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FOREWORD

This document was prepared by Sikcrsky Aircraft, a Divisicn of United
Aircraft Corporation, Sirstford, Comneeticut, under coztract F33615-71-C-1186.
The contract vas initiated urder Project 1366, "Aeromechanics Technclogy for
Military Aerospace Vehicles," Task 136617, "Aeromechanic Analysis uf Advanced
Miiitary V/STOL Aircraft”, and administered by the Air Purce Flight Dynamics
Laboratory, Wright-Patterson ._ir Force Base, Chio, Capt. Porrest S. Stoddard
(AFFDL/PTB), Project Engineer. The rsport covers work conducted during the
p;;iod January 1971 - July 1971, and vas released by the author in January
1972.

Major technical contridutions vere made bty the following Sikorsky
exployees:

Mr. Willisa E. Bausach - A«~oustics

Mr. David Beck - Relistility/Maintainability
Mr. Mario D'Cnofrio ~ Systems Analysis

Mr. Robert Flemmings ~ Performance

Mr. Edward S, Eibyan - Mechanical Design

Dr. Bobert A. Johnston - Dypamics

Hr. Arthur §. Linden - Task Maanager

Mr. Robert J. Murriil - Test Requireaents
Mr. Pavid K. Unsworth - Mass Properties

‘The contracter's report nusber is SER-50718.

This technical report has been reviewed and is sapproved.
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[ 4
Ernest J. Tross, Jr.
it. Colonel, USAF
Chief, Prototyp~ Division
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This repor, documents the findingz of 2 VYerisble Diaweter Rotor Systems Concept Study
Z shich Sikorsky Aircrafi perforzed under Y. 5, Alr Force contract, F33615-71-C-1186. fThae
: blective of the stugy was to investigate the various schemes that heve been propesed
Tor variatle iemeter rotors for compcund helicopters, determine the merits of esch, snd
conclude which is most promising. ‘Three basic iypes of variasble diameter rotors vere
investigatzd. Tues= were classified by tne iype of rctor hlade consiractiocn, and inclug;
3 telescoping rigid blzdes, folding rigid blades, and flexivie blades. Examples of each
= f these were udapted Lo & large compound helicopter Gesign. All ajrcraft vere sized
¥ o perform the same mission ard a quantitstive analysis wvas performed wiiich rated ecch

b1y

k- ecsign on overail eystem cest effec-tiveness. In additien tc ithis guantitative analysis,
g qualitstive judgements were pade to fur-ther rate the potential of each design. These

E e=re combined with the comt ef{ectiveness scoras to get an cversll merit rating score

4 (cr each cencpt. PFProx tuls anslysis, the bost proaising rotor type was fcund to te s

Flexidle bleded Totor wnich uses thin bisdes thal can e retracted by rolling then on

3 irums within the rolor head. This decipn concept permits a very lov hevering dizc Inad-
- ing to be obtzined and, in addition, can bde reiracted to i0% of :ts hovering diameter.
The concept could b2 further extended to & stoved rotor configuration by stowing the

= rotor within the ccantouxr of the fuselage. This wvould provide efficient high speed
E ruise as well ac iow disc loading hover capability. The fizal itask of the study in-
E: =luded the identificatio. of 2 devalopeent program for thies rotor system,
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"’his ‘report decuments the findings of a Variable Tidmeter Rotor Systems
Concpnt ‘Study which Sikorsky Aircruft perforred under Y., S. Air Force coniract
- - F33615-71—C-1186 The obJective of the study was to investigate lhe various
‘gehiemes that heve been proposed for variable diameter rotors for compound
p - helicopters, determine the merits of each, and conclude which is mest promising.
Three basic tyneg of variable diameter roters were :mvest: gated. These were
classified@ by the {:rpe of rotor blade construction, and include telescopipbg
riglid blades;, folding rigid blades, and flexible blades. Examples of each of
these were adapted tv 2 large compound helicopter design. A1l zircraft were
sfzed to. perform the samé rission, and a- qnantlta*‘xve analysie was performed
wi:ich rated eacl. desizn on overall s¥s sm-tost éffectiveness. In sddition to
this. q_uuntnatzve analysms, aualitat c.iuégments were nade to ‘ixrtlher rate
~the potential of each design. These weFe dcrbined with the cost effectiveness -
-~ -- .- scorés to get an oversll merit. rating saore Ffar-each concept, From this analy- )
- §is, t.he most promsmg xotor 4rpe was Jound té be a flexible bladed rotor
- which ures th:m ‘bladesr thaek -can dbe retv'acted bi- ~0Yling them on drums within
fhe rotor head. This des"'r. co'lcept 'oerm:.ts . very law ho*»gmng disc loading
to be ovbtaired and, i sddition. can. be retra tea to 10;: of itg hovering dla-
© - .- - meter; The -concept could be further erténded to.a stowed rotor conﬁguratzon :
- - -~ by stowing the rotor withm ‘the contom' of the fuselage. I’!us woutld provide
_-efficient high sweed cruise gs &.'ell as low disc loading bove" capability. The
. - firgl task of the study included the 1dent1£1cat-ov of a de\relomnen* program
- - for fhis rotor sys*em. )
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- ~ SECTION I

INTRODUCTIOE AND SUMMARY

This study was limited wo variable diameter rotors as applisi to compound
- helicopters. In this application they provide the ecapability for lo. hovering
disc loadings plus higher speed, more efficient cruise performance. If they
can be retracted to vary smell diamelers, they cen be stouped to prezent the
- least drag and to completely eliminale the rotor asércelastic boimdsaries which
presently limit the forward speed cf cunventional compound helicopters. With
_ - these capabilities in mind, & baseline fixed diameter compound zircraft, the
Sikorsky S-65-300, was chosen, zand the variable dismeter rotor concepis applied
to it: A hovering disc loading of five psf was gselecteq, along with a desired
ratio of extended to retracted rotor diameter of 10 to J.

The study was subdivided into thivee phases. The first consisted of
surveying the technical literaturs 3o determine the various schemes that have
been propesed, developing a merit rating system to judge them, and preparing
preliminary .syout drawirgs for the detailed eveluation. Phzse two was the
evaluation phase, at the end of which the merit rating =y< .em wus used to choocse
- the mest promising concept. During phase three an experimental test progrem
was identified for the selected scheme and an sireraft erploying the choser
rotor was compered te the conventional fixed diameter conpound aircraft.

The sezrch of the technicel literature and patenis revealed three
basic types cf variable diameter rotors. These include those with teiescoping
blades, those with folding slade,, and those with flexible blades. There are
many variations of .each, varyirg meinly in the type of mechanism used to control
the blade retraction end blad. pitch. Retraction ratios {the retic of extendad

to retracted dismeter) vsry rrom 1.2 tc 1 to over iC %o 1.

o

From these many varying concepis five ezsmples weve chosen for detailed
evaiuation. These include twe telescoping rotors, cne folding rotor, and two
fiexible rotors. The first telesccping rotor uses one telescoping tlade segment
and one rigid segrent, anid has aretrdction ratio of 1.7 to 1. The second uses
eight telescoping segments and achieves a retraction ratic of § to 1. The
folding rotor folds the blades in the plane of the rotor disc,around a hinge
located at one-third vlade radius. As such, it achieves 2 retraction ratio of

N 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 capable of the desired 10
to 1 retraction ratio. The first of these flexible rotors uses very thin
Y blades made of laow modulus material, end the serond uses s pneumatic blade that
can be inflated to present & more conventional airfoil.

The merit rating system that was used to evaluate these concepts included
the cepability o combine both quantitative and gualitative inputs. A1l the
attributes that could be guantified were incorporated into overall cost effective-
- rness values. Yualitative Judgements on attrivutes such as technical rick and

grovth potential were then added to nost effectiveness to comp.ate the totsl
evaluation of eech concept. . )
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Using this.eveluatin.y method, the flexible roll-up rotor using four thin
blades was found to be most attractive. It does achieve the desired hovering
disc loading and retreeton ratio, ané it is lighter than any of the other concep
investigated. It causes the fewest penuzlties in the overall aircraft design.

his coaclusion is made in spive 3f the high technical risk which has been
assessed against this concept.It has many unique preblems in the aress of blade
piteh control, ground resonsnce, and aseroelastie instubilities. Sclutions are
proposed in the study for each of Chese problems, but *.ais rotor is still en
unproven concept. Iis high Lechnical risk has resulted in the flexible rotor

-having a high otor system RDT&E cost. In spite of this, it has a higher cost

effectiveness than eny cf the concepts whizh approach the desired retraction
ratios.

When the rotor was applied to the baseline fixed diameter compound airera®t.,
it wvas found that the gross weight had to grow by ten percent to perform the
saxe mission. Becsuse of improved efficiency, the aircraft could eruise at
280 knots, rather than 250 knots, using the same power levels. Even more impcr-
tant is the fact that tle rotor has been retracted and stopped, and the rotoer
no longer limits ferward speed. With more pover, and perhaps with the rotor
stoved within the fuselage nontour, substantially higher speeds would be achicve-
able. -

The development program identified for this concept extends over s pericd
of five years and includes four sepsrate phases of development. This is done
to detesrmine solutions to the more basic problewns eurly, and at minimum cost.
This progrem culminates in 2 flight test in the fifth year.
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- SECTION I

i SURYE: OF VARIABLE DIAMETER ROTOR CONCEFTS .

>

The initial segment of this study included a survey of technicsl
literature in order tc ideuntify what concepts have been proposed for
warying the diameter of helicopter rotor systems. I.formetion has been
s lected from patents, magazine artlicles, news re’eses, and technical
repu.ts. This research has disclosed many diverse .oncepts, slthough many
of these have not been developed beyond the initial conceptual phace.

Thyee basic tyves of varisble diameter rotors ne.ze been found.
These 3iffer in the tvoe of hiade constructicn, and include those with
telescoping blades, those with folding blades, and those with flexille biades.
They cover s wide range of rovor retraction ratio, Ue/Dr’ Gofined as the ratic
of extended to retracted rotor diameter. There are many variations on these
three basie concepts, particularly in the method of retraction =nd of
blade pitch control.

Telesccping rotors are those with two or more rigid segments that
can be telescoped with respact to each cther tc vary rotor diameter.
Retraction ratios vary depending upon the nuwrber of telescoping seguents.
A variety of mechanisms heve been proposed to retract these bisdes,
inciuding cables and straps, screw drives, cowpressible and incrompressibl
hydrauniic systems, rack and pinion gearing, plus various forms of rigid
“mechanical vods. .

Two basic forms of folding blades have been found; those that fold
in the plane of ithe roior end thos: that fold ocut of rotor plane., 7The
most common form of inplane fold is & two biaded rotor with a vertical
hinge located at cne third of tke blade »adius, The blads can be folded
approximately 160 dezrees about this hinge to give a retraction ratic
of 2 2 3. Jut ¢f plane folding schemes use two or more segments with
horizontal hinges between them. These 914 in & vertical plane.

Flexibie tlude types include zccordion blades, roll p rotors u ing
either punewmmatic tlades or thin solid tlades that csn be rolled on a drum,
zad an internal retracting blefe. Various examples of the roll up and
geenrdion blades heve bean found in the literature. These all sachieve
the desirea retraction ratic of 10 to 1. The interaal ratracting rolor
is a pew condept; it can achieve retracticn ratios on the order of 2 %o 2,

~ Some concepts hsve b.en found which combine these retraction methods.
One con>ept uses a multisegmeat telescopin: blade which is “hen folded
about a verticac hinge to ful ther increuve 1ts relraction ratic. In ancther
concept, the Kaman Fotochute, out of planc 1old is comdined with =

telescoping blade to achieve high retraction ratios. -
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‘Many of the ideas found were never intended for helicopter rotors, being
applied instead to propeliers or to rotor parachutes. The propeller ccacepts
have very low retrectior retios and “he rotor parachutes usually include extending

the rotors in {lisht but not retracting them. It is not inconceivable that

these coucepts could be ap_‘ied o nelicopter rotors and they were included in
the initial phase of the program. At this point in the study, no Judgement was
made on the feasibility of the cuinepts. It was intended only to record what
concepte have been proposed foyr variasble diameter rotor systems. Their- respec~
tive meriis were not judged urtil the e.aluation phase of the study-

. Table I 1ists .'e various concepts by type and by retraction ratio and
identifies the exampies 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 iuncluding inventor, date of issuance, and
unique features of each.

1. TELESCOPIRG BLADES

Telescoping rotors use rigid blade segmenis that telescope radially for
retracticn. Large variations in retriéction racio can be achieved by varyiug
the number of blade segments. Many of the examples found use only one fized
and one telescoping segment. This simplifies sheir mechanizal complexity, but
results in a retraction ratic of less than 2 to 1. The two variable diameter
rotors which are presently undergoing sericus development, Bell's VDR {Vsriable
Diameter Rotor) and Sikorsky's TRAC (Telescoping Fotor AirCraft), are exemples
of tais concept.

A variety of methods for retracting the blades has been found, as shown
ot Tatle I. The first of these uses a JACKSCHNEW and nut system with the nut
attached to the telescoping segmenit. The screw extends through the fixed
inboard blade segment, where it is driven ty a mechanism within the rotor head.
This mechanism also inclades a syncronizing feature so that a1l blades are
retracted in unison.

