resized all of the aircz-,Zt to perforri the minsion, the
evaluation of the concepts was made and the matrix table shovwn in tabl-e 1Ifl
comnieted.

(2) %uantitative A~nalysis

Mission Effectiveness was defined as the product of mission capability,

missiorn availability, and mission dependability. Mission capability was
obtained from the helicopter computer models and mission availsbility fromn
the availability analysis.

Mission dependability was defined to be the product of mission reliability
aad mission survirability. Mission. reliability vas obtailned from the reliability
analysis but mission survivability was basically a judgement evaluation.
Consideration was given to the relati~e impact of size and rotor configuration
on vulnerability and the relative change in detect~ability, due to the aircraft's

acoustic sib-n ture. A quantific,5tion of survivaDility, including the size and

acoustic detectability, would require a combat theater s~mulation beyond the
scope ofti tdadall of these factors were considered quslitatively

to arrive at a valuie for mission survivability.
Unit Life Cvcle Cost is the sum of unit develop-lent cost, acquisition cost,

and operating cost. These costs were estimated by a. life cycle cost modelA which
utili:ýes cost fac^tors to measure variations due to size and conflguration.

Unit development cost was computed as the total non-recurring cost of the

system depreciated over the total nsumber of aircraft, procured:

Total development costI ~ ~~Unit development cost a- Fetsz

The total development cost of each aircraft was based on a dollars per
poicid factor for each. rotor nyster. z -t retraction maechanisma, plus a weight empty
function for the remainder of the aircraft. Fleet size was obtained by:
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Ssize uired fleet effectiveness
Unit mission effectiveness

Fleet effectiveness was assumed as the total mission effectiveness of 100 aircraft
performing the specified mission with 100% availablity asid dependability. Thus,
each concept requires a different fleet size, depe. ang on its availability and
dependability.

Total acquisition cost is the sum of vehicle, initial spares, ground support
equipment, and iniial training and travel costs. Vehicle cost was estimated
on a subsys em level. Dollars per pound factors -ere applied to al! subsystems
except engines, which were costed on the basis of installed power. Initial
spares and ground support equipment costs were assumed as percentages of vehicle
cost. Initial training and travel costs for flight crew officers, crew chief,
and maintenance personnel were the product of cost factors and number- cf people
in each category. This personnel count allowed for officer availability ard
maintenance personnel turnover.

S~Operating cost is the sum of ,rew, replenish~ment spares, maintenan~ce, and
• ~fuel, oil and lubrica~nts costs. R!eplenishrnent spares cost Der year were assumed

to be a percentage of vehicle acquisition cost. Crew cost per life cycle flight

hour was assumed to be proportional to number of officers and number of enlis'"
men in the crew. Similarly, fuel, oil, and lubricants cost per life cycle flignit
hour were assumed to be proportional to average mission fuel flow. Mainten-ace
cost .er life cycle flight hour was found from the .product of a cost factor and
Sthe maintena.ce manhours: per flight h%ýur value obtained from the maintainability
•analysis. The cost factors, in dollars per mainteenee-man-r.our, were increased
over a base rate to allow for overhead support and personnel efficiency.

Once the above analysis had been comp-0eted, cost eff-ctiveness -.as *ýonputed
for each design concept. The concept having the highest value of cost effective-
ness aas assigned a raw score -.f 1. A proportional- translation of cost ef,-ectiv,-
ness values to raw scores was thf-:- apDlied for the remaining concepts.

(3) Qualitative Analysis

Scores for the remaining attributes on the evaluation matrix table were
judgements base-. on the information developed during the technical analy:.is of
the concepts, the type oZ concept, and on size effects determined from the
parametric computer models. It was felt that these qualitative Judgementz wore
necessary in addition to the cost effectiveness analysis to aceurately evýluote
the concepts. Being qualitative, they are open to dis-ussion. Witin t-
limited scope of the study, no attempt was made to prove Lheoe values quan" itat:3 1v

(a) rechnical. Risk

Thv.--c! 'or a:.-- the r-za' i':• ,.rob'i.. !". thet' a worknble produl .[..
d gn o' the r, tor ":.,-.".i t. tca: be 'iteiejr-cd wi"th..•n "' .t~in• ?'ran., as•uin,-d,
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(1978-1980) A -,oncept requiring use of advanced comnposite materials, for
example, would have great~er technical risk than one using more conven'tional.
alumintun.

(b) Off-desil-M Performanice

This is a~ m-easure of the versatility of the concept in perforruing other
than the specifi~c design mission. For example, superior hover f'uel consumption

* ~enhances cap'ability for missions requiring extended hover periods, and superior
cruise 11ift-drag ratio miaximizes ferry' range. The abiAlity tcý fly with finy
intermediate rotor diameter between the fully extended andA fully retracted
extremes is an asset.

(c) Mntab~I,- to Stowed Rotor Design

{ This faztor measures each concept's potential for increased speed through
elimination of, rotor-timposed constraints. With apprZopriate installed power,
s-.se of the rotor 'oncept-s can significantly exceed 300 knots.

id) '"rowth Potential

This att'ribute measures *,!ie ability of a concept, to accept design moddifi-
cations, ziuýh as extended blade radius, chord incre-ase, or Improved airfoil,
to enhance performmanc-e, and t~he degrtee to which engine upprating car. be absorbed
by the rotor system tcu increase gross wei~ht caprability -

(e) Hardline Rualties

This attribute rneasures the ease with which -,!',Lxot controls t~he aircraft.
This includes such factors as the dwmping o.1 the system to fliight distu=rbances,
its forgivenesps of inaivertant, or excessiv.e control inputs,ard the degradaticin
of tail effectiveness due to turbulent wake from the rotor hub. The rilot
attention required f-)r rotor retraction end extension is also a liandling quali-
ties factor. internal_ noise and other distracting dynamic effects, such as
flutter- resonance and control roýads were also gilve~n considerat ion.

Uf) Safet'v

Th vlnerability oil the rotor ;s accounted for In te -issio dependability
comPonent ot cost- effectiveness in term-s of the a~lvlty to zu-stain darage and
contiLnue the mission., Safety rt:.erz to t.e crew survivability: and crashworith-
iness of an aircraft following a mission abort. For example, a damage Inlade tin
oil a flexible Mill -up rotor 1z -fire likely to be eatastrroi~hic than similar dmx
on a more riqid bl~ide.

(V)?aneuver-at- I vý

Protor rd'd m-t v to 0-':io h b);ede %adini ttr
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to cruise maneuver capability to varying degrees. The speed with which rotor

dianeter car. be changed also affects acceleration/deceleration capability.

(h) Vibration

This factor measures the relative cockpit and cabin vibration levels.
lNumber of rotor blades and susceptibility to aeroelastic flutter were signifi-
cant 2onceptuel considerations.

(1) Hlovering Downwash

This attribute relates urimarily to the relative disc loadings of the
"various concepts. Since downwash severity is related both to velocity
and mass flow, gross weigh' was also a factor.

S(.) Stowcbi1ity!-"ransDortabi i t

This is a measure of both the size to which th- configuration can be
packaged, and the conversion time required.
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Rotors

Wing INSTALLED ROTOR
Propellers Available NRP at SLS

I-Max HP/NRP Ratio
Mil HP/NHP Ratio

* Alt/Temp HP Lapse Rates
* SF-C at NRP and SiS

SFC Partial Power Curve
SFC Alt/Temp Lapse Rates

DESIGN CRITERIA

Design Gross Weight
______Allowable Hover C /a
4 Allowable Disk LoTing

Rotor Tip Speeds

iteration Transmission Power Rating

ACHIEVABLE EFFICIENCIES

Weight Equation Coefficients
Cost Equation Coefficients

x _Rotor FM Technology Factor

Z •<Vert. Drag/GW Ratio
kParasite Drag Coefficient
9ý Hover Power Efficiency

E FwH'd Fit Power Efficiencyjz Weight EmptyWp Propeller Efficiency
Subsysiem Weights
Hover Performance
Fwd Fit Performance MISSION RFQUIR-E-NTS

Hlover Altitude & Temperature
Hover Time and Power Margin
NFd Flt Altitude & Temp.
Fwd Flt -peeds

MISSION ATTRIBUTES Fwd Flt Ranges & Endurance
Payload Reserve Fuel Requirements
Capability
Fuel Consumed

Figure 2

Helicopter Trend Model Flow DiaFram
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2. GENJERAL AERODYNAMIC AN.AjLYSTS APPLICABLE TO ALL CONCEPTIS

The conventional helicopter is limited t,, approximately 200 knots forward
flight speed by a rapid increase in rotor power and control restraintz. Power
is required to overcome rotor blade profile drag and rotor horizontal force
(H force), while providing lift and propulsion. The compound adds small wings
wid auxiliary propulsion to reduce these rotor forces and increase flight
speeds above 200 knots. This solution re-T.iAres added rotor power or propulsive
force as speed increases. in addition, rotEur rotatilonal speed must be reduced
at these speeds to avoid sonic Mach numbers on the advwicing rotor blades, and
this RPM reduction can lead to aeroelastic tDroblems. The promise of the
variable diameter rotor is that it car, produce effici-ent hnigher speed fligh-t
for the compound wilthout these aero-elastic problems, and still provide the

-effie;e-+, -- e. ow disc l-oading hover capabi-lity of the conventional helicopter.

To understand the aeeod-ynamicgq of the -isriivble diameter roter system, it
is instructive'to first iinve~itigate the pover reqt4irements --f a conver'tional,
fixed diameter compound. The baseine S-65-30C0 crun cruise at 250 knots at
12,000 feet on a standard day. Its required power at this speed is 11,1400
horsepower, which car. be brokenr into the following components:

Rotor Horsepower 900
Fropeller Horsepower 9,-700
Tail Rotor Horsepower U'35
Main and Tail Rotor Gear Box L~osses r,40
Proneller Gear Boxe5 Losses 145

AAccessories 100

Total 11 ,400

By far, the largest com--ponent iF jropeller power, which iz used to nro
vi-de the propulsive force. Components af this pr-opulsive force are:

Parasite Drag, Inc.:auding Rator Hub 500.
Wing Drag (Induced & Profile) 29 %
Rotor Drag - H Forceý 21a.

To100%

11e desirability of a helicopter system with a stopped or retracted
rotor is clear upon examination of the sbo!ie nknoers. Rotor retract iol: reduces
the F, force by the fourth power of the radius ratio av.; the horsepower by the
fi-Afth power of the radiu.s ratio. Whnile the extended radius or the v2.riable
diameter rotors in this study art- much larger than that for the fixed diameter
system to achieve the desired 5 psf disc loading, the gains achievable with
retraction are still large. For a retrbaction ratio of t-:1, there is a reduc-
tion in pow.er re'lu~red of approximately 2500 horsepower. This -.3r be used to
save fuel or increase maximum cra-ise speed. Stopping the rotating sysi.em will
sdive an additional 800 horsepouwer.
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These reductions in power requirements will most likely be accompanied
by inc•reases in parasite drag, due to the larger size of the rotor heads.

Blade stresses may also limit the speeds at which the variable diameter
rotors may be operated. The retraction and stopping of the rotors removes
any of these blade stress restriction on high speed performance, and permits
even higher forward flight speeds.
.. Rover Performance
1) FiFtLre of Merit

Sikorsky's Figure of Merit Ratio Method has been used to establish the
basic hover performance for the variable diameter rotor systems. This method
consists of establishing, based on available test data, the degree. to which

Sthe theoretical maximum figure of merit is achieved for specified CT/a,
solidity, and tip 'Mach number. The maximum figure of merit was calculated,
assuming a representative blade profile drag and tip loss,

i .7o7 3/2

JO T OCdT3M 1 /2 o-d

- 4. -~

BcT

where B = -97

SCd .0087 - .0216 + .4

= 6cJaBo

a = 5.731radian

The ratio of actutal maximum figure of merit (MWM) was established empirically
by normalizing al-I test data to -4 linear blade twist and 20% root cutou=.
Figure of merit ratio correction factors havebeen calculated to account for
blade taper, non-linear blade twist, bla-de root cut( t, zmd other character-
istics of the variable diameter rotor concepts.

To determine the actual figure of merit for each rotor, the following
procedure wan used. First, a baseline figure of merit was calculated. This
assumed that a conventional blade czrstruction was being used. The disc area,
blade area, number of blades, and ,.i.5st were all assumed to be the same as the
study rotor. In addition, chord and airfoil section were assumed constant
along the blade. Linear twist was assumed, as was a conventicnal root cutout
percentage . Next, a figure of merit ratio correction factor was determined
to account for the unusual features of the variable diameter concepts, such
as varying airfoils, non-linear twists, and large root cu-touts. The actual
figure of merit was then found by multiplying the theoretical figare of
merit by this correction factor,

For reference, the baseline S-65-30 aircraft ha. a figure of merit of
.653. Its figure of meri- ratio correction factor is 1.00 and its !-inear
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Stwist of -40 and cutout of 20% were taken as the baseline for VDR hover evalua-
tion.

S1(2) Vertical Drag in Hover

The vertical drag of the S-65-300 has been calculated using the polar area

moment of inertia method. This method uses the drag of characteristic shapes
tested under rotors and the polar area moment of fuselage elemerts to obtain
vertical drag. The vertical drag of the S-65-300 using this method is 6.h3% of
g ross weight.

r Because the variables associated with the variable diameter rotor concepts
are n=ot fully accounted for in the polar area moment of inertia method, a strip
analysis method was selected for this udy. This involves the determination of
impingement velocities and drag co•.ýTZL:'ents of small fuselage and wing elemental
areas. This method correlates well with tz.e polar area moment of inertial method
for the S-65-300.

b. parasite Dirag

The variable diameter rotor concep.s weýre evaluated for their drag contri-
bution, based on S-65-300 parasite drag. Reference I and other available wind
tunnel data were used, although considerable judgement war required to obtain
Athe drag of the large hubs required to house retraction mechanisms, and largeS~blade surfaces.

S~The S-65-300 has a parasite drag of 38.0 square feet of equivalent flat

Splate area. Of this 2.7 square feet is wing profile drag at zero incidence
and 10.0 square feet is rotor •, - In this study, wing profile drag has
Sbeen considered separately in the wing sectic-, nind oly changes in rotor head
Sand fuselage size are considered here. Basic drags were determined at the

initall asume grss eigt o 62800Douds.Theee were then parametricallyStrended for othei, gross weights.

To illustrate the effect of parasite drag and overall lift-to-drag ratios,
all of the variab'le diameter rotor concepts hve been designed for a maximum
airspeed at. 12,00G .eet, standard conditions, with an installed power equal to
Sthat of the S-65-300. With this power, the S-65-300 achieves 250 knots.

'To bracket the variable diam:eter rotors, it is interestinig to see how fsst
a conventional fixed wing aircraft could go with the same gross weight anra rower.
Since a large part of the total aircraft drag on the compoumd is rotor head and
pylon drag which the comparable fixed wing aircraft eliminates, it will show even
more improved performance. A drag reduction of 14 squ.are feet of equivalent flat
plate area is possible, whi3e still maintaining the same basic fiselage size. if
the same wing size (475 square feet) is alao maintained, the maximum speed of the
fixed wing aircraft is found to be 320 knets. A wing size increase to 625 square
feet, which is a minimum optimum aerodynamic size (C = .4), increases the

L
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maximum speed to 345 knots. Although these solutions look favorable not
only has vertical lift been eliminated, but take-off speeds for each of the
above solutions is greater than 160 knots. If wing size were further in-
crdased to 1100 square 1eet, the aircraft would also have a maximum cruise
speed of 345 knots, but would still require a take-off speed greater than
.120 knots.

Although this study was only conceri.ed with variable diameter rotors as
applied to compounds, scme of the concepts could conceivably be applicalle to
stowed rotor vehicles. Py fairing the rotor head, or by stowing it within the
fuselage contour, significant reductions would be made in overall parasite
drag. This could approach the low drag of the fixed wing aircraft and still
provide the VTOL flight mode.

c. Level Flight Performance
(1) General

A primary configuration constraint for most of the variable di•_meter rotor
aircraft is the ability to transition from a compound aircraft, at the
rotor's max~imum or optimum speed, to a stopped rotor configuration.

Using the parasite drag values that have been determined for bth rotors
stopped and rotors turning, plus the rotor, winS and propeller performance
characteristics, performance at the transition and high speed flight regimes
was calculatea. Rotor performance was generated from the Generalized Rotor
Performance MSethod (GRP) (References 2 and 3). This computer program supplied
power, drag, lift and shaft angle for input rotor collective pitch and inflow
ratio. This provided all the information necessary to find the optimum
total power, fuselage attitude, and wing flap deflection. This eptimization
gives an optimum wing/rotor lift sharing and rotor collective pitch. The
propellers have been used to overcome all aircraft drag, includipg wing induced
drag and all unbalanced rotor forces.

Transition to stopped rotor configuration has been accomplished by
reducing rotor lift to zero, reducing drive system speed to 800 and retracting
and stopping the rotors. The S-65-300 and the two segment telescoping rotor
do not have such a transition sequence, since they do not operate iE. a stopped
rotor configuration. Each does change tip speed with increasing airspeed to
maintain an advancing blade tip Mach number of .9; the conventional aircraft
by reducing tip speed, and the telescoping system by decreasing rotor radius.

(2) %-ing Performance

A ccmrrehensive aralysis of the wing sizing for the variable dianete:
rotor concepts was necessary to proerly account for each system's individual
characteristics. Lift sharing between the rotor and the wing is an Important
consideration with these unusual types of rotor systems. They all have differ-
ent forward flight dynamic and aerodjnamic characteristics, and a wing design
must be developed for each rotor concept to compliment the rotor system.
Ideally, the wing would be sized by cru.ise conditions only. However, if
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various concepts could not maintain sufficient rotor lift in the 100 to 200
knot transition speed: range, or if dynamic instabilities were uncovered, the
wing capabilities had to be increased to offload the rotor lift at lower
speeds. This was accomplished by using more wing area or by adding flaps.

The S-65-300 wing airfoil (63-415) and aspect ratio (4.75) were retained
for this studdy. The results of small scale tests (Reference 1) for a scaled
wing area of 475 square feet were corrected for Reync-lds number and used as a
base for wing performance. Flap data was synthesized using the trends of the
NACA 23012 airfoil (Reference 4). Figure 5 shows the variation of CDo
with wing attitude for a range of flap deflections.

Figure 6 shows further characteristics of the baseline wing. Figure
6a shows the variation of lift coefficient with fuselage attitude, for

a range of flap deflections. The wing incidence is 8.5 degrees with respect
to the fuselage. The maximum L/D line on the curve is used to determine the
most efficient flap deflection for any desired lift coefficient. It is seen
the the maximum nose-up fuselage pitch attitude required to achieve maximum
L/D is less than five degrees.

Figure 6b shows the incremental equivalent drag change due to fuselage
pitch attitude and flap deflection. This is for the baseline 475 square foot
wing. This drag change includes the effects of wing profile drag, wing
induced drag, flap drag, and the incremented fuselage parasite drag due to
changes in tuselage pitch attitude. These drag increments are in addition to
the basic aircraft drag of 35.3 square feet. The overall equivalent drag of
the aircraft may be found by adding the 35.3 square feat of basic parasite
drag, the incremental drag from Figure 6b, and the equivalent drag of any
rotor shaft horsepower.

To determine drag increments for wing sizes other than the baseline 475
square foot wing, the drag has been calculated by multiplying by the wing

S~area ratio.

In sizing the wings for each variable diameter rotor concept, two specific

flight conditions were analyzed. The first of these was the mission cruise
segment, where the most cost effective wing size was determined. This analysis
is discussed on page 141 "Wing Size Tradeoff". The second condition analyzed
was the transition phase where the aircraft gross weight was transferred
from the rotor to the wing. Figure 7 shows the wing trend plot that was
used to analyze this transition phase. This is for the baseline gross weight
of 62,800 pounds and for the 12,000 foot, 160 conditions. it plots equivalentA wing drag as a function of forvard velocity, for a number of wing sizes. For
information, 'he line of zero flap deflection is shown.

The advantage of a higher transition speed is evident, since wing drag
drops dramatically as forward speed increases. it is emphasized that the use
of this type of analysis leads to the most efficient transition for each concept.
The minimum power is determined, constrained only by the physical constraintz
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of the aircraft.

As an exampie of how this curve is used, consider a rotor system which
must nake a transition at 200 knots. It is seen that both the 1100 and the
900 square foot wings could support the aircraft during transition with no
flap deflection. The 750 square foot wing would require only minor flap
deflections, and both the 600 square foot and 475 square foot wing would
require substantial flap deflections, or perhaps the use of more sophisticated
high lift devices.

As the wzng size is reduced, and more flap deflection is used, tha wing
drag increases substantially. This wing drag must be overcome by the propellers.
Unless the installed power of the aircraft is increaded for the transition
phase, there is a finite limit to the propulsive force that the propellers
can provide. This maximum thrust available to the wing prior to transition
is shown as the dashed line in Figure 7. For the example of 200 knots,
it is seen that any wing smaller than approximately 700 square feet would
require additional installed power for the transition phase. No 4egree of
sophistication in high lift devices would change this fact because they would
increase wing drag as well as lift. Because of this match between thrust re-
quired and thrust available must be maintained, no flap deflection is required
for transiti'ons above approximately 210 knots. Below this, a combination
of wing flaps and added area must be used to provide lift at transition speed.

This wing sizing is further discussed in the wing size tradeoff study on
page 1i4. Any wing sized fcr the transition is not substantially greater thean
the most cost effectiv-a wing size for cruise. In no case is it greater than
twenty percent larger than the most cost effective cruise wing.

The effect on wing size for gross weights other than the baseline 62,800
pounds is shown in Figure 8. The minimum size wing for transition speeds
of 140 knots and 220 knots is shown as a function of the incremental gross
weight above the 62,800 pound baseline. Wing size is again determined from
available thrust considerations. A constant wing loading cannot be mcintained
as the gross weight increases. Instead, the minimum wing areas must be
approximately:

Wing AreaF= Wing Area @ 62,800 lb (1 + 2 (GW' - 62,800)
62,803

where the primed quantities are the final iterated solution gross weights.

The wing loading of the variable diameter concepts was -.lse compared to
wing loadings of comparable fixed wing aircraft. The wing for the eight
segment telescoping rotor, for example, has a wing loading of 84 psf, similar
to the DC9-10 and s.ignificantly higher than STOL or' conventxona, propeller
aircraft, that average less than 60 psf. The rotored aircraft can operate
efficiently with this high loading, which reduces cruise power and wing weight,
since the wing is not required to support the aircraft during takeoff and land-
ing maneuvers.
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(3) Propeller Performance

This study used the propeller design of the S-65-300, maintaining the
diameter of 11 feet. This design had four blades and a design CL of .5.
Perfrormance was calculated from Reference 5 F&nd i s shown in Figures ?
and 10 for the operating speeds of 100% and 80% at 12,000 feet on a
standard day. The propellers provide all of the aircraft propulsive force
for the variable diameter concepts and, by limiting the maximum thrust for
a given power available, fix minimum~trtasition wing size and define the
maximum cruise -peed for each configinration.
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3. THE ROTOR DESIGNS AT 62,800 lbi GROSS WEIGHT

7he following sections describe each rotor design in detail. Each concept
was sized for the initially assumed gross weight of 62,800 pounds. By assuming
this weight, actual designs could be develo~ped and sized since dimensions and
basic load requirements were- known. After each design was completed, its
weight and performance capabilities were determined. These were then described
parametrically for alternate aircraft gross weights. The following sections
discuss each concept at the initially assumed gross weight only. Section 5
discusses the resizing of the designs required to give each veriable diameter
rotor aL-craft the same range and payload as the baseline S-65-300.

a. Eight Segment Telescoping Rotor

Two variable diameter rotors are presently undergoing serious development
effort in the United States. These are Bell's VFDR and Sikorsky's TRAC, which
both use the telescoping blade approach. Both of these also use only one
moveable segment that telescopes inboard, over or within a second segment. As
such, they do not approach the high retraction ratios which are desired in this
study. By extending these concepts to include more than one tele-
scoping segment, the high retraction ratio car. be achieved. The first concept
investigated in this study is an eight segment telescoping rotor. It has a
retraction latio of 5 to 1.

Unlike some of the other rotors described in later sections, the major
problems for this concept are in the design area ratier than the dynamic or
aerodynamic area. Momt of these design problems are concerned with the blade
itself. This blade must provide an airfoil section with the required struc-
tarall propeities and &t the same time meet the const-raints imposed by tele-
seoping one section within another This constraint pre4vents the use of a con-
ventional blade design approach consiating of a load carrying spar with a
ncn.-structural trailing edge or p0ckets; i,,w all the structure must be In the
outer blade shell. Also, adequate support must be provided in the segment
overlaps to transfer the intrlight blade loads and yet permit the sections to
slide during the extension and retraction cycles. These conditions must all
be met within a reasonable blade weight.

PAGE



(1) Mechanical Design

The eight segment telescoping rotor design is shown in Figure 3.l The
ROTOR hEAD chosen for this concept is a teetering type, usirg two rotor blades.
With the large 126.4 foot diamoeter which is required to give the 5 psf disc
loading, few blades are required tu give the total necessary blade area. By
using i-wo blades, the blade aspect ratio is 15.3. Increasing the number of
nlades would increase this aspect ratio, and the static drnop of the blade
would probably be so excessive that stopping the rotor in the extended position
would be impossible. in addition to the blade considerations, the use of only
two blades greatly simplifies the design of the rotor head. Only one teetering
bearing is required in addition to the blade pitch change bearings, rather
than the flapping and lead-lag hinges that are required for each blade in an
articulated rotor.

A teetering rotor has a distinct disadvantage in a conventional helicopter
application, due to the high vibratory nature of the lift which is produced in
forward flight. In an application to the variable diameter compound, this is
not so great a disadvantage since the wing offloads the rotor as speed increases
and eventually the rotor is stopped.

The blades are retracted with cables which are wound around a drum within
the rotor head. A further advantage of the two bladed configuration is that
it permits all the retraction mechanism to be designed into only one drum
assembly within the head.

The majority of the rotor head comnonents are constructed of titanium for
hligh strength anud low weighR. All bearings are of the elastomeric type to
avoid lubrication problems. In order to reduce blade coriolis moments, the
blades have been undersl4ug5 inches below the teetering axis.

A blade control linkage has been developed to permit accurate blade pitch
control indenendent of the rotor teetering motion. This is dune by passing
the linkage through a joint which is on the blade teetering axis, so that
teetering motions do not introduce umranted inp-ats to the control system.
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The BLADE.S are also constructed of titaniu. A -r.•;.,red planform, has been
enosen to permit one section to telescope within another, sliding o.p teflon
Lcnring surfaces. A dynamic ane.]a-1is was used to determine stresses along the
blade !pan, and the wall thickness distribution was varied to bring all stresses
within the e'Iable values for.-.-u•-t *um (10.O0Oxapsi steady plus or minus 18,000

rsl .-ibratory).