Tane first column on Table I shows five screw driven concepts with a
retraction ratio of approximately 1.2 te 1. These ere spucifically applied to
propellers, which explains the lovw 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 are specifically applied to helicopter rotors and use one telescoping
and cne rigid segment. Patent 1.,922,8R6 first introduces the helicopter rotor
vith telescoping *lades. Patent 2,145,512 adds safety devices to discornect
povwer to the screvw mechanism when the limits of extension and retraction have
been reached. Patent 2,163,482 introduces a methed to drive the retrauction
sorev in an articulated rotor by using & univercai joint in the screw drive
mechanism at the point where it passes through the articulation hihges. Patent

3,297,094, which iz assigned to Boeing, shows a method to very blade twist vith
diameter.
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Sikorsky's TRAC is presently undergoing develnpment and testing. In this
design, which is syiilied tc a fully articulated rotor, the Jackscrew is uced as
the primary tensicn meiber of the blade. The outbourd biade segment is the pain -
1lifting member and telescopes over the inbesrd segment. The inboa-¢ segment is -
a torgue ‘ube which encluses the Jackscrew, transmits blade pitch ~cntrel motios
to the cutboard blade, ard carries bending moments across the g£iicd -~ join’.

- The finsl example of screw driven telescoping blades uses rore than ine
. telascoping segment to achieve higher reiraction ratios. The serew drive
machanism is complex, with a separste screw arnd nut vithin each segrment with
an interconnection scheme between all of thex.

The most popular method proposed for retracting telescoping blades is by
using CABLES or STRAPS. A total cf 2k concepts using this type of reiraction
have been found im the literature. The first of these, patent no. 1,922,866,
is dated August 15, 1933 and stows a three segment tiade. One csbleé is used
per biade, attached to the outer blade segment. ihis cavle is wound on a drum
within the rotor head for retrasticn. Resulting retraction ratic is 3 to 1.

Patent 2,510,216 shows a variable diameter propellex nsing csbles for.
retraction. Here the tlade is attached thrcugh a helical bsll spline so that
the blade pitch varies during diameter chenges. As with other propeller designs,
this scheme achieves only a smell retraction rstio.

2= =

The next column 1list siz concepts using one teléscoring segzment and one
fixed segrent and having = retraction rutio of 1.7/1.8 to 1. All of these show
the cuter segment having a smaller chord than the inhoard, with the cuter
telescoped within the inner for retraction. Patent 2,684,212 is concerned with
a stovwed rotor type of aircrafi and repliaces the inner segments with e large
disc wing intc which the blades are reiracted. This disc has a diameter equel
to one half or the extended rotor diasmetesr and serves as the oniy fixed wing
surface during high speed flight. This 1954 patent was sssigned to Piasecki
-Helicopter Corpeoration. -

Patent 3,128,829 is the patent upon vhich the Bell VDR is based. The invan-
tor is Arthur M. Young. The patent shous the -cable drums and the rotor hub both
. dariven ©y the aircraft prepulsion unit through planetary gearing to give the rotor
sn autometic retraction feature. When the crum torgue exceeds the blade centri-
- fugal force, the blade is automatically reracted. When it dces not, the blade
L} is sutomatically extended. The drum car alsc be controlled manually by the -
pilat, if desired. ‘ :

The Bell VDR mocdifies this concept somewhat !n that the rotor hub is
supported on bearings on (.2 ritor shaft and is not powered. This alsc provides
the automatic blade retraction festure when rotor driving torque exceeds btlade
centrifugal force. Bell hns decigned, construnted, and tusted a 25 foot diameter
three bladed VDB rotor system, which reduces to 15 foot diameter vhen retracted.

o
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Two different methods have been found to further increase tne retraction
ratic for cable controlled telescoping U:ades. The firs} of these is the
chvivus solution of dividing the blade inte wore segnents. The second method -
ks only one telescoping segment, but it telescopes beyond the centerline of
tue rotor tc achieve a 3 to 1 retraction ratio. This is show in patents no.
1,922,866 and 2,464,285, whick use two bladed rotors. When retracted, one blade
is nested gbove or beside the cther.

Patent 2,749,059 is acsigned to Vertol and uses two telescoping segments
retracted within -a third rigid segment. It also discusses a method to use the
tenetic energy of the roto: to provide the power for blade retraction.

The remaining two design, patents 2,852,207 and 2,999,068, extend the abo.e
concepts. Both use two segment blades and retract the bladc segments beyond
the rotor centerline to give the 3 to 1 retraction ratio. The first patent
retracts the blades into a center disc wing, the second patent discussed how
this type of rotor could be tip driven.

Retraction ratios higher than 3 to 1 are also proposed- for cable controlled

telescoping rotors. These Lze many blade segments and as such tend to be complex.
" Numbers 2,108,245; 2,120,168, and 2,173,291 are all hy the same inventor. The

first shows the retracting cable wound arcund a spring loaded drum to automatically

retract the blades as the rotor is slcwed down. Each of the blade segments is

rigid, with a flexible joint between them to give the blade flexibility. Each !

tlade is ccatrolled by onre cable mounted to the cutboara section. During retrac- 5

tion each segment is fully retracted within the next most inboard segment before i

this next segment retracts. The second patent introduces separate cables to i

each individual blade seement that sre wrapped arcund different diameter drums

in the rotor head so that all seguent telescope together, i.e. when the blade

is retracted half way, each segmint is retracted half way into the next segment.

This patent also introduces & cyclic telsscoping feature where the blades would

retract and extend once per rotor revolution. This is proposed as an alternate

to the blade cyclic pitch variation rormally used to balance the rotor lift

during forward flight. The third patent is an extension of the previous two to

cover counterbalan.ed single bladed rotors.

Patents Z,k57,376; 2,458,855; 2,523,216; 2,€37,406; 2.6%3,549; 2,713,393,
and 2,717,0L3 are ail by the same inventor. They are all involved with the
same basic idea of using a multisegment, cable controlled, telescoping blade
which after retraction can rotate about a vertical hinge to further reduce
jts retracted diameter. The individual patents are concerned with the details
of blade construstion. -

The last two ideas in this section, 2,776,017 and the Kaman Rotochute,
are specifically applied to rotor parachutes which extend while airbsrrne but do
not retract. The Kaman 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 90 to form the rotor disc and the individual
blades telescope out te increase the rotor diameter.




Two patents have been found which show a HYDRAULIC RET3IACTION method.

Both of these are applied to propeliers and therefeore have a small retraction
ratic. The first of inese, patent no. 2,002,712, proposes the use of both
compressible and incompressible fluids. Tre blade diameter is extended under
centrifuzgal force and as it extends ithe outward radial movament of the tlades )
expells an incompressible fluid. This fiuid 3 used to compress a second fiuid
whica is stored and then used to retract the blade inwardly when the propeller
is sloved down and centrifugal force is deécreased. -

. Patent no. 2,372,350 uses an incompressible fluid and introduces o
feature to vary blade gitch automatically with rotor diameter.

RACK AND PINION GEARING has also been proposed for telescoping propeller
ard roior biades. Because the length of the rack must egual tine total blade
retraction distance, it is difficult tc apply this methed to rotors haviag
large retraction ratios. Of the four concepts found, three were for propellers
and had retraction xatios of Less than 1.5 to 1, and cnly one was sapplied
speeifically to a helicopter rotor. This latter patent, no. 1,969,077, is
sinilar to the screw retraction discussed earlizr. It shows & retraction drive
shaft extending up through the rotor shaft to the head and out the blade.
Inciuu~d is & universal Joint whare the shaft passes across the articulation
hinges. Rather than using a bail and screw assembly in the tlade, this scheme
shows = bavel gear which drives tke pirnion of 2 rack and pinion assembly.

The final type of mechanisu for actuation felescoping rotors uses RIGID -
MECHANICAL RODS. The three concepts feund all are applied tc propellers and,
iike ike two previous metheds, have smell reirzction ratios. All have the
biades splined on the hub with the blade radisl pesition controlled by the
mechanical rods and links. Two of these, nos. 2,380,540 ané 2,04 ,290, have
gutomatic Teatures 1o vary dismeter with driving torgque and %PM. The thirg

)

ratent, no. 2,542,291, uses & heliesl spline to vary blade pitch with diameter.

. FOLDING BLADES

Felding blades alsc use rigig blade segments. Retraction ratios vary -
from 2 Lo 1 to 10 tuv 1. Meximws retraction ratics are achievable by folding
the blades out of the plane of the rotor disc. These out of plane folding
rotors would be difficult to apply to a practical compound helicopter; many of
the examples found are aspplied to rotor perachutes where the rotor is extended
- in tlight by not retracteg.

With an inplane folded rotor it vould be difficalt if not impossible tc -
develop rotor lift at reduced rotor diameters. The 1ift on a partially
retracted blade would be felt as & moment about the inboard section of the blade.
1f conventivnial pitch change bearings are used inboard, this moment would have
. 0 te reacted by the tlade control system. .
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The first example of INPLANE FOLD uses a two bladed rotor with a vertical
hingé at one third of the blade radius. For retrection the blade is folded
about this hinge ‘approximately 1600 to give a 3 to 1 retraction ratio. Both
patent number 2,b64,285 ard the Hiller Retractable Fotor are examples of -this.

The Ryan Disc: Rotor is similuar in ccacept. It uses three fully articulated
blades and a large discus-shar~d centerlbody into which the blades .are retracted
during the high speed node of fiight. This centerbody shields the blades from
the ambient airstream so that no aserodynemic forces are generated during rotur
stopping ogerations. To retract the blades the rotor hub is rotated approx-

 imately 90° within the centerbody. The blade folds sbout a vertical hinge and

is pulled in thiough & slot in the centerbody. The Ryan pstent alsc mentions
a feature vhereby the bludes " . . . ere counterbalanced sbout their swing axes
to minimize ratraction loads while the rotor is rotating”. - :

The four inplane foided rotors shown with higher retraction ratios are all
by the-same inventor and use inplane folé in conjunction with telescoping rotor

“blades. The inplane foll feature gives a retraction ratio of 2.5 or 3to 1

with the remainder of the retraction achieved through telesc03§ng the bledes.

The rotors using QUT OF PLANE FOLD are not rroposed rfor applications where
the rotor extends and retracts in flight. Patent 2,021, 470 and 2,869,649 use
out of plane fold to reduce rotor diasmeter on the ground for aircraft stowsge.
The first uses two blad:c segments, the second at least four which are folded
out of plane so that they are sicred horizontally on top of each other. As the
rotor is spun up, centrifugal force ~xtends the rotor to its full diameter.
There is no operation proposed at any intermediante rotor diameters.

) The next three concepts are for rotochutes which extend tut do not retract
in flight. The Kauan Rotoch: .e and the General Eleciric Rotochute botrh use the
same concept. combining onut of plane fold with telescoping blades tc mchieve
maximum retraction ratios. In the stored position thé blades are retracted and
folded aft in a trailing positien. Te oxtend the rotor, the blades are folded
90° to form the rotor disc, and as it is spun up, centrifugal force telescopes
the blade out %o a maximum diameter.

The Ryan Flyball Rotor consists of two blade segments ninged horizontelly
together, The intoard segment is also hinged horizontally to the rotor hub.
The blade segments can then be folded vertieally to a rminimum diameter. A tip
weight is included on the outer segment. The inner section is hnllow and
contains a spring which hold the rotcr in the folded position. As the rotor
gains speed, cenirifugal force overcomes the spring tension and holds the blade

in the extended position. :

" Tne last three patents, aumbers 2,172,333; 2,172,334, and 2,330,803, are
by the zame inventors. :Here a many segmented blade is shown with horizontal
hinges between each bdlade segment. For retraction these segments are wound on
a- hexagonal drum withiu the rctor head.

_8._
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3. FLEXIBLE BLADES

The £inal type of variable diameter rotor uses flexible bladex. The o
majority of these retract the blades by winding tYem on drums within the reto* - -
fead. This leads to minimum retracted rotor diameters and ~uximur retraction
ratios. Due to their extreme flexibility and lack cf torsional sviffness, ail
of these ccnecepts have difficult control and dynamis problems. They promise te
ke mechanically simpler than other types of veriasble Aiameter rotors, if solu-
tions can be found teo these problems, ) G-

The first of these ccncepis uses THIN FLEXIBLE BLADES with low modulus
materials so that they can be weound on tne drums. Rlade thicknesses are on the
order to two to four persent of the blade chord. Dr. David S. Jenney hes )
investigated this tyre of rotor system at hoth Sikorsky Aireraft anid the United T
Aircraft Research Labs, and his work has included the ds s-gq and testing of
various wotors and an initial attempt to develop a practical sontrcl sysism o
Similar concepls are shown in ten nther petenis. Patemi 2,614,636 includes a =~
method to stiffen the blade oloriwise by wsing longitudinal wires or straps.
Patent 3,065,709 covers tnese type of rotors with propulsisn wiits or: the biade
tips. It alsc proposes varicus blade contrel s-hemes using control surfaces
rounted on these propulsics units, control tels on the blades themselves, or by
varying the anglz of incidence of the tip ¢ f the blades with respect tG the
prorulsion units. :

Patent 3,188,020 introduces a method to put choerdwise tension in the blade.
This is done oy supporting a tip weight with catenary cebies in the leading and
tre.ling edges of the blade. The leading and treiling edges of the bisde are
concave in the plan view so that tension in the csztenary cubles pizces the blade
membrane in chcrdwise tension. . T

Patent 3,120,275 shows a flexitle rotor uzing the HMagnis effect. The blade
is made up of ecylindrical sections which a~e roigted sbout their 14ngitud)nal
axes to develop 1ift. For retraction the bilade is wound on s druwm within the
rctor head. -

A reference has aisc been found to a "VIDYA ? IZYROTOR" which uses the same
concept. This wes a news release dated May. l°€¢, and no further in s“m“tlﬁg

. -

has been found on it.