The dimensions of the Individual blade segments are as follows:

Lengtth Chord Thicness
Segment inches inches Percent
1• (n&c•) 101 75 i.o

2 87 68 16.5
3 87 62 15.0
4 a7 56 i3.5
5 87 49 12.0
6 87 10.5
7 87 38 9.0
8 (ouTBoARD) 12 ,2 ".5

The blades are attachE-1 to the head by individuall lugs which are u-ed to
minimize assembly problems.

An important blade design consideration is the question of what type of
overlap is required to zarrj the leads and provide adequate bending stiffness
between the blade segments. The basic question is whether +he blades m-ust be
mechanically locked toge-ther whien .hey are at the extended uiameter, or wheth-
er the centrifugal force is high *-iough to hold t.hem rigid. It has been
determined that the centrifugal force will rigidly loc'k the sections together
so that no positive -echanical locking mechanl= 1s required. The centrifug.4ai
force distribution, which is ains in t3nsion, is substantially larger than
the force distribution due -o the bendinga moments, which i2 in btath icorpression
and tension. Therefore, the resultant forces across the joint are always in
tension and no positive locking ic required to carry 7ompressive loads. This
holds true for all the segments since the ratio )f centrifugal force to bending
moment is approximately constant along the span of thit teetering rotor blade.

A
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During blade retraction, -the particular segment being retracted is not
held rigid with the next mest inboard segment unless a further moment carrying
device is Included. The bla4e momiznt which the Joi.,t must react is substan-
tially reduced, since the span of blade outboard of' the jcint is ni ver longer
than the span of one segment. To carry this small moment during retraction,
the segments are oerlapped by eight inches and provided vith bearing blocks.

The RETRACTION 1.ECHINMSM consists of a hydraulically driven winch essembly
within the rotor head to pull in a band type of cable which is attached to the
tip of the most outboard blade segment. This .;able band consists of six ½"
diameter cables bonded together as a flat strap. This is done to give the
cable sufficient tensile strength and yet hold the cable thickness to a mini-
mum So that it can be wound on a reasonably sized drum.

The power required to retract the blades directly influences the size of
the required mechanism. This power is a function of the blade centrifugal force
and the speed at which the retraction takes place. Centrifugal force varies
as the square of the rotor speed and can be substantially reduced if the rotor"
ILM is slowed down before blade retraction is attempted. It has been assumed
that rotor speed is reduced by 20 percent before retraction; this reduces the
centrifugal force which the mechanism must overcome by 36 percf,:r.t. This drop
in rotor RPM can be accomplished with a conventional free turbine engine by
varying the speed of the power turbLnt.

The retraction rate that was assumed ;s 50 feet per minute. TMis results
in full rotor retraction taking place in approximately 60 seconds. With this
centrifugal force and retraction rate, the power required for retraction is
110 horsepower per blade.

Two types of drive mechanisms were investigated for the retraction winch;
a strictly mechanical drive system driven off the rotor shaft, and a hydraullc
drive system driven by a pump on the accessory section of the main gearbox.
The mechanical drive is difficnlt to configure since the winch is in the head
and therefore teeters with it. This requires universal Joints and/or gears

in the drive system to pass the power through the teetering joint. The bydrau-
I•- llc retraction easily solves this problem, but It suffers from lower mechanical

efficiencies. With respect to weight, the two systems are very similar; the
mechanical system weighs 574 pounds and the hydraulic system weighs5h9 pounds.
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In addition to the slight weight advantage, the hydraulic system would be
smoother operating, especially when accelerating, and it has been chosen over
the mechanical system.

A separate hydraulic motor !s used for each 'lade. They drive the retrac-
tion drums through high reduction ratio gearing, wbich is ueid to reduce the
torque requirements, and therefore the size, of the hydraulic motors. Euch
motor is 6.7 inches in diameter by 12 inches in length. Th- gearing used is
a Curtis Wright "Powerhinge", with each Power'.inge designed for 150 horsepower.
The two hydraulic motors and the two Powerhinges are all mounted on the same
axis. In this configuration the high reaction torques developed in the gearing
are reacted from one Powerhinge to the other. 'he overall width of the mecha-
nism is 44 inches.

The two drums are mounted concentrically to this mechanism and have diameters
of 18 inches.

(2) Dynamic Considerations

In the fully extended configuration this system can be e..pected to have
fairly conventional aerielastic properties. Although the retraction mechanisms
complicate the blade design, the structural properties of the blade caL be
accomodated within the framework of existing technology.

The object of this dynamic evaluation was to establish blade structural
properties which would ensure acceptable blade stress and response character-
istics at the low speed-high thrust and high speed-low thrust ends of the
flight envelope.

The condit'ons analyzed were (a) 45,000 lb G.W.; 120 knots and (b) 19,000
lb G.W.; 200 knots. A Sikorsky Aeroelastin Rotor Analysis, which employs the
Mqklestad approach, was uaed for this purpose. This analysis d-termines the
aeroelastic and dynamic response of an N bladed rotor system subjected to given
steady state flight conditions. Airloads are determined initially using
classical aerodynamic theory in conjunction with two-dimensional airfoil data.
An i terative procedure is then used to determine the proper control settiigs
needed to trim the rotor. The airloads are applied to the dynamic response
Llade equations which include fully coupled blade flatwise, edgewise, and
torsional motions. The blade response characteris^4ics ulich satisfy the root
boundary conditions are then determined for each radial station in terms of
azimuthal harmonics. Knowing these blade -motions it is next possible to calcu-
late a refined set of airloads which Inclu'e blade flexibility efft:-s. A dy-
namic response analysis is then performed with these airloads and final blade
motions and forces are found.

For this -.,pe of aunalysis the rotor blades are represented by a number of
discreet masses situated at discreet radii. The blades then have as many flat-
wise, edgewise, and torsional degrees of freedom as there are discreet masses.
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In this study 18 masses were used. Since the blade airloads are known at each
azimthal station the deflected form of the blades is readily obtained by ba-
lancing the aerodynamic shear forces and moments with the blade internal shear
forces and moments such that the known blade root and tip boundary conditions
are satisfied.

To conduct this study a preliminary blade design was laid out and from this
an initial assessment of the blade mass and stiffness distributions were made.
With these blade structural properties, the two flight conditions mentioned
above were simulated. The flight conditions were effected by varying the coi-
lective and cyclic pitch control inputs until the rotor Lift, propulsive force,
pitching moment, and rolling moment were within prescribed limits. Comparison
of the resulting blade airloads and stresses showed the 45,000 lb 120 knot
flight condition to be most critical. This conaition was therefore used in
sifosequent~ analysis.

The blade airloads, moments and stresses obtained from the critical flight
condition were used to establish new blade structural properties. The flight
condition was again simulated and new moments and stresses obtained which
were again used to establish new blade structural properties, This process was
repeated to minimize blade -.eight and stresses.

To reduce the effect of inplane Coriolis moments the rotor system studied
was underslung and the blades preconed 7 deg. such that the blade center of
gravity was in line with the effective teetering axis. The analysis used in
the study did not have the capability to include underslinging. Un assessment
of the effect could nevertheless be made by using the blade responses obtained
for the preconed, non-underslung system to calculate the magnitude of the
Coriolis moments. Subtracting these moments from the total moments on the
non-underslung system gives a measure of the moments which would be experienced
by an underslung system. Althou h not mathematically exact, this procedure
gives values which are certainly adequate for Dreliminary design studies.
This effect is reflected in Figure 13a anO 33b which show the envel-
opes of maximum steady and vibratory 'flatwise and edgewise i.oments on the
system at 45,000 lb, 120 knots.

These figures show the moments that were used for the final blade design.
The blade structure was designed to carry these moments within the allowable
titanium stress limits of 10,000 psi steady stress plus or ninus 18,000 psi
vibratory stress. The edgewise moments, although reduced by the underslinging
are nevertheless substantial.. Due to the absence of inplane articulation the
blade feathering bearings must carry these moments. This leads to more st-in-
gent bearing design requirements than in the case of an articulated system.
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Figure 14 shows the blade tip displacement over one cycle of trimmed
flight at 45,000 lb, 120 knots. The blade tip motion is si-en to be less than
80 inches. This is a deflection of the tip path plane of ±3 degrees. Since
the clearance between the rotor and the tuselage would be approximately 12 de-
g-ees there is no danger of the blade tip contacting the fuselage.

An examination of the blade torsional response for each of the flight con-
ditions analyzed revealed no stall flutter tendencies. To identify stall onset,
a parameter which idC•ntified rapid increases in blade profile torque was used.
This parameter, uCD/ (where b is number of blades, ?QD is blade drag co-
efficient, end a is rotor soli '*y) has been uced in numerous Sikorsky Air-
craft studies. It has been found that when the parameter has a value less than
0.004 the rotor is unstalled. For each of the conditions analyzed this para-
meter had a value less than 0.003. Since the bWade is biess balanced at the
quarter chord, classical blade flutter will not occui-.

This dynamic examination did not directi5 examine the effects resulting
from retraction and extension of the blades. Sikorsky Aircraft has conducted a
substantial amount of research in this area on the zwo segment TRAC rotor. This
research has shown that blade extensions and retractions can be performed with-
"ut encountering any instabilities or undesirable response characteristics. This
is discussed in detail in section III-3.f.It is expccted that the eight segment
telescoping rotor would display similftr characteristics.

(3) Aerodynamic Considerations

The eight segment telescoping rotor has very good low speed and transition
characteristics. It has the best hover and low speed performance of all the
concepts studied including the S-65-300. The, transition to a stopped/retracted
rotor can occur at speeds as high as 250 knots permitting transition to occur
at the minimum traisition power speed of 220 knots.

As the aircraft forward speed increases the matn rotor RPM remains constant
until an advancing tip mach numnber of 0.9 is achieved. This occurs et approxi-
mately 125 - 150 knots, depending upon ambient temperature conditions. Above
this speed rotor RPM is reduced to keep the advancing tip mach number aT 0.9.
This requaires a 20% RPM reduction at 220 knots forward, speed. The advance ratic
at this point is approximately 0.6.

The high speed at which the transition from rotor supported to wing suppor-
ted flight occurs allows the wing si e to be determied by cost effectiveness
rather than the maximum transition pow-r available.

The figure of merit of this rotor is .628. This results from a V.gure of
merit ratio correction factor of 1.02 applied to a baseline figure of merit of
.616. This correction factor is based on a combination of the following indi-
vidual corrections.
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. Taper i,02
Blade Discontinuities .98
Root-Cutout 1.01

* Airfoil (18% to 7.5%) 1.01

The vertical drag of the aircraft is 1.65 percent of gross weight for theJ baseline 475 squere foot wing. This increases as wing size increases to a
maximum of 2.05 percent of grss weight for a 900 square foot wving.

High speed performance of this concept is reztricted by the relatively high
parasite drag of the large teetering rotor head. At 62,800 pounds gross weight
this aircraft car. cruise at 275 knots using the same power that the S-65-300
requi'-es at 250 knots. The components of the power required jy the eight seg-
ment telescoping rotor at 250 knots are as follovs:

Propeller Power 9160 !IP
-To Overcome Fuselage and Rotor Hub

Parasite Drag 5950 1P
To Overcome Wi-ig Drag

(Induced & Profile) 3210
TC Overcome Rctor Rotatio -

Drag 0
Gearbox Losses 5
Accessories NO0

TOTAL 9310 HP

Figure 32 shows the power requirements of this system as a function of
forward flight speed, along with the lift sharing, fuselage pitcn attitude,
and wing flap deflections necessary to sustain level flight. Lift is transfer-
red from the rotor to the wing as the aircraft accelerates from 60 knots to 2M0
knots. In the range of 220 knots the rotor is retracted and stopped and the
aircraft continues to higher speeds, flying as a fixed wing aircraft.

"1() Rotor System Weight

The total weight for this rotor system is 911R pounds, or 34.5 percent of
the 62,800 round gross weight. This is broken down as follows:

Telescoping Blades (2 Required) 2100 LBS/BLADE 4200 LBS
Spar & Balance Weights 1885
Extension & Rptraction Stops 1440
Tip Cup 25
Cable Guide 50

SRotor Head
Teetering 'U' Beam 911 88 LB2 S
Housing, Rotor Head 830
Spindle 5214
Sleeve 546
Spline F0
Misc. 91
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Mechanism 1930 LBS
D.rum 332

Cable 520
Drum Supports 323
Drum Drive Mechani sm 720
Misc. 126

TOTAL 9118 LBS

(5) SumL

The eight segment telescoping .-otor .3 a heavy variable diameter rotor
system, but one which has few dynamic and aerodynamic problems.

Adv__._taes

" High 7etraction Ratios Possible
"* Fairly Conventionai Aeroelastic Characteristics
"* Conventional Blade Pitch Control System
"* Few Compromises in Blade Airfoil Shape
"* Good High Speed Performance - Rotor cani operate at speeds over

200 knots.
Only simple sliding moticns in blade

• Minimum size retraction winch assembly
* Fail safe blade retention system
* Rotc- (lead Simplicity
* Rotcr wW be stopped in extended position should any malfut"vtion

occur in the retraction mechanism.

Disadvantages

Blade Complexity
* High total rotor weight

Large rotor head parasite drag due ': underslung teetering rotor
head design.

. Possibility of blade bindxng during retraction
* Inflight blade damage may prevent blade retraction
* Retraction components are not readily accessible within rotor

head
* Blade inspection requires manual extension
• Blade weight necessitates care in handling, special equipmen',

and poses a safety problt.'i
"* Blade construction necessitates segment scrappage if major damage

is sustain'd, and means depot level repair
"* No provislons for detecting blade or structural failure
". High vibrption In high speed, rotor-borne flight
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if this rotor design were pursued, the following areas would have to be
investigated further:

"* Effects of r-etraction on blade dynamic response
"" Effect of blade bending on segment InterfacesGeneral aeroelntie behav.'.or during start-stop operations with

the blades extended and following rapid control inputs
. Small aerodynaLwic vortices at each blade discontinuity
* Methods to reduce rotor head drag
* Methods to improve assembly and inspection
1 Possibility of fatigue problems in segment stop areas, due to

concentrated loads.

PAGE



r ----758iM(6&.2 F)_ _

-75'~.C ~ER SBEGCMENT BLADE

TECETERIM HINGE E

[ji (ELASTOVE

-!h c~rUCTQCN RATIO GEARiý

F-I
\NLr ETA'I

I~~e~uA'2.6F1)0 --- k 1;7 E 'AL!

!ERAO REAUTN T

~SrcS7P A:



rSOO /tADE PITC C1

- 'RAM~ON CABL.EI

)L2

It4 f )f PTC sRO E-NC

CABLAEST[1E~N

.- HYD~RO3O cHEADiN

Wokw PM



WROTOR j ~afiE PITCH CCN'TRC4L hORN

-RTRACTION CABLE

lett

CHORD

TWO0 BLADE.D TEETERING SLADE :ýECTION

ROTOR HEAD

PITCH CON~TROL BEAR;%GS CAM RE ~RAC-ul DRUMA
iELAS)TO':RIC) .1

E --

IA IL DIA. ROTOR

WDRA,,,jC PUMP RING

~~K1DR~jUC RUMPm SNT TESCOPIF ~on

_____06 3"-



•am

12000

10000 -

8000

6ooo

I-000

nooao =7:!s

6oooo ___

E-to Stress Limiit

20000 - -- ------

Rotor Lift •

1 0

0 , l

>1 -

cl-I

0

'- __ _ __ _ __ _ __ _ _ __ _ __ _ __ _ __ _ _

100

rz r.4•

.,4

0 50 100 150 200 250 300

VEL OCITY - KNOTS

FIGURE 12
EIGHT SEGMENT TELESCOPING R0701R PER-ORMANCE CHARACTERISTICS

12000 FT, 160 F
62800 LBS G.ROI.S WEIGHT

75C 3Q FT w(ING AREA

Foci' pg. lauk59Slira liliE



FIGURE 13&

1 It

80, 
•.5

I! I

-i.0 
F• !is

_ _i _ _ _ _ i I
-1.5 

- i _ _

3.0 - - - . - -

E-li 
I , e° I i"I"- ' I !

1 .0.

0.2 .4 .6 . ~

NOPIAALIZED BLADEE RADIUS

FIGURX 13
EIGHT SEGM-irl TELESCOPING ROTVOR

STEADY AND VIBR.ATORY BLAD'E MLTWISE AND EDGEWISE MOMENTS5

120 KNOTS, 45000 LBS LIFT

CIO

I ' PAGE



1.20

3.00 - - - -

t-4

E- 8 _ __J4

0 60 120, 1, 0 2140 300 36o

AZIMUTM ANGLS - D=-GR:-ES-c

?GR114
EI!TSmXENT TELESCOPING . om.op

BLADE TIP D[SLACEM'Ewr DUP~ING ST-v Y LTkIE FL1}n
12 ymNOs, 145000 LBS LI~r

PAGE



FE

b. Roll-up Rotor, Thin Flexible Blade

Another interesting variable diameter concept uses very flexible blades
that can be retracted by winding them on drums within the rotor head. Two
variations of this concept have been investigated. The first uses blades
with only two percent thickness, and the second uses pneumatic blades that
can be blosn up to provide a twelve percent thick airfoil when extended and
then be deflated for retraction. The thin blades are discussed in this section.
"The pneumatic blade is discussed in the next section.

These rotors are also designed for a hovering disc loading of 5 psf and
have an extended diameter of 126.4 feet at the 62,800 pounds gross weight.
Both two bladed and rour bladed rotors were investigated. The two bladed rotor
has a chord of 50 inches and an aspect ratio of 15.3. The four bladed rotor
has the same total blade area. It has blades with a 25 inch chord and an aspect
ratio of 30.6.

By far the most critical item in the rating of these flexible rotors is
in the area cf blade dynamics. The rotors are simple mechanically and promise
to be reasonably light if the,.,• unique dynamic problems can be solved.

(1) Dynamic€ Considerations

This system is unique inasmuch as the blade stifinesses are much lower
than those normally associated with conventional helicopter rotor blades. This
fact gives rise to the possibility of instabilities associated in particular
v with blade torsional motions and blade inplane motions. These effects are
discussed in the following paragraphs.

Although this rotor is not articulated, the extreme flatwise flexibility
of the blades makes the system behave essentially as, a system with flapping
articulation. The fact that the blade edgewise stiffness is low leads to the
frequency of the first elastic inplane mode of the blades being less than one
per rev, and introduces the possibility of ground resonance. The problem is
compounded by the fact that mechanical blade dampers of the t.ype employe- in
conventional inplane articuilated rotor systems to alleviate ground resonance
cannot be employed in this non-articulated systez. If, for example, this system
were articulated inplane, it is difficult to conceive a mechanical damper having
the desired effect since even if the damping coeffieient of the damper were
infinite, the part of the blade outboard of the point of application of the
damper would still respond elastically at a frequency less than one per rev.
and this motion would still be essentially undamped.

Other means must be sought to surmoimt this problem.

Air resonance is also a probiem which requ.res consideration. This is not
as critical az ground reesonsawre since the blade motions are aerodynamically
damped and there is less likelihood of blade and airframe modes coalescing such
as to produce instability.
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The reduced torsional stiffness of the blades increases the possibility
of blade torsional instability. Martin, Reference 6, investigated the
stability of their cable blade configuration and showed that for a blade
having zero stiffness (flatwise, edgewise, and torsional) stability could be
achieved by placing the elastic axis ahead of the aerodynamic center axis
but behind the center of grav'ity axis. Subsequently, some work was carried
out at the United Aircraft Research Laboiatories, Reference 7, in which it
was shown that stable operation of a systerm with a small but finite blade
edgewise stiffness could be achieved for (a) elastic, center of gravity, and
aerodynamic axes coincident, and (b) coincident elastic and center of gravity
axes ahead of the aerodynamic center axis. Unstable operation was obtained
for the coincident elastic axis and center of gravity position aft of the aero-
dynamic center axis. This latter result is not unexpected s.•nce aft center
of gravity positions even in conventional blades can leaa tc. flutter problems.
Stability of forward, non-coincident elastic and center of gravity axes foi
systems with small but finite blade edge-Jise stiffness has yet tX% be verified.

Another area of primary ccncern in the dynamic analysis of the roll-up
rotor is pitch control. Consider a system employing blades with a symmetrical
airfoil and the elastic, center of gravity, and aerodynamic axes all coincident.
If the blades emplcy relatively large tip masses tor centrifugal stiffening
then the propeller moment from this tip mass will always attempt to keep the tip

E_ of the blade in flat pitch. It is not difficult to see that if the blades are
very soft torsionally any pitch impressed inboard will tend to wash cut at the

C )tip d'ýe to the fact that the blade is incapable of transmitting significant
elastic moments to the tip without undergoing large torsional displacements.
In such a system inboard pitch control would be impractical.

The blades may te cambered such as to produce positive, nose up, pitching
moments of sufficient magnitude to overcome the tip mass propeller moment and
give outboard angles of attack. In this system, movements of the aerodynamic
center due to possible stall, compressibility effects, and reversed flow could
lead to torsional divergence. This can be counteracted by positioning the blade
elastic axis ahead of the aerodynamic axis to produce a stabilizing nose down
moment. Fitch changes could then be effected by employing an aerodynamic tab
cn the tip mass or possible a combination of tip tab and conventional inboard
control. These various methods of control and their effect on the blade dynamics
were investigated in the study.

In the following paragraphs the investigations carried out relating to the
above subjects is discussed.

(a) Ground Resonance

Ground resonance is a phenomenon which can occur when blade inplane ,•tionh
couple with airframe motions when a helicopter is on the ground or is partially
airborne. It can only occur if the frequepcy of the blade inplane motions
is less than the rotor speed. Blade inplane motions are transmitted into the
fixed airframe axis system at frequencies equaA to the rotor speed plus or minus
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the frequency of the blade Inplane motions. If any airframe mode has a frequencyI equal to the lower of these, instability can occur. This is caused by the air-
frame mode and the blade mode coalescing such that the two modes have the same

Dfequency. This results in one mode being pos.Ltively damped (stable) while the
other ii negatively damped (unstable). The problem is generally surmounted by
using mechanical dampers to damp both the airframe motion and the blade motion.

Ground resonance is important in the roll-up rotor since conventional bladL
root inplane dampers cannot be effectively employed. Since the internal dampix.g
of almost any practical blade material is invariably much too small to ensure
freedom from this problem, other means of introducing Ilade damping must be sought
To this end, aerodynamic means seem to be a logical choice. By employing drag
vanes on the tip mass it is possible to introduce significant inplane aerodynamic
damping. Use of such vanes will require power, but for articulated-type rotors
the ground resonance phenomenon only occurs when the aircraft is partially air-
borne or wholly on the ground, and the drag vanes may be retracted as soon as
the aircraft is clear of the ground.

The analysis used to establish the area of the drag vaues required to elimin-
ate this problem was developed by Sikorsky Aircraft. It is a fully automated
analysis which includes airframe roll, pitch, anA lateral modes of oscillation
and symmetric and unsy~metric blade rigid body awlt elastic inplane and out of
plane modes of oscillation. All motions are fully coupled. The analysis also
has the capability to incorporate aerodynamic effects.

To introduce a degree of conservatism in this study it was assumed that at
normal operating rotor speed the frequency of the airframe roll mode, A R, was
equal to the rotor speed, Q , minus the blade inplane natural frequency,
wy, i.e. wR= y- . This is generally the most critical condition since
ground resonance can occur when these modes coalesce. The frequency of the air-
frame pitch mode was assumed equal to 0.3 wR. These values are typical of
conventional aircraft. Since ground resonance can only be eliminated by damping
both the airframe and the blade motions, airframe damping levels characteristic
of conventional aircraft were employed. The airframe roll mode was assumed 25%
critically damped, the pitch mode 10%, and the lateral mode 5%.

Using the above values, the area of the tip mass drag vanes wzs varied
until stable operation was obtained through and beyond normal operating rotor
speed.

Figure 15 gives the results of this analysis. This shows the effect of
rotor speed on the critical system root locus for various dra% vane areas. It
can be seen that with zero drag vane area the system is uvstable from rotor
speeds of about 55 RPM to well in excesz of 220 RPM. Since the normal rotor
speed is 113 RPM this system is clearly unacceptable. Two square feet of drag
vane area per blade gives a system which is stable at all rotor speeds except
from approximately 140 to 150 RPM. Six square feet per blade ensures absolute
"stability at all rotor speeds. From this analysis it may be concluded that
approximately 2 to 3 square feet of drag vane area per blade will ensure freedom
from ground resonance.
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It should be noted that these studies were conducted with the blades
fullj extended. This is the area of concern, since ground resonance problems
occur during take off and landing when the rotor is at full diameter.- It is
also interesting to look at resonance at reduced diameters. AM the blades are
retracted the effective damping moment is reduced due to the reduced blade tip
velocity. Since the blades are not articulated tileir inplene natural frequency
will also increase as the blades are retracted. The net effX.T, will be to
reduce the percent critical damping of the blade inplane motion. This would
have serious implications if the blade inplane natilral frequency remained below
one per rev. Fortunately, this is not the case. When the blade radius is about
0.7 tim'*s tne fully extended value the blaCe inplane frequency will have increased
to above one per rev., thus eliminating any possibility of ground resonance at
radii below this value. This is true no matter what the level of inplane damping,
The drag vanes are designed to produce suffi cient inplane damping to preclude
ground resonance at radii above 0.7 times the fully extended value.

Another method of attacking the ground resonance problem rould be to employ
a damped dynamic absorber at the blade tip. This concept was not examined in
detail during this study but it does merit consideration. One possible drawback
in the concept relates to the tuning of the absorber. For a given set of system
parameters, an absorber could possibly be designed which would preclude ground
resonance. The effectiveness of the absorber is linked to its tuning in relation
to the blade inplane natural frequency. Since as the blades are retracted their
inplane natural frequency increases, the absorber will become detuned and may
lose its effectiveness. This can only be overcome by designing an absorber which
is effective over a fairly wide frequency range. This may be difficult to achieve
unless the absorber has variable tuning.

(b) Pitch Control and Torsional Stability

Pitch control in the roll-up rotor system is an area of primary importance.
The use of conventional inboard control may be impractical due to the relatively
low torsional stiffness of the blades and their resultant incapacity to transmit
moments to the outboard blade elements without undergoing large elastic torsional
deformation.

This study was aimed at investigating various means of pitch control to

ascertain to what extent pitch control is possible and to suggest the best meŽans
for effecting this control.

75 -he analysis used for this purpose was the Sikorsky Normal Modes Blade Aero-
elastic Analysis. This is a single blade analysis which represents bir-le motions
as the sum of the number of the normal modes of oscillation of the blades. Up to
ten blade elastic modes may be used in addition to rigid hody flapping and lagging.
The analysis solves the fully coupled system equations of motion by computing the
blade response characteristics at each instant of time as the blade travels azi-
muthally. In doing so it makes available a complete description of all blade
motions and deflections, the blade stresses and moments consistent with these
deflections, and the root sheers and moments. Since the analysis gives this time
history of the blade motions, it gives information as to the stability of a givcvn
configuration in a given flight condition.
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This analysis was developed primarily to study systems employing conven-
tional inboard collective and cyclic pitch control. With a relatively minor
modification it wai possible to simulate outboard pitch control by inserting
the desired pitchiag moment coefficients on the blade tip element. With this
modification the effect of tip control alone could be studied, but this elia-
inated the capability to employ conventional inboard control at the same time.
Thus, conventional control alone could be examined with the unmodified analysisand tip control alone could be examined with the modified analysis.

The study was conducted along the following lines. A system with the
elastic, center of gravity, and aerodynamic axes coincident was subject first
to tip control then to conventional control. Hovering capability was first
established and then the control parameters were varied to see if an approxi-
mate 100 knot, 35,000 lb trimmed flight condition could be achieved without
encountering stall or excessive flapping or torsional responses. In conducting
these studies no attempt was made to minimize hub moments. It being the intent
to examine the feasibility of the control schemes, a trimmed condition was
defined as one in which all blade r-esponses repeated within specified tolerances
each revolution, which gave the desired lift at the specified flight speed, and
which produced propulsive forces, rolling moments, and pitching moments deemed
controllable. Figures 16 and 17 chow the blade tip flatwise and tor-
sional responses as functions of azimuth position obtained usinp each of these
control concepts. The important aspect of these figures is that they show that
trimmed flight is possible and that the flatwise and torsional blade responses
are acceptable. The flatwise response corresponds to approximately -!3 degrees oftip path plans notion. The clearance allowed between the rotor and the fuselage
is about four tites this. The torsional response of ,.pproximately ±4 degrees is
no greater than would normally be applied in conventional rotors through the
we of cyclic p.t~h inputs. In the case of the tip tab control the maximum pitch-
ing moment reluired to be developed by the tab's was -6CO0 in.lb. which can be
achieved v'ith reasonable sized tip tabs.

Although control by each of these means was possible, it was found that in
the case of the tip control only, very large tip moments were required to reduce
the lifting capability of the rotor which involves a nose up pitching moment of
3ufficient magnitude to produce large blade tip angles. This is the result of
the pitching moment characteristic of the airfoil employed. This airfoil produces
these substantial nose up pitching moments at almost all negative angles of attack
snd positive angles of attack up to 1 deg. To reduce the rotor lift it was
therefore necessary to apply tip pitching moments which would balance the pitchi-ng
=uents from the remainder of the blade. This is an undesirable characteristic.

In the case of conventional control only a si•q'lt' problem existed. That is,
ili1i ugh reducing collective pitch and varyin• ty24lc control could be used to
-reduwe the rotor lift, it was impossible to exerc-.2i sufficient control of the
ýutboard segments of the blade to avoid stall. it waq concluded, at this point,
thst use of conventional inboard pitch control alone was impractical.
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To overcome the need for large pitching moments in the tip controlled
system, the blade elastic axis was nex- positioned slightly ahead of the
aerodynamic axis (quarter chord), the center of gravity remaining coincident
with hie elastic axis. The tip mass center of gr-vity was assumed to remain
coincident with the aerodynamic axis. Th's results in the bLade lift vector
producing a n.,se down blade moment whice acts aga4nst the nose up blade
pitching moment for positive lifts. These momerts can be made to balance at
the design lift condition. Figure 18 shows the flatwise and torsional
responses obtained from this system in trimmed flight at 10- knots, 36,500 lb.
These can be seen to be acceptr.ble. it should be noted that although only the
tip response is shown the torional deflection distribution alV.ng "he blade
displayed a gradual decreasc from the tip value to zero at the root. Thus,
there was no tendency for the blade angles at mid-radius to be excessive. With
this system it was found that increases or decreases in rotor lift could be
accomplished with much smaller tip flap moments than in the case where all axes
were coincident. It was also found that the system -tended to operate further
away from the stall boundaries. It was concluded from this study that the
elastic axis snoul3d be ahead of the aerodynamic axis in the roll-up blades.

Although it does appear feasible to use only outboard control, it is felt
that a combination of :o:.ventional inboard control and outboard tip flap nontrol
-would give the best overall results. It is considered that perhaps the use of
conventional inboard control for collective inputs and tip flap control for cyclic

r__ inputs would lead to P.a system in vihich the blade angle of attack distribution
could be "smoothed" in such a manner as to delay stall onset and also to minimize
or eliminate stali associated blade response phenomena. This smoothing is in
effect the ctpabiiitý of the tip blades to vary the blade twist as it travels
azimuthally. Use of both systems r4turally complicates the rotor syst.em desigr
but the pay-offs in aircraft control may justify such an approach.

In regard to torsional stability the systems trc-ated above had either

(a) elastic, center of gravity, and aerodynamic axes coincident atK 25% chord location,
or (B) elastic and center of gravity axes coincident at 23% chord,

rZ •aerodynamic axis at 255 chord.
R z-Ea- cf these systems was found to be stable.

Tbhe effect on otability of center of gratity axis position relative to the
elastic and aerodynamic axe6 positions was examined by respectively meving the

F center of gravity axis ahead and aft of the elastic axis by 2• chord. IMe aft
pcsition corresponded to coincident aerobyn3'r.ic and center of gravity axes.
The results ot this study were somewhat inconclusive but in neither of the cases
did any of the blade responses tend to diverge. Whereas in the -ase where the
center of gravity was moved ahead of the elastic axis a prevleusly trimmed flight
condition remained trinmed, in the aft center of gravity case a converged flight
condition was obtained. This seems to suggest that the af* center of rravity
produces a less stable system than the forward center of gravity. This is in
line with the findings of References 6 and 7.
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It is felt that further studies of this .ype require a better definition
of the actual effect the tip control would have on the torsional response of
a practical system. It wqs stated earlier that ;he program used in these
studies w s modified by inserting pitching moment coefficients on the tip
segment the blade to simulate thn tip flap effect. 1his ties the actual
ipplied moment to the actual blade tip angle of attack at any azimuth positi3n.
T. prace2ce this need not be the case since the tip flaps would be !oved to
produce any desired pitching moment. Employing such a capability would clearly
alter the blade response. This would be important in stability studies. In
any follow or studies the analysis should be modified to include this capa-
bility in addition to that of conventional inboard collective control. A
comprehensive torsional stability study would then be performed. L.mediate
Indications are that flutter and torsional divergence can be avo led.

The major conclusions to be drawn frco this dynamic analysis are

(a) ground resenaace in the roll-up system can ie avoided,
(b) by proper placement of the elastic, cente,- of gravity, and

aerodynamic axes, 'lutter and torsional divergence can be
eliminated

(c) pitch control is possi le, as is unstalled steady flight.
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(2) MAechanical De~im

Designs for both the two bladed and the four bladed confizuration were4 6eveloped. Each has itt; advantages. The t-wo bladed rotor has less drar in
the stepped position anld has a sirp~ler rotor heald es-ign. it has a vider
blade chord and therc is a wreater Lossibili`ty o.. nohievinp, thiin flat -olate
deflections which distort, the akirf il and change -s aerodynamic atnd dynamic
characteristics. Beeause t!,e ontivuxn nunber of blades is not obvious, both
tynies of rotors were carried through the detailed evalurntlon nhase.

(a) Tne Four Bladed Rotor

The four bladed rotor is show:n. in Figure IG. A basic declision f,:r this
rotor is the magnitude of the normal operating coning anrle which shou'd be
Dernitted. Low coning angglcs requir- -arge tip weights to increase centrif'u-
gal force in the blade. This thrge force makes the design of' the b~ade section
that ~nuch rmo-e difficult. F'gure 20 shows the tilp weight rea-ulred as a nc
tion of the operating coning ang~le and also the magnitude off the resulting
centrifugal force. It Is clear from this anallysis that th1'e coning angle should
be made as large as is practical ,possible because rotor zysten weight vil'l
decrease rapidly as the zoning anple increases. Beecause -.' these considera-
tions, 15 degrees has been chosen as an oneratinr coring angle. This results
_n a tID weight requ~remerit of 350 nounds.

The design requirements fo the th's flexible ROTOR BLADE_- inc~ude the re'-
cuii-ement for high tensile strensgth to sv~zrort th is tiD veip~zt, plus rintnmur
blade thickness and a p~ I-W .CUleS ma!ýterial, so that f!eulsrssscnb

minimized when the blade i-s wound or' t' (, retraction drur. With these coli-
straints, a two percent thick blade hass been designeýd. it iz made uD o"' a
thin flat structural s-nar, whiclh has 1i sezond lc'r rc-ýulus ms.terial bod'
to it '.o co-mP*1c-~ the airfoil share.

The total blade chord for the four b~nnrt is 25 inches. With a
two percent thick airfo Il share, f his results An a -ayxirrru? blade thickness of
one half inch. Ev.en with these -ve!-, thin !hiPdes, it wcul-d be difficult to
find a materisll which -would allow a hormogenteous lbladeý ccnstruc-tifon and still
nezri th- blade to be retracted on -- r e's'na-le sized, dnur . Because cf, this,
the heterogpe. ous construct ion hias b-een enosfen -with the lvI de .nale I-- of two
raterials wit-. different 1-haracterist-ics. The snnr is f-berglss .hsn0o

its high strength and lov modulus, .n-i is '-n -neries -n viriflh. -',o fl]- stran~s
P-re used, each wlth a thIckress of *Q3inches. Th7e spar s located in tbta
forward nart of the blade for bladc- balance consi derat.3o~ns. rvh is
the obvious choice for n sTnar raterial, with its h-igh stre-nrth -and. 'tow ncrdules.
With the dimensions of the chosen snar, it coull be wrarred arourd d crum as
small as six inches in diareter with'out exceedring desIrrn flexual stresses.
Eauivalernt dianeters f, a steel snajr are aboutý si-x tirps -L- nch. rait
and boron f-omposites havle higher t.-ensile streriths thnn fite- lass but also
have substgntially higher nojulus.

There was, a anest ion as to whother to -ise -tPe or ý7-tyr.e fihergý ass.
-lashes 'nth a higher strength and -a h~igher modulus 4han i-tt^e an
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it was found that there was no d*iffere-.ce in the minimiun diameter which they
could be wound around. S-type glass uas chosen, since its higher strength
permitted the use of less material to carry Lhe tensile load and th~is led to
the mirsimiurs weight solution.

TMe blade -Dar is surrounded b; a polyester material to complete the
airfoil shanoe. 1Tne polyester would have chordwise grooves cut into it every
few inches -to relieve the flexual st,-esses thet result from rolling it on
the small diameter drums. As discussed earlier, blade maSs balance is
important for the dynamic stabiiity of these flexible blades. The blade
center of mas-s must be at, or sl4i'.tl:: in front o-', the qiarter chord.
Thýcause of this req-iirement, the IC add constsructfor; aft of the spar is composed
cf ligh~tweight honeycomb constr-ietion. Normex is used for both lightweight
and flexibility. The uxpper a.nd lowLr surfa~ces of the blade are composed of
polyester sheet. The construction still d~d nct yield a blade which was bal-
anced properly &:-d 'Lead tape was added near the nose of the blade. This
brought the center of m. 3s slightly ahead of the quarter chord, asdsirted.

Thze attachment of the blade to 'Doth the inboard retraction drum and the
outboard! tip weight is achieved by wrapping the fiberglass spar material
around lugs at both ends of the blade. Whaen the blade is fully extended,
there ere still three .-raps on the drunn. This relieves stress in the 7attach-
ment Iolnt and makes a smaller Joint possible.

The RO7TOR hEAD DESIGN required for tnstypeo system Is quite simple.
DF Because of tha rhigh flexibility of the blades themselves, no hinges are

re~iie within the rotor hea6; it is moin ted ri-,idl to t6he rotor shaft.
in these designs one drum iis uised to re-tract two blae-s.

A conventional irt-culated rotor system will opv-rat with the blade:; -inl
a lagged p-zsition when drivilng !.orju!e Is at) ',',:d. TIhis .LrPAeýnerat?s an 'ntxiar.-
moment avout. the rotor shaft becausLe the blade tensile forces no longer
intersect the rotor shaft Th%- rarticular laG pozit-on wil- :ne the- angle
at which the torque due to these tensile forces is equal to the -otor- driving
t.Orque.

To a-'oid the natural te:-diing c. the lb-lades to lag, these de-iigr~s have the
rotor pre-3agged; i.e. their axes dc not, intersect tne rotor sh-aft axis, but
instead pass in front. of it. T-his elasrinates the tendency of the blade. to
lag under rotor drivilng torque. Or. these roll-up rotors, It has a furt!.-tht
adva-itage in that it eases tne prob er.; of nesting two blades onto one retrac-
tion dirum. As shown on 19rel the section of Ilades aft of thi., quartue
chords are nested ltogcther on the drum. However, because of the prelM of the
blades, the sections ahead of tne qaarter chords dc not intermesh-. This
results in mirinirzing tht: overall di-aneter of the drum -.her~ the bla-des are
wound around' It. Th-e better aerodynamic design als,.ý leads to th*e simuPcest
mechanrical diesign.

Outboard of the retraction dr~"s are blcde guit-ing roilers. The;se :Vre
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used so that all blades are in the same plane. They also give the rotor a
flapping offset in the conventional sense. The blade flapping motion takes
place at the rollers and as the blade flaps, a comnonent of its t,7nsile force4 Ls felt as a vertical force on the rollers. The product of this vertical
force and the offset of the rollers from the rotor shaft axis produces a
moment on the rotor head3. This becomes part of the total control moment zhnich

* the rotor system imparts to the aircraft.

Because of this offset, reditced tip path plane deflections ie reduced
* blade flapping) is required to produce a given control moment on the fuselage.

The RETRACTION4 MECHJANISM is quite similar to that used for the eigh~t
segment telescoping rotor~, only t~he drums are much wider to accept 'the entire
blade rather than just, a retraction cable. Hydraulic motors are again used
to drive the drums through high reduction ratio gearing. The rotor is Slowed
to 80 percent RPM before retraction to reeduce the centrifugal force which the
mechanism must overcome.

The blade TIP WEIGHT includes the m-echanism for both outboard Ditch con-
trol and aerodynamic damping. For pite control, three types of systems- were
invest.igeted. The first used a c~.ntrollable f2ying servo tab to control
blade pitch at. the tip. This would be actuated by an electrically driven
servo. The second schvime varied the angle of incidence of the blade tip with
respect to~ the tip weight, which is used to define a reference plane. This
a-lso would be controlled by an electric servo. The third scheme is a combina-
t.on of the first two, using the tip weight to generate inputs to the aero-
dynaxic servro tab mounted on the blade.

The concept of varying the incidence of the blade tip with respec't to
t h.e tip weight, although tueoret.,:ally interesting, was difficult- to design
since the tip -aeight has to be supported thsr..:giu s. bearing or. the end of the
blade wnhich allows each component to pitch independently. Thi. bearing must
hold the 150 round tip weight under an acceleration of approximately 275 g's.

Thc:: aerodynamic trim- tab requires no- such bearing, In addition L-; th-is,
the iwrodynazic con-trcl was found to be stronger and to require less now4er to
ortrate. -'.r'these reasons an aerodynami'c type rf control at the blaae tip
was chosea.

Tne bla:?e dynamikc smalysis, previously discussed, investigated the tip
t-b zontrsl:-- concept by imparting various twisting moments at the blade t.p.
This m.=#ent wýLs t'hen converted to tab siz--e and distance from the elastic
axis. A .7.1, .quare foot tab ii usted on each bUhde, with its aerodynanaic center
located ten inches: aft of the blade quarter chord. The anallybiz indicates
t-hat thia wil! prc--ice s~ufficient tip pitching mome..t on the blade for asrequate
contrcU. One of the primary tasks of %-* follow-on effort. on this conceept
should be co;icerned with a J'urther' determination of tab size. This zould be
done ty placn vrous sz as namel rotor system.

Saerx.nanmic dam~per is located In the tralling edge ofr the tip 'WeigLt,
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where its operation will minimize interference with the 'lEde lift and control
functions. A separate electrically cortrolled actuator is used to deploy two
surfaces, one above and one below the tip weight. When deployed these surfaces
remain in a fixed rigid position. Damping is achieved because of the va-rying
aerodynamic pressure on the fixed surfaces as the blade "hunt", or lead and lag
during inplane motions. Although this -aethod appears feasible, it requice3
substantial power when it is deployed. A better solution might be tO have the
area of the daomper vary as well as tbh dynamic pressure. The anount of exposed
area could be controlled by inertial effects or an accelerometer. This could
achiefe the same dar.ping effect without the high power penal-ties of tne fixed
position system. Either of these schemes would have to be developed and proven
by dyr•.mic tests; their basic concepts appear completely reasonable.

The center of mass of the blade tip weight is located on the quarter chord
of thc blade, for stability reasons.

Blade ROOT PITCH CORTrROL is achieved by passing the blade through two rollers
mounted outboard of the head itself by approximately two feet. The pitch of
these rollers is varied by a conventional swashplat". and pitch rod mechanism.
The blade is warped between the rollers and the head for pitch control. This
appears to be the simplest and liChtest inboard pitch control mechanism since
it permits the retraction wrums to be rigidly mounted within the head, and still
permits two blades to be wound on one drum.

A further feature of this pitch control mechanism is that it is hinged about
an axis passing through the head mounted blade g-tide rollers. This permits the
entire mechanism to flap with the blade without introducing unwanted pitch
variations and without ce-r.ring a portion of the rotor lift through tlc control
mechanism. As with a convention control s;stem, this mechanism could be modified
to permit mixing of blade pitch and blade flapping motions if this is desired.

(b) The Two Bladed Rotor

The design for the two bladed configuration is shown in Figure 21
All basic mechanisms end construction techrniques are similar to the four bladed
rotor. The blade chord has been doubled, sc that the totea blade area is the
same for both rotors. Tne tip weight required to give the same 15 deg--e- coning
angle is now 300 pounds per blade. To carry the resulting high-r tensile stresses
the blade spar chord has been doubled, from 10 inches to 20 inches. Two .050
inch thick straps are still used.

The use of only two blades resuits in a smaller, more simule rotor head,
with only one retraction d:ur. This drum would have to b- twice as wide as the
drums on the four bladed rotor to accept the wider chord blades.

Figure 21 also illustrates the sizri.ifIcation that (culd result if
inboard Ditch control was not required. -his is for illustrative purposes only,
since it is presently felt that both blade tin control ard blade root control
are probably required for these rotors in the comparative arallysis
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both were assumed to be present. If this design were practical with only two
blades, and with no inboard pitch control system, this rotor 'Would obviou:;ly
have the simplest and lowest drag rotor head of' any of the con:cepts studies.

(3) Aerodynaxvdc Considerations

These rotors use a two percent thick reflexed camber airfoil. Performance
was calculated using airfoil data that bad been previously developed by the
United Aircraft Research Laboratories during an ea~iier study of this type of
rotor system. This effort is reported in Reference 7.

Figure 22 -;hows lift and drag coefficients of this airfoi: at various
Mach numbers plotted a functions of angle of attack. A 'low Mach nux.. Žrs this
is based on ex~erimental results. Airfoil data for the higher Mach numbers was
gen rated based on the test data and a computed critical Mnch nimber - angle of
attac.. relationship.I ~ The hovering figure of merit rat~io correction factor for these configura-
tions is .96, if the reflex camber airfoil shape can be maintained. This was
derived from a combination of the following correction%,.

Tip Weight .97
Reduced Tip Vortex Strength 1.03
Cutout (.05) 1.02A 2.ist Washout .96
Blade I'hickness .98

The baseline figure of merit for the two bladed rotor is .617. Multiplying
this by the .96 correction factor results in an actual figure of merit cf .592.
The four bladed rotor has a figure ofl merit of .593, based on a baseline valu-
of .623 mixtuti-plied by the .96 ccrrection factor.

The question of maintaining the airfoil shape is importeant with these
flexible r-tor blades. The dyntunic aualysis has shown that the blade Is
dynamically st~able at all ra .ial locations. This increases confid'rnce in the
assumptions that the blades hold their shape, anid no fur-ther penalty has been
included in the calcu'Antion of hover performance. This rotor^ system, is penalize
in the technical risk section of the merit, rating system to account for a lack
of 103% confidence in t his area. The two bladed rotor gets penalized more than
the foul bladed hezause its large chord would tend to further aggravate any

* ~tendency to distort the ai rfoilI shar-e.

t ~Ar. item t.hat 1w, ibstantiaill. redbuce the figure of merit is the use of
t ~the aerodynamic dampetz .or avoidance oil ,ro-ur~d resonance. Although they need

V not be deployed dr-ring steady state ho.er conditions, they do have to be used
during takeoff and landing. The d.Yr~m;ic analysis disc-ussed earl.'cr showed that
two or three squatre feeT, of d~rag is required or: each, blade of the "our bluded
rotor 4.o completely avoid grotnd res!anance. The drag of two square- fec t on
each b. ade requires an additional 6,200 horsepower to drive at the normma2 rotor
tip speed of 1 50 feet per second. Thnis compahre.; tc tite b071O tota~l rotor power

requires when the aerodynatmic dam-pers Lzre no, derlnyea. -iecause of thlis, the
f31gure of m*erlt. correct ion facter of .96 wou' J drop to .1 vcthese dampers
were beilng used. The fligure of merits -or each. rotor would be cut in half.
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Although this is a very poor figure of merit, there i3 still enough
power available Lo drive the rotor system. This is because of the disc
loading which has reduced the hover power requirements substantially below the
power required to cruise the aircraft. In addition, the dampers are only used
during takeoff and landing when the rotor is in ground effect, a fact which
somewhat negates the low figure of merit.

From the above analysis it can be seen that the use of these aerodynamic
dampers substantially comnromises this rotor design. An alternate damper
design would therefore be advantageous as discussed earlier. Ground resonance
is a very real problem with these rotors, and some device such as this must be
used to alleviate it.

The vertical arag for the two bladed rotor is 1.65 percent of gross weight
for the baseline wing area of 475 square feet. This increases to a value of
2.65 percent of gross weight for a wing area of 1200 square feet. Similar
values for the four bladed rotor are 1.95 percent and 3.25 percent.

In high speed forward flight, the two bladed configuration has been found
to have superior perPl'rmance to the four bladed configuration. This is because
its parasite drag is about four square feet less than the four hlade.a rotor
head. Because these flexible rotors do not require the hinges of the other
desigas, they elim.irate the need for thc large teetering rotor head required
on the other raore itgid valuable diameter concepts. This results in the two
bladed head having lesz drag than those other concepts. The elimination of
the hinges on the four bladed version does not produce a significant drag
improvement due to the additional frontal area of the second roller drum..

The total rotor head parasite drag is:

Rotor Turning Rotor Stopped

2 Blades 8.3 Sq Ft 8.8 Sq Ft

4i Blades 12.6 Sq Ft- 12.7 Sq Ft

in addition to the rotor head contribution to total ai-'craft drag, the
basic fuselagedrag is increased 1.5 square feet in both cases. The pylon
and o•wer rotor head fairing contributes 1.3 and 2.2 square feet for the two
and four blad-c configuratious respectively. The total aircraft diag including
an allow'ance for -eakages and prcturberances is:

1ýotor Turning Rotor Stoped

2 Blades 36.4 Sq Ft 36.9 Sq Ft
1h Blades 42.1 Sq Ft h2.2 Sq Ft

As a r-sult, the power required to cruise the 62,800 pound aircraft at
250 knots is:
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TWO BIXDES FOUR BLADES

Propeller Power 7620 V 8305 UI
To Overcome Fuselage and Rotor

Hub Parasite Drag 4950 U? 5650 HP
STo 0vercome Wing Drag

(Induced and Profile) 2670 2670
To Overcome Rotor Rotational

Drag 0 0
Gearbox Losses 4o 4 5
Accessories i00 i(,0

7760 HP 8450 11P

The two bladed *ersion of th-• roll-up rotor has been found to have the
highest cruise speed of any of the concepts studied. Using the same Ul,hO0
horsepower that the S-65-300 requires at 250 knots, this aircraft can cruise
at 295 knots. Because of the larger drag of the fou: bladed rotor its equiva-
lent cruise speed is 282 knots.

-'Although these concepts do have excellent high speed performance with
the rotors stopped, the transition to the stopped rotor configuration is not
as easily achieved as in the telescoping rcotrs. From the analysis of for-ward
flight dynamics, flight above about 140 knots is n . practical with the rotors
turning. Therefore, the rotor has been assumed to be fully retracted a.d

stopped by l40 knots. The advance ratio at the initiation of retraction is
approximately 0.3.

The wing ;:ze recuired for this low speel transition must be determined as
well as the wing size required for cruise. The analysis of bvth ef ,hese mission
points zhowed that a 3080 square foot w•ina size would fulf:il. all the missor
reauirements.

The transition.anaiysis was aiscuised in Sect§can 111-2 and
illustrated in Figure 7. At the 140 knot transitibn speed thic power
available to the propellers to overcome aircraft drag is limited by the power
installed in the air-raft. Wing drag must be equal to or )ower than the thrust
available to overco:.me that drag. As shown on Figure 7 this is only possible
with a wing of 1.050 square feet or larger.

This transition power required analysis may be considered conservative
since it assumes all lift is transferred onto the wing before any rotor
retraction takes place. In a fully developed system rotor retraction would
probably occur slowly as the aircraft forward sp,.ed increased, and the rotor
would maintain some lift as .t retracted. Because the system has received
little detailed analytic and test efort at the present time, the more con-
servative apr ýach was folloved.

if the wing were sized for cruise considerations only, its size would be
somewhat different. A tradz?-off stiidy was pe: formed to determine the most
cost effective wing size. The details of this tradeoff arc discussed in Section

I1I-5 of this study. At the 62,800 pound gross weight, the nost cost effective
ving size was fotu~d to be 1080 square feet,, or 30 square feet larger than that



required for transition. This led to the selection of the 1080 square foot wing.