A variation of the roll up roter uses PREZUMATIC BELADES that incresass their
thickness when extended. This gives them better aerodynamic characteristics
and increases their rigidiiy while still allowing them to be wosund on smell
dismeter drums. Patents 3,184,187 and 3,298,1k2, both by the same inventor, show
a blade made up of twe resilient sheets joined at their edges, with éoilapsiltle
spars between them. With the spars deflated the blades are very flat and csn
ve rolled on the drum within the rotor head. As ibe blades are extexnded, the
spars ure prassurized %o give trem thickness and improve their serodynaxic and
dynsmic characteristies. - . - -
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’;?: £ Dandyear patent, niumber 2.95?,5?3, constructs the entire airfoil of .

a1rtignt fadric. -As in the previous idea, when the blade is defiated i% can
be -wound on a reaiistically sized drum and when inflated it has stirfneSS and

. a reasondble shape. The shape of the pressurized blade is held by "... a

plurslity‘oi flexible, substantially non-exiensible threads in a number betwerm
about 25 and about iCO per square inch positxoned in substantially paraliel
relationship inside the envelope and extending substartxally vertically betwetn
and contecting the top and bottom surfaces of the ervelcpe."

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

The next, type of flexible variable diameter rotor folds the blades ACCORDION

fhsnion. Fatent 2,616,509 uses this feature with rigid struts end pneumatic

pressure to hold the desired shape. Patents 2,996,121 ard 2,969,211 are some-~
what similsr to the roll- up rotors. They have a blade tip veight supported by
two cables with a flexible serodynamic surface supported at various points along
the length of the cables. To retract the blade, the cables are wound on a drum
while the flexible outside shape folds sccordion fashion into a cuff assembly

at Lhe root end of the blade.

-A further patent, nc. 3,321,020, has bevn founéd which ccnsiders sccordion
type fold. It shovs a blace where only the outside airfoil shape is retracted;
the rigid spar cannot retract. The idea is to reduce the blades response to
eerodynamic forces without the complicaticn of & completely retracted blade.

The final concept shown on Table 1 is the INTERNAL RETRACTING FLEXIBLE
‘ROTCR. Tnis is a new concept tha® was conceived cf during this phasc of the
study, and is shown in Figure 1. This unigue variable diameter rotor concept
has a rigid inboard segment intu which the outboard flexible segment is retr.cted.
A retraction cable is attached to the tip of the flexible segment so that when

— The c3ble i’ reeled in,the tip is pulled inside the inboard segment. When fully

contracted the tip would be near the rotor centerline and the retracted rotor
would have a dimmeter o. one half the original diameter.

© _~ A three bladed rigid type rctor system is shown in Figure 1 with the
blades having both tapered planform and thickness to faciliiute retraction.

The outboard segment obtains its stiffness from the centrifugal force generated
by the tip weight and in part from the inflsted wail construction as shown in

secticn AA.

The msajor problem area. appears to te holding the vequired sirfoil shape
on the cutboard fiexible segment. Because of the retraction scheme, drop
- threads cannot be used between the upper and lower surfaces. Figure

1 shows the airfoil shape being held by the pueumatic blade skin. Other
problem areas are similar to those ceonnected with the other flexible blade
systens, such as stability and conirol. The shert span length of the flexible
secticn should help to moderate these effects, Stability during retractions,
when the cable nus relieved the centrifugal irput of the tip weight, is also
a ccncern. The inboard half of th2 blade could conceivably be made ot conventiona’

‘rigid construction.
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Telescoping Blades z )
Method of Retraction: 1 h61,733(1) 1,922,866
= AT -Serev - 1,957,887 2;1h5,013
£ S : 2,403,899 2,163,482 -
gr . 2,403,946 Sikorsky TRAC -
% N o 2,457,576 3;297,004 (Vertol)
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2,465,703
B - - : - 2,684,212 (Piasecki
- - _Disc Rotor)
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- 2,079,238 e
E. Rigid Mechenical Rods 2,380,540(2) -
2,hol ,290(2)
) 2,442,291
= {II.  Folding Blades
~ A.- Inplane Fold
B. Out of Plane Fold 2,021,470
III. Flexible Blades T T
A. Foll Up Rotor
- 1. Thin Flexidle Blane
2. Pnewmatic Blade
’B: Accordion Botor
B :f—?'Ca'j ~Intexnal Retrscting Rotor {Row cdntzeisﬂ 7
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TABLE 1
- Variabie Diameter Rotor Concepts ,

- Retraction Ratio De _ Extended Diameter
- Dr Retracted Diameter
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=
o
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) 3,249,160

)
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)
i

1,922,866 2,108,245(2) 2,637,406
2,l6h ,285 2,120,168(2) 2,640,549
2,749,059 {Vertol) 2,173,291 2,713,393
2,852,207 2,b57,376 2,71.7,0k3

25989268 2,458,855 2,776,017

"\

2,523,216
T 2,46h,265 2,457,376
-Hiller Retractsable Rotor System 2,523,216
3,273,655 (Ryan Disc Rotcr) 2,637,406
' 2,717,043 7
’ 2,869,649
£,616,509 .




2 ,63 A ,1006

Kaman Kotochute

2,640,549
2,713,393
2,717,043
2,776,917
2,457,276
2,523,216
2,637,405
2,717,045 -
T e a7 T Kaman Rotochute 2,172,333
2,869,649 GE Rotochute 2,172,334
Rysn Flyball Rotor 2,330,803

——

Sikorsky "Roll '»" Rotor

2,172,333 2,996,121
2,172,33% 3,065,799
2,226,978 3,117,630
2,452,353 3,120,275
2,614,635 3,168,020
VIDYA FLEXROTOR

2,967,575 (ZoodYear)

3,104,187

3,298,1k2 3,362,665 _
2,996,12182}

3,321,020

2,969,211
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SECTION ITT
- EVALUATION OF CONCEPTS

1. TECHNICAL APPROACH

] “rom the many variabie diameter rotor concepts identified in the survey of
technical literature, five representetive rotor systems vere chosen fcr detailed
evaiuation. These ccver all threa types cf variable diameter rotors (those
with telescoping blades, thogse with fclding blades, and those with flexible
blades) and retraction ratios from under 2 to 1 to over 10 to 1. Included are:

« Telegcoping rotor, two segments, DeDy of 1.7

* Telescoring rotor, eigzht segments, D./Dy of 5.0
. Folding rotor, inplane fold, De/D, of 3.0

» Roll up rotor, thin flexible blades, De/Dyp = 10+
- Roll wp rotor, pneumstic blades, De/D, = 10+

Each of these concepts has uninsue design characteristics with respest <o
performance, weight, couplexity, cost, reliabiliity, and maintainebility. Sirce
these characteristics are not themselves functionally orientel tc & specific
mission utilization, it is 3ifficult to mssess their relstive importance. By
integrating these characteristics into & totel aircraft system vhich vas sized
to me=t a specific mission reguirement, the relative merit of each -cncept was
eveluated by rating the total ajrcraft system asttrivutes. During the evalua~
-tion phage of this study, each concept was designed for a lzrze compound air-
craft sized to perform a specific missicn. A 1978-1980 tircfrarme was assumed.
The resulting aireraft design was then analyze2 with the werit rating system

desceribed below.

a. General Approach

Table 7I 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 lire
cycle coct. Mission effectiveness is tice product of mission capability, avail-

s . 1ity. and derendability, where:

1) Mission capability is assvied to be productivity, i.e.. the
product of payload multiplied by range and divided by mission

block time.

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

3) Mission dependability is the probability that an available

aircraft, once underway, will be able to complete its miysion.
Tiis inucludes such factors ss vulnerability and detectability.
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I.

II1.
I11.
Iv.
V.
VI.
ViI.
VII1I.
iXx.

XI.

Table IX

SYSTEM ATTRIBUTE STRUCTURE

Cost effectiveness
A. Mission effectiveness
1. Mission capability
Mission paylcad
Mission range
Mission block time
2. Mission dependability
Mission reliability
Mission survivabiiity
Missior: vulnerability
Mission detectability
3. ldssion availability
Maintainability
Design complexity
Mission reliability
B. Unit life cycle cost
1. Unit development cost
Non-recurring cost
Fleet size
Raquired Tleet effectivenees
Mission effectiveness
2. Acguisition cost
Vehicle
Initial spares
Srouné support equipment
Initial training & travel
3. Operating cost
Crew
Replenishment spares
Fuel, c¢il, & lubricants
Maintainability
Design complexity
MissioQ reliability
Technical risk
Off-design performance
Adeptability to stowed rotor designs
Growth potential
Safetly
Handling qualities
Maneuverability
Vibration
flovering downwash
Stowability/transportability
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The resulting cost effectiveness, measured in ton-knots per megadollsa -,
is5 a poverful measure of merit sinee it integrates most of the significant
system attributes and can be expressed as a numerical velue. Hence, it
inherently welighs the relative importance of each attribute &nd establishes
an aggregate merit score for 211 the attributes it encompasses. - - -

- Ideally, ell syctem attributes should be related to cost effectiveness:
Actually, some sttributes do not lend themselves to gquantitative analysis

. or would demand & depth of snalysis greatly exceeding the scope of this

- * study. These attributes were treated qualitatively and combined B

with the cost effectiveness number to complete the total merit rsting

structure shown in Table II.  These qualitative attridutes include:

Techrnicai Risk

Off-design Performance -
Adaptability to Stowed Rotor Desigme
Growth Potential

Handling Qualities

Safety

Maneuverability

Vidration

Hovering Downwash
Stowsbility/Transportability

The total merit rating of & concept is the sum of weighted scores for
all of the above attributes. These weighted scores are the product of a
raw score and a weighting factor. The ravw score is & relative yvalue
ranging from 0 to 1. A value of 1 is assumed to be the most favorsable
attainable score for a ssarticular attribute. It wesassigned to that
design concept having the highest value of the subject sttribute. 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 .B865. If judgement is the basis
of scoring, then this judgement was expressed directly as the raw
score.

. . Weighting factors gquantify the relative importance of the individusl
syster attributes. It was assumed that a total of 100 points vas distriduted
among the system attributes in sccordance with their relotive importance.

* These weighting points represent a perfect score, that is a design concept
having perfect rav scores of 1 for all attributes would total & weighted
score of 100. ‘lhe distribution of the perfect score among the system
attributes is a matter of Judgement. Table III shows the =veluation
matrix which is the end product of this type ot analysis, and also shows
how the score was distrivuted for this study. Cost effectiveness wsas
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 attributes.
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Table IIX
- EVALUATION MATRIX
Attributes Forfect - ngg'% Comcept
Cost effectiveness 50 3
Technical risk 10
) Off-design performance 6
Adaptability to siowed rotor desigus 6
7 Growth potential 6 "
Handling qualities 6
Safety. 6
Haneuverability 3
Vibration 3
deering downwash 2
Stowability/transportability 2
Total score 100
Ranking -
- 18
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To develop the Information 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, snd the rotors were sized for its 62,800 pound gross veight. Because
of the differences which result from the various rotcor concepts, these initially
designed aireraft will no? all perform the S-65-300 mission at the 62,800 pound
gross weight. The next step was to use Sikorsky's Helicopter Trend Model and
Helicopter Computer Design Model to resize each solutiorn until it did perform

the required mission. -

These heiicopter models produce parametric design trends of vehicle and
mission attributes as functions of installed power characteristics ani design
eriteria. The most significant variables are described in the HTM flovw disgram
shown in Figure 2, A design analysis establishes rotor and wing geometry
for 8 glver design gross weight within the constraints of power available, &llouw-
gble disk loading, and alloweble blade loading. Mission fuel was computed for
the specified mission profile. Weight and cost equations with adjustable
coefficients and exponents were used to obtain weight empty and costs. Analysis
was adjusted for staté-of-<the-art technology.

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

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

!
e iy R N Y

The Sikorsky S-65-300 transport aircraft was chosen as a baceline since it
is & modern example of a compound lelicopter and iis size is representative of
future Air Force requirements. It is designed to perform a mission similar o
the Air Force 8.5 ton V/STOL transport mission. It has a cruise speed of 250
knots and uses 8 T9 foot diameter, seven bladed, fully articulated main rotor.
Its hover disc loading is 12.8 pounds per squsre foct. A general arrangement
drawing cof this sircraft is shown in Figure 3.