(:) Rotor Syste.' Weight

The total weight for the rour bladed rotor system is 5139 pounds, or 8.7
percent of the 62,800 pounds gross weight. This is broken down as follows:

Blade (h required) 442 LBS/blade -1768 LBS
Spar 6o LBs
Trailing Edge 35
Leading 2dg (Mylar) 103
Lead Tape 94j Tip Weight, Including Controls 150

Rotor Head 1877 LBS
Basic Head 1626
Spliae 80
Misc. 171

Retraction Mechanism 1794 LBS
Drums 442
Rollers 156
Drum Supports 268
Drum Drive Mechanism 362
F isc-. 66

TOTAL 5439 LBS

Tne two bladed rotor head is 726 pounds heavier with a weight of 6165 lbs.
Its weight is broken down as follows:

Blades (2 required) 1195 LBS/biade 2390 LBS
Sp~ar 120

Trailing Edge 88
LesJing Edge (V.rlqr)
Lead Tape 211
Tio Cap, Including Controii 300

71 Rotor HeA 10386 LLAS
Basic Head 1630
Spline 80
Misc. 176

Retraction Mechanism 1889 LBS
_-r ~' 508
Rollers 266
Drum Supports 308
Drum Dri.ve Mechanism 720
Misa. 87

TOTAL 66,5 LBS
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()Summary

In summary, the flexible roll-up rotors do have unique aeroelastic problems.
If these can be solved , these rotors appear very attractive. They
offer the highest retraction ratio, possibly the least drag in the retracted
position, and one of the lightest solutions.

Advanýes

. High retraction ratio. Blade can be fully stowed for
high speed flight.

* Low parasite drag
. Ligbt weight
* Sirple rotor head, with no flapping, lead lag, .-r

teetering hinges required
Simple, fail saf: L'i'e spar

* Blade constructicn o* 'ers "throw-away" benefits with no
depot level maintenance and blade handling requirements

Disadvartages

Unconventional Aeroelastie Characteristics
Need for comple:% tip weight for pitch control and
ground resonance alleviation

* Possible Material "ccchnology problems
Low transition speed requires large wing area
Rotor cannot be stopped in the extended positien
Aerodynamir damper at blade tip, with its large drag,
mky offset much of the power benefit of the low disc
loading during takeoff and .-. ding
0 our bladed head offers poor nompcnent accessibility

Blade inspection requires manual extension and special
handling equipment

• Blade electrical flight control inputs must be
transmitted through two rotary ernnections
railurp of the blade extension/retraction mechanism
leads to safety problems during rotor shut-down

. 74ao p-ýrcent thick airfoil requires small aerodynamic
compre i ses

. Cyclic motions required fro.- electric actuator at
blad& tip

If this rotor design were pursued, the followingareas would have to be
investi1gated tu~rther:

Whefetý-r both blade tip and blade root pitch control schemes
are indeed needed

",pe , feasib il.ity., and si 7e of aerodynar ic damper to
so]v- ground i-eso-ance problerms

II
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. Size requirement of the tip tab aerodyn1nic control

. For-ward flight torsion associated instabilities

. Dynamic instabilities during rotc- retract ion, during
critical maneuvers, and in pre3ence of a turbulent
environment

* Blade construction techniquen
. Aerodyna.ic characteristics of this airfoil sections
. How to assure blade tri.cking and dynamic balance
. Blade erosion prevention
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c. Roll-up Rotor, Pneumatic Blades

An alternative to the thin solid blades for the roll-up rotors would be
a pneumatic blade. This would be inflated when the rotor is deployed to
give a more conventional thicker airfoil shape. With appropriate construction
techniques, it could provide substantially higher torsional stiffness than
the thin flexible blade. Although the present analysis doe- ,ot indicate that
higher torsional stiffness is a requirement for these blade., more detailed
analysis and model tests may conclude that this is desirable.

The following pages discuss the differences between the pneumatic and

the thin bladed roll-up rotor.

(1) Mcchanical Design

The mAjor differences in the design of this rotor and the design of
roll-up rotor discussed in the preceding section are confined to the blade
construction itself. The rotor head, tip weight, and control mechanisms are
basically the same as those previously described.

A cross section of the pneumatic blade is ahown in Figure 24. It
has been designed using the Goodyear "airmat" type Cf constructio%, as described
in patent #2,967,5T3. The blade is made of rubberized fabric with nylon"drop
threads" connecting the upper and lower blade surfaces. Under pressure the
predetermined airroil shpae is achieved. Without pressure the bla-de so.ction
can be compressed and wound on retraction drums. The blade is divided
lengthwise into two separete chambers so that the trailing edge chamber can
be held at a lower pressure than the leading edge chamber. This permits
a lighter weight construction for the aft. portion of the blade and aids in
blade balance. Lead tape is still required in the leading edge to completely
balance the blade about its quarter chord.

Blade tip weights for the pneumatic: blade are the same as for the thin
solid blades. Blade tensile loads due to centrifugal force are albo similar.
To achieve adequate tensile strength fiberglass spanwiue filaments are
incorporated in the blade upper and lower surfaces. This provides the required
tensile strength while remaining thin enough to be wound on the retraction
drums without exceeding allowable flexual strains.

The blades are pressurized by engine bleed ais. This will not penalize
engine performance since once the blades are blown up, very little furtiier
bleed air is required. The inflation cycle will occur either on the ground
before lift off or, when landing, during a lciter segment as the rotor system
is deployed. Air Is ducted from the engines through plumbing which includes
two rotary slip rings, one in the rotor shaft and the second in the retraction
drums. A chc-rdwise membrane is used just outboard of the blade pitch change
mechanism to close off the penumatic chambers. To simplify the inflation
mechaninsi, inflation is not initiated until the blade is in its fully extended
position.
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Operating blade pressure requirements are not easily determined in a
s4tudy of this depth. It has been determined that the maximum aerodynamic
induced pressure load on the blade is on the order of 4.8 pounds per square
inch. Sc the blade will not be deformed under its operating airloals, a
pressure of 12 psi in the leading edge chamber and 6 pi. in the aft chamber
has been assumed. The question of how =mch pressure to use is not critical
in this design since the construction lends itself to higher pressures
should it turn out that these are required.

For deflation, a Ineumatic relief valve is employed at V blade tip
which uill allow the air to escape as the blade is retracted.

Patents 3,184,187 and 3,29S,142 show an alternate construction for a
pneumatic blade. Here the blade is made up of two resilient shests joined at
their edges, with collapsible spares between them. With the spars deflated,
the blade is ftat enougbh to be rolled on the retraction drums. After the
blades are extended, the spars are preszurized to obtain the desired thickness.
Th. s construction would appear to offer feý advartages over the airmat.
Inflation and deflation methods would be similar, but the blade construction
techniques would be more difficult. The blade skins would have to ie of some
type of stiffer material such as thinmetallic Eheets, since they ar-! only
supported locally. The airmat construction is supported by internal pressure

Sover its entire area. The stiffer material would make retraction more diffi-

cult and perhaps require larger diameter retraction drums.

A distinct advantage of this stiffer skin construction would be its
•1 torsional characterlitics. If the edges of the two surfaces could be held

rigidly together, the blade would have some torque carrying capability. This
would perhaps permit a design with inboard pitch control only. This advantage
by itself does not seem to warrant the more complex blade construction required.

the Torque carrying capability could be added to the airmat blade by wrapping
the blade with graphite or carbon fibers at 45 degrees to the blade axis.
These could be made to provide the desired torsional stiffness while still
being thin enough to permit winding on tne retraction drums.

(2) liamic Considerations
Reference (2), showed that a 2% thick airfoil has a lower maximum lift

coefficient than a conventional 0012 airfoil. This caused the thin blades
to encounter retreating blade stall at lower advar.ce ratios that would be the
case vith thicker airfoils. From this viewpoint, the pneumatic rnll-up
-rotor has an advantage over the thin airfoil system. The pneumatic system does
have the distinct disadventage in that it requires a blade inflation system
which &Ads to the design, complexity, weight, and maintenance equirements.

The pneumatic roll-up system can be given similar eiastiv properties to
the thin airfoil system previously discussed. It would then possess the
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same ground resonance and torsional stability characteristics. There does not
in general appear to be any areas where major differences in aeroelastic
respons.' characteristic- -Are expected, 2-cept possibly effects resulting from
distortions of the penumatic blade airfoi) section. Consideration in the
pneimatic system miast be given to ballistic or foreign objact blude damage.
A blade which would deflate as a result of small arms damage woUd be unaccept-
able. Means would therefore have to be sought to provide some type of self-
sealing -apability.

(3) Aerodynamic Considerations

The performance of this rotor is similuir te th~at for thin rolt-uo.
rotor as described in the preceeding seztion. Irs the four bladed configuration,
its hover figure of merit is .6!., based on a figure of merit ratio correction
of .97 applied to a tageiine value of .616. This correction factor is 1%
higher Lhan uhe thin rol.-up rotor, and is based on the following individual
corrections.

Tip Weight .97
Reduced Tip
Vortex Strength 1.03
Cutout (.05) 1.02
Twist Washout .96
Blade Imperfections .99

The two bladed r,' .r has a figure of merit of .598, and has the same
correcticn factor.

The baseline vertical drag and parasite drag are the same as for the thin
rol•-uD rotors. The vertical drag for the two uladed rotor is 1.65 percent of
gross weight for the baseline wing area of 475 square feet. This increases
to a value of 2.65 percent of gross weight for a wing area of 1200 saue-re
feet. Similar values for the four bladed rotor are 1.95 and 3.25 T.ercent,

The total aircraft drag including an allowance for leakages aad protuber-

ances is:

Rotor Turning Rotor StoDped

2 Blades 36.4 Square Feet 36.9 Square Feet
4 Blades 42.1 Square Feet 42.2 Square Feet

The power requirements at the 250 knot speed used for these comparisons
are also similar to the thin solid roll-up rotors;

Propeller Power 8355
To Overcome Fuselage and Rotor Hub

Parasite Drag 5600

(Cont 'd on next page)
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N

To Overcome Wing Drag (In'iuced
and Prof-,le) 2755

Tc Overcome Rotor Rotational
Drag 0

Gear Box Losses 45

Accessories 100
8500 HIO

Transition to the stopped rotor configuration Is also similar to the
thin roll-up rotors. The rotor has the same dyndmic characteristics as the
other roll-up rotors at moderate forward speeds and the rotor is assumed to
be retracted and stopped at 140 knots airspeed. Figure 25 shows the
power requirement during this transition, plus other pertinent parameters
plotted against forward speed. The aircraft has the same maximum speed
capability as those with the thin roll-up rotors; 295 knots in the two-
bladed configuration and 282 knots in the four-bladed configuration.

_(41 Rotor System Weight

The total weight for this rotor system in a four-bladed configuration 's

49&0 pounds or T.9 percent of the 62,800 pound gross weignt. This is 460
pounds lighter than the thin flexible roll-up rotor. The weight is brok.n
down as follows:

Inflatable Blades (4 required) 322 Lb/Blade 1288 Lb

Spar 59 Lb
Trailing Edge 11
Rubberized Fabric 54
Lead Tape- 33
Miscellaneous 15
Tip Weight including Controls 150

Rotor Head 1877 Lb

Basic Head 1(26
Spline 80
Miscellaneous 171

Retraction Mechanism 1815 Lb

Drum 4442
Rollers 156
Drur Supports 268
Dlrum Drive Mechanism 862
Miscellaneous 87

Total 4980 Lb
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(5) Suar

The pneumatic bladed roll-up rotor has much in common with the thin
flexible rotors described in the preceeding section. In addition, it has
further advantages and disadv#antages as.' ite~i-zel below:

Advantages

. More optimum airfol shape

. Blade eoald ix- cons-ruetcd with higher torsional stiffness she-.ld this
become necessxat

Disadvanrtage

. Added comp1erity ef pnewatic me-chanism

. higher development risk than thin roll-up -otorI Possible need for 3ealed blale compartments to prevent complete
blade collapse from bailistics damage

If this rotor desigw iere pursued, the following are.•t would have to be
investigated. These are in addition to the items listed in the preceeding
section for thin flexible roll-up rotors.

. Problems associated with blade inflation

. Maintenance of blade pressare &fter balliatic d6mage, and
during autorotation with all engines -itprative

0 Pressures required to maintain blade shape under • flight
conditions

. Any unique fabricat"con probleme-
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d. Alternate Approaches for .oll-un Rotors

Both the roll-up rotor using thin flexible blades and the roll-up rotor
using pneumatic blades were investigated in this study. Certain other roll-up
rotor concepts and modifications of tne study concepts were revealed luring
the literature and patent search. These were not studied during this program,
bit certain comments are ir,...-ded in the following discitssion on two of the
more interesting designs - the catenary rotor and the control line rotor.

(1) The Catena.' Rotor

Patent number 3,188,020 proposes the use of a varying blade chord with the
F1 tip weight supported by catenary cables in the leading and trailing edge of the
54 blade. This system could be used to place the flexible blade in chordwise

tension when centrifugal force puts the catensry cables in tension. Although
this would tend to solve any chordwise deflection, this concept is n9t without
compromises in other areas. The variable chord Is not close to any optimum
aerodynamic ideal and would require larger retraction drums within the rotor

W1 head. This would further increase rotor head size, weight, and parasite drag.

P. preliminary dynamic examination indicates that this system is subject to.
prob.,-ms similar to the other roll-up rotors. Specifically, ground resonance,
pitch control, and torsional effects. Although the concept appears to be as
feasible dynamically as the roll-up rotor in hover and steady forward flight,
it may not have any improvement In gust response characteristics.

For system gross weights of the order of those considered in this report,
the catenary cable rotor does not appear to have any advantages over the fixed
chord roll-up rotor i:- regard to aercelastic characteristics.

in summary, the inclusion of the catenary cable feature in the roll-up
rotors uoes not seem warranted at the present time. If further development
shows that chordwise deflection is more of a problem than presently anticipated,
this might be a feasible solution to the problem.

(2) The Control Line Rotor

The control line r.tor concept uses an outboard rigid blade segrent, which
is connected to the hub by means of two cables. The length of the rigid segment
may be on the order of twenty percent of the blade radius. With this type of
construction, the control line rotcr is a compromise between the roll up rotors
and the more rigid types. It allows reasonable retraction ratios, since the
cables can be reeled in to reduce rotor diameter, and yet the rigid outboard
segment is not subject to the many deflection problems of the roll-up rotors.
Blade pitch control would be achieved by using a blade tip aerodynamic control
surface, as with the roll-up rotors.
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The most o"ivicus drawback to this concept i:- !'te fact that it cannot
achieve the high rnetraction ratios of the pure reli-up concepts. If the rigid
segment has a length of twenty percent of the blade radius, for example, the
rotor retraction ratio would be on the order of 4 to 42½ to 1.

Pitch control and torsional stability would seem to be sole to be handled
as in the roll-up rotor, except that use of any conventional inboar& control is
not feasible, since the blades have essentially zero stiffness. The first
torsional natural frequency of these blades will be very close to one per rev;
tais might lead to pr.blems associated with flap/torsioa coupling, since the
fVXst flatwise frequency of the blades will also be close to one per rev. The
roll-up rotor had a first torsional frequency of about 1.6 per rev, which reduced
-this coupling.

Ground resonance in tnis system could present a bigger problem than in the
-roll-up rotor. The only inplane stiffness this system has is produced by
centrifugal force. It will behave as an inplane articulated system. The
inplane natural frequency ir terms of cycles per rev. will remain essentially
constant uo matter what the rotor radis. As pointed out in the discussions
on the roll-uL rotor, this could have Eerious consequences. If drag vanes are
employed to give aerodynamic damping, the effective damping produced by a constant
drag vane drag area is reduced as the radius is reO.'ced and this aspect would
certainl•, require some further study.

Work is also required to examine controllability and torsionaý stability.

From the above it is felt that the control line rotor does have some
serious drawbacks of its own, particularly in the total retraction ratlo achievable.
On tbe other hand, the unusual dynamic and control problems of the roll-up rotors,
which the control line rotor might help to solve, were not found to be 4nsur-II mountable. As sucb, it would appear that the control line rotor is not as
promising as the roll-up rotor types descr>-d in the preceeding sections.
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The inplane fold rotor has two blades with vertical fold hinges at one-
thiri blade radius tc permit the blades to be folded alongside the rotor herd.
As such, it has a retraction ratio of 3 to 1. Unlike the other rotor types,
the blade diameter cannot be retracted gradually, due to the unsymmetriE
distribution of airloads on the blade during folding. This would appear to be
the iwjor disadvantage with this concept.

(1) Mechanical Design

This rotor design is shown in Figure 26. A two-bladed tee! ring
rotor head is used with 50 inch chord blades. These blades huve an aspect ratio
of 15.3. This gives them reasonable static strength, and they can be stopped
in the fully extended position. Titanium is used throughout the rotor head;
the bearings are of the elestomeric type. The control linkage is similar to
that used on the eight segment telescoping rotor, with a ronventional swashplate
controlling the blade through a linkage which passes through the teetering
hinge.

Because of the nature of the folding, the dynamic and aerodynamic loads
on the blade during foldimg result in moments about the feathering bearings.These have to be reacted by tha control system, unless a further feature is

added to carry this moment. Inthis design, a pitch lock device is included in
the rotor head to lock the pitch mechanism during folding, and prevent these
loads from being felt by the control system.

Between the rotor head and the hinge mechanism is an elliptic tube. Besides
carrying blade loads in conventional flight, it must also ePrry these high
torques during blade folding.

Outboard of the tube is the RETRACTION MECHANISM. This employs a hydraulic
power cylinder and blade coupling linkage, using the trailing edge blade cuff
pin as a pivot to rotate the outer blade segment to a stowed position. Locking
pin cylinders insert and retract the leading edge lock pins at the command of
operational sequence valves and relays. These protect against inadvertent
operation,

The hinge must carry the high centrifugal force from the outboard blade
section and it is also subject to significant oscillatory flexual loads. Thecombination of both. of these causes the hinge fatigue characteristics to be a
critical design consideration.

A capturing_ mechanism has been included to hold the blades in the folded
position. This is also shown ii, Fi ure 26. An arm extends off the trail-
ing edge of the blade. During foJAing, this arm is "captured" by a mechanism
bolted to the elliptic head extension tubes. A locking pin holds it rigid in
the folded position.
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The blade outboard of the folding hinge i., of conventional constructlcn.[ One of the advantages of this concept Is that virtually no compromlse is
:equired, either aerodynemically or structurally, in this blade. The spar
is tapered titanium with a titanium sheet outer sk:in. Honeycomb is used in
the trailing edge and maes balance weights are located ahead of the spar.

During folding, the airload assymetrics which result from gusts and other
disturbances effect the aircraft. stability. This may be critical since con-
ventional controls cannot be used to alleviate the problem. •fis study did not
carry the analysis of this problem into any depth. It is thought that perhaps
a spoiler will be necessary on the blade to destray its response to gusts
during blade folding. This would further complicate the blade design.

(2) Dynamic Consideratiors

In the area of general aeroelastic characteristics in the normal helicopte-
mode, the only part of the design thdt could produce significant differences
betueen this and a conventional blade is the hinge. It produces both mass and
stiffness discontinuities which are not common to cotaventional blades. An
effect of these will be to alter certain blade modi shapes and hence the blade
respc.se in these modes. This is not expected to produce any real problems.
To avoid adverse effects on the blade flutter characteristics, the hinge should
be quarttr- chor-d balanced. Clearly, slop in The hinges cannot be tolerated.
Thi fact 4hat the hinge is situated at an outboard blade station, makes it
subject both :o substantial ce.itrifugal loads to oscillating bending loads.

Most of the problems associated with this system exist during and after
blade fold. For example, if the system encounters a 50 fit/sec vertical gust
when the blade fold angle is 900, the outboard blade segment can impart a
torque of 20,000 ft.lb. on the inboard section. Since the blade root torsional
motion will be locked out during folding, this torque will not be felt by the
coztrol system. It is,nevertheless, a large torque which the inboard blade
section must react. In addition, if the torques vary between the two blades,
a resulting upsetting moment will be felt by the airframe.

Two methods of folding were investigated. The first incorporates a Powered
fold mechanism (which complicates the blade design) for controlled folding.
In the second scheme, the hub is decelerated to allow the outboard blade segment
to fold under its own momentum. A short anslysis was conducted whi!h assumed
this latter type of folding. The analysis ignored aerodynamic effects. The
f:rst case assumed the hub to be decelerated from normal rotor speed to a stop
in 10 seconds. This is equivalent to a constant deceleration of 1.21 red/sec. 2 .
It was found that the outboard uection took 10.6 seconds to travel through an
angle of 180 deg. and that the kinetic energy of the blade at this time was
approximately 24,000 ft lb. For a 30 second deceleration time, the blede kinetic
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energy at 180 deg. was eb,,ut &100 ft.lb. A blade snubbing mechanism would
be required to absorb this energy without allowing rebound or causing undue
-blade stresses or damage. Tis idea seems to be completely impractical.
If during the folding there ;s any unusual occurrence which causes the outboard
blade segment to lose momentum, it may never reach the snubbing mechanism in
which case it would be out of control. This ý.ould have disastrcus consequences.
Because of this, it is felt that a :ontrolled fold is mandatory.

Folding this system at othcr than zero rotor speed will require a substantial
amount of power. Consequently, the fold mechanism will be required to transmit
this power and react the outboard blade segment loads. These requirements lead
to a heavy fold mechanism. If the ro.or is stopped prior to folding, stopped
rotor phenomena becomes important. Sikorsky Aircraft has done a substantial
-amount of wort in this area; this is described ir detail in Reference 9. A
significant finding of this work was that fcr successful conversion i.- rough
air, very stiff blades are required. Clearly all articulation must be locked
ouV. This requirement will again lead to weight penalties.

The aerodynamic environment of the stopped/folded configuration is also an
area of concern. Interference effects between all of the blade segments will
cause complex loadings of the Zolded blades and may subject the aircraft to1 • buffeting which could result in undue airframe response. This wo•ld certainly

have an adverse effect on the aircraft structural integrity. The drag on the
folded blades must also limit speed potential.

In summary, this system appears to have problems associated with it which
will require "heavy" solutions. It also appears to be a high risk system.

" (3) Aerodynamic Considerations

The inplane fold rotor ', the only variable diameter concept that permits
the optimum aerodynamic desizn of the blades. Use of this freedom has of:'set the
figure of merit loss of the rotor caused by the large root cutout. "'he figure of
merit for this rotor is .616. This is based on a filgre of merit ratio correction
factor of 1.00, which is the sum total of the following corrections:

Root Cutout (.3r) .96
•Locking Mechanrism Dra Interference .98
Blade Fold Hinge .99
Advanced Blade Tip 1.03
Advanced Blade Twist 1.05
Inboard Blade Taper .99

The large root cutout reduces vertical drag to !.45 percenit of gross weight for
thhe basie wing. This increases to 3.65 percent of gross weight for a 1350 square
foot wing.

Low speed performance of this rotor is good but transition and blade folding
must be accomplished at a speed of 140 knots to reduce blade instabilities during
folding to a tolerable level. The advance ratio at the start of retract-ion is
approximately- O. 3.



Unlike the other variable d3ameter rotor types, the blades on the folding
rotor cannot be retracted gradually. This is one of the major disadvantages
of this concept. This low forward speed at which rctor folding must be per-
formed results in a requirement for a large wing size and also means that
power requirements are high diaring transition. High speed performance also
tends to be limited by the large exposed blade surfaces. At 62,800 pounds,
this aircraft can cruise at 28- knots using the same power that the s-65-300
requires at 250 knots.

The components of the power required by the inplane fold rotor at 250 knots
are as follows:

Propeller Power 8900 HP
To Overcome Fuselage and Rotor Hub
Parasite Drag 5700

To Overc.ome Wing Drag
(induced & Profile) 3200

To Overcome Roto'r Rotational Drag 0

Gearbox Losses 45
Acceas ories 100

Total 9045 HP

Figure 27 shows the po;er rcquirements of this system as a function
of forward flight speed, along with the lift shar-ing, fuselage pitch attitude,
and wing flap deflections necessary to sustain level f!•jnt.

()Rotor aSstemn Weight

The total weight for this rotor system is 8,741 lbs or 1,.9 percent of the
62,800 lbs gross weight. This is broken down as follows:

Inplane Fold Blades (2 required) 2062 lbs/blade
Basic Blade 1253 lbs 4124 lbs
Torque Ttbe 809

Rotor Head 3331 lbs
Teetering 'U' Beam 1i87
Rotor Head Housing 870
Spindle 524
Sleeve 5 46
Spline 80
Miscellaneous 124

Blade Fold Mechanism 1286 lbs
Fold Hinge 319
Pitch Lock 312
Blade Lock 170
Clyinders 275
Fold Pins 106
Hydraulic System 264
Miscellaneous 40

Total 8741 lbs
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The inplane fold rotor is -heavy and also recrpires a large, heavy wing
0 , for its low speed transition requirements. It is also not capable of sustained

flight at any intermediate rotor diameters between the fully extended and fully

Aretracted positions. -

. Fairly ec iventional aeroelastic characteristics

. Blade can be designed for optimum aerodynamic shape without
coppromising blade~dynamics or design.

0 Rotor head simplicity with few major components.
. Blade construction leads to field level repairability
0 Rotor may be stopped in extended position

Disadvantages

. High -ntor weight

. Required low speed transition leads to large wing size requiremeuts

. Flight at intermediate diameter positions impossible
0 Retraction ratio of only 3 to 1
. Difficult to control outboard half of blade during folding

! I. High drag of stopped blades

et . Head and blade torque tube are one unit and require disassembly
for ease of handling

. Dependency on hydrsulic and electrical system coordination for
SI safety during blade extension and retraction.

SIf this rotor design were pursued, the following areas would have to be
Sinvestigated further:

. Response to gusts during blade folding/possible necessity of blade
I |spoiler to reduce response

* Aerodynamic effects on folded systemI * Further analysis of powered fold vs "momentum" fold, method of
S! stopping the bla4e after a "momentum" fold, and the associated

blade and rotor head loads.
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f. Two Seaent Telescoping Rotor

Tte two segment telescoping rotor does not offer the high retraction

-ratios that can be obtained with the other concepts explored in this stufy.
1 Hovever it does offer a 1.7 to 1 retraction ratio and at a relatively lower
•I technical risk. It is the one .concept which is receiving serious attention
I in the industry, with Bell, Sikorsky, and others developing their own versions
i1 of it.

It was not the intent of the study to rate the various proposed two segment
telescoping rotors against each other. The general concept was instead rated
against the other variable diameter rotor schemes. The specific design used
in the study was Sikorsky's TRAC system, vhich was chosen because the study
team was most familiar with it. This is not to imply that W trade-off
studies were performed during this pregram to rate the various two segment
telescoping rotor systems.

The desired hovering disc loading of five pounds per square foot results
in rotor diameters of over 120 feet for the size aircraft used in this study.
With a retraction ratio of 1.7 to 1, the retracted diameter of the two segment
telescoping rotor would still be approximataely seventy feet. This was not felt
to be practical and was also deviating from the original objective of this study,
which was to achieve a small retracted diameter. Because of this, a hovering
disc loading of 10 prf was assumed for this concept. This results in an 89.4 foot
hovering diameter at 62,800 pounds gross weight, with a retracted diameter of

52 feet.