A primary obJective of this study was to deveiop rotor systems which will
rernit lower disc loading, with a disc loading of five pounds per sguare foot
a goal. At €2,800 pounds this results in a rotor witk a diameter ot 126.L fect.
For rotors with high retrsetion ratios this may be feamsible. However, for
rotors with low retraction ratios, such as the two segment telescoping rotor,
this disc loading goal did not seem veaslisiic. The rotors after retraction
would still have a diameler of seventy feet. Therefore, two different epproaches
vere folloved. Fo:r the rotors with high retraction ratios (D /D of 3 or higher)
an initial hover disc loading of $ psf was assumed. For the fower retraction
ratio of the two segwent telescoping rotor, an initisl disc leading of 10 psf
wag used. It was felt that this approsch would lead to an chjective anglysis
of the advantazes and disadvantages of all the different concepts.
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Figure U  shows sketches of how the S-65-300 design could te modified
to accept these aisc loadings. Both of these aircraft are assumed to have
the same gross weight as the S-65-300. Version A is the disc loading cf ten
solution. This is quite similar to the S5-65-3003 it has the rotor diameter
increased from 79 to .89.h feet. The teil rotor is slightly smaller and is
moved aft for rotor clearance. The sircraft nose is extended slightly for

balance. -

Version B has the 26.k foot rotor required to give a disc loading of
five pounds per square foot. Because of this “arge rotor, it- is impractical
from an aircraft balence-point of view to use a conventionsl tail rctor located
af4, of the main rotor disc. Mounting tre tail rotor wmder the mair. rotor is
difficult due to ground clearance and perscnnel safety. Because of this, a high
disc loading variatle pitch fap was used under the main rotor. These anti-torgue
fons 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 systems. However, this study was concerned
strictly with shaft driven rotors.

Table IV lists the important parsmeters of the S-55-°70 plus the initial
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 sllowed to
change during the detailed evaluetion if this vas advantageous, and they slsc
were varied from one concept to aunother. ’

The S-65-300 has » design cruise spec3 of 250 knots. With the variable
diameter rotors, the aireraft parasite drag is the ssme or higher than the
$~65-300, which would be expected since their rotor heads are larger and more
complex. ith the rctors retracted, the overall 1lift to arag ratic of
the aircraft is improved since the rotor is providing little rotaticnal drug and
its pover is substantially reduced. If the rotor is stopped, tne 1lift tc dreg
ratic is further improved since no power goe~ to the rotor and all the 1ift is
generated by the wing. As 2 result, the aircraft with varisble diameter rotors
are able to cruise at higher speeds than the S~-65-300 with no more instulled
pover: To mezasure this increased speed potential, the speed capabllity of each
varisble diameter rotor concept wes determined using the same installed power as

the 5-65-300. .

- The potential for the high retraction ratio vuriable dismeter rotors is
not only ir providing higher 1ift to drag ratios in the 250 knot speed range.
With the rotors retracted and stopped, rotor rotational érag and dynaric insta-
bilities are eliminated. Efficient higher speed flight is achievatle with the
addition of more installed power. To assess this potential, tne maximux speed
of each concept was determined with the arbitrary addition of 20 percent more
instailed power.
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Tabie IV

Basic ]urcrart Parameters

Fixed

Variable . -

‘Variable

Rotor Torgque, Hover
Anti-Torque Device

280,00 ft los

263,900 £t 1lbs

Diameter Diameter -Clameter
- s-65-3oo D e(”x‘ 3 , De”’rv_’ 3
Gross Weight ) ,‘62’800 1bs 62,800 1bs “_: ;62',300"11_:,8 ) J
- {Cruise Speed 259 nots (to be deterained){ (to be determined):
Hover Disc Loading | 12.3-PSF 10 PSP ‘ {5 psF -
Rotor Diameter- 79 2t 89.h £ 126.h £t -
Tip Speed, Hover 700 FPS 150 FPS 750 FPS
Cp/er, S.L. 5td 0.090 0.0%0 0.090
Blade Area, Total 599 12 522 112 S22 f£t°
Number of Blades -7 h 2or bk
Chord 2.167 £t 2.92 £t 4,33 1% or 2.06 £t
Aspect Ratio 18.2 15.3 15.3 or 30.6
Solidity 1222 .0330 .ohzs
ﬁnti—-'rorquer Syst.ém: -
Anti-Torgque Device | Tail Rotcr Tail Rotor High Disc lLeading
Variable Pitch Fan
Rotor Pover, Hover | 9020 uP 8082 HP 5786 Hp

267,800 ft lbs

Moment Arm 8.7 £ 53.2 ft 52.5 £t
Anti-Torque Device
Thrust 5760 lbs 4960 1bs 5100 lbs
Anti-Torque Device o
Dispeter 21.5 ©¢ 19.9 v F.3 ft
* Anti-Torque Device ,
Disc Joading 15.9 PSF 15.9 PSF 15 PsF
21
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Although not a part of this study, it would be advartageous to apply spmg NG

_of these rotors to stowed rotor type aircraft. It might be gquite conceivablie’
_to_stow the rotor system within the fuselege contour and thereby eliminate the
‘high parasite drag of the retracted rotor system. FPerhaps some combination of

-~ "stowing and fairing the rotor would lead to the best soluticn. This would grea?ly
" incresse the speed potential of these concepts for eofficient high speed flight,
while still prOViding the desired low disc loading during hover.

" The S-65-300 uses a rotor hover tip speed of 700 feet per second. During
cruise the rotor is slowed to & tip speed of 5LG feet per second to svoid sonic
speeds on the advenéing side of the rotor disc. This is a speed change of 23
--percent, and i§ achieved by varying the engine power turbine speed.

With a variable diameter rotor the tip speed will be slowed down Ly decressing
the rotor diameter witbout varying the speed of the drive system. These speed
variations will be st least forty percent. It is possible, therefore, to further
ircrease 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 C,/ 0 value at the design hover conditions was held constant for
all the rotors. "For s gross weight of 62,800 1bs and 750 fps tip speed, this
results in 522 square feet of blade ares being required for the varisble 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 initislly assumed to
have two blades with & L.13 foot chord, although four blades were also used here,
if this was found to be advantegecus. This use of 2 minimum nurber of rotor
blades simplifies the rotor heads and tends to result in the lowest weight rotor
systems.

Also shows on table IV are pertinent anti-torque system design
varameters. As the disc loading is reduced, the rctor power required drops
since induced power is failing. For coustant tip speed, the rotor RPM
is alsc decreasing. 4s a result, the rctor torque does not vary with disc loading.
As the tail rotor is moved aft to clear the larger rotor, its moment arm increases
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-torgue thrust
than the baseline; U960 pounds compared to 5760 pounds. Using the same tail
rotor disc loading as the baseline, a 19.9 foot diameter tail rotor is reguired
compared tc the baseline's 21.5 feet.

The disc loading of five solution uses the highly loaded fan to react torque. .

It has sn enti-torque disc loading of 7¢. PSF, which results in a dismeter of
9.3 feet. )

‘¢. The Detailed Evaluation

ing the svaluation phase of the study, the following specific technical
aregs were invusstigated:

T




Dynamics -
Performance

Mechenical Design, Including -
Method of Propulsion and Control

. . Weight
- - « Reliability end Maintainability
Acoustics

(13 Areas of Investiggfion )
(a) gxgamic Analysis

Each ~'Q*l:or des1gn concept was 1nvestlgated for problems with
.7 flutter, resonance, flapping ana torsional divergence, ccontrol
-7 losds, and vibration. It was intended to delete any concept which
o ,could not meet an acceptable level fTor 21l of these characteristics,
) although this was not-found to be necessary. The concepts did
exhibit 8 significent variability in these characteristics and this
was reflected in the various attritutes of th- me»it rating system. -

(v) Performance Analysis

Hover and forwerd flight performance mnslysis was used in the
helicopter models to size aircrefi rotors, wing, and propellers
for the given set of design requirements. Critical hover perfor-
mance parameters, which vary depending on the type of rotor systen,
include figure of merit, vertical drag, and overall hover power -
efficiency. Of these, the figure of merit was the most important
in chis study. Many rotor parameters very, including airfoil shape,

"~ root cutout, planform. twist, tip shape, btlade loading, and disc

loading, and all affe: - the attaineble rotor figure of merit,

Aireraft forward “light performsnce depends on parasite drag,
wing requirements, and powerplant losses similar to those in hover.
These were assessed for both full and retracted ncrmal RFM opera-
tions, plus slowed and stopped operation, whore applicable.

After ihese parameters were determined f-1r each rotor, they
were used as inputs to the helicopter compater models to parameivric-
ally determine the soiution aircraft designs. For model use they
were converted inte the folicwing efficiencies:

1. Rotor figure cf merit ratic correction factor - The ratio
o1’ the figure of merit sof the study rotor to the figure
of merit of conventional rotor. This conventional rotor
is essumed to have the same disc and blade areas, and s

isde with constant chord and airfoil distributions. For
reference, the baseline 5-65-300 has a figure of merit of
.653 at its design hovering condition. Because it uses
a conveational blade construction, it has a figure of
merit ratio correction of 1.00.
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2. Vertical drsg ratio - The ratio of vertical drag to
hover gross veight.

3. Hover pcwer efficiency - The ratic of main rotor hovesr
pover to the correspondirt engine power.

L. Parasite drag cleanliness coeffi¢ient - The ratio of 2/3
ecuivelent parasi‘e drag area to (design gross weight)

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

(¢) Mechanical Nesign

) The mechanical design segment of the study continued the effort

vwhich was doie to develop the preliminary layout drawings. Com-
ponents vwere sizod so thet their weights could be deternmined. 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 aerodyramic analysis.

(a) Weight

With the sizes ¢f components determined, the rctor weight
could be developed. This was done at the inftially assumed size
correspoading 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 gross
wveighta so that the solution aircraft size could be determined.
These mcdels use parametric equations to estimate subsystem weights.
Devign perumeters used in these eguations include such things as
total blade ares for rotors, me&in gear box torque for drive systems,
installed power for eagine installations, and gross weight for
girframe and subsystems, such as flight controls, hydraulics, etc.
These weight equations were modified for each rotcr concept tc
reflect the difference in baseline concept weight and/or a differonce
in design parawmet:rs

() Reliability/Maintainabilitv/Availability Analysis

The design complexity of variatle diameter rotors, including
the inherent requirement for actuating systems, his a direet impact
on reliability ané maintainability. The system reliability of each
rotcr cencept was estimated and translated into an aircraft mission
reliability. Maintainability in terms o’ maintenance - manhours
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flight hour was estimated consistent with design complexity and
gystem reliability. This maintenance burden, translated into down-
hours per flight hour, was then used to assess the relative zission
availebility of each aircraft.

(£) Beousties Analvsis : )

Pactors such as number of-blades, retér tip speeds, and
power reguirements contribute to the noise levels of each concept.
These relative noise levels were assessed for eash concept.

After all of the above analysis had been performed and the heliccpter
computer models had resized all of the airer.t to perfom the mission; the
evaluation of ihe concepts was made ané the matrix tsble showr in takle III -
compieted. -

{(2) Quantitative Analvsis 7

Mission Effectiveness was defined as the product of missicn capsbility,
missior: availabilify, and mission dependability. Mission capability was
obtained from the helicopter computer models and mission aveilstility from
the availability ansaiysis.

Mission dependability was defined to be the product of mission reliasbility
and mission survivability. Mission relisbility was obiained from the reliability
analysis but mission survivatiility was basically a judgement evalustion.
Consideration was given to the relative impact of size and rotor configuration
on vulnerability and the relative change in detectgtility, due to thec sircerafi's
acoustic sign ture. A quartificetion of survivaoility, including the size and
type of hestiic threat, suppressive fire, snd the interacticn of visual and
acoustic detectability, vould require a combat theater simulation beyond the
scope of this study, and all of these factors were considered quaiitalively

- to arrive at a value for mission survivability.

Unit Life Cvcle Cost is the swm of unit Gevelopaent cost, scquisition cost,
and operating ccst. ‘These cosls were estimated by s 1ife cyecie cost model which
utilizes cost factors to measure varistions due to size and confizuration.

Unit development cost was compuied as the tctal non-recurring cost of the
system depreciated over the totel number of aircrsaft srocured:

Total development cost

Unit d=velopment cost = Fleet size

The totel development cost of each aircraft was based on a dollars per
pownd factor for euch rotor system I 4 reiraction mechanism, plus s weight empty
function for the remainder of the aircraft. Fleet size was obtained dy:
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Reguired fleet =ffectiveness
Dnit mission effectiveness

Mleet size =

Fleet effectiveness was assumed as the total mission effectiveress of 100 uircraft
performing the specified mission with 100% availsbility aad deperdabi’ity. Thus,
eash concept reguires £ Qifferent fleet size, depe.a.ng on its availability and
dependability.

Total acquisition cost is the sum of vehiclie, initial spares, ground support

equipment, and ini‘ial treining and travel costs. Vehicle cost was estimated
on a subsys em level. Dollers per pound factors vere upplied to a1l subsystems
except engines, which were costed on the basis of installed power. Initial
spares and ground support eguipment costs were assumed as percentages of vehicie

ost. Initinl treining and travel costs for {light 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 and
maintenance personnel turnover.