(1) Mechanical Design

The TRAC rotor system is shown in figure 28 and a schematic drawing

of the blade is shown in figure 29. The basic mechanism is a Jack-screw
which serves as a primary tensi.on member of the blade. Rotation of this screw
imparts a line'ar retraction or extension motion to the retention nut and,

through tension straps, to the outboard half of the blade which is the main
lifting member. A torque tube encloses the Jackscrew, transmits blade pitch
control motion to the outboard blade, and carries bending moments across the

sliding joint. The torque tube has an elliptical cross section to reduce
eodynamic drag when the blade is extended. When the diameter is reduced to
idnium• value the torque tube is enclosed by the outboard blade.

The TRAC rotc-r head and transmission arrangement are shown in figure 30.
The rotor head is similar to a standsrd Sikorsky fully articulated offset hinge
rotor system. Xnside the rotor head is a differential gear set which is the
heart of the mechaitism. Both upper and lower bevel geirs of this set are con-
nected. by coaxial shafts to a clutch or brake at the bottom of the transmission.
Stoppin$ the lower bevel gear with respect to the fuselage forces the pinionsj of the gear set to roll around Yhe bevel gear and thus turn the Jackscrews and
retract tue blades. Praking tb• upper bevel gear reverses the motion and extends
the blader.. The diZferential iears are always full engage; aLd the t4ades
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are ccmpeeteiy syncnronizea. no separate power suppiy is requirea as tne
system is driven in both directions by the main shaft. Rotor diameter is
under direct control of the pilot and is not influenced by aerodynamic
forcee or torques.

Use of the jackscrew provides irreversibility in tae mechanism. For
safety reasons, the Jackscrev has been designed to operate at 50 percent dynamic
efficiency. At this condition the torque of the jccksciev due to dynamic
friction Is equal to the useful torque required to retract the blade. Since
the coefficient of static friction is greater than that for dynamic friction,
the blade ,il-l remain at any degree of extension, even in the absence of a
locking device, when the retraction brake is disengaged. The dynamic efficiency
of 50 percent also provides for constant speed during retraction. Kenetic
enerZ is dissipated by friction at iust the rate required to cause the blade
to retract. There is no tendency for the retraction speed to increase or
decrease.

The outer blade has a chord of 2.92 feet and a sixteen percent thick
airfoil. The inboard blade (torque tube) has & 1 foot chord and is a 33 percent
thick ellipse. TVo bearing blocks are utilized for the sliding contact. One
is attached to the outboard end of the torque tube and one to the inboard end
of the outer blade. The main -structural load path is through the Jackscrew and
tension strais. The bearing blocks provide structural redundancy as they are
also designed to carry the centrifugal loads into the torque tubes. The outer
blade spar is an aluminum extrusion with a sheet aluminum and hot-'ycomb sandwich
aft section. The jacksct v and tension straps are steel. The torque tube is
titanium.

(21) Dynamic Comsiderations

Sikorsky Aircraft has devoted a consi4erable amount of analytical and
experimental research into this rotor concept. The work. conducted and the salient
features of the -nvestigations are discussed in detail in Reference 8. Only a
brief discussion of thia research will be given here.

The significant aspect of this research has been that no major problems
associated with the concept have been found. One might hav, expected that the
retraction and extension cycle may have produced blade response problems since
this causes the blade natural frequencies to vary continually and to cross rotor
speed harmorics. No such problems were in fact encountered, tb-. diameter
changr's being performed in forward flight with low stress and minim-n disturbance.

The Cvnmics-analysis of the TRAC rotor has shown that it is completely
feasible. The aeroelastic analysis of the blade indicated satisfactory stresses
in all flight modes. With the relatively short total time spent in the "orward
flight pure helicopter (extended diameter) regime, a good fatigue life is
achieved at a reasonable rotor system weight.
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The unusual feature of a sliding Joint mid-way along the blade and the fact
that the outboard blade segment is in compression rather than tension made it
necessary to develop a special computer program for aeroelastic analysis of this
structure. This analysis accounted for the compressive loading of the outboard
blade, the multiple load paths (torque tube and Jackscrew inboard, rotor blade
and straps outboard), and the different section aerodynamic characteristics of
the conventional airfoil and elliptical torque tube.

The outer blade compressive loading has a very marked effect on the first
blade bending mode at high tip speeds. This effect is seen first as a gradual,
then as a very rapid decrease in the frequency of the mode. For the system
studied the frequency reached zero at a tip speed of 1030 ft.sec. This point
would correspond to buckling of the outboard section. The point actually
occurred at a 50% overspeed condition. Although in this case this is well removed
from the operating speed, this indicates a dynamic aspect to be considered in
future designs. The accuracy of the analysis was verified by whirling a number
of simple structural models until they collapsed under compressive buckling.

By retracting its diameter, the two segment telescoring rotor extends the
aeroelastic boundaries of the conventional rotor system. Blade area is reduced
and the blade mass is concentrated over a shorter distance. This grcatly
reduces the ratio of blade aerodynamic forces to inertial forces and results in
imp-roVed blade flap stability at high advance ratios. Unlike all of the other
systems investigated, this rotor has no dyneric instability problems within the
range of speeds considered in the study. It is only concept which does not have

E7 Ito be stopped at some speed below 250 knots.

(3) Aerodynamic Considerations

The two segment telescoping rotor offers improved performance with a minimum
of airc_-aft changes. The main rotor is retracted beginning at speeds about
120 knots. This method offers large power an'd fuel savings at speeds from 160
to 250 knots. Transition to cruise is a continuous operation, eliminating
velocities with a high power demand in the intermediate speed range. A 610 square
foot wing is used to offload the rotor.

The maxim=n speed of the aircraft is 281 knots, using the same power that
the S-65-300 baseline requires to achieve 250 knots.

The figure of merit o" this rotor is .605. This is derived from a figure
of merit ratio correction of .95 applied to a baseline figure of merit of .637.

Accounting for the effect that large root cutout has on minimizing vertical
drag, the vertical drag of this design with its 610 square foot wins was computed
at 3.( p4rcent of design gross weight.

The airframe is similar to that of the baseline S-65-300 so that the only
parasitc drag changes are for a 10% rotor head size increase and a longer fuselage
length to accommodate the tail rotor. Parasite drag (excluding wing drag) was
computed at 37.4 square feet. To cruise at 250 knots (the maximum speed of the
baseline S--65-300) requires 8890 horsepower. This pover is consiuned as shown in
the following breakdown.
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Rotor Horsepower 20 HP
Propeller Power

to Overcome Fuselage and Rotor Hub
Parasite Drag 4495

to Overcome Wing Induced &
Profile Drag 3000

to Overcome Rotor Rotational Drag

including H Force 830

Tail R otor & Rotor Gearboxes t00
Ac-cessories 100

• •Propeller Gearboxes 45

TO0TAL 8890 HP

Figure 31 shows the power requirements of the system as a function
of forward flight speed. Also shown is the lift sharing, fuselage pitch
attitude, and wing flap deflections necessary to sustain level flight.

(4) Roor- System wei•tt

The total weight for the rotor system is 9792 pounds, or 15.6 pereent of
the 62,800 pounds gross weight. This is broken down as follc~s:

Two Segment Telescoping Blade 960 LBS/BLADE 3840 LBS
Outboard Blade Segment 546
Inboard Segment (Torque Tube) 411

Rotor Head
Hub 850 3690
Hinges 520
Sleeves 4i8Spindles 400

Damapers 420
Bearings 625
Misc. 957

-Retraction Mechanism 2262
Screw & Nut Assemblies 134o

Drive Mechanism 855
Misc. 67

TOTAL 9792 LES

(5) c-= ary
In summary, the two segment telescoping rotor does not offer the high

retraction ratios desired, but it does have a lower technical risk than any
of the other rotors studied.



Advantages

. Low technical risk
No dynamic instabilities to limit rotor operation at the
speeds investigated in this study
E Excellent transition characteristics with no excess power
requirements in the transition range, due to the gradual
diameter retraction

* Rotor may be etopped in extended position

Disadvantages

• Low retraction ratio
. Higher downwash velocities resulting f'rom the design disc loading
* More difficult for application to a higher speed stopped rotor

configuration than other concepts investigated in this study,
due to the large rotor retracted diameter.

* Damage to blade or tube necessitates removal for depot' level
overhaul

* Difficulty in providing pilot/mechanic with blade integrity check
° Possible damege to tube or blade in flight could prevent extension

and/or retraction.
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4. COMPARATIVE RESULTS AT INITIALLY ASSUMED GROSS WEIGHTS

This section siummrizes the aircraft designs at the originally assumed
gross weight of 62,800 pounds. Because of the penalties associated Uwit.h the
variable diameter rotors, none of the aircraft can perform the S-65-300 mission
at this gross weight. Therefore, each design was resized until it could perform
the desired mission% this resizing effort is discussed in the next section of
this report.

a. Aerodynamics

All aircraft were sized to perform the same mission. This included:

ii0Four minutes at normal rated power, 25C.G feet, 95 F,
to account for varm up and take-off.

* Climbing at 1000 feet per minute to 12000 feet at
either 150 knots forward speed or maximum rotur
forward speed, whichever was slower

. Cruicing at normal rated power at 12000 feet, 16.?°F

- Descending to 2500 feet and dropping payload.

* Returning to 12000 feet and cruising at normal rated
power, returning to the original starting point

• Landing with ten percent fuel reserves.

The mission radius was 250 nautical miles, end included the climb, cruise,
and descent stages of flight.
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(1) Rover

For hovering performance, the critical parameters are the figure o1 merit
and the vertical drag of each concept. These are shown on the following table.
Vertical drag values shown here assume the 475 square foot wing -;ize of the
baseline aircraft.

TABLE V HOVER PERFORMANICE
FIGURE OF MERIT AND VERTICAL DRAG

62,800 LBS GROSS WEIGHT

VERTICAL DRAG
CONFIGURATION FIGURE OF MERIT % OF GROSS WEIGHTT

Baseline, S-65-300 .653 6.43
Eight Segment Telescoping .628 !.65
Roll-up Flexible Rotors

Thin Airfoil
Two Blades .592 1.65
Four Blades .598 ^.95

Pneumatic Airfoil
Two Mlades .598 1.65
Four Blades o601

Inplane Folding Rotor .616 1.45
Two Segment Telescoping .6o5 ".80
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(2) Transition

The critical parameter associated with the transition phase is the speed
at which the rotors must be retracted and stopped. This is usually determined
by the aeroelastic characteristics of the rotors. This requirement sizes the
wing necessary to transfer lift off the rotor as the aircrV increases in for-
ward sr^ed. In addition to sizing the wing this way, an independent analysis
was performed to determine which wing size was most cost effective for each
design. The procedure for this analysis is described in Section III-5a(3).

The results of these studies are shown on the following table. The final
wing size chosen was that determined by the cost effectiveness analysis, since
in all cases this wing was larger than that required for transition.

TABLE VI WING SIZE
62,800 LRS GROSS WEIGHT

POST COST

EFFECTIVE
CONFIGURATION TIANSITION PERFORMANCE WING SIZE

TPRMSITION
TRAMSITIOrs WING SIZE

SPEE1) i&QUIREMENT

PFaseline S-65-300 2 475 ft 2

Eight Segment Telescoping 220 knots 630 ft 2  750
PRoll-up Flexible Rotors

Tiin Airfoil 1140 1050 1080
Pneumatic Airfoils 140 1050 1080

Inplane Folding PIotor 14o 1050 1180f wo Segment Telescoping 275+ 475 610

(3) Cruise

Cruise speed perfoizance is affected by the parasite drag of each concept.
Table VII , on page 123, gives the parasite drag sw'm.ary for each aircraft.
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TABLE VII PARASITE DRAG SUMI.ARY
62,qoo LBS GROSS WEIGHT

PYLO!N ROTOR
FINFGURATION FJSELAGE DELTA HEAD TOTAL

Baseline S-65-300 22.1 - 10.0 35.3
Eight Segment Telescoping Rotor

Rotating 23.4 .4 16.4h h .
Stopped 23.4 .L. 16.4 44.1

Roll-up Rotor, Two Blades
With Inboard Pitch Control

Rotating 23.4 1.3 8.3 36.4
Stopped 23.4 3.3 8.8 36.9

.. thout Inboard Pitch Control
Rotating 23.4 J.3 4.9 32.6
Stopped 23.4 1.3 6., 33.9

Roll-up Rotor, Four Blades
With Inboard Fitch Control

.Rotating f 23.4 2.2 12.6 42.1
Stopped 23.4 2.2 12/f .12.2

Without Inboard Piteh Control
Rotating 23.1 2.2 10.4 39.7Stopped 2? .h 2.2 i0.5 39.8

Inplene Foldir.g Rotor
Rotating 23.4 -3 11.9 -•9.2
Stopped 23.h .3 14.6 h2.2

Tvo Segnen. Telescoping Rotor
Potating 22,4 0 P1.0 3,,.4

"*Includes allowance for leakage, proturbances, ete
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Table ?iII shows the power required at 250 kn 'ts, 12000' standard day,
plus the cruise speed capability of each concept using the same installed pov-er
as the baselipe aircraft. A"so ehown are the equlvalent aircraft lift to drag
ratios-%(defitied to the product of the gross weight muttiplied by the cruise
speed and divided by the power required).

TABLE VIII CRUISE PEPRFB4A•ICE
12000 IT. STARDARD CONDITIONS

62,800 LBS GROSS WEIG}M1

MMLXIMUM SPEED L/D AT
PF-ý,ý eEQUIRED L/D 250 USING 11 ,1403 MAXIMUjA4

CONFIGU-AT ION AT 250 KNOTS KNOTS 11P SPEED

Baseline - S-65-300 i1400 mP 4.22, 50 Fnots 4.22
Eight Segment

Telescoping 9310 5.17 275 4.65
Roll-up Flexible Rotors

Thin Airnhil
TWo Rladls 7760 6.21 295.

Four Bla4es 8450 5.70 282 14.77
Pneuatic Pirfoil

Four Blades 8500 5.66 282 * 77
Sini-• Fol90d5 5.32 2'3 1.78Two St4gý3-nt ."

Telescoping 8890 '-.41 281 4.75

I 12

PAGE



b. Weights

A weight summary for the aircraft is shown below. The important parameter
Shere is the ancunt of payload that can be carried with each aircraft over the

S-65-303 raissiyn profile.

4II 6165ln -:r "r Fu Thin -DrPe -~ Two Fol
IF i -6•5- 53r Blades- 3,ll es -lti.C Bln e[f~ rz Sdt-~ = Ro-•

otor 19 539 ;9 9-92

Zi G tr -158 5282 5•82 ;232" . it 5

-in..- Rot e/an 3510 117 i1 7' 7061
-.-xe Systee- 2091 1855 1952 99552 9- Q2.
7" 8gat 2nt'ola0 7.50 2i_12 650- 165

!k e~l a tedlts - £35131 51i 31:3

9 -9"5

P c.0eliabi,.t2 7&) -ai8 799n'1 S5t•

BDseive rselia it 66n 645 vle wer o ie Ld

I presenteu for the S-65-3OO in Reference 10. Supplementary data necessary for
this st~udy v-as obtained from a. 683,i57. flig~it hour sample of H-53 data as reported
by +.he U.S. N~avy Maintenance and Material Manag~ement (3M) data collect-ion system.

Ad~justments to the bast-line rotor system values for each new concept were
made to take into account differences in the designs, such as the number of
comiponent pc~rts, their size, weight, and loading condit~io?:s. Also, under consider-
ation were the provisions for accessability, servicing requirements, and ease of
o6era3l maintenance.
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Each component of the different vari.•ble diameter rotor concepts was studied
it. order to arrive at predicted values ror total scheduled and unscheduled
maintenance, down hours per flight hour, and mission aborts per 1000 flight hours.
The prediction were based on the assumptions that:

(a) All necessary tools and aircraft support equipment were available,
,b) All necessary spare parts and itstruction manuals were available,
(c) All maintenance men were trained in the approprtate skills, and,
(d) There was no down time attributed to awaiting supplies or adminis-

trative reasons.

Scheduled inspections were considered to consist of preflight, pcstflight
and phased inspections. Mean elapsed times to perform ma' itenance tasks were
based on the 68,457 flight hour sample of Navy IM data.

(1) The BASELINE AIRCRAFT, as presented in Reference 10, was predcted to
consume l4.30 MMH/FH for the three levels of maintenance - Organiz-ational, Field
and Depot. Mean down time per flight hour was predicted to be 1.92 and the
mission abort rate to be 13.2 Aborts/1000 FH.

(2) The EIGHT SEGME1n TELESCOPING ROTOR offers a slight improvement in
Reliability and Maintainaoility values over the baseline aircraft. its advantages
and disadvantages which effect reliability and maintainability &re as follows:

ADVANTAGES

Rotor head simplicity and few major components
. Majority cf non-lubricated beari,. gs for longer life and

relatively maintenance free operation

t DISADVANTAGES

Rotor head components are not readily accesible
. Blade inspection requires manual extension
• Blade treight necessitates care in handling, 3pecial

equipment, and poses a safety problem
. Blade construction necessitates segment scrappage

if major damage is sustained and means depot level
repair

. No provisions for detecting blade damage- or structural
failure

(3) The ROLL-UP RD. TOR WITH THIN BLADES offers a significant improvement in
Reliability and Maintainability values over the baseline aircraft. Its advantages
and disadvantages are as follows:
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ADVANTAGES

. Rotor head simplicity and few major components

. Majority of non-lubricated bearings for longer life
and relatively maintenance free operation

. Blade construction leads to ease of ILUade repair,
possibly on the aircraft

. Blade construction offers "throw-away" benefits with no
depot level maintenance and blade handling requirements

DISADVANTAGES

. Four bladed head offers poor component accessibility

. Blade inspection requires manual extension and
special handling equipment

. Blade electrical fligit control inputs must be
transmitted through two rotary connections

o Failure of the blade extension/retraction mechanism
leads to safety problems during rotor shut-down

S(h) The ROLL-UP ROTOR W!.'H PNEUMATIC BLADES again offers a significant improve-
ment in Reliability and Maintainability values over the S-65-300. It is
summarized a" follows:

ADVANTAGES

. Rotor head simplicity with fewer major components
o A majority of non-lubricated bearings for longer

life and relatively maintenance free operation
. Blade construction leads to field level blade repair
. Blade construction offers "throw-away" benefits with

no depot level maintenance and blade handling requirements

DISADVANTAGES

. Poor component accessibility in four bladed design

. Blade inspection requires manual extension and
special handling equipment

. Blade electrical flight control inputs and blade
pneumatics must be transmitted througt. rotary connections

. Failure of the blaao's extension/retraction mechanism
leads to safety problems during rotor shut-down

. Blade pneumatics must be able to provide sufficient
quantities of air during autorot&tion with stalled
engines and with blade punctures.

(5) The INPLANE FOLD ROTOR offers the largest improvements in Reliability and
Maintainability values over the baseline aircraft. Its advantages and disadvantages
from a reliability and maintainability viewpoint are as folloiss:
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ADVANTAGES

. Rotor head simplicity with fewer major components

. Elastomeric bearings for longer life and relatively
maintevance free operatlon

. Ese of rotor head servicing and inspections

. Blade construction leads to field level repairability

DISADVAMAGES

H Head and blade torque tube are one unit and require
disassembly for ease of handling
Dependancy on hydraulic and electrical system co-ordination
for safety during blade extension and retraction

(6) The TWO SECMET TELESCOPING ROTOR also offers a reduction in Reliability
and Maintainability values over the baseline aircraft. it is summarized as
follows:

ADVANTAGES

. Slight reduction in major components

. Blade cons-,ruction offers load path redundancy

DISADVAW.AGES

. Ccmplex in rotor head design

. Blade inspection will require its manual extension

. Damage to blade or tube necessitetes removal for
depot level o.yerhaul - increase in overhaul activity

. Difficulty in providing pilot/mechanic with blade
integrity check

(7) FAN-!N-,IN TAIL ROTOR - The to roll-up rotor concepts, the eight segment
telescoping rotor, and the inplane fold rotor were evaluated using the fan-in-
fin antitorque tail rotor sys t em. Reliability and maintcinability values for
this corcept were based on predictions from previous desigr. studies. These
values were sized and adjusted to reflect operation on tl'e baseline alrcraft.
The fan-in-fin antitorque system showed a significant improvement in reliability
and maintainability relative to the S-65-300 baseline tail rotor system.

(8) PREDICTIONS - The values cited in Table X reflect predicted tota- air
vehicle reliability and maintainability values after deletion or addition of

-* applicable rates, maintenance manhours and downhours to the baseline data. Pre-
dictions are mature aircraft values and are not applicable to prototype systems
or aircraft.
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TABLE X
RELIABILITY AND MAINTAINABILITY PREDICTIONS

CONFIGURATION M D ABORTS/1000 FH

S-65-.300 Baseline Aircraft 114.3000 1.9200 13.200
Roll-up rotor

Two thin blades 13.7924 1.7627 12.615
Four thin blades 14.0207 1.6418 12.954

Roll-up rotor
Two pneumatic blades 13.8361 1.7649 12.702
Four pneumatic blades 114.0768 1.8459 13.070

Eight segment telescoping
rotor system 114.2780 1.8170 13.000

Inplane fold rotor system 13.5283 1.7095 12.609
Two segment telescoping
rotor system I.14764 2.0079 13.3144

d. Acoustics

Acoustic annoyance and detectability of the rotor concepts were compared
for hovering flight. Results of this comparlson are summarized in Table XI
and Figure 32.

On an aural detectability basis, the conventional helicopter was less
detectable than the VDR vehiclea. The aural detection of both the baseline and
VDR configurations is controlled by low frequency noise generated by the main
lifting rotor. This low frequency noise attenuates only 6 db per doubling of
distance, in contrast with high frequency noise that undergoes severe additional
attenuation from mclecular absorption and atmospheric scattering. At large
enough distances -from a helicopter, the high. frequency part of the acoustic
signature has attenuated sufficiently to be masked by the ambient noise around
an observer while the low frequency noise from the lifting rotor is detectable
above the backgroumd.

Technical data are not presently available to relate rotor noise levels,
terrain, atmospheric conlition.z, and ambient noise to an absolute aural detection
range. Detection estimates becomc lesis accurate as the frequency decreases,
since human, response to very low frequency noise (2 Hz to 20 Hz) has not been
quantified. Although most people cannot herr noise belov 20 Hz in standard
audiometric booth conditions, observers in free-field surroundings can detect
radiation from helicopter rotors at frequencies below 20 Hz. This detection is
more by fteling than by hearing, but it still must be2 considered part of the
aural detection problem. Aural detection of the VDR vehicles is particularly
difficult to assess because of the very low frequency pure to.es generated by
the main rotors. These main rotors radiate noise with a fundnmental frequency
(blade passage frequency) of from 2 liz to 8 Hz while the baseline rotor radiates
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noise with a fundamental frequency of 20 Hz. It is expected that rotational
noise from the VDR will be detected -- felt rather than heard -- at much greater
diktaraees than the noise from the baseline rotor, so the values of Detectability
Factor (deection range ratio) in Table Xi are approximate at best and may
grossly underestim'ate the relative detectability of the VDR configurations.

The conventional tail rotor was predicted to be less annoying than the anti-
torque fans. The lower predi'.ted perceived noise level (PNL) of a tail rotor
relative to a fan occurs because a tail rotor radiates lower frequency noise
(38 Hz blade passage frequency) and conspquently contributes relatively little
to the calculated PIL of the vehicle. Fan noise is higher in frequency (624 tIz
blrode passage frequency) with much of the acoustic energy falling in the frequency
range where the hunan ear and PNi. calc aation procedure are most sensitive.
This causes noise fromthe fan to domwere eva ted PwL for these configur-
ations.

All of the rotor concepts were evaluate d with the acoustic analysis of Loson

and Ollerhead reported in Reference 11. This particular an.lysis was selected
for its flexibility in simulating aerodynamic interference (high frequency air-
loads) seen by main rotor and anti-torque system, and for its good correlation
with measured data in acoustic trending studies conducted by Sikorsky Aircraft.

For acoustic calculations, the airload amplitude spectrum acting on a rotor or
fan blade is assumed to decay exponentially with harmonic order so that the iith
loading harmonic is related to the steady amplitude by L = L N-k, where the
velue of the exponent, k. is specified by the user ,± Lim analysis. The value
cf "k" for a conventional helicopter rotor is 2.0. The present study used 1.9
to reflect aerodynamic blockage of the main rotor by wing- and fuselage. A "k"
value of' 1.8 was used for the anti-torque system to reflect the unsteady airflow
caused by the main rotor wake in the case of a tail rotor, and to reflect noise
radiation from downstream support struts in the case of the fan. This approach
is believed to be valid for the trend information required to rank the configura-
tions in the present study.

Acoustic detectability was evaluated by comparing the calculated signature
in front of each configuration with a detection level criterion from Robbins
a•nd Dadson, Reference 12. This comparison resulted in the Detection Factors
(detection range ratios. that give the detectability of tht vehicles relative
to the baseline.
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TABLE XI
PERCEIVED NOISE LEVEL AND DETECTION RANGE RATIO

DETECTION
CONFIGURATION PML @ 530 FT RANGE RATIO

Baseline S-65-300 87.4 1.00
8 Segment Telescoping "1.7 1.05
Two Bladed Roll-up 91.8 1.lhFour Bladed Roll-up 90.6 1.05
Inplane Fold 92.9 1.23
Two Segment Telescoping 91.3 1.32

e. Rotor System Dollar Costs

In order to develop the cost effectiveness values in the next section, it
was necessary to estimate dollar costs for each rotor system. This was done by
relating costs to a known baseline. As before, the S-65-300 was used for this
purpose.

(I) Recurring Costs

To determine recurring costs, each rotor design was first broken down into
weights of various materials: Zitaniim, aluminum, fiberrj]ass, etc. The prcduc-
tion costs for these materials in cnnventional rotor applications were known
from their use on production Sikorsky helicopters. These were in a dollars per
pound form,and It was desired to apply them to the variable diameter rotor systems.
Because the study rotors were substantially different than conventional designs,
the dollars per pound values were further modified by multiplying them by

"complexity factors."

The complexity factors used in the study are shown in Table XII. They
were determined after the detail designs of the rotor systems had been completed,
and are based on overall mechanical complexity, size of parts, and estimated
fabrication difficulty. It is felt that at this point in the study sufficient
kno'eledge of the rotor systems was available to make an assessment of overall
complexity to th.. degree of accuracy requi-ed in a siudy of this depth. It isemp,;a;ized that these are qualItative Judgements only.