QOperating cost is the sum of crew, replenishment spares, maintenance, and
fuel, o0il and iubricants costs. Hepleanishment spares cost per year were assumed

to be a percentage of vehicle acquisition cost. Crew cost per 1ife cycle flight
hour was assumed tu be proporticral %o number of officers and number of enlisted

men in the crew. Similarly, fuel, cil, and lubricents cost per life cycie flight
hour were assumed tc be proporticnal 1o average missicon fuel ¢

r
low. Maintenaxce
cost per 1ife cyclie f1 a ¢cost factor and
the maintenance manhou ght hour value obtained from the maintainabilisy
analysis. The cost fectors, in dollars per maintensnce-man-hour, were increased

over a base rate to allow for overhead support end personnel efficiency.

ght hour was found from the produc’ of
o

Once the avcve analysis had been completed, cost effectiveness was comuuled
for =2ach design concept. The concert having the highest value of cost effective~
ness was assigned 2 raw score ¥ 1., A proporitional translation of cost effective-
ness vaiues to raw scares was then zrplied for the remaining concepts.

{3) Qualitative Analvsis

Scores fer the remaining attributes cn the evaluation matrix table were
judgements ovase” on “he information developed during the technizal enalysis of

the concepts, the type o: concept, and on size affects delermined from the
parametric computer mcdels. It was felt thal these qualitative jJudgemenirs were
necessary in addition tc the cost effectiveness analysis L& accurately evaluste
the concepts. BRBeing qualitative, they ars open to discussion., ¥Within tve

limited scope of the study, no attempt was made Lo prove ihese values quan‘itatived

(a) rechnical Risk

Thic Tactor avreame 2ne relative .robability that a workadle produc: loun
delign ¢f the rrtor gleept can he deveiorad within the time Trame assume-d.
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(1978-1980) A -oncep® requiring use of advenced composite materials, for
example, would have greater technical risk than oune using more conventional
aluminum.

{b) Off-design Performence

This is a measure of the versatility of *he conceprt in perforuing other
than the specific design mission. Fer examsle, superior nover ruel consumption
enhances capsability for missions reyuiring extended hover gperisds, and superior
eruise litft-drag ratio meximizes ferry range. The ebility to fly with any
intermediate rotor diameter vetween the fully extended and fully veiracted
gxtremes is an asset.

{c} Ssaptebility to Stowed Rotor Desigm

o

This faczior messures each concepi's potential for increased speed through
elimination of rotoy-iupused constraints. With appropriate installed pover,
s-me of the rotor concepis can significantiy exceed 300 knots.

{3} ~rowth Potential

tiributes measures ihe a2bility of = concept 10 accept design modifi-
cations, such as extended blade radius, chord incresse, or improved ajirfoil,
to 2nhance performance, and the degrze to whnich engine upreting can be abscrted
by the rotcr system to incrsase gross weight cmpabilizy.

(e} Handling Qualities

Tris atitribute neasyres the ease with which ¢h ilot controls the aircrafs.
This includes such factors as the damping of th 3 m. to flight disturbances,
its forgiveness of inaivertant cr excessive contrel inputs,ard the degradaticn
n
i

3]
2
0
o

A
of tail eifectiveness due to turbuleni wake from ¢ ¢cr hut. The pilot
attention reguired for rotor retracition and extens alsn =z handling gusli-
T4

ties factor. Internal noise and other distracting 4 in effects, such as
flutter rescnance and contrel ioads were also given cossiﬁera,;on.

{£) Safety

FThe yuinerability of the rotor is accounted o
comporient. of cost effectiveness is terms of the abi
continue the mission, Safety r«Ters to the crew surv
iress of an aircraft follouwing w missioun abori. For
on a flexitls ¢ll up rotor is rore likely Lo be catast
on & more rigid blade,

-
11 $13+4
T4 aneuverabiiit
> P LN LY h— - .y 3 . > 4
fover biade aron wuo L Tued Lo provide the sume hovering blade lomdineg fur
13 . ~ k- - H ~ 3 3 I3
all concerts, Howevar, fhe ynrious reuractod rotar confioontionn contribute
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to cruise maneuver capability to varying degrees. The speed with which rotor
diameter car be changed also affects acceleration/deceleration cepability.

(n} Vibration
This factor measures the relative cockpit and cabin vibration levels.
Humber of rotor blades and susceptibility to aeroelastic flutter were signifi-

cant ~onceptuel considerations.

(1) Hovering Downwash

This attribute relates primarily to the relative disc loadings of the
various concepts. Since downwash severity is related both to velceity
and mass flow, gross welgh® was also a factor.

(3) Stowcbility/Transportability

This is a megsure of both the size to which the configuration can be
packaged, and the conversion time reguired.
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GROMETRY
Rotors
Wing
. INSTALLED ROTOR
Propellers Availsble NRP et SLS

Max HP/NRP Ratio

#il HP/NRP Ratio

e Alt/Temp HP Lapse Rates
SFC at NRP and SIS

SFC Partial Power Curve
SFC Alt/Temp Lapse RHates

DESIGR CRITERIA
Design Gross Weight
Allowzble Hover CT/d'
Allowable Disk Loading
Rotor Tip Speeds
Transmission Power Rating

ACHIEVABLE EFFICIENCIES
Weight Equation Coefficients
Cost Equation Coefficients

< Rctor FM Technology Factor

Vert. Drag/GW Retio

Parasite Drag Cecefficient

Hover Power Efficiency
Fwd Flt Power Efficiency
Propeller Efficiency

VEHICLE ATTRIBUTES
Weight Empty
Subsystem Weights

Hover Performunce

MISSION REQUIREMENTS

Fud Fit Performarnce

Hover Altitude & Temperature
lHover Time and Power Margin
Fwd F1t Altitude & Temp.

Fud Flt Cpeeds
MISSION ATTRIBUTES Fwd Flt Ranges & Endurance
Payload Reserve Fuel Requirements

Capebility
Fuel Consumed

”~

Figure 2

Helicopter Trend Model Flow Diagram
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2. GENERAL AERODVRAMIC ANALYSIS APPLICABLE TO ALL CONCEPTS

- The conventional helicopter is limited to approximately 20C knots forward
f1ight speed by = rapid increase in rotor power and control restraints. Power
is required to overcome rotor bliade profile drag and rotor herizental force
(H force), while providing lift and propuision. The compound zdds small wings
a1d auxiliary propulsion to reduce these roter forces and increase flight
speeds above 200 knois. This solution requires added rcitor power or propulsive
force as speed increases. In additicn, rotor rotational speed must be reduced
et these speeds to avcid sonic Mach numbers on the aavaucing rotor biades, and
this RPM reduction can lead to aercelastic problems. The promise of the
variable diameter rotor is that it can produce efficient nigher speed tlight
for the compound without these asroelastic probliems, and still provide the
-efficient, lov disc loading hover capability of the cenventional helicopter.

To understand the aercdynamics of the vsrishle diameter roter system, it
ig instructive tc first investigate the power reguirements of a coavertional,
fixed diameter compound. The baseline S-65-30C can cruise at 250 knots &t
12,000 feet on a standard day. Its reguired power at this speed is 11,400
horsepower, which can be broken intc the following components:

Rotor Horsepowey 900
Fropellier lorsepower 9,700
Tail Rotor Horsepower 115
Main and Tail Rotor Gear Box lLosses  5LO
Propeller Gear Buoxes Losses ks
Accessories 100

Total 11,k00

By far, the larges! component iz vwropeiler power, which iz used to pro-
vide the propulsive force. Components of this propulsive force are:

Parasite Drag, Inc:uding Fotor Hub 50%
Wing Drag (Induced & Profile) 29%
Rotor Drag - H Forcé 21%

Toial 19007

The desirability of a helicopler system with a stopped or retracted
roior is clear upon exemination of the sbove numvers. tor retractioi reduces
the B force by Lhw fourth power c¢f the razdius ratio and the horsepower by the
fifth power of the radius ratic. While the extended radius of the variable
diameter rotors in this study are much larger than thsat for the fixed diameter
system to achieve the desired 5 psf disc loading, the gains uchievable with
retraction are stiil lerge. For a retrsction ratio of £:1, there is = reduc-
tion in pcwer required of agpproximateiy 2500 horsepower. This can be used to
save fuel or increase maximum craise apeed. Stovping the rotating systenm will
save an additional 800 horsepower. )
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_ These reductions in power reguirements will mcst likely be accompanied
by inireases in parasite drag, dGue to the larger size of the rotor heads.
Blade stresses may also limit the speeds at which the variable diameter
rotors may be ocperated. The retracticn and stopping of the rotors removes
any of these blade stress restriction on high speed performance, and permits
even higher forward flight speeds.

- .. Hover Performance -
1) Figure of Merit

Sikorsky's Figure of Yerit Ratio Metkod has been used tc establisk the
basic hover performance for the variable diameter rotor systems. This method
consists of establishing, based on available test data, the degres tn which
the thecretical maximum figure of merit is achieved for specified C_/c,
sclidity, and tip Mach number:. The msximum figure of merit was calculated,
essuning a representative blade profile drag and tip loss,

.707 ¢_3?
T
W="3r =
c.>'" ccd
1 b —

where = .97

= -0087 - .0216 « + .k <2

= = 6C?/aBo

)
c

a = 5.73/raiian

The ratic of actual maximum figure of merit {FMR) was established empiricsally
by normaiizing ell test data to -4° ilinear blade twist and 20% root cutous.
Figure of merit ratio correction factorc havebeen calculated to zccount for
blade taper, noa-linear btlade twist, blade root cutc °t, and other character-
isties of the variabie diameter rotor coacepts.

To determine the actual figure of merit frr each rotor, the following
procedure was used. First, a baseline figure of merit was calculated. This
assumed that u conventional blade czrstruction was being used. The disc area,
blade area, number of blades, and rwist were all assumed to be the same as the
study rotor. In addition, cherd and airfoil section were assumed constant
along the biade. Linezr twist was assumed, as was a conventicral root cutout
percentage . Next, a figure of merit ratio correction factor was determined
to account for the unusuai features of the variasble diameter concepts, such
as varying airfoils, non-linear twists, and large roct cutouts. The actual
figure of merit was then found by multiplying the theoretical figure of
merit by this correction facter.

For reference, the baseline S-65~30 aireraft has 2 figure of merit of
.653. 1Its figure of meri: ratio correction factor is 1.00 and its iinear
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twist of -k° and cutout of 20% were taken 2s the baseline <or YDR hover evalua-
tion. _

(2) Vertical Drag in Hover

The vertical drag of the S5~65-300 has been calculated using the polsr area
norent of inertia method. This method uses the drag of characteristic shapes
tested under rotors and the polar area moment of fuselage elemeris to obtein
vertical drag. The verticel drag of the S-65-30C using this method is 6.43% of

gross weight.

Because the variabies associated with the variable diameter rotor concepts
are ot Fully accounted for in the polar area moment of inertia method, a strip
analysis method was selected fgr this .udy. This involves the determination of
impingement velceities and drag con.’7c ents of small fuselsge and wing elemental
areas. This method correlates well with the polar ares moment of inertial method
for the 5-65-300.

b. Parassite DNrag

The variable diameter rotor concepis were evaluated for their drag contri-
bution, based on S~65-30C parasite drag. Reference 1 and other aveilable wind
tunnel data were used, although counsiderable Judgement wec reguired to obtain
the drag of the large hubs reguired to house retraction mechanisms, and large
blade surfaces,

The 5-65-300 has a parssite drag of 38.0 squere feet of equivalent flat
plate area. Of this 2.7 sguare fcet is wing profile drag at zero incidence
and 10.C square feet is rotor nead-drsg. 1In this study, wing prefile drag has
been considered separately in the wing secticn and 0aly changes in rotor head
and fuselage size are considered here. Basic drags were determined at the
initially assumed gross weight of 62,800 pounds. These were then parametrically
trended for other gross weights.

To illustrate the effect of parasite drag and overall lift-to-~drag ratios,
al}l of the variehie diameter roter concepts have been designed for a maximum
airspeed at 12,000 ieet, standard conditions, with an installed power equsl to
thatl of the S-65-300. With this power. the £.-65-200 mchieves 250 knots.

To bracket the variable dianeter rotors, it is interesting t¢ sec hov fsst
a conventional fixed wing aircraft could go with the same gross weight ana nower.
Since & large part of the total aircraft drag on the compound is rotor head and
pylon drag which the comparable fixed wing alrcraft eliminates, it wiil suow even
more improved performance. A drag reduction of 1k squure feet of equivalent flat
plate area is possible, while still maintaining the same basic fuseiage size. If
the same wing size (U475 square feet) is sl3o maintained, the maximum speed of the
fixed wing aircraft is found to be 320 kncts. A wing size increase to 625 squars
feet, which is a minimum optimum aercdynamic size (CL = 4}, increuges the
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. maximum speed to 345 knots. Although these solutions lock favorable not
only has vertical 1ift been eliminated, but take-off speeds for each of the
gbove sclutions is grester than 160 knocts. If wing size were further in-

- creased to 1100 squere feet, the aircraft would also have a maximum cruise
speed of 3%5 knois, but would still require a take-off speed greaster than

. 120 knots.
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Although tkis study was only concerned with variable diameter rotors as
applied to compounds, scme of the ccuncepts could conceivably be aprlicable to
- stowed rotor vehicles. Py fairing the rotor head, or by stowing it withir the

fuselage contour, significant reductions would be made in overall parasite
dreg. This could approach the low drag of the fixed wing aircraft and still
provide the VTOL flight mode.