To determine overall complexity factors, each rotor system was broken down

into rctor head (including control system), blades, and retraction mechaunism.
Coipleyity for each was estimated by using three separate values - the percentage
of screpage, the total estimated fabrication t 4 me, and the total number of parts.
For the heads and blades, the S-65-30u was assikned tLhe baseline value of 1.00.
For the retraction mechanism, the eight segent telescoping rotor was used for
the baseline.
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Table XII

Complexity Factors Used in Recurring Cost Estimates

Percent Fabrication Number Total
Ccnfig.ration Scrapuge Time Of Overall

Parts Complexity
s-65-300

Head i. O0 1.00 1.00 1.00
Blades 1.00 1.00 1.00 1.00

8 Segment Telescoping Rotor
Head .55 .41 .46 .45
Blades 1.L50 2.50 4.00 2.35
Retraction Mechanism 1.500 2.0 2.00 2.00

Roll Up Rotor - Two Thin BladestHead -85 i. 2.8o I.24
Blades .20 1.00 'T0 .70
Retraction Mechanism 1. O5 2.20 .105 2.08

IRoll Up Rotor - Four Thin Blades
H!:ead -97 1.35 1.4o 6.24
Blades .20 .0..0 A.90
Retraction Mechanism I.75 2.20 2.20 2.06

S~Roll Up Rotor - Four Pneumatic

oBlades
Head .91 .89 .4o 2.9
Blades .20 2.00 1.00 L.AO
Retraction Mechanism 1.05 2.20 2.00 2.06

V

1Inplae Fold Rotor SHead •.55 .41 .46 • 45
Blades .g0 go 10.00 •.91
Retraction Mechanism .25 •.25 .o .O•27

Two Segment Telescoping
Head •.91 .8o •.89 -.91
Blades 1.0O0 1.1]0 ].0O0 I. 06
Retract-* ýn Mechanism 2.00 2.0O0 2.0O0 2.00
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To combine the three measuzres of complexity into one overall value, each
was given a weighted score. The percent scrapage was assigned thirty percent
of the total and the number of parts ten percent. The fabrication time was

I assigned sixty percent, cince it was felt that it was the most important measure
of complexity. By m=Xtiplyinv the individual factors by these percentages and

ý adding up the total, the overall complexity factor for each item was known.
These are shown on Table XXI.

As an example of how this method was used, the cost determination for the
roll-up rotor using four thin blades will be illustrated. First the total
overall coiplexity factors were found for the rotor head, blades, and retraction
mechanisms. The calculation is as follows:

COMPLEXITY WEIGHTING WEIGHTED
FACTOR x FACTOR SCORESi. Rotor Head

Percent Scrapage .97 x .30 .•9W Fabrication Time 1.35 x .6 = .81
Number of Parts 1.40 x .10 = .14

Total Overall Complexity 1.24
SiI. Rotor Blades

Percent Scrapage .20 x .3 = .06
Fabrication Time 2.00 x .60 = 1.20
Number of Parts I.h0 x .10

Total Overall Complexity I.L0
III. Retraction Mechanism

Percent Scrapage 1.75 x .30 = .53
Fabrication Tiwe 2.20 x .60 1.32
Number of Parts 2.10 x .I0 =.21

Total Overall Complexity 2.1l

The material useage in the four bladed thin roll-up rotor is as follows.
These numbers are the total weights of each material in each component.

ROTOR HEAD I•EK.ACTION
AND CONTROLS ROTOR BLADES M.ECFHANISM

Titanium 1700 - 865
Steel 497 100 770
Aluminum 1007 200 173
Lead - 68o -
Fibergla3s - 212 -
Nylon Honeycomb -- 30 -
Polyester -- O-
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To convert these to dollar costs, each number was multiplied by the dollar
per pound value for the conventional production components. -Each of these was
then multiplied by the appropriate comllexity factor. The resulting costs werp
then added to determine final dollar costs. For the present exaple, the rotor
head was found to cost $293,454 , the blades $63,388, and the retraction mechanism
$193,753.

These costs for all the rotor systems are illustrated in Table XIiI, on
the following page.

These dollar figures apply only to the ro-ors at the initially assimiedV2,800 pound gross weight. For use in ths parametric trending analysis, they
"iere divided by the total rotor sy-stem weigh.t to get the dollars per pound
values shown in the second ccl-umu c7 Table XIII. These were then used for
all gross weights, and are the values that were used in the resizing of the
aiire'raft, described in section i!i-5.

L
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Table XIIl

Recurring Cost Estimates For Variable Diameter Rotors
Based On Assumed Design Gross Weight Of 62,800 Pounds

Total Cost Dollars Per
Syztem/Component Per Aircraft Pound

___M($)

s-65-300

. Rotor Head 210,724 72.24
SBlades 122,425 44.91

8 Segment

Rotor Head 138,412 36.30
Blades 453,112 102.98
Retract. Mech. 124,227 60.i0

Roll-Up (2 Bladts)

Rotor Hea•f 253,988 79.05
Blades 51,175 23.67
Retract. Mech. 152,998 80.02

Roll-Up (4 Blades)

Rotor Head 293,454 91.59
SBic-des 63,388 39.08
Retract. Mechý 193,763 107.17

Roll-Up (Pneumatic)

Rotor Head 297,716 92.92
Plades 34,533 28.73
Retr;.ct. Mech. 193,763 107.17

Inp: ar.e Fold

Rotor Head 158,227 35-35
Blades 187,362 45.141
Retrwct. Mech. 16,016 13.28

2 Segment Trac

Rotor Head 239,631 62.78
Blades 170,821 37.51
Retract. Mech. 133,647 73.92
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(2) Nonrecurrinhg Costs

Nonrecurring costa c:onsist of RWY&E costs and tooling costs. These also
were determined by a baseline dollars per pound value multiplied by the rotor
system weight aad then multiplied by a complexity factor. The baseline S-65-300
cost for tooling was $1500 per pound. For RIlr&E, it was $5000 per pound.

A different set of complexity factor was used for nonrecurring costs.
These are aleo Judgement values, and are based on an estimate of the oveýrall
technical risk that would be involved in reducing each concept to a final
prcduction design. These are shown below.

The total cost for each aircraft is shown at its final design gross weight
in the next section.

t TABLE XIV
COMPLEXITY FACTORS USED IN NON-RECURRING COST ESTIMATE

CONFIGURATION COMPLEXITY FACTOR

S-65-300 1.00SEight Segment Telescoping Rotor 2.3o0

Roll-up Rotor
Two Thin Blades 3.60
Four Thin Blades 3.50
Four Pneumatic Blades 4.00

Inplane Fold Rotor 2.90
Two Segment Telescoping Rotor 1.25Sliii
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5. SYSTEMS IffEGRATLION

This section discusses the restzing of each aircraft, plus the final
quantitative and qualitative evaluation of all the variable diameter rotor
concepts.

a. Quantitative Results

I (,. Gross Weigt

The program results described in the preceeding sections have been concerned
with the various rotor concepts sized for an aircraft with a fixed gross weight.

This weight was assumed to be the 62,800 pounds of the baseline Sikorsky S-65-300
design, and was used for the dynamic, aerodynamic, and mechanical design analysis
discussed in section 111-3. This analysis identified the critical areas of concern
for each concept and proposed methods for their solution.

Another output from this earlier part of the study was a determination ofSi the aircraft component weights. The rotor system weight was calculated frcm

lay•ut drawings; wing size requirements and mission fuel werte determined from
aerodynamic analysis. From this, wing weight was determined. Finally, the
baseline aircraft fuselage and subsystem weights were modified to reflect any
unique features of each concept. Mission payload was allowed to be a variable.

Z- When all the component weights were totaled and subtracted from the assumed
gross weights, the payload capability of each concept was determined. In no
case could the variable diameter rotor aircraft carry as large a payload as the
baseline over the design mission. This payload capability is summarized below:

CONFIGURATION PAYLOAD

s-65-300 10,700 lbs
8 Segment Telescoping Rotor 4,650
Poll-up Rotor, Two Thin Blades 6,760
Roll-up Rotor, Four Thin Blades 7,000
Roll-up Rotor, Four Pneumatic Blades 7,450
Inplane Fold Rotor 3,930
Two Segment Telescoping Rotor 4,650

I The next part of the progrem was involved v"'h resizing the aircraft so
Sthey all would carry the required 10,700 pounds payload. Thp design gross weight
I now became the variable. Thie resizing was accomplished by parametrically

descrbing all the aircraft with appropriate mathematical equations, and iterating
the designs until the desired payload wes achieved. The helicopter design

| computer models wer, used for this purpose as !iscussed in section III-I

P11
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From this analysis the gross veights required to achieve the desired pay-
load were fovnd to be as follows:

CONFIGURATION GROSS WEIGHT

s-65-300 62,8oo lbs

Eight Segment Telescoping Rotor 75,070

P Roll-up Rotor, Two Thin Blades 69,760

Roll-up Rotor, Four Thin Blades 69,060

Roll-up Rotor, Four Pneumatic Blades 67,980K Inplone Fold Rotor 76,490

Tso Segment Telescoping Rotor 72,070

Table XV on page. 110, presents summary weight statements for each of
these deaigns.
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(2) Aircraft Cruising Speed

The increased gross weight necessary to achieve the design payloads also
results in increasing the aircraft power requirements. Because of this, these
aircraft experience some reduction in cruise speed when using the same installed
power as the S-65-300. ThIs is summarized in Table XVI.

To give an indication of the potential of each concept for higher speeds,
cruise speed was also determined assuming an arbitrary addition of twenty per-
cent more power installed in the aircraft. This is siso shown on the table.
It should be noted that this added power also increases the a!.-craft gross w•eight
by two or three thousand pounds.

TABLE XVI AIRCRAFT CRUISE SPEED CAPABILITIES

CRUISE SPEED AT
CRUISE SPEED AT 100% DESIGN POWER 120% DESIGN POWER

AT 62,600 LB Grw AT 10,700 IS AND 10,703 LBS
CONFIGURATION PAYLOAD PAYLOAD

s-65-300 250 Knots 250 Knots 250* Knots
Eight Segment

Telescoping Rotor 275 257 279
rsRoll-up Rotor

Two Thin Blades 295 289 308
Roll-up Rotor

Four Thin Blades 282 277 297
Roll-up Rotor,

Four Pneumatic Blades 282 278 298
Inplane Fold Rotor 281 271 292
Two Segent

Telescoping Rotor 281 268 287

e Limited by blade stress limits.

(3) Ving Size Trade-Off

For each design, a wing size trade-off was performed to determine the most
cost effective wing area. This was then compared to the wing sizes that were
required for the transit~ion from rotor borne to wing borne flight. If the =ost
cost effective size was larger than that required for transition, it was used.
If it wat not, the transition size obviously had to ':e used in the final designs.
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To determine the most cost effective wing size, the computerized helicopter
design model (described in sectiontII-l)Was again used. For each design, four

or five specific wing sizes were analyzed. These varied in 100 square foot
increments and were chosen to bracket the expected optimum 1.oint.

For each wing size, wing weight was determined by a parametric wing weight
equation. Cruise power required was modified to reflect the wing size changes.
From this, mission fuel was calculated. Minor changes were made where required
in other subsystem weights to reflect the changing ving size. The sum total of
the component weights were thrt. subtracted from the &ross weight to determine
the mission payload capability.

Next, the computer model resized the aircraft by varying the Kross weight
until the desired 10,700 pound payload wps achicv.nle for all wing sizes. This
provided a plot of design gross weight as t ffrtction of wing area.

SThe aerodynamic analysis used iL t b a sircraft sizing had as one of its
outputs mission inbound and out,)ouna cru :s speeds as functions of -ring area.

At this point, the payload for al'- "-Aig sizes were equal and the mission
speeds were known. The only remaining variable required for the cost effective-
ness analysis was the aircraft dollar cost. This was found by using the costing
procedure discussed in the aircraft cost sectinn. This used component weights,
material, and complexity factors to deten--aine unit development costs, acquisition
costs, and operating costs. When these costs were combined with tht ;ýv-load and
mission speed, the cost effectiveness w.-r established " a function of vring size.

The entire analysis was computerized to minimize calculation time. Figures
33 through 38 show the results for e.ach rotor type, giving the cost

effectiveness, gruss weight, and cruise speed variations as functions of wing
size.

The transition from rotor borne to wing borne flight also influences the
wing size. Thia was previously discussed in section 111-2 of this ,rport. Table
VI of section III- 4  gives the wing size requirements for transition for the
baseiine b2,dOO pounds gross weight. The transition requirements were also
determined for the final solution gross weights. These are also included in
Figures 33 through 38.

Table XVII , page 146, lists the most cost effective wing size for
each configuration plus the ving size requirements for the transition. The
larger of the two was used for the final aircraft designs.
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TABLE XVII WING SIZE TRADE-OFF RESULTS

WING SIZE REQUIRED MOST COST EFFECTIVE
CONFIGURATION FOR TRANSITION WING SIZE

Eight Segment Telescoping Rotor 880 sq. •' 900 sq. ft.
Roll-up Rotor, Two Thin Blades 1200 1100
Roll-up Rotor, Four Thin Blades 1200 1100
Roll-up Rotor, Four Pneumatic Blae-es 1175 1000
Inplane Fold Rotor 1350 1200
Twc, Segment Telescoping Rotor -0 700

Note. Underlined values indicate wing sizes used in fi-al aircraft designs.

(•) Mission e-ated Parameters

As discussed in the technical approach, Section III-1, a fleet of aircraft

was defined to perform a fixed ta.K. The fleet size was varied for each concept
to account for differences in the aircraft availability and dependability. The
total required fleet effc-tiveness was first assumed to be that of 100 aircraft
performing the specific mission wit,. 100% availability and dependability. This
gives a total fleet effectiveness requirement of 57,980 ton knots. Fleet size
was then determined by dividing thib required fleet effectiveness by the unit
mission effectiveness for each concept. Therefore, more than 100 aircraft are
required in each case.

Unit mission effect'venes8 is a function of the aircraft cruise speed
capabilities plus its availability, reliability, and survivability values.
Availability and reliabilitywere letermined from the R/M analysis, discussed
in the section III-4 and tabulated in Table X. Mission survivability is a
judgement evaluation basea on the relative imnact of size and rotor configuration
on vulnerability and the relative change in detectability due to the aircraft's
noise signature. Table XVIII summarizes these values plus the effectiveness
and total number of aircraft require! for each concept.

(5) Aircraft Costs

Aircraft life cycle costs were calculated for use in the cost effectiveness
analysis. Acquisition costs were found by multiplying the aircraft subsystem
weights by cost factors, expressed in terms of dollar cost per pound of weight.
The determination of these cost factors for the rotor systems was previously
discussed in sectiorXII-4 and they were tabulated In Table XIII . For the
remaining aircraft eomponentG and subsystems the cost factors used were the same
as those used for the baseline S-65-300 aircraft, since a31 Bystems were similar.

Unit development costs were determined by L similar analysis; dollars per
pound cost factors were applied to the final aircraft .-," , s, with rotvr develop-
ment costs multiplied by complexity factors to a.,count 4Xr their umusjAl development

3.46
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problems. These complexity facto-s were shown in Table XIV of section IV-4.
The following table illustrates how the total unit development cost is split up
between the rotor RDT0E Coat and the cost for the remaining aircraft.

TABLE XIX
UNIT DEVELOPMUT CO2TS WITH AND WITHOUT ROTOR SY3TEM4. RDYr&E COST

COST WITHOUT ROTOR TOTAL UNXT
ROTOR RDT&E + RDT&F = DMELOPMENT COST

S-65-300 $2.53 x $ .23 x 106 $2.76 x lo
Eight Segment TelescopingI Rotor 3.34 1.41 4.75
Roll-up Rotor

Two Thin Blades 3.47 1.16 4.63
Roll-up Rotor

Four Thin Blades 3.27 .92 4.19
Roll-up Rotor

Four kneumatic Blades 3.2E .93 14.19
Inplene Fold Rotor 3.97 .1.5 5.42
Two Segment TelL scoping

Rotor 3.08 .40 3.48

Operating cost is the sum of crew, .eplenishment spares, maintenance, andSfuel, oil, and lubricants costs. Replenishment spares cost per year were assumed
to be a percentage of vehicle acquisition cost. Crew cost per li-. cyclc flight
hour was assumed to be propoitional to the number of officers and enlisted men
in the crew. Similarily, fuel, o3!, and lubricants cost per life cycle flight
hour were assumed to be proportional to average mission .'ue-, flow. Ma4r~tenax.'e
cost per life cycle flight huur was foutd from the product of a cost factor andI the maintenance manhours per fligt hour value obtained from the maintainabilitySanalysis. The cost factors, in dollars per mainten•an-ce =.n!,our, were in•creased
over a base rate to allow for overhead support and personnel efficiency.

Totaling the above coýsts gives the complete life cycle cost for each air-
craft. The cost summaries ar.. shown in Tables XX through XXVI The totalI life cycle costa compare as follows:

7O.UFIGURATION UMIT LYFE CYCLE COST
S!S-65-300 $li,460,000

!Eight Segent Telescoping Rotor 1?,310,000
Roll-up 'otor, Two Thin Bladzs .4,470,000

oll-ui Rotor, Four Thin Blades lh-100,00
Roll-up Rotor, Four Pneumatic Blades 13,980,000
Ir.;lane Fold Rotor 15,480,000
Two Segment Telescdping Rotor 13,340,000

11-8
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Table XX

oCo:t Summary

S65-300

SUnit Development Cost $2.760.000

PI Acquisition Cost, 5,036,000
S•- Flyaway $3,L36,oof0

A] F A $2,958,000

Engines 477,000
Initial Spares 801,000
Ground Equipment 395,00
Training & Tzavel 03,000

Operating Cost 3,66? ,000
SCrew 530,000

Maintenance 960,000
Fuel, Oil, Lub 453,000
Replenishment Spares 1,718,000

Total Life Cycle Cost 11i,59,000

Table MET

Cost Sumn.mary
1LEght Segment Telescoping Rotor

Unit Develonmeat Cost $4,748,000

Acauisition Cost 6, 380,000
Flyaway $4, 466.000

Airframe .-3 ,988.000
- Engines 477,000

n itij t n" r• 996,000
Ground Equipment 513,000
Training & Travel 403,000

Operating Cost 4,176,000
Crew 530,000

SMaintenance 959,000
Fuel, Oil, Lub 453,000
fReplenishment Spares 2,233,000

Total Life Cycle Cost 15,305,000
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Table XXII

Cos't SummaryI I I Roll-up Rotor - T ho Thin Blades

Unit Development Cost $4,629,000

Acquisition Cost 5 ,864,000
Flyaway $4,086,00

Airframe $3,608,000
Engines 477,000

Initial Spares 924,000
Ground Equipment 469,000
Training & Travel 403,000

t• • Operating Cost 3,958,000
Crew 550,000
Maintenance 926,000
Ftuel, Oil, Lub 458,000
Replenishment Spares 2,043,000

Total Life Cycle Cost i4,472,000

Table XXIII

Cos t Sumnary
Roll-up Rotor - Fo,:' Thin Blades

Unit Development Cost $4,193,000

Acquisition Cost 5,918,000
Flyaway $4,112,000

Ai rfram:e $3,634,000
Engines 477,000

initial Spares 929,000
Ground Equipment 472,000
Training & Travel 403,000

Cperating Cost 3,988,000
Crew 530,000
Maintenance 942,000
Fuel. Oil, Lub 459,000
Replenishment Spares 2,056,000

Total Life Cycle Cost 14,099,000
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Table XXIV

Cost Sxmmai y

Poll-up Rotor - Four Pneum.atic Blades

x Unit Development Cost $4,i93,00

Acquisition Cozt 5,827,000
Flyaway SAirframe $3,565,000

Engines 477,000
Initial Spares 916,000
Ground Equipment 464, 000

Training & Travel 403,000

Operating Cost 3,957,000
k Crew 530,000

Maintenance 945,000
k Fuel, Oil, Lub 459,000

SReplenishment Spares 2,021,000

Total Lize Cycle Cost 13,978,000

j Table XXV

Cost Summary
TInplane Fold Rotor

Unit Development Cost $5,420,000

Acauisition Cost 6,052,000
Flyaway $4,215,000

SAirframe $3,737,000

SEngines 477,000
initial Spares 9h9.000
Ground Equipment 18s ,000
Training & Travel 403,000

Operati.ng Cost h,oo6,ooo
Crew 530,000
Maintenan•:e 909,000

V kel, Oil, Lub 459,000
Replenighment Spares 2,1107,G00

Total Life Cycle Cost 15 t478.000
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Table

Cost Summary

Two Segsent TelescopIng Rotor

Unit Developmenc Cost .00

Acquisition Cost 5,861,000
Flyaway $h,069 ,Oo

Airframe $3,591,000
Engines 477,000

nintial Spares 921,000
-Ground Fquipnment 467,000
Training & Travel 403,000

Operating Cost 3,99!,000

Crew 530,000
Maintenance 972,000
Fuel, Oil, Lub 45.4,O000
Replenishcent Spares 2,034 ,000

TotVa Life Cycle Cost 13,336,000
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Table XMVI shown belo,; swearizes the results 3f the quantitative part
ofj the study. The roll-up rotors are seen to require 'the smzallest penal~ty in
aircraft gross weights. They require large wings ,with their resultant weight

4 penalty, but th~eir zotor weights are comparable to Lh baseline S-65-.300 design.
The roll up rotors also have the highest speed capability.

01 SC~d ~ 22 2~ 8~

0 40~ 02'c0. 4

'~.*W,

3 Z3

For use in t~he evaluation matrix, the impoxrtant% paraneter Is the ový'rafl
system cost effect veness for each concept. As discussted in the tecchnical1 approazh,
it is used to cotaoine all the quantitative results, and is assigned fifty per-
cent of the total score in the evaluatlcr.. "Me rotor iiith the highest cost
effectiveness is assigned a value o' one, and receiives ':0 evaluation points.
Relative values are then used for each other rotor con~cept. The final resiults

are as follows.
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TABLE XXVIII QUANTITATIVE EVALUATION RATING

COST RELATIVE .OJST EVALUAT ION
EFFECTIVENESS EFFECTI'VIESS SCORE

Eight Segment Telescoping
Rotor 33.88 .857 42.9

Roll-up Rotor
Two Thin Blades 38.46 .973 48.7

RoU-up Rotor
Four Thin Blades 38.05 .963 48.1

Roll-up Rotor
Four Pneumatic Blades 38.46 .973 48.7

Inplane Fold Rotor 3h.47 .872 43.6
Tuo Segment Telescoping

M&tor 39.52 1.000 50.0

I
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b. Qualitative Results

The remaining fifty points of the evaluation matrix are assigned to
qualitative Judgements of the merit of each concept. These were felt to
be necessary in addition to the quantit¶ative cost effectiveness analysis
to fully complete the evaluation. Within the limited scope of this study,
no attempt is made to justify these values quantitatively.

This section discusses the rationale behind these judgements. The
specific characteristics evaluated and their maximum total score are as
follows.:

"* Technical Risk 10 points
"* Off-design Performance 6 points
"* Adaptabi lity to Stowed Rotor Designs 6 points
"* Growth Potetia.l o points
"* Handling Qual.ities 6 points
"* Safety 6 points
"* Maneuverability 3 points
"* Vibration 3 points
"* Hovering Downwash Severity 2 points

F Stowability/Transportability 2 points

(1) TECHNICAL RISK assesses an estimate of the relative probability that a
workable production design can be developed within the timeframe assumed, and
the relative magnitude of the total RDT&E effort. The maximum score of ten is
assigned to the two segment telescoping rotor, because this design has fewer
total problems than any of the other concepts, in addition to being the only
concept whicis has already received a considerable development effort. This is
in marked contrast with some of the other designs which have not undergone even
the most basic development effort. Ihe two segment telescoping rotor hasreceived considerable effort by a number of helicopter manufe'.turers. This has
included detailed aerodynamic and dynamic analysTw, s n well as both reduced

scale and full size model tests.

Of all the concepts studies, this rotor requires the least technological
advances. Its mechanism is straightforward and it has none of the dynamic and
aeroelastic problems associated with the variable diameter concepts employing
very flexible blades. Diameter changes can be made slowly and smoothly, as the
aircraft accelerates to cruise speed. It is the on]lv design that does not require
stopping the rotor to achieve the speeds required for this study.

Of the remaining concepts, the eight segment telescoping rotor i5 thought to
have the lowest technical risk. Its problems are mainly in the mechanical design
area. These have been addressed during the quantitative analysis and have
r:sulted in a high estimated weight for this rotor. Considerations that increase
the technical risk of the rotor over the t*o segment telescoping rotor inzlude
the complexity of the blade and thi -act that the rotor must be stopped for nigh
speed flight. This system shares sone of the advantag•es of the two spgment rotor.
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The diameter transition is smooth, and can occur slowly as the aircraft
XI accelerat:?s to cruise speed. The expected dynamic and aerodynamic problems

are substantially less than the remaining concepts, for all modes of flight.

IThe eight segment telescoping rotor is assigned a technical risk score
of seven. The flexible roll-up rotors are assumed to hav." the next highest
technical risk. This is mainly because of the unusual aeroelastic problems
associated with blade pitch control, ground resonance avoidance, and possible

forward flight instabilities. In addition, with the thin blades there is
concern about the possible distortion of the airfoil shape during gusts and
other unusual loading situations. Because of this the two bladed thin airfoil
rotor, with its larger blade chord and lower aspect ratio, has been assumed
to have a higher risk than the four bladed rotor. It was assigned a value of
five, compared to the four bladed rotor which has a value of six.

The pneumatic rotors have the further risk associated with the pneumatic
system itself. Because of this the four bladed pneumatic rotor was assigned~a value of" 4.5.

The inplane fold rotor was assumed to have the highest technical risk of'
all the concepts. This 4- bA-e&use of the unus,,al type of diameter retraction,which must occur quickly, rather" thar slowly as the aircraft accelerates.

Some as yet unknown method must be found to stabilize the blade during folding,
to either react or reduce loads generated during gusts or maneuvers.

The folding rotor has been assigned a technical risk score of 4.o

(2) OFF DESIGN PERFOR4IWCE is a measure of the versatility of the concepts in
performing other than the specific design mission. A low disc loading and high
hovering efficiency would be an asset for missions requiring long hover times.
Superior cruise lift to drag ratios would be an advantage for long range missions.
The ability to make a cradua] transition from the extended to retracted dr-meter
positlons, end to fly at intermedlate diameters, might be an -.sset for certain
other types of missions. A nerfect score of six is assigned to this attribute.

The hlghest score of six has been Fiven to all of the flexible roll-up
-ntors, since they rate high In all three of these considerations. The eight
segment telescoping rotor receives a value of 4.8 due to its lower cruise lift
to drag ratio. The two segment telescoping rotor receives a score of 4.2
mainly ihecause it does not achnleve the desired 5 psf hovering disc loading. Th',-
inplane fold rotor has a lower cruise lift to drag ratio than the roll-up rotors,
in addition to not being alle to prerform its rotor retraction gradually. It
receives a score of 3.6.