¢. Level Flight Performance

(1) General

A primery configurstion constraint for most of the variable .di=meter rotor

aireraft is ihe ability to transition from a compound aircraft, at tae

rotor’s maximuz or optimum speed,; to a stopped rotor configuration.

Using the parasite drag values that have been determined for b:th rotors
stopped and rotors turning, plus the rotor, wing and propeller performance
charecteristics, performance at the transition and high speed flight regimes
5 wes calculated. Rotor performance was generated from the Generalized Rotor
Performance ethod {GRP) (References 2 end 3). This computer program supplied
power, drag, lift end shaft angle for input rotor ccllective pitch and inflow
This provided all the information necessary tc find the optimum
total power, fuselage attitude, and wing flap deflection. This coptimizaticn
gives zn optimum wing/rotor 1ift sharing and rotor collective pitch. The
propellers have teen used to overcome 2ll aircraft drag, includirg wing induced

drag and all unbalanced rctor forces.

AN

ratio.

Y A A

Transiition to stopyed rotor conf'iguration has been accomplished by
reducing rotor lift to zero, reducing drive system speed to 80% and retracting
end stopping the rotors. The S-65-300 and the two segment telescoping rotor
do nct hove such e transition seguence, since they do not coperste in s stopped
rotor configuration. Each does change tip speed with increasing airspeed te
maintain an advencing blade tip Mach number of .3; tne conventicasi aircraft
by reducing tip speed, and the telescoping zystem by decreasing roter radius.

e 4

(2) wing Performance

A ccnprehensive eanalysis of the wing sizing for the varisble diameter
rotor concepics vas necessary to pruverly account for each system's individual
- characteristics, Lift sharing between the rotor and ihe wing is an imporiant
consideration with these unusual types of rotor systems. They 211 have differ-
ent forwerd flight dyramic and aercdynemic characteristics, and & wing design
must be develcoped for each rator concepi te compiiment the rotor system.
; Ideally, the wing would ve sized bty cruise conditions only. However, if
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various concepts could not maintain sufficient rotor 1ift 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-65-30C wing airfoil (63 415) and aspect ratio (4.75) were retained
for this study. The results of small scale tests (Reference 1) for a scaled
wing area of 475 square feet were corrected for Reynclds number and uced as 3
base for wing performance. Flap data was synthesized using the trends of the
NACA 23012 airfoil (Reference L). Figure § shows the variation of Cp
with wing attitude for a range of flap deflecticns. °©

¥igure 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 fuselasge. The maximum L/D line on the curve is used to 4etermine the
most efficient flap deflection for any desired 1ift coefficient. 1t is seen
the the maxinum nose-up fuselage pitch attitude required to achieve maximum
L/D is less than five degrees.

Figure €b shows the incremental equivelent drag change due to fuselage
pitch sttitude and flap deflection. This is for the baselire 475 square fcot
wing. This dreg chenge includes the effects of wing profile drag, wing
induced drag, flap drag, and the incremented fuselage parasite drag due to
chengas in Tuselage pitch attitude. These drag increments are in addition te
the basic aircraft drag of 35.3 square feet. The overall equivalent drag of
the aircraft may be found by adding the 23.3 sguare fe=t of basic parasite
drag, the incremental drag from Figure 6b, and the ~quivalent drag of any
rotor shaft horsepower.

To determine drag increments for wing sizes other than the baseline LTS
square foot wing, the drasg has been calculated by multiplying by the wing
area ratvio.

In sizing the wings for each variable diameter rotor concept, twe specific
flight conditions were analyzed. The first of these was the mission cruise
segment, where the most cost effective wing size was determined. This analysir
is discussed on page 141 "Wing Size Tradeoff". The second coundition analyzed
was the transition phase vwhere the aircraft gross weight was transferred
from the rotor to the wing. Figure 7 shows the wing trend plot tha* was
used to analyze this transition phase. This is for the baseline gross weight
of 62,800 pounds and for the 12,000 toot, 16o conditions. It plots equivalent
wing drag as a function of forward velocity, for & 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 dramuatically as rorward speed increases. It is emphasized tnat the use
of this type of analysis leads to the most efficient transition for each concept.
The minimum pewer is determined, constrained only by the physical constraints

36
PAGE

R




it et v VR 100

el e

of the aircraft.

As an exampie of how this curve is used, consider a rotor system which
must niake a transition at 2CC knots. It is seen that both the 1160 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 dzflections, or perhaps the use of more sophisticated
high 1ift gdevices.

As the wing size is reduced, and more flap deflection is used, th= 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 ‘o the propulsive force ithat the propeliers
can vrovide. This meximum thrust availeble to the wing prior to transition
is shown as the dashed line in Figure 7, For the example of 20C knots,
it is seen that any wing smealler than approximately TOU square feet would
require addi“ional installed power for the transition phase. Ro Aegree of
sophistication in high 1ift devices would change this fact because they would
increase wing dreg as we.l as lift. Because of this match between thrust re-
guired and thrust available must be maintained, no flap deflection is reguired
for transitions above approximately 210 knots. Below this, a combination
of wing fleps and added area must be used to provide 1ift at transition sreed.

This wing sizing is further discussed in the wing size tradeoff study on
page 141. Any wing sized fcr the transition is not substantially greater “hen
the most cost effective wing size for cruise. 1In no case is it greater than
tventy 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 & 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 mecintained
ac the gross weight increases. Instead, the nmipnimum wing areas must be
approximately:

. . . : 2 (W' - 62,800)
:= t ”», I 2
Wing Area’ = Wing Area € €2,500 1t {1 + %2.600 )

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

The wing lomsding of the variable diameter concepts was sisc compared to
wing loadings of comparable fized wing aircraft. The wing for “he eight
segment telescoping rotor, for example, has a wing loading of 84 psf, similar
to the DCO-10 and significantly higher than STOL or convent:iona. propeller
asircraft, that average less than 60 psf. The rotored aircraft can opcrate
efficiently with this high loading, which reduces cruise power and wing weight,
since the wing is not required to support the aireraft during takeoff and land-
ing maneuvers.
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(3) Propeller Performance

=
=]
% is study used the propeller design of the S-65-300, maintsining the
B

diemeter of 11 feet. This design had four bledes and & design CL of .5.
Perfnrmance was calculated from Reference 5 gnd is shown in Figufes )

eand 10 for the operating speeds of 100% and 80% at 12,000 feet on a
standard day. The propellers provide ail of the aircraft propulsive force
for the variable diameter concepts and, by limiting the maximum thrust for
a given power aveilsbtle, fix ninimum-treasition wing size snd define the
naxinum cruise epeed for eavh configuraticn,
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3. THE ROTOR DESTGNS AT 62,800 1bs GROSS WEIGHT

_ %he 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 develcped and sized since direncions and
basic load requirements werz known. After each dessign was completed, its '
veight and performance capabilities were deteymined. These were then described
parametrically for alternate gircraft gross weights. The following sections
iscuss each concept st the initially assumed gross weight only. Section 5
discusses the resizing of the designs required to give each verigble diameter
rotor aircraft the same range and paylcad 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 VDR and Sikorsky’s TRAC, which
both use the telescoping blade arproach. th of these also use ouly one
moveable segment that telescopes inboard, over or within a second segment. As
such, they 4o not approach the high retracticn ratios which are desired in this
study. By extending these coxncepts to include more than one tele-
scoping segment, the high retraction ratio cen be achieved. The first concept
investigated in this study is an eight segment telescoping rotor. It has a
retraction 1atio of 5 to 1.

Unliike some of the other rotors described in later sections, the major
problems for this concept are in the design area ratler than the dyn.mic or
aerodynamic area. Moast of these design problems are concerred with the blade
itself. This blade must provide an airfoil section with the required struc-
taral prepeities and at the same time meet the conztraints imposed by tele-
scoping one section within another This constraint prevents the use of a con-
ventionll blade design spproach consisting of a load carrying spar with a
nen=-structural %railing edge or pocketsy v all the structure must be in the
outer blade shell. Alsc, adeguate support must be provided in the segment
overlaps to transfer the {nflight blale leads and yet permit the sections to
slide during the extension and retraction cycles. These conditions must all
be met within 8 reassonable blade weight.
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(1) Mechanical Design

The eight segment telescoping rotor design iz shown i Figure 1. The
ROTOR HEAD chosenr for this concert is a teetering type, usinrg two rotor blades.
With the large 126.k foot dlameter which is required to give the 5 psf disc
leoading, few blades are required tu give the total necessary btlade area. By
using two blades. the blade aspect ratio is 15.3. Increasing the number of
nlades would increase this aspeci ratio, and the static drnop of the blade
would probasbly be so excessive that stopping the rotor in the extended position
wonld be impossible. In addition to the blade considerations, the use of only
two blades greatly simplifies the design of the rotor head. Only one iteetering
bearing is required in addition to the blade pitch change bearings, rather
than the flapping and lead-lag hinges that are required for each blzde in an
erticulated rotor.

A teetering rotor has a distinct disadvantage in a conventiona: helicopter
aopplication, due tc the high vibratory nalure of the lift which is produced in
forward flight. In an application to the variable diameter compound, this is
not so great a disadvaniage since the wing offlosds the rotor as speed increases
and eventually the roter is stopped.

The blades are retracted with cables which are wound sround a drum within
tha rotor head. A further sadvantege of the two bladed configuration is thet
it permits all the retracticn mechanism to be designed into osnly one drum
sssenmbly within the head.

The meJority of the rotor head components are constructed of titanium for
aigh strength and iow weigui. All bearings are of the elastomeric type to
avoicd lubrication problems. Ia order to reduce blade coriolis momenis, the
blades have heen underslung b5 inches below the teetering axis.

A blade control linksage hes been developed to permit accurate vlade pitch
control independent of the roter 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 unwanted inputs to the control systenm.

18
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The BLADES sre also constiructed of titanium. A .z;2red planform has been
cnosen to permit one section to telescope within another, 3liding or teflon
toaring surfeces. A dynemic snelyris was used to determine stresses alcng the
bisde =opan, and the wall thickness distridbution was wvaried to bring all strecses

- within the silowable values for ti.eniwma (10,000 psi steady plus or minus 18,000

rsi wibratory).

The dirensions cf the individuel Plade segments are as follows:

- . Lengti Thord Thicaness
Segrent inches inches Percent
T 1 (INBCIAD) 161 15 18.0
) 2 - B7 68 16.5
3 87 €2 15.0
1 a7 54 13.%
5 87 kg 12.0
6 87 Ly 10.%
T 37 38 9.0
8 (OUTBOARD) 38 3R 1.5

The blades are attached to ‘he head by individual iugs which are u «d to
minimize assemlly problems.

An important blade design considerstion is the question of what type of
overlap is required to 2arry the lcsds snd provide adequate bending stiffness
btetwean the blade segments. The basic gquestion is whether the blades must be
mechanically locked tognther when ithey are at the extended uiameter, or wheth~
er the centrifugsl force is high ~ough to hold them rigid. It mas deen
determined that the centrifugal Torce will rigidly lock the sections together
so that no positive =echanical locking mechanism is reguired. The centrifugal
force distribution, which is slways in tonsion, is substentiglly lerger then
the force distritution due “o the bending roments, which iz in buth compressicn
aud tension. Therefore, the resultant forcees zcross the Joint are always in
tension and no positive locking ic required tc carry ~ompressive loads. This
holds true for all the segments since the ratio >f centrifugal fcree i bending
moment is aporovimately constant along the spun of this teetering rotor tladae.
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During blade retraction, the particular segment being retracted is not
held rigid with the next mecst inboard segment unless a further moment carrying
device is fincluded. The blade morzat which the joint must react is substan-
tiaily reduced, since the span of blede outbosrd of the jcint is never longer
than the span of one segment. To carry this small wmoment during retraction,
the segments are overlapped by eight inches and provided with bearing blocks.

The RETRACTION MECHANISM consists of a hydraulically drivenr winch assowmbly
within the rotor head to pull in a band type of cable which is attached to the
%ip of ihe most outboard blade segment. Thia cable band consists of six k"

~diameter cables bonded together as a flat strap. This is dome to give the

eable sufricient tensile strength and yet hold the cable thickness to a mini-
mum 50 that it can be wound on 8 reasonably sized drum.

Thie power reguired to retiact the blades direetly infiuences the size of
the required mechanism. This power is a function of the blade centrifugal foree
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
RPM is slowed down before blade retraction is attempted. It has been assumed
that rotor speed is reduced by 20 percent before retrection; this reduces the
centrifugal force which the mechanism must overcome by 36 percent. This drop
ir rotor RPM can be accompliished with a2 conventional free turbine engine by

varying the speed of the power turbine.

The retraction rate that was assumed is 50 feet per minute. This results
in full rotor retraction taking place in approximately 60 seconds. With this
cenirifugal force and retraction rate, the power rcquired for retraction is
110 horsepover per dlade.

Two types of drive mechanisms were investigated for the retracticn wiachj
a strictly mechanical drive system drivenm 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 ia the head
and therefore teeters with it. This recuires universal joints and/or gears
in the drive system to pass the power through the teetering Joint. The hydrau-
lic 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 STh pounds and the hydraulic system weighsSh9 pounds.
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In addition to the slight weight advantage, the hydraulic system would be
smoother operating, especially when sccelersting, and it has been chosen over
the mechanical system.

A separate hydraulic motor !s used for each Hlade. They drive the retrac-
tion drums through high reduction ratio gearing, wkbich is ussd to reduce the
torgue 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 rezcted@ from one Powerhinge to the other. The oversll width of the mecha-
nism is 44 inches.

The two drums are mounted concentricelly to this mechanism and have diemeters
of 18 inches.

(2) Dynamic Considerations

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

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

The conditIons analyzed were {(a) 45,000 1b G.W.; 120 knots ana (b) 19,000
15 G.W.; 200 xnots. A Sikorsky Aercelastic Rotor Analysis, which employs the
Yyklestad appreach, was used for this purpose. This analysis determines the
aercelastic and dvnemic response of an K bladed rotor system subjected to given
steady state flight conditions. Airlcads are determined initially using
classical aerodynamic theory in conjunction with two-dimensionel airfoil data.
An iterative 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 ccupled blade flatwise, edgewise, and
torsicnal motions. The blade response characteristics which satisfy the roct
toundary conditions are then determined for each radial station in terms of
azimuthal hermonics. Knowing these blade :otions it is next possible to ealcu-
late a refined set of airloads which include blade flexibility eff:cts. A dy-
namic response analysis is then performed with these airloads and final blade
motions and forces sre found.

For this _ype of analysis the rotorbvlades are represented by a number of
discreet masses zituated 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 stud; 18 masses were used. Since the blade airloads are known at each
azimvthal station the deflected form of the blades is readily obtained by dba-
lsacing the aerodynemic shear forces and moments with the blade internal shear
forces and moments such that the kunown blade root and tip boundary conditions
are satisfied.
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To cornduct this studyv 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 vwere effected by varying the coli- .

- lective and cvclic pitch control inputs until the rctor 1ift, propulsive force,
pitching moment, and rolling moment were within preseribed limits. Comparison
of the resulting blade airloads and stresses showed the 15,000 1b 120 knot
flight condition to be most critical. This condition was therefore used in
suosequen®, analysis.
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The blade airloasds, moments and stresces obtained from the criticsel flight
condition were used to establish new blade structural properties. The flight
condition was again simuleted and new moments and stresses obtained which
were again used to establish new blade structural properties, This process was
repeaved to minimize blede weight and stresses.

To reduce the effect of inplane Coriolis moments the rotor system studied
was underslung and the blades preconed T deg. such that the blade center of
gravity was in line with the effective teetering axis. The anslysis used in
the study did not have the capability to include underslinging. An assessment
of the effect could nevertheless be made by using the blade responses obtained
for the preccned, 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. Althoush not mathematically exact, this procedure
gives values which are certainly adequate for preliminary design studies.
This effect is reflected in Figure 13a and 150 which show the envel-
opes of maximum steady and vibratory flatwise and sdgewise nomerts on the
system at 45,000 1b, 120 knots.
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These figures show the momentz that vere used tor 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 winus 16,000 psi
vibratory stress. The edgewise moments, although reduced by the underslinging
are nevertheless substential.. Due to the absence of inplene articulation the
blade feathering bearings must carry these moments. This leads to more st+in-
gent beuring design requirements than in the case of an erticulated system.
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Figure 14 shows the tlade tip displacement over one cycle of trimmed
flight at 45,000 1b, 120 knots. The Slade tip motion is s.en to be less than
80 inches. This {s a deflection of the tip path plane of *3 degrees. Since
the clearance between the rotor and the tuselage would be approximately 12 de-
grees there is no dang:r of the blade tip contacting the fuselage.

Ar examination of the biade torsional response for each of the flight cou-
ditions analyzed revealed no stall flutter tendencies. To identify stall onset,
a parameter which id2ntified rapid incremses in blade rrofile torque was used.
This parameter, bCQD/o (where b is number of blades, ?QD is vlade dreg co-
efficient, and o6 is rotor solid’*y) kas been uced in numerous Sikorsky Air-
craft studies. It has been found that when the parameter has & value less than
0.00%4 the rotor is unstslled. For each of the conditions analyzed this para-
meter had a value less than 0.003. Since *he blade is Tmuss balanced at the
quarter chord, classical vlade flutter will not occuy. ) .

This dynamic examination did not directl) examine the effects resulting
from retraction and extension of the blades. Sikorsky Aireraft has conducted a
substantial amount of research in this ares on the two cegment 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 expeccted that the eight segment
telescoping rotor would displsy similer characteristics.

(3) Aerodynamic Considerations

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

As the wmircraft forward speed increases the main rotor RPM remains constant
until an advancing tip mach numter of 0.2 is achieved. This occurs at apnroxi-
mately 185 - 159 kncts, depending upon ambient temperature conditions. Above
this speed rotor RPM is reduced to keep the advancing tip mach number at 0.9.
This requires a 20% RPM reduction at 220 knots forwa>d speed. The advance ratic
at this point is approximately 0.6.

The high speed &t which the transition from rotor supporied to wing suppor-
ted flight cccurs ellows the wing size to be determined by cost effectiveness
rather than the maximum transition power avaiiable.

The figure of merit of this rotor is .G28. This results from & figure of
merit ratio corrsction factor of 1.02 appli=d to a baseline figure cf werit of
.616. This correction factor is based on a combination of the foliowing indi-
ridual corrections.

N
PAGE




B

TR DT T
_ ST TR

SRR o= - e ——n —_—

T e, T

AT R N

. Taper 1.82
. BPlade Discorntinuities 98
- Root-Cutout 1.01
. Airfoil (18% to 7.5%) 1.01

The vertical drsg of the aircraft is 1.65 percent of gross weight for the
baseline 475 squere foot wing. This increases as wing size increases to a
maximum of 2.05 percent of gross weight for a 900 sguare foot wing.

‘e

High speed performance o7 this concept is reztricted by the relatively high
parasite drag of the large teetering rotor head. At €2,800 pounds gzross veight
this aircraft can cruise at 275 knots using the same power that the S5-55-300
reqguires at 250 knots. The components of the power required Jy the eight seg-
ment telescoping rctor at 250 knots are as follows:

Propeller Power . 9166 HP
-Te Overcome Fuselage and Rotor Hub
- Parasite Drag 5956 HP
- To Overcoms Wing Drag -
(Induced & Profile) T 3210
To Cverceme Ictor Eotation -
Drag 0
Gearbox Losses ) 50
Accessories 100
TOTAL 931C HP
Figure 12 shows the power requicements of this system as a function of

forward flight speed, slong with the lift sharing, fuselsge pitca attitude,

and wing flap deflectionc necessary to sustain level flight. Lift is transfer-
red from the rotor to the wing as the aircraft accelerates fron 60 knots to 220
knots. In the range of 220 krots the rotor is retracted and stopped and the
aircraft continues to higher speeds, flying as a fixed wing aireoreft.

(3} Rotor System Weight

The total weight for this rotnr system is 911R pounds, or 14.5 percent of
the 62,800 round gross weight. This is broken down ag follows: '
Telescoping Blades (2 Required) 2100 LBS/BLALE 4200 1BS
Spar & Balance Weights 1885 N
Extension & Retraction Stops 14¢
Tip Cup 25
Cable Guide 50
Rotor Head
Teetering ‘U’ Beam 917 2388 1LBS
Housing, Fotor Head 830
3pindle 524
Sieeve 546
Spline f0
Misac. 91
<l

P
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Mechanism 1930_LBS

5 Drum 332
E Cabie 52
] Drum Supports 323
E Drum Drive Mechanism 720
Misc. 126
g TOTAL 9118 1BS
el
é? (5) Summery

.

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

Advartages

. High “etracticn Ratios Possible

. Fairly Couventionai Aeroelastic Characteristics

. Conventional Blade Pitch Control System

. Few Coppromices in Blade Airfoil Shape

. Good High Speed Ferformance -~ Rctor cau cperate at speeds over
200 krots.
Only simple sliding moticns in blade

. Minimm size retraction winch assembly

. Fail cafe blade retention system

. Rotc: H=zad Simplicity

. Rotcr may be stcopped in extended position should any malfur~ticn
occur in the retraction mechanism.

Disadvantages

. Rlade Complexity

. High total rotor weight

. Large rotor head parasite drag due "o underslung teetering rotor
head design.

. Possibility of blade binding during retraction

. Inflight blade damage may prevent bliade retraction

. Retraction components are rot reedily accessible within rotor
nead

. Blade inspection requires manual extension

. Blade weight necessitates care in handling, specfal eguipmen’,
and poses a safety problex

. Blade construction necessitates segment scrappage if major demage
is sustaincd, and means dcpot level repair

. No provisionz for detecting blade or strvetural failure

. High vibretion 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 retraction on blade dynemic response

. Effect of blade bending on segment interfaces

-~ General aeroelastic behavior during start-stop operations with
the bLlades extended end following rapid control inputs

. Small serodynanic vortices at each blade discontinuity

. Metheds to reduce rotor head drag

. Methods to improve assembly and inspection

. FPossibility of fatigue prchblems in segment stop areas, due to
concentrated loads.
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b. Roll-up Rotor; Thin Flexible Blade

Another interesting variabie diameter concept uses very flexible blades
that can be retracted by winding them on drums within the rotor head. Two
varistions of this concept have been investigated. The first uses blades
with only two percent thickness, and the second uses pnemmatic blades that
can be bixwn up to provide a twelve nercent thick airfoil when extended and
then be deflated for retraction. The thin blades ere 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 ana
have an extended diameter of 125.4 feet at the 62,800 pounds gross weight.
Both two bleded and tour bladed rotors were investigated. The two bladed rotor
has a chord of 50 inches and an aspset ratio of 15.3. The four bladed rotor
has the same total blade area. It has blades with a 25 inch chord and sn aspect
ratio of 30.6.

By tar the most critical item in the rating of these flexible rotors is
in the area of blade dynamiecs. The rotors are simple mechanically and promise
to be reasonably light if the’:s unique dynamic problems can be solved.

(1) Dynamic Considerations

e e e et S —————

This system is unique Inasmuch as the blade stif?nesses sre much lower
than those normally associated with couventional helicopter rotor blades. This
fact gives rise to the possibility of instabiiities sssociated in particular
with blade torsional motions and blade inpiane motions. These effects are
discussed in tne following paragrashs.

Although this rotor is not articulsted, the extrene flatwise flexibility
of the tiades makas the system behave essentially as a system with flapping
articulation. The fact that the blisde edgevise stiffness is low leads to the
frequency of the first elastic inplane mcde of the blades being iess than one
rer rev. and introduces the possibility of ground resonance. The problem is
campounded by the fact that mechanical blude dampers of the *ype employel in
conventicnal inpiane articulated rotor systems to alleviate ground resonance
cannot be employed in this non-articulated system. If, for example, tkis system
were articulated inplane, 3t is difficult to conceive a mechanical damper having
the desired effect since even if the damping coefficient of the damper were
infinite, the part of the blade outboard of the point of application of the
damper would still respond elastically at & frequency less than one per rev.
and this motion would still be essentially undamped.

Other means must be sought to surmount this prcblem.
Air rescmance is also a probiem which requires consideration. This is not
as critical ac ground resonsfqe since the blade motions are aserodynamically

damped and there is less likelihocd ¢f blude and airframe modes coglescing such
as %o produce instabiiity.
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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, edeewise, and torsional) stability could be
achieved by placing the elastic axis ahead of the aerodynamic center axis
but benind the center of gracrity axis. Subsequently, some work was carried
ovt &t the United Aircraft Research Laboratories, Reference 7, in which it
was shown that stable operation of a system with a smsll but finite blade
edgevise 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 aserodvaamic center axis, Unstable operation was obtained
for the coincident elastic axis and center of gravity position aft of the aero-
dyramic center axis. This latter result is not unexpected since aft center
of gravity positions even ir conventional blades can leaa t¢ flutter problems.
Stability of forward, non-coincident elastic and center of gravity axes foi
systems with small but finite blcde edgewise stiffness has yet t~ be verified.

Another area of primary ccncern in the dynamic analysis of the roll-up
rotor is pitch control. <Zonsider & system employing bledes with a symmetrical
airfoil and the elastic, center of gravity, and aerodynamic axes a&ll coincident.
If the blades emplcy relatively large tip messes taor centrifugal stiffening
then the propeller moment from this tip mass will always attempt to keep the tip
of the blade in flat piteh. It is not difficult to see +nat if the blades are
very soft torsionally any pitch impressed inboard will tend to wesh cut at the
tip d' 2 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 pitech control would be impractical.