13) ADAP'1'iLI~i 7) T.W;D "COH DBU. O E rates one of the most promi'sing aspects
of somte of these concepts - the fact that the n-tors have been retracted to a

" "slI littse addell romplexfty, plus more installed power,

substantiallv higher speeds are --chieva , attribuite is also •tssigned a
perfect s.Ore cf six.
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The two bladed flexible roll-up concept receives the highest score
because it has the smallest retracted rotor size, plus the highest cruise
lift to drag ratio. Following it, with scores of 5.4, are the four bladed
roll-up rotors, which have larger rotor heads which would be that much harder
to stow for high speed flight. Next is the eight segment telescoping rotor.
It has an ever lraer rotor, and receives a score of 4.2. Both the inplane
"fold rotor and the two segment telescoping rotor have even larger retracted
sizes and are consequer.tly penalized further. With its three to one retraction
ratio, the inplane fold rotor receives a score of only 2.4. The two segment
telescoping rotor receives a score of 1.0. It is the only rotor analyzed in
this study which has not already been stopped for the cruise mode of flight.
Also, its retraction ratio of 1.7 to 1 makes it more difficult to apply to
staced rotor designs than the concepts with higher retraction raties.

(4) GROWTH POTENTIAL measures the ability of a concept to accept design
modifications, such as extended blade radius, chord increase, or improved air-
foils, to enhance performance, and the degree to which engine uprating can be
absorbed by the rotor system to increase gross weight capability. Six is the
perfect score for this attribute also.

None of the rotors can accept all of these design modifications. All of
the concepts which have a hovering disc loading of five psf can accommodate
extended blade radius without any additional airframe modifications, unlike the
two segment telescoping roter wh'cih w-uld require th: extension of the tail cone
for tail rotor clearance. The eight segment telescoping rotor blade would
require an extensive redesign to achieve extended diameter and blade chord. It
is limited in the selectior. of airfoils due to the requirements of the retraction
mechanism. In spite of these considerations, it is still given the highest

f s-ore mainly because it is able to absorb more power and therefore improve
aircraft performance without any change in rotor geometry. This is because
there is a large margin between the operating blade lift coefficient and the
blade stall lift coefficient.

The pneumati- roll-up. rotor would have a similar capability to absorb more
power, although it is felt that it could not be operated at as high a blade
lift coefficient as the more rigid telescoping rotors. All the roll-up rotors
hkve the further advantage of easily being adaptable to high rotor diameters;

V the blade need only be made longer. Because of these considerations, the
pneumatic roll-up rotor receives a score of 5.8.

The thin roll-up rotors do not have this large margin between ocerating
and stall Ca ztd therefore could not ac.ept large increases in in'tailed power
without a rotor redesign. Because of this they receive a score of 5.L.

The inplane fold rotor receives a score of five points. It can absorb
more power, more diameter, and more chord. It is the only coi.cept which permits
the designer almost complete freedom in the selectien of airfoil selections.
it is penalized for its unusual folding requirements. It is felt that anyincrease in rotor diameter and blade chord would further egravate an aready
difficult blade fold operation.
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Finally, the two sgmernt telescoping rotor receives the lowest score, 2. 5 ,
due to the fact that an extensive airframe redesign is required for any increase
in rotor diameter.

(5) HANDLING QUALITIES measures the ease with which the pilot controls the
aircraft. This attribute, which has a perfect score of six, was rated mainly
on an estimate of the pilot attention required d,'-Ing rotor retraction and
stopping, and starting and extending operations. The two segment telescoping
rotor, with its smooth gradual diaz-eter changes, and which does riot have to be

stopped for operation at the speeds assumed in t-his study, receives the highest
score. The inplane fold rotor with its low speed transition, and with a
transition which cannot occur gradually, receives the lowest score of only 2.0
points. The remaining conceptsý are in between these two extremes, and have all
been given the value of 4.0.

(6) SAFETY refers to crew survivability and crashwortniness of the aircraft
following a mission abort. The vulnerability of each rotor concept has already
been accounted for in the mission dependability components of the cost effec-
tiveness ar.alysiz. A perfect scor' nf six was also assumed for this attribute.

The perfect score was assigned to both the eight segment telescoping
rotor and the inplane fold rotor. They both have the five psf disc loading
which leads to good autorotational characteristics, and they both )'ave rigid
rotor blades which aid in the prevention of the rotor from contacting the
fuselage during an exceptionally hard landing. The flexible bladed rotors
received a score of only 2.4, since it would be very" hard to avoid this rotor/
fuselage contact in an extreme emergency landing situation. Finnlly the two
aegment telescoping rotor receives a value of' h.8. It has rigid blades but it
is penalized for its higher disc loading which does not give it as good auto-
rotational characteristics as the other designs.

The final four attributes are not rated a:; important as the others, and
consequently have lower perfect scores.

(7) P"EUVERABILITY, -ith a perfect score of three, is an attribute used to
Judge the maneuverability of the aircraft in the cruise configurations and
during the actual diameter cxtension and retraction phases of the mission.
Those concepts which are capable of a high retraction ratio, which stop their
rotors during cruise, and which are further capable of gradual diameter changes,
receive the highest score. These include the eight segmpent telescoping rotor and
all of the roll-up rotors. The two segment telescoping rotor receives a value of
2.4 because it does not stop its rotor in, cruise. This does not necessarily
limit cruise maneuverability, but it may make it more difficult to program the
aircraft control system for maneuvers, since both rotor co',trois and fixed way
controls must be manipulated. Finally, the inplatie fold rotor receives thc
lowest score, 1.8, because it is almost impossible to maneuver the aircraft
during the blade folding and unfclcing operations.
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(8) VIBRATION evaluates qualitatively the amount of vibration that will be felt
by the airframe during rotor borne flight. A perfect score of three is assumed.
Because of thefr flexibility the roll-up rotcrs receive high scores in this
category. Both of the four bladed rotors are given the perfect score of three.
This is reduced to 2.7 for the two bladed rotor since it would have somewhat
higher vibration levels than the four bladed rotors.

Next in descending order is the two segment telescoping rotor. It has a
rigid blade construction, but uses a fully articulated rotor with four blades
and would, therefore, have good vibration chnracteristics. It is given a score
of 2.1.

The lowest score, 1.5, is given to both of the two bledeni :igic. teetering
rotor systems. They would have the highest forwar-d flight vibrat>,n :haracter-
istics of any of the concepts studied.

(9) HOVERIN..1, DOW!WASH relates primarily to the relative disc loadings of the
concepts, Since aownwash severity is related to both velocity and
mass flow, gross weight is also a factor. Two points is the percenzt score for
this attribute. The lowest --core of O.4 is given to the two segment telescoping
rotor since it is t/ze only conrept to ,,se a disc loading of ten psf rather than
the desired five psf. Of thr remaining concepts, the score is determined by the
relative gross weights requirea for ea,.i Jolution aircraft.

(10) The final two points of the evaluation matrix are assigned to STOWABILITY/
TRANSPORTABILITY. This relates to the actual size of the ai-craft in a folded
configurati-in. Because of the smaller size resulting from its higher disc
loading, the two segment telescoping rotor receives the full two points. All
of the other concepts are assigned a value of 1.0.
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c. Commieted Evaluation ?ý'atri,:

The following table presents thne comineted evaluption matrixc.

TABLE XXIX. CONLPLETED EVALUATION MT-'Iki

Cost Effectiveness 50.0 42.9 48.7 48., 48.7 43.6 510.0

LTechnical Risk 10.0 7.0 5.0 6.0 4.5, 4.o 10.0
0ff-Design

Performance 6.o 4.8 6.o 6.o 6.o 3.6 4.2

Adaptability to
Stowed Potor

Designs 6.o 4.2 6.0 5.4 5.4 2.4 1.0

Growth Potential 6.o 6.0 5.h 5.4 5.8 5.0 2.5

Handling Qualities 6.0 L ) 4.0 . 40 2. .

Safety 6.0 6.0 2.4 2.4 2.4 .0 4.8

I-maeuverab ili ty 3.0 3.0 3.0 3.0 31. 0 ? .8 2.4

Vibration 3.0 1.5 2. 3.0 3.0 1. 2.

Hovering Du-wnwash 2.0 1.14 1.8 l..q 2.0 2.), 0.4

Stowability/
Transportability 2.0 1.0 1.0 1.0 2.0 1.0 2.0

Tot il Score 100.00 81.1 86.0 86. 8 5.-8 7?. -3 85.4
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6. CMCLUSIONS FROM DETAILED EVALUATION

The scores for each concept and the overall ranking of the rotor systems
are as follows:

1. Roll-vip Rotor, Four Thin Blades 86.1
2. Roll-up Rotor, Two Thin Blades 86.0
3. Roll-up Rotor, Four Pneumatic Blades 85.8
4. Eight Segment Telescoping Rotor 81.8
5. 1nplane Fold Rotor 72.8

From the above table, it is concluded that the flexible roll-up rAoirz are
the most promising concepts. Collectively, they rank substantially higher then
the other two designs. The ranking of the three different roll-up rotors with
respect to each other is not as obvious. Although tne four bladed rotor using
thin blades does bave the highest score, thi lifferences between the scores
must be considered within the accuracy of this type of arial:rsis. The conclusion
is that although the flexible roll-up rotors are the most promising, the decision
as to the particular type of flexible roll-up rotor cannot yet be made. Further
analysis of the schemes, including building and testing of small scale hardware,
would have to be perrormed to make this decision.

';'e-cause of the different ground rules used in the analyses (specifically
the design disc loading) it is questionabl,: whethpr the two segment telescoping
rotor can b-. rated against the other concep..• by using this evaluation score.
It did achieve a score of 85.4, which is comparable with the highest scores for
the other concepts.T.is is mainly attributed zo its much lower technical risk
which gave it a score in that category of three points more than any other con-
cept. In addition, this low risk gives it the 1oawest RDT&E cost of any of the
concepts, and this helps to improve its overal, ccst effectiveness to the point
where it receives the highest score of 50.0 in this category. It does not
achieve the desired goals of low disc loading and high retraction ratio, and it
is questionable as to whether it is being correctly rated by this evaluation
method. It should really be considered as a near term, interim type of solution
for achieving a variable diameter rotor system.
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Figure, 39 shows a gf,;-ra. arrar.gement. drawing o' how the basel ire -- 65-300
aircraft des-Ign would be modified to accelt the thin roll-up variable diamreter
rotor system. Tht major changes include the replacement of the conventional.
tail rotcr with a high disc loading yaw fan and the substantially larger wing
which is now required. The cabin size is the bame as the baseline aircraft,
and the rear loading capability is retained. The general arrangement of the
drive system is similar to the S-65-300; the two eleven foot diameter props are
also the same as used on the baseline design.

The yaw fan is used to reduce the diameter of the anti-torque device so
that it can be placed under the main rotor disc. A conventional tail rotor

t mounted aft of the main rotor would require a lengthening of the taiilcone. This
would upset the aircraft balance and require a further lengthening of the nose
of the aircraft. This much longer fuselage would finally lead to an excessi:e
airi', ame weight.

The wing size on the S-65-300 is 475 square feet. On that design, the wing
never supports the full gross weight of the aircraft, even at the maximum cruise
speed of 250 knots. With the roll-up rotor the wing must now support the full
gross weight at vezy low speeds, since the rotor is retricted and stopped at
i140 knots. The minimum size required for transition from rotor borne flight to
wing borne flight at the design cruise altitude of 12000', standard conditions,
is 1200 square 'eet. This wing is shown on Figure 39. Jf the transiItion was
made at a lower altitude, a smaller wing could be used. The wing trade-off
study illustrated in Figure 35 showed that the optimum wing size from both
gross weight and eost effecti reness standpoints is 1100 square feet, if the
transition requirement is ignored.

The gross weight "or this aircraft is 69,063 pounds, 6._63 pounds higher
than the S-65-300. The complete weight statements for both aircraft are shown
in Table MX. Rotor weights are quite similar for both designs. Th-.e major
weight increase is in the wing, wi.th smaller additions made to the :us•lage,
anti-torque systems, tail surfaces, flight controls, and drive system. The
mission fuel weight has decre.sed somewhat due to the higher cruise efficiency
of the variable diameter rotor aircraft.

With the sa..e installed power as the S-4-30 ', Ji s aircraft will have a
higher criising speed due to this higher cruise efe'lciency. The maximum cruise
speed of the S-65-300 is 250 knots. The n-'; aircrait can cruise at 27- knnts
on th!e outbcun! nisrion leg, and this is increascd on th,- I.;buund let; to -F,3
knots.

Adaptability to Stowed P-4tor Designs

This study was limited to variable diameter rotors as app Izd to storved
rotor compoiunds which had the same installed power as the baseline fixed
diameter debign. Because of the high retracti-n ratio of the ro" *-.a,
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rotors, they uould also lend themselves to stowed rotor aircraft designs. All
of the aeroelastic limits which tend to restrict the speed of compcund helicopters
are eliminated whei, the rotor is retract,-d and stopped. If the rotor could be

WE stowed within the fuselage cont,. drag would he reduced and, with more installed
power, substantially higher speeds wo-uld be achievable.
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Table UMx

I rcraftI" Weigh: Stlatement's

Baseline Variable Diameter
3-65-300 Rotor Aircraft

R 3~r Goun 5191 lbs 5 7 34 1 -bs
Wing Group 2ý236 5547
Tail Rotor/F-an 950 180ri
Tail Suýrflaces 937 C,073
Bo62 Gr up 7219 85
Alighting Gear 2536 2831i9
Flight Controls 1508 -2265
.nginze Section 752
i'ron.uisiorz Grruo

Enginjesp as ±nstaned 2202 20
Air TInducti-on "'42
Ldilaust System 39 3

LueSystL -9
EnieControls 886

Startingý S:'ster 7117
il:uel System, LO

?o e.L r Lnist al'at or'$2
Lri1ve `5e O~
..xiar': PO'we: Unit ~.

V* -ira;2Ac -m

C-C

.rz%..er 55 55

aucC

Crew,

PA~GE
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DEV!,OP?-. T PROGRMA" FOR ROLL-UP ROTORS

program, to analyze, tet, develop, ard substantiate the
r.-ol-ul rotor e•reer: hks beer, fornlulated. The planned program be-gins with an
investigation of fundamental system charac*erlstics an.d critical hardware
"feasibility, and cul-silnates in a flight demonstration r-ogram with a roll-up
rotor cound airz-raft. V4,Jor technicai risk areas would be investigated
av ar In the development -rograrn, an.a an y as yet Lrdetected fundam-ental problems. - -,. ~ III beindenteeed e udaenrlpy.lr~

requi-ri:.g technological breakthrough wiii be indentified early. Analytic
techniques for study and optim'zatior of the rotor svi'.- n area of perfor-
mance, design, and stab ..i.t.y, will be devdoped and curreiated with tests.

The nrinclre areas of technical risk investigation and critical hardware
development are:

1. investigation of the effectiieness and necessity of blade root and blade

tip control systems, separately and in combination throughout Yhe

flight envelope. Deterrnine required size of aerodynamic tip tab.

2. Investigation of blade aeroela-stic respronse throuhout the flight
envelore for various blade ana tip mass and elastic properties,
and for various control inputs, in trimned and uitrin-med flight.

3. invest!t1,.n of ... arious types of t"i- weight aerody:;..nc dampers,
.heir effectiveness in eliminat-InC -round resonant'e, and thL! study
of vossibe- futter, buff.et, or load rroblens they m=Fht cause.

-. Botor stability and response durin:g .-xensio". and retractiox.

cy es n t ri- ed and ,ntrJ:med fiigh' and ggunt conditions.

C. i5lade ma-erials Investigation, selection, and substantiation.
0rtimt, blade design approach for achieving" d'-sired ---- Ic"
:,rorLrties - with .nin :-Preduction difficuly..

6. Dýe-velorment of conce.,ts ai.d materials to reduce --lade eros:u.2..

7. D'eter=inatlion of the aerodyna-.cs of the rt-flexed airfoils,
including the effects of dy¢nar;c deflection of the chord of
the airfoil, aýnd severity of change in pitchin. momen.s.

8. ln-.,;tigat'n of biiJ out of track and dyna:.ic inba-ance
roes associ'-t.d willh b•ade-t-o-LI ade ranufacturing irreg: antircs.

9....elo..men of fai I....t I p control tab actuator for high
loads at hich frequency of opera!lon..

10. Rotor head druwn ,-oiler desi,-:' d -c,.iation.

R] ot. ;• ' -#-. •had drag- r-•dijt ', :ý.
Mrgiu pig Mlnk
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This program assumes the thin rtfle-x airfoll will be used. if this
is found to have difficult or insur..untable x-roblems in one of the above ar..n,
it is suggested that the pneumatic airfoil be substitud-:a. At that point, a
more detailed blade design effort would be made to dreterm.i ii if theo blade could
be made more stiff torsionally. This might avoid some of the more dit!"ful"
problems oi' the reflex airfoils, fi'hough only at tre cost of added total
Complexity.

The development prog:am has beer. for•.alized into four distirct" :hases.

Phase 1

Develop fi st approximate analytic tec'hniques, models, and f*udI'
scrcde desigr zoncepts at minimu-m, ex•onse and in a minimum t ime
period, to demonttrate the pract icaii'y of the concep t

Phase 11

Refine analytic and modeling techniuurs 'r: ot i. iz' th. rorde,-:.,
and wind tunnel test a large dynrAncally scaled model rotor.

P"hase 111

Design, fabr'cate, and test a largýt scale f lrght worthy roll-un rotor
equipped compound air.raf in LO X e w t

4!Lt V ...

S'i,,-'I :

-:"ase i - :ni'a -nvestirf- to:
!• ~~of Faric P :robl]em:s

Pnase 11 - Refined !nvese ig ic:.
for Rotor *%tizhc

InaSe -rrv±0'ai >t
otor in k.es Wir.d T,'i.-.-.

nase iV. - Flih'nt TosM

S]3(8
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11hase TV

Flight test the roil-up rotor eaui Dped cornnound aircraft, with rotor
retraction and extension qycles at speeds upr to 150 knots, and to hipher
speeds in the stopped rotor configuration.

Activiti ~s within the first three phases o1' the proprean have been sub-
divided into the following four classifications:

A. !Ion-rotating aerodynanice and aeroelastic testing,

B. R~otating system dynamically scaled testinp,

C. Analytic procedures, and

P. Farduare design and development.

1. PliASE I

Phase T of the proigram, which extenis over a one year reriod, will providýe
1t-sic model test data, ana'lytic- techniques, and critical hardware :amncepts, to
J-ustif1y and potentially reorient further w(-rk on the rotor system.n. The approach
to be tak~en is to dE ' elop first appioximation results at minimur. expense in a
short timf- ieriod f'L. imnact on Ifurther wor;,.

a. Non-Rotating Aeroe-.si and A rodnaic Testing

(1) 91'wo Dim-ersional A!irfoil- Tests

Svrlsmal scltoiesonal blade sect~ions w-ll be tested at low
M~ach nrbumer and Reynold n~.mber for use -in analytic correlation with t~he rotatilng
system -nodels which vill be tested durIr-r both Phase T and Phase NI. Lift,
drag, and Ditching iroi±ent data will be obtained. In addition, the pressure
distribution over the airfoil will be obtairned f.Dr use in the airf"oil' chordwiseV d-fection analysis. Several o' the airS'-il sectlions to be tested will imlate
the expected chord line deflecti;on or prelimnay indication of the, chan-Pes
pItching moment to be eymectled.

(2) IN'odf1 T.in We!&-ht Tests

A peomnetriclall.% zcaled rnodý,l of the tip rechanisr-. (tx -roxi ratel:;Y 2 ft
Ir-ng) v`,' be testei -t relatively low 0~~d toinvestiF.te the aerodynamic,

9 effectiveness of' the tip contrnl) ta0. and aerodynarzic danners. Conti-ol tab

conditions. Dur-ing the latter port-ion of thie wind tunnel test, the moJ-_ý would
I-e mounted or. a szrin..! support, which s-Imulat~ed thr-- irpedince of' the rotat ing

b~Ad~ ~ynni c rin- wi'll h~e neasured, and any diaIo intabilities, Mlutter,
or -wu1fet problers vc-uld be un-overed befr-re the fi-rst rotor test.
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b. Rotating System Dynamically Scaled Testing

A four foot diameter, non retracting model rotor will be mounted in a
small low speed wind tunnel and tested at speeds which achieve an advance ratio
of un to 0.3. It will be dynamically similar to the full scale design, when
onerated at anDroximately one-third fall scal- speeds. This reduced speed
"sealing greatly reduces ;odel fabrication difficulties. Manually adjustable
cyclic and collective root control and collective tin control vill be .rovided.
Variations in blade ad tip "weight properties will be .ade. Tin control tab

4 angle and swashpnate control angle will be adjusted. Overall rotor system
stability and response characteristics uill be obtained. Root and tip control
effectiveness will be determined. Tracking and djnami- balancing irregularities,
associated with blade-to-blade manufacturing differences in stiffness and
airfo~l contour, and resultant chanres in dynamic response will be studied.

c. Analytic Procedure

(I) Developing Analytic Tools

Modifications to existing blade meroelastic computer prograens will be
perforred to include the tin control tab and aerodynamic dampers.

121 Analytic Studies

Analytic studies will be conducted for th6 rotor system in forward flight
and maneuvering conditions, to define control effectiveness and bMade response%
and to indicate the most useful areas to be investigated during the wind
tunnel program. Hovering flight wIll also be analyzed with tihe aerodynam.c
dampers extenred, and hoverinp, ner~ornance decrements and blade out of track
phenomena will be investigated.

(3) C~rrelaticn

C'orrelations with wind tunnel test results w;.'4 he perform.ed.

H. !:ardware Des-gr; and Development

(1) Blade Structural Desipgn

Blade design', concepts will be develonsd. Several small scale sample blade
sections will be fabricated and tested. yost Promis'ng anproaches will be
defined, and rost useful miaterial zeiected.

17i
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t2) Tip Contrcl Actuator Mechanism

A preliminary design of the control tab eztuator will he develoned. rea-
sibility of~ the desifn will "e reexarlited, after completion of the control
loads investigation in the static test and the control effectiven~ess stud', In
the wind tunnel tests.

2. PFASE IT

pýhase IT is to be an 4invest i~ntion of an opti-ized rotor s:?ster. it co-vers
a stan of 1h years. Critic-al full scale hatrdware will be desipred and subsvzý-
tens fabricated and tested. Analyvtic techniques will b~e develoned and udt
f'ron "'hase T results and used to cxtrniizxý tile rctv~r -,.stern. "Ode! tests wl
be nerfcrmed, vith a dyna"nicaily scaled renotely controlhialle retractinp
rotor =ounted on a !ompound aircraft fuse lar-.

a. Non-RctatinigAeroelastic and A~erod1,yrns_.L -'estIrr

(1) M¶odel Tip Weight

The same model in Phase T wil'l be- -ounted in awind tunnel canab'e of'
* speeds to 0.85 i'ach. Lift, drar, -and nitchinir !oment data Will be reoThtaine~d

with the f'ull scale conpressibility ;and Reynolds ni-lrer effects.

(2) Installed Rotor Fead D:-ap

A geometrically scaled cor-pound aircraft desif-i, equipped with the r-trac?-
ti-n Pg rotor head, will te tested at sneeds to I.C' knots. 1'arious rotor 1.eft
fairings and pylon geometries will b- tested to rninimiz7e dragz.

(3)1 Two Dimensional Airf'oil Tests

Two Di.-,ensicnal Air-foil T.ests will be conducted at fuil, scalp ?'ach number-
and Reynolds number. Lift, drap, pitching !-Q.~tadl pressure distribution
data will be oýbtained.

b . P o t a't-in;7 s t en t ~n ainh y d 7 e st in r

(1) Ground Pesonance rests

T-.- four-fuot dliareter rodel izsed inPas il e tested to) furt*-er_
investirate ground resonance snenorena. Vanuall:;, aO,1 ust%`-V½ ae'o:A:-n'-ic
danners will1 be added. !Rlaqe ri-onertlfs, s-zch %r '~si xs . tff-ess,
and rtio o" torsiona: to f*aws-'evecwf b aidt ~rs;'
elimination op Pround resonance t;-rchout a -rrt 1-int-re n" ntentia' rn* :,r
system aercelastitc -arar-Cern. Th- r-.-:%I# t"i" I e nm ateI r'" -t so": a-i.11.t:5nd
su~nort, ca-*ble of' sirmulatngj the,# ;m',-r,' chr -a~. fullV

iuhic`h vriatlvi,:reu th-e rount's 'rtqiue-nic shou,1ý rrc -r'n:d rs'n.'
tion begin.
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(2) Variable Diareter Rotating System Tests

A 12-foot diarete- dyn-mi-cal]y scaled rode1 rotor, .oun!,ed on a con-ound
aircraft model, will be tested up to an advance ratio of 0.3. The mode) will
achieve dynamic similar'ty, when o'nerated at one half tull scale st-eeds. Rctcr
dianeter will be ,.nnually adjustable, but remote blade ruot and tir contr(- will
be provided. Blade resDonsz and stability will be recorded, as will overall
rotor and aielrare loads. Trim.ed and uni-rned flirht conditions Vill be
investigated for vearious forward sneeds and rotor retraction nosAtion.. Poto-
control uower dkrivatives and overall aircraft stability deriv.tive.s ;ill be
obtained.

(3) Pemotelyv Retracting Potat.in•.vstem Test

A rerctely controlled retracting rotor head will be installed in the mo,,el
discussed above. Time histories of blade stress and motion luring retraction
will be recorded at various trinm.ed and untrimmed flight conditions for a
range of forward speeds and wing 'oadings.

c- Analvtic Proectures

(W) Design ½Dtimization

Analytic technicues and test results deve2oed in Phase I w"3 1-e utilize,!
tc oottimize the full -cale de, ign, and thus determine the c:,arc.•teristics of
the Phase TI models.

(2) Analytic Development

Thbe rctor aeroelastic analysis will be modified to inlud. a chcrd-wisf
elastic mode and the interference effects caused by the close -roxiri-ty wi.ng.

(3) Correlation and Analysis

Two dirensional airfoi' ressure distributions will '.-•, -to obtain rore
Trecise chordwise a:rfoi] deflect-,:s, Th• "nform.atio0 ill %'sc be xzsed

for correlation in the ,-odif'ed aeroslastiz analysis. '*.41 ttumnn] test resduts
"will be correlat-d with nerforirace an-! stress analyt,,c lreiictl'ns.

JI. Hardware DesFipn and Deveioprent

, Blade Farri:pati-n and Materl -6 s

"In-estiration of f-dl soale 'hdr- desicrz -ewill continue. •u.rre
>2a' sectiions W:l 'Et. -hr_ - teO ian, tested ,cla•te orosi.on ero l'e.s ,l ,

,stPAted.
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(2) Rotor Head Mechanism

"The blade rollers, guides, and actuation mechanism fo: the rotor head
roll-up mechanism will be designed, fabricated, and tested.

(3) Tip Control Tab Actuator

The full scale tip control tab actuator and tab mechanism will be designed
and fabricated. Tests will include simulation of the hipfh "g" field, as well
as the cyclic aerodynamic and inertial loads.

3. PHASE 11

A large scale fiightworthy rol1-up rotor system will be designed, fabri-
cated, ard tested in the NASA Ames 40 x 80 ft wind tunnel, prior tc flight
tests in Phase MV. Phase III would extend thiough the third and fourth year
of tho development program.

a. Non-lotating Aeroelastfc and Aerodynamic Testi:

Tests of elastically scaled, two dmensional airfoil sections wi]] zon-
tinue for opt.-ization • nitchin. noment cha-'acte-ristics. erosion prevention
varification, and structural design imcrovement.

b. Rotatinr Svstem Testin*. - Ames Wind Tunnel

A large scea.e, flightworthy roll-up rotor system will be tested on a cor-
pound aircraft airframe in the NAS Arnes h0 x RO ft wind tunne2 facility.
TriaLc:J and maneuvering fl!ght conditions will be tested at speeds to 150 knots,

' th various rotor extension nositions and 1 ft sharing from the wing. Trimmed

conversions ,ror. the pure helicopter to the conventional fixed winp aircraft
configuration will be accomplished during rotor diameter change. Aircraft
itability and control, rotor control nc-wer derivatives, blade resnonse =,d

stress levels, and airframe loads will be deternir.ed throughout the fli••"t
(rve!!oDe. The test progr.-n w-11 varlfjv and expand the aerc'iynanim and aeroeeas-
t.c data obtained during previous rodel tests and s.hstamntiatt' the ro'or system
and airframe for the flight test program.

c. Analytic Procedures

(1) D2L i":e_:•: haeO2timivathton

Test results and analytic technique-s varified in Phase b2 " e used to
reoptlimze týhe rotor systern desiv,-n for %h-Phase: 1T.1 eff%-rt.

('2) Correlation of Wind Tinneýl TPests

Analyt~c stuldies ,;I11 '-v rade of' the v! ininet; w, nO tunne-l 'es, ,oondl t lotn

1.75
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and used for correlation with the data.

d. Ha-dware Design and Development

A large scale, flightworthy roll-un rotor system will be designed and fab-
ricated. Subsystem test and development programs will be performed. The
aircraft will receive extensive ground testing to substantiate all hardware
and demonstrate laca of ground resonance instabilities. Several options are
available for airframe development. Use of an existing compound aircraft air-
frame is desirable for minimization of airframe system problems and flight
characteristic unknr. ms. However, available airframes may not be compatible
with rotor system sizing in the NASA Ames facility, in which case a totally
new airframe or compounded helicopter airframe will be required.

4. PHASE IV

A flight test program will be conducted on the roll-up rotor equipped
compound aircraft. Modifications to analytic techniques and/or aircraft hard-
ware will be performed as indicated by NWASA Ames wind tunnel results. Overall
flight system characteristics and operational limitations will be determined.
Aircraft performance and efficiency will be studied from hover, through rotor
retraction, to high speed conventional fixed wing flight. Rotor blade stresses
and deflections, rotor head critical component loads, airframe structure loads,
and aircraft vibration levels will be determined throughout the flight envelope.
Handling qualities in trimmed and maneuvering flight, with various pernentages
of lift sharing between wing and rotor and at various rotor retraction stages,
Vill be studied. Transition to autorotative flight uill be performed from a
variety of initial flight conditions.

This flight test program will begin in month 5-2 and last three months. It
will conclude the roll-up variable diameter rotor concept developmnt program,
and lead to incorporation of the rotor system in a large, high speed compound
aircraft. The final reports will be issued by month 60.
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SECTION VI

STUDY CONCLUSIONS

(1) There are three major types of variable diameter rotor systems that
are capable of achieving large ratios of extended to retraceted rotor diameter.
These are classified by the type of blade construction, and include rotors using
multi-segmented teltsco;ing blades, folding blades, and very flexible blades that
can be wound on drums within tht. rotor head. Of these three, THE FLEXIBLE ROLL-
UP ROTOR IS JUDGED TO HOLD THE MOST OVERALL PROMISE. It is the lightest weight
concept, and causes the fewest penalties in the aircraft design. It 's ca-eable
of low disc loadings and the highest retraction ratios, both of which are ,.zrti-

cularly appealing for future high speed stowed rotor designs.

(2) All of THiSE CONCEPTS INVOLVE HIGH TECHNICAL RISK, substantially higher

than the two segment telescoping rotors which are presently being developed
by the industry. Tne technical risk of the flexible roll-up rotor results frcm
its unusual dynamic and aerodmnamic characteristics. These include -blade
control, avoidarce of ground resonance, and the possibility of dynamic instabili-
ties during forward flight and blade retraction. These are detviled in section
III-(3)b of thig report, and a development program for this rotor is detailed
in Section V.

In spite of this hio technical risk, the study has shown that the improve-
ments which these variable diameter rotors promise in increased aircraft
capabilities ana overall efficiency appeaz "to be worth the extensive program
necessary for their development.

(3) AN AIRCRAFT USING THE VARIABLE DIAMETER FLEXIBLE ROTUL-UP iOTOR WOULD BE
APPROXIMATELY TER PERCENT HEAVIER THAN A CONVENTIONAL CO_.IOUND. When designed to
carry a 5.35 ton payload over a 250 nautical mile radius mission, an aircraft using
thi-4 rotor system would have a design gross weight of approximately 69,000 pounds.
This compares to a gross weight of 62,800 pounds for an equivalent fixed diameter
compound sized to perform the same mission. if both aircraft have the same
installed power, the variable diameter aircraft could hover at higher rl.l.1tudes,
and it could fly the mission at higher speeds than the fixed diameter vehiclŽ
because of the improved lift to drag ratios which result when the rotor is
retracted and stopped. Speeds of 280 knots would be achievable, compared to
250 knots for the baseline fixed diameter compound. This aircraft design is

discussed in Section IX of this report.

(4-) COCARING THESE DESIGNS AT CONSTART POWER RESULTS LN THE VARIABLE
DIAMETER AIRCRAFT Pi4VING k LOWER OVERALL COST ED rECTIVENESS T.AN %THE BASELINF
FIXED DIAMETER DESIGN. This is because its increased life cycle cost, which
iZ due mainly to its large development cost, is not offset by the .mprovement
in mission block time if additional power were installed ".- the aircraft.
higher speeds would be achievable with only minor growth in aircraft weight and
cost. This could improve cost effectiveness to the point where the variable
diameter compound would be superior to the baseline aircraft.

178
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(5) THE MOST PROMISING APPLICATION FOR THE ROLL-UP ROTOR WOULD APPEAR TO
BE III A STOWED ROTOR TYPE OF AIR.•RAFT DESIGN. In the compound designs inves-
tigated in this study, all of the weight and complexity penalties associated
with the variable diameter rotors have been added, but large speed gains have
not been made since the installed power has not been increased. The primary
adgantage with the roll-up rotor concept is that it has reduced rotor diameter" to a point where the rotor can be stopped in flight-. This eliminates the

for-ward speed bla e stress, control loads, aeroeJ astic,and performance baundaries
which are associatLI with conventional high speed compounds. The aircraft would
be capable of substantially higher speeds provided adequate additional power
were installed. If the capability were added to stow the rotor system vithin
the fuselage contour, the aircraft parasite drag would be further reduced. This
would increase the c.--uise efficiency and could lead to the long sought after
ideal of a high speed VTOL aircraft with low iovering disc loadings.

(6) OF THE DIFEN TYPES OF FOL)-UP ROTORS. THE FOUR-BLADE!) RmTOR USING
THIN FLEXIBLE REFLEX AIRFOILS APPEARS MOST PROMISING. Certain assessments have
been made in this study concerning overall feasibi..ty and technical risk of
each concept, and it is felt that this conclusion is within the accuracy limits
of these assessments. There is not a substantial difference between the two-
bladed and the four-bladed rotor, and bettieen the thin reflexed airfoils and
the thicker pneumatic airfoils. If after further development effort the thin
reflexed airfoils are-found to have more difficult problems that have been antic-
ipated, the pneumatic blade should again be considered as a candidate system.
This is particularly true in the area of torsional stiffness.

(7) THE TWO SEGMENT TELESCOPIING ROTOR, although not achieving the disc
loading and retraction ratio desired in this study, IS AN ATTRACTIVE INTERIM
VrRIABLE DIAMETER BO=-R SOLUTION FOR MEARER =TERMAPPLICATIONS. It has already
had considerable development effort, and its technical risk is substantially
lower than any of the other concepts.

9
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Appendix I

U. S. Patents Applicable to Variable Diameter Rotors

"" I. 1,071,187 J. E. Bissel, October 28, 1913. "Propel]ei-".
Te.,escoping propeller blade, using rack and pinion retraction.

2. 1,461,733 H. E. Hawes, July 17, 1923. "Propelling Device for
Aircraft". Telescoping propeller blade, using 3 jazkscrew
type of retraction.

3. 1,922,866 S. Rcsenberg et al, August 15, 1933. "Rotary Airfoil".
Initial patent on telescoping helicopter or autogyro rotors.
Two and three rigid segm'nts with retraction controlled by
cables, sarews, and rack and pinion gears.

4. 1,957,887 C. B. Hebbard, My 8, 19-A. "Adjustable Propeller".
Jackscrew controlled variable diameter propeller. Blade pitch
aut-omatieally changes with diameter.

5. 1,969,077 J. H. Howe, August 7, 1934. "Airzraft Sustaining Unit".
Fully articulated telescoping rotor. Rack and pinion retraction
mechanism is driven through universal joint coincident with
articulation hinges.

6. 2,032,712 V. H. Patriarche, May 28, 1935. "Variable Diameter
Projpeller". Telescoplng blade with a hydraulic retraction
mechanism. Mechanical links keep the blades syncronized during
retraction.

7. 2,021,470- R. H, Upson, November 19, 1935. "Aircraft". Shows
auLo 'ro rotors with both tclescoping and out of plane blade
fold. Blede folding is proposed only for stowage purposes; it
is not proposed that retraction occur during flight.

8. 2,108,24h5 T. Ash. Jr., February 15, 1938. "Gyratory Airplane Wing",
Multisegrented telescoping blade, cable controlled. Cable is
wound around a spring loaded drum to automatically retract blades
as rotor is slowed down. Each segment is rigid; however the
Joints are flexible.
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9. 2,110,563 Andre Thaon, March 8, 1938. "Aircraft of th! Auto-
L-ro Type". Cable controlled retracion oro autogyro rotcrs.
Stoved on ground only, not during flight.

10. 2,120,168 T. Psh, Jr., June 7, 1938. "Aerodynamic Rotor".
Continuation of previous patent. Multisegmented blade with
each segment controlled by an individual cable. Also covers
cy.licly telescoping blades for control rather than cyclicly
varring pitch.

11. 2,j45,143 W. A. Belfield, January 31, 1939. "Propeller".
Telescoping blade with two segments; screw driven. Includes
safety dev, ces for discontinuing power to the screw mechanism
when limits of extension or retracuAon have been reached.

12,, 2,163,482 P. Cameron, June 20, 1939. "Aircraft Having Rotative
Oustaining Means". Telescoping blade with two segments; screw
driven through articulation hinge. Screw nut mounted flexibly
to reduce bend. ig during extension/retraction.

13. 2,172,333 T. Theodprsen and E. F. dveus, September 5, 1939.

"Sustaining Rotor for Aircraft". First to show thin flexible
blades vound on a drum. Also shows many rigid segments hinged
together horizontally for out of plane fold. When retracted
these wind on a hexagenal dr= within thu rotor head.

l4. 2,172,334 T. Theod.rsen and F. F. Andrews, 6eptember 5, 190G.
"Sustaining Rotor for Aircraft%. Continuation of previous

- patent.

15. 2,173,291 T. . Azh, September 19, 1939. "Aerodynamic ', otor".
Continuation of patents 2,108,245 and 2,120,363 to show a
counterbalanced single bhlded rotor.

i6. 2,226-978 R. P. Pescara, December 31, 11011. "System Tneluding
Pot.sry Blz'des". Flexible blades retracted within the rotor
<,haft or on drums.

17. 2,330,803 E. F. Andrews, June 14, 1037. "A'rcraft". Many blade

secants zolded out of rotor rlwie onto hexalgonai driz.
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17. (continued)
Extension of patents 2,172,333 and 2,1 7 2,3 34 to show stowed
rotor applicatlon for high speed flight.

18. 2,372,350 G. H. Abeel il1, March 27, 1945. "Variable Length
Propeller". Telescoping rotor, two segments, hydraulically
operated. Blade pitch changes with diameter.

lc. 2,380,540 H. W. Mollenhauer, July 31, 1945. "Automatic Area
Centrol Propeller". Propeller with blades splined to hub.
.echanical rods control retraction automatically with rotor
torque. Small retraction ratio (Approx. 1.21.

20. 2,h0o,899 F. DuPont Ammen, July 16, 1946. "Propeller Ptch and
Diameter Control". Two segment telescoping blade; screw
driven. Small retraction ratio (Appirox. 1.2).

21. 2,403,946 H. R. Noyes, July 16, 1946. "Propeller". Two segment
telescoping blade; screw driven. Small retraction ratio. Patent
covers mechanism to drive screws.

22. 2,40h,290 W. S. Hoover, July 16, 1946. "Varlable Diameter and
VWriabl- Pitch Propeller". Two segment telescoping blade.
Retract .d with mechanical rods. Small retraction ratio. Auto-
maticalil; controlled to keep drive shaft at constant speed.

23. 2,425,353 L. Spitzer, Jr., August 12, 1947. "Flexible, Variablc½ -
Diameter Propellor". Many bladed propeller with flex-ible
blades wound on one center drum.

24. 2,442,291 C. R. Hamel, Mlay 25, 1948. "Air Propeller with Auto-
"• matically Variable Pitch and Diameter and Controlled Pitch

Variation". Two segment telescoping blade. Retracted with
mechanical rods. SM11 retraction ratio. Blade pitch changes
with diameter.

25. 2,457,376 V. Isacco, December 28, 1948. "Aircraft with Rotatable
Sustaining Blades". Multisegmented telescoping blade. Also
includes inplane fold to: further increase retraction ratio.
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S26. 2,457,576 J. G. Littrell, December 28, 1948. "Airplane Propellerand Means for Adjusting Some". Variable diameter propeller wi.h

small retraction ratio. Pitch changes with diameter.

H 27. 2,458,b55 V. Issaco, January ll, and the Like• • with Rotating Sustaining Blades". Contiruation of p.atent no.
• i 2.45"7'37'6.

28. -,_'o4,285 E. F. Andrews, March 15, lg49. "Aircraft with Retractable
Variable - Radius Rotary Win:". -rvo segment telescoping blade.
S-etnLs retract beyond rotor centerline for a three to one
retraction ratio. Also shcws innlane folded rotor with hinge
at 1/3 radius to also- give a three to ore retraction ratio.

1 29. 2,465,703 A. W. Allen, March 29, 1949. "Aircraft Sustaining Rotor".
Two segment telescoping blade, ;.atracted with cable.

30. 2,510,216 K. W. Figley, June 6, 1950. "Aircraft Propeller". 'No
segment telescoping propeller blade, retracted .-ith cable.
Minim=n retraction ratios.

31. 2,523,216 V. Isacco, Sept-ember 19, 1950. "Susta.ning Propeller

fo:i Flying Machines eid Parachutes". Extension of patent
2,457,376, Decemoer 28, 1948. n-ultis.ýgnent telescoping b]ade,
cable controlled, combined with inFlane fold to maximize re-
"traction ratio. This patent specifically introduces be2inG
surfaces betweei the various elements for their support.

32. 2,61L,636 R. H. Prewitt, October 21, 1952. " Pctor Parachute:'.
Flexib.e roll-up rotor, specifically applied to nor-povered

II rotro-rs. Includes method to stiffen blade zhordwise usi: C
lonaitudinal wires or straps.

33. 2,616,509 W. Thomas, !Novemrber 4, 1952. "Pneumatic Airfoil".
Generally covers pnextmatic aerodynamiic shapes, both fixed and
rotary wing. includes internal tcnsion members to maintain
.pecific shape under pnet.matic pressure.
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34. 2,637,406 V. isaceo, May 5, 1953. "Telescopic Rotor Blades and
Brakes Therefor". Extension of no. 2,523,216. Multisegment
telescoping blade, cable controlled. This patent introduces
a brake device to limit the speed at- which the blades extend

i ~under centrifugal force. This same brake can then be r'sed to

retract blades.

35. 2,640,549 V. isa-eo, June 2, 1953. "Jet-Driven Sustaining Propel-
ler for Aircraft". Extension or his previous patents to
include tip driven rotors.

, t 36. 2,684,212 _E. G. Vanderlip, July 20, 1954. "Disc P, otor with
r_ Retracting Blades for Convertible Aircraft"; asaigned to

4 Piasecki Helicopter Corporation, .orton, Pa. Two segment
S~telescoping blades, cable controlled. Telescoping segment of
S~bledes retracts into a large eenter disc which has a diameter
S~of approximately one half rotor diameter. After retraction
i this disc becomes the wing for a high speed fixed wing mode of

flight.

4 37. 2,T13,393 V. '$sae(eo, July 19, 1955. "Telescopic Blade for
Rotating Wing Aircraft". Extension of patent no. 2.637,406.
Multisegment telescoping blade, cable c:ontrolled. This patent

S~introduces methods of balancing the blade mass about the

Squarter chord and certain other features to reduce '*,lade str-sses.

38. 2,717,043 V. lsaceýý, September 6, 1955. "Contractable Jet-Driven
Helicopter Rotor". Extension of patent no. 2,457,376. Multi-
segment telesceping blade, cable conti-lled. Also incl'ides
inplare fold. This patent extends concept to include tip-
driven rotors.

39. 2,7749,059 D. U. 'Meyers et a!, June 5, 1956. "Aircraft with
aletractable Variable Radius Rotary Wing"; assigned to Vertol
Aii-craft Corporation. Telescoping blades, cable operated.
Discusses method to use kenetic energy of rotor to provide
retraction pDover. Also shows drum for cable concentricb with
rotor shaft.

40. 2,776,017 J. B. Alexander, Janua• 7i, 1957. "Telescoping Rotor".
Multisegment telescoping blade, cable orerated; Non powered rotor.

S



41. 2.852,20T D. K. Jovazovich, September 16, 1958. "Convertiplane".
Two segment telescoping blades, telescoped beyond rotor
centerline into fixed disc which becomes the wing for fixed
wing flight. Center disc does not tilt with tip path plane.

p

42. 2,869,649L H. D. Lux, January 20, 1959. "helicopter Rotor".
.Z.jItisegment blades fold out of plane, designed for extending
in flight under centrifugal. forc" but not retracting while
z*.Ator is turning.

43. 2.)67s573 W. C. Johnson, Jr., January 10, 1961. "Pneumatic
Airfoil'; assigned to GoodYear Aircraft Corporation, Akron,
0hic. Pneutstic aifclll wilth "substantially nonext.ensible
threads in a number between about 25 and about 100 per square

inh cs_,tloned in substi?.ntlaly parallel relationship insid*e
the enveloo,e" to hold required airfoil shape when pressure isintroduced.

44. 2,969,2Il F. C.. VonSaurna, Januar- 24, 1961. "Influatable-Wing
Rotor". Inflatable blade with accordton fold. Applied to
rotor parachutEs. not he! [eopters.

45. 2,979,288 A. Klien, April 11, 1961. "i.-craft Propeller Arrange-
ment and Mesns for Elongating Same". Variable diameter
propellers using rack and pinion mechanxsm. Small retraction
ratios.

46. 2,989,268 E.F. .Andrews, June 20, 1961. "Convertible Aircraft".
Extension of patent no. 2,464,285. Two segment telescoping
blade with segments retraacted past the rctor centerline for a
3 to I retraction ratio. Specifically covers tip drive for
these type of rotors.

47. 2,996,121 J. A. 0. Stub, August L5, 1961. "Retractable Airfoil".
Flexible skined blade, cable controlled. During retraction
cables wit"d on drum whi!p skin folds accordion fashion at its
inboard end.
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48. 3,06S,799 L. C. McCarty, Jr., November 27, 1962. "Rotary Wing
Aircraft". Thin flexible blades that roll on a drurq within
the rotor head to achieve high retraction rmtios. Specif-
ically covers these type of rotors with propulsion units on
the blade tips. Discusses pitch control using control surfaces
carried by the propulsion units9 by %ontrol tabs on the blades
themselves, by varying the angle of incidence cf the tip of
the blades vidth respect to the propulsion uits, or by a
combination of these. Also states that "By proper spacing of
the tension filiments . . . the blade . . . may be designed
to maintain an effective angle of attack . . . without the aid
of a control tab . . .

49. 3,117,630 D. T. Barish, January 14, 1964. "Rotors". Flexible
blades wound on a drum.

50. 3,120,275 K. Pfleiderer et al, February 4, 1964. "Rotor
Construction"; assigned to Bolkow. Ilexible blades wound on
-A drum. Particularly applied to "Magnus rotors" which are
defined as rotors whi5ch " . . . include rotor elements or blades
which are substantially cylindrical and which are rotated
about their longitudina3 axes as well as rotated about a central
rotor head axis".

51. 3,128,829 A. M. Young, April 14, 196h. "Variable Diameter Propeller".
Appears to be basis for Bell Variable Diameter Rotor (VDR),
although patent is not specifically assigned to Bell. Two seg-
ment telescoping rotor, cable operated. Cable drun and rotor
hub are both driven by aircraft propulsion unit through planetary
gearing. When the drum torcue exceeds the blade centrifugal
force the blade is automatically retracted. W4hen it does not, the
blade is automatically extended. The drum can also be controllcd
manually by the pilot, if desired.

52. 3,184,187 P. Isaac, May 18, 1965. "Retractable Airfoils and Hydro-
foils". Roll up pneumatic blades. Flexible upper and lover
blade surfaces vith pneumatic tubes sandwiched between them.
When these t'ibes are inflated they become the blade structural
spars. Also inclu:des blade pitch control achieved by varying
the inboar-d blade p~itch angle in conventional helicopter fashion.

53. 3,188,020 J.N. Nielsen et al, Jxze 8, 1965. "Rotor Blade and Air

Vehicles Enbodying Some". Flexible blades wound on a drum. Tip
weight is supported by catenary cables in leading wad trailing edge of
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53. (continued)
blade. Blade chord is varied such that. leading and trailing
edges are concave in the plan view. This places the blade
membrane in chordwise tension when centrifugal force puts
the leading and trailing edge catenary cables in tension.

54. 3,249,160 W. Messerschmitt, May 3, 1966. "Rotor Blade Construction
for Aircraft"; assigned to Messerschmitt AG, Augsbur-, Germany.
I.4ultisegented telescoping blade. Shows screw drive iechanism
for retracting more than one segment.

55. 2,27: ,655 P. F. Girard, September 20, 1966. "Center Body
Pivotally Retractabie Rotor"; assigned to Ryan Aeronautical
Co., San Diego, California. Ryan Disc Rotor. Inplane blade
fold with folding hinge at approx'mptely one third radius.
Cente'body extends beyond fold hinges so that blades are
retifacted within it. The blades "are counterbalanced about
their swing axes to minimize retraction loads while the rotor
is rotating".

$ 56. 3,297,094 A. V. Kisovec, January 10, 1967. "Aircraft Propelling
- Assembly'h; assigned to the Boeing Company, Seattle, Wash.

Tii segment telescoping blade with capability to vary blade
twist with diameter; screw mechanism.

5T. 3,298,142 P. Isaac, January 17, 1967. "Reelable Reversibly Flexible
and Rigid Structural Members". Similar to patent 3,184),187.
Poll up. rotor. This patent extends the earlier one "to provide

inflatable atructural members which are made completely from
metallic parts".

58. 3,32-1,020 K. Pfleiderer, et al, May 23, 1967. 'Helicopter Rotor".
Blade with rigid spar and flexible skin. "The blade structure
is sucn that the outer skin and rib structure, which forms the
overall blade profile when extended. may be retracted along
the spar to the interior of the rotor and the exposed spar will
have very little undesirable effects in respect to flight".

59. 3,362,665 A. E. Larsen, et al, January 0, 1963. "Air tc Ground
Descent Paeans". Rotochute using inflatable blades coiled
within the rotor head.
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APPENDIX II

EFFECT OF VARYING DESIGN DISC LOADING

Although all designs were done with a fixed disc loading, it is instructive
to determine how they would vary if disc loading was made a variable. The
computer design models were used to generate new trends as fuanctions of disc
loading, These models use mathematic equations to completely describe each
aircraft design, awd these equations are necessarily based on certai, rules and
assumptions. As lo-ig as t.h;e Pre not changed, the equations will give accurate
trends. If the original assumptivns are not held, accurate results will not
be obtained from the program. Because of this, the disc loadings could only
be varied over a small range.

For four out of the five low disc loading concepts, the optimum was
found to be within the assumed range; for one it was not. Even when the
solution was found to be outside the assumed range, the analyyAs show~d the
derivatives of the trends through the design point, and this shows approximately
where the optimun point should lie.

For all of the disc loading of five aircraft, the disc 'oading waq *zaried
between four and six psf. Beyond this range there was little confidence in the
weight trending equations. The rotor weight eqzations, in -articular, were not
set up for variable disc loading, being Instead deveiop.•d ýzo determine rotor
weight at constant disc loading and variable gross weight.

All of these designs also use the high disc loading anti-torque far,
w)'ich is mounted under the main rotor disc. For low disc loadings, this results
in the lightest aircraft i'.ss weights. However, at higher disc loadings a
tail rotor solution will be lighter. This cross over paint betueen fans &nd
tail rotors should occur around a disc loading otf eight or nine. It is very
possible that with a tail rotor these designs might optimize at a higher disc
loading, and that of these two optimum poi its the txil rotor solu; ion maV lead
to the most cost effective aircraft. This type of extended disc loading trade-
off was not performed, it being considered outstide the scopeý of thiis study.

Figures hh through 49 show the results :f the disc luading trade-offS.studies. The low disc loading concepts are suxmarized as follows:

ASSDM-FD MOSI' COST SFFE(
DISC LOADING DISC LOADIMt

Eight Segment Telescoping Rotor 5.0 4.!
Roll-up Rotor, Two Thin Blades 5.0 )3.4
Roll-up Rotor, Four Thin Blades 5.0 5.7
Roll-up Rotor, Four :Pneumatic Blades 5.,) (,6)
Inplane Fold Rotor 5.6 5.0

PAGE



c -. | -
-: -

The disc loading of the two segmetit, telescoping r- tor was also parametri_
cally varied from the design 10 psf down to a disc loading of 8psf. Below this
its equations break down, since its tail rotor muLst be replaced with a fan.
The conclusion is, however, that the most cost effective disc leading is not
below 10 psf, but, appears to be something greater than 10.
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