The blades may k2 cambered such as to produce positive, nose up, ritching
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
¢lastic 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 cortrol and their effect on the blade dynamics

. were investigated in the study.

in the following paragraphs the investigations carried out relating to the
above sublects is discussed.

{a) Ground Resonance

Ground resonance is a phenomenon which can occur when blade inplane mitions
couple with airframe motions when e helicopter is on the ground or is partisily
airborne. It can only ozcur if the frequency of the biade inplane motions
is less than the rotor speed. Blade inplane motions are transmitted into the
fixed sirframe axis system at frequencies equai to the rotor speed plus or minus
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the freguency of the blade inplane motions. If any airframe mode has a frequency

. equal to the icwer of these, instability can occur. This is csused by the air-

frame mode and the blade mode coalescing such that the two modes have the same
frequency. This resulis in one mcde being pos.tively damped (stable) while the
other is 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 blade
root inplane dampers cannot be effectively emplcyed. Since the internal dampiing
of almost any practical blade materiel is invariably much too small 4o ensure
freedom from this problem, cother means of introducing tlade demping must be sought
To this end, aercdynamic 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 scon 8s
the aircraft is clear of the ground.

The analysis used to establish the area of the dreg vaues required to elimin-
ate this problem was developed by Sikorsky Aircraft. It is a fully automated
analysis which includes airframe rcll, pitch, and laterel modes of oscillation
and symmetric and unsymmetric blade rigid body and elastic inplane and out cf
plane mogdes of oscillation. All motions are fully coupled. The analysis also
has the capability to incorporate aesrodyramic effects.

To introduce a degree of conservatism in this study i* was assumed that at
normal operating rotor speed the freguency of the airframe roll mode, « ps vas
equal to the rotor speed, 9 , minus the blade inplane natural frequency,

s 1.2, wp= Q- Wy - This is generally the most critical condition since
ground resonasnce can occur vhen these modes coalesce. The freguency of the air-
frame pitch mode was assumed equal to 0.3 wp. These values are typical of
conventional aircrift. Since ground resonance can only be eliminated by damping
both the airframe and the blade motions, airframe damping levels characteristic
of conveutional 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 dreg vunes w:s varied
until stable operation was obtained through and beyond normsl operating rctor
speed.

Figure 35 gives the results of +his analysis. This shows the effect of
rotor speed on the critical system root locus for various dres vane areas. It
can be scen that with zerc drag vane area the system is urstable from rotor
speeds of sbout 55 RPM to well in excess of 220 RPM. Since the normai rotor
speed is 113 RPM this system is clearly unaccepteble. Twoc square feet of drag
vane area per blade gives a system which is stable at =211 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
fully extended. This is the ares of concern, since ground resonance problems
occur during take off and landing when the rotor is at full diasmete»:. It is
also interesting to look at resonance at reduced diameters. As the blades are
retracted the effective damping moment is reduced due to the reduced blade tip
velocity. Siace the blades are not articulated tieir inplene natural frequency
will also increase as the blades are retracted. The net eficct will be to
reduce the percent critical damping of the blade inplane motion. This would
bave serious implicetions if the blade inplane natural frequency remained below
one per rev. Fortunately, this is not the case. When the blade radius is about
0.7 tims 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 dampinsg.
Tne drag vanes are designed to produce sufficient 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 sbsorber at the blade tip. This concept was not cxamined in
detail Quring this study but it does merit consideration. One possible drawback
in the ccncept relates to the tuning of the absorber. For a given set of systen
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 bliades are retracted their
inplane natural frequency increases, the ubsorber will become detuned and may
lose its effectiveness. Thix can only be overcome by designing an absorber which
is erfective over a fairly wide frequency range. This may be difficult to acnieve
unless the absorber has variable tuning.

(b) Pitch Controi and Torsional Stability

Pitch control in the roll-ur rotor system is an area of primary importance.
The use of conventinnal inboard control may be impractical due to the relatively
iow torsional stiffness of the blades and their resultant incapacity to transmit
moments to the outboard blade elements without undergeing large eiastic torsional
deformation.

This study was aimed at investigating various means of pitch control to
ascertain to what extent pitcr control is possible and to suggest the best means
for effecting this control.

The analysis used for this purpose was the Sikorsky Normal Modes Blade Aerc—
elastic Analysis. This is a single blade analysis which represents birie motions
as the sum of the number of the ncrmal modes of oscillation of the blades. Up to
ten blade elastic mcdes may be used in addition to vigid 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 blage travels azi-
muthally. 1In doing so it makes availalle a complete descrintion of all blsade
mctions and deflections, the blade stresses and momenls consistent with these
deflections, and the roo* sheers and moments. Since the analysis gives this time
history of the blade motions, it gives intormation as <¢ the stability of a given
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 was possible to simulate outboard pitch control by inserting

the desired pitching moment coefficients on the blade tip element. With this

modification the effect of tip control alone could be studied, but this elin-

inated the capability to employ conventional inboard control at the same time.

Thus, conventional control alone could be examined with the unmodified analysis

and 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 contrcl. Hovering capebility was first
established and then the econtrol parameters were varied to see if an approxi-
mate 100 knot, 35,000 1b trimmed flight condition could be achieved without
encountering stall or excessive flapping or torsional responses. In conducting
these studies no attempt vas made to minimize hub moments. It belng the intent
t0 examine the feasibility of the control schemes, a trimmed condition was
defined as one in which &ll biade ~esponses repeated within specified tolerances
each revolution, which gave the desired 1ift at the specified flight speed, and
which produced prcpulsive forces, rolling moments, and pitching momenis deemed
controllable., Figures 16 and 17 <chow the blade tip flatwise ana tor-
sional responses a2s functions of azimuth position obteined using each of these
controil concepts. The important aspect of these figures is that they show that
trimmed flight 1s pussible and that the flatwise and torsional blade responses
are acceptable. The flatwise response corresponds to approximately :3 degrees of
tip path plans motion. The ciearance allowed between the rotor end the fuselage
is ebout four times this. The torsional response of .pproximately *4 degrees is
no greater than would normally be applied in conventioral rotors through the
we of cyclic p.t:h inputs. In the case of the tip tab control the maximum pitch-
ing moment rejuired to be developed by the tabs was -6030 in.l1lb. which can be
achieved wvith reasonable sized tip tavs.

Aithough control by each of these means was possible, it was found that in
the cese of the tip control only, very large tip monments were required to reduce
the iifting capability of the rotor which involves a nose up pitching moment of
sufficient magnitude to produce lerge 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
and positive angles of attack up to 13 deg. Tc reduce the rotor 1lift it was
therefore necessary to apply tip pitching moments which would balance the pitching
nouents from the remeainder of the blade, This is an undesirable characteristic.
In the case of cenventional control only & simiisr problem existed. That is.
alihough reducing collective pitch and varying «yolic control could be used to
reduce the rotor lift, il was impossible to exeraise sufficient contrel of the
>utboard segments of the blade to avoid stall. It was concluded, at this point,
that use of conventional inboard pitch control ajone was impractical.
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T« overcome the need for large pitching moments in the tip controlled

< system, the blade elastic axis was nexz. positioned slightly sahead of the
aerodynamic axis {quarter chord}, the center of gravity remaining coincident
with 1e elastic axis. The tip mass center ol gravity was assumed to remain
ccinecident with the aerodynamic axis. This results in the blage 1ift vecter
producing a n..se down blede moment whizp acts aga'nst the nose up blade
pitching moment ror positive 1lifts. These momenis can be made to balance at
the design 1ift condition. Tigure 18 shows the flatwise and torsional
responses obtained from this syscem in trimmed light ai 10”7 knots, 36,500 1b.
Tr.ese can be seen to be zcceptable., It should be noted tha: aithough only the
. tip response is shown the torsional deflection distribution al-ng *he blade
displayed s gradual decreas< from the tip value to zero at the root. Thus,
there was no tendency for the blade angles ai mid-radius to be excessive. With
this system it was found that increases or decresses in rotor 1lift could be
accomplished with much smaller tip flap moments than in thic case where all axes
ware coincident. It was also found that the system -tended to operate further
away from the stall boundaries. It was ~oncluded from this study that the
elastic axis snould be ahead of the serodynamic axis in the roll-up blades.

"

Although it dces apoear feasible to use only outboard control, it is felt
that a combination of conventional inboard control and outbeard tip flar control
would give the best oversll results. It is considered that perhaps the use of
conventional inboerd control for cellective inputs and tip flap control for cyelic
inputs would lead to = system in which the blade angle of attack distribution
could be "smoothed" in such a manner as to delay stall onset and also to minimize
or eliminate stall associated blade response phencmenz. This smoothing is in
effect the cepabiiity of the tip blales toc vary the blade twist as it travels
azimuthally. Use of both systems raturally complicates the rotor system desigr
but the pay-offs in sircraft control may Jjustify such an appreaczh.

In regard to torsional stability the systems treated above had eiiher

(a) elastic, center of gravity, and aerodynamic axes coincident at
25% c¢herd location,
or (6) elastic and center of gravity axes coincident at 23% chord,
aerodynamic axis at 25% chord.
= Ea " of these systems was found to he stable.

ihe effect cn stability of ceniter of gravity axis position relative to the
eiastic and aerodynaxic axes positicns was examined by respectively meving the
center of gravity axis ahead and aft of the 2lastic axis by 2% chord. The sft
. pesition corresponded to ceoincident aserodynumic and center of gravity axes.
The results of thils study vwere somewhat inconclusive but in neither of the cases
did eny of the blade responses tend to diverge. Wh2reas in the case where the
center cf gravity was woved ahead of the elastic axis a previcusly trimmed flight
condition remained trimmed, in the aft center of grevity 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 €& and 7.
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It is felt that further studies of this cype requir-e a better definition
of the actual effect the tip control would have cn the torsional response of
a practical system. It was stated earlier that che program used in these
studies w 5 modified by inserting pitching moment coefficients on the tip
segment . the blade to simulate the tip flap effect. This ties the actusl
tpplied moment to the actual biade tip angle of attack at any azimuth position.
I.. prac..ce 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 impcortant in stability studies. In
any follow or studies the anglysis should be modified to include this capa-
bility in addition to that of conventicnal inboard collective control. A
comprehensive torsional stabiiity study would then be performed. .L.mediate
indications are that flutter and torsicnal divergence can be ave: ‘ed.

The major conclusicns to be drawn from this dynamic analysis are

(a) ground rescrance in the rcll-up system can te zvoided,

(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, ss is unstalled steady flight.
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(2) Mechanical Desipn

Pesigns for both the two bladed and the four biaded confizuration were
geveloped. Fach hes ity advantages. The two bladed rotour has less dragr in
the stcpped position and has a simpler rotor nead design. Tt hag a wider
blade chord and there is & preater vessibiliiy o: echieving thin flat plate
deflections which distort the sirf il and change . s aerodynamic end dynanic

P characteristics. Eerause the ontirum number of blades is not obvicus, btoth
tymes of rotors were carried through the detailed evalurtion vhase.

. {(a) Tae Fecur Bladed Potor

The four bladed retor is shown Figure 19. A basie decision fer this
rotor is the magnitude of the normal operating coning angle which hou'd be
vermitted. Low coning angles require _arge tip weights to increase centrifu-
gal force ir the blade. This lezrge rorce maskes the design of the blade scction
that wmuch move difficuit. Figure 20 shows the tip weight required as & func-
tion of the operating coning angle and also ihe megnitude of the resuiting

and boron compcsites have higher “eonsile strenths tha
have substentizily higher me3ulus.

i3 centrifugal force. It is ciear from this enalysis that ithe coning anple should
£ be made as large as is practical - pessible because roter system weight will
E decrease raridly as ithe coning angle increases. 3Because ¢ these considera-~
I tious, 15 degrees has been chosen as an operating coning angle. This vesults
5 ‘n a tir weight regquirement of 15G vounds.
i
Z
2 The design requirementz for the this flexible R0T0R BLADE irclude the re-
% cuirement for nigh tensile strengsih to svorart this tip weisht, plus winirum
£ vlade thickness and & low molules moterial, so that flexual stressas can be
§ minimized when the blede ir wound or tie retracticn drur. With these con-
£ straints, a twe percent thick blede has been designed. I+ iz made up of &
: thin flat siructural sper, which has =2 second lovr meulus meteriazl bvonded
: to it lo comple<s the airfoil aharve.
£
£ The total biade chord for the four hladed rotc ig 25 inches. With s
% ; two percent thick airfcil shape, this results in = raxirum blade thickness of
= E one half inch. Even with these very thin btlades, it would be difficult to
-3 find a materis! which would allow a hormogeneous tlade cconstruction and stili
E verrmit the blade to be retracted on 2 reascnadble sized drur. Because cf *this,
¥ . the heteroge- eocus construction has hreen chesen with the tliade wade up of two
£ materials wii~ different characteristics. The srar is fiberglass, chosan for
3 its high strength &and low modulus, and is ‘en incres in width., Two fia! straps
= ¥ . are used, each with a thickress of .050 inches. The spar s leccsted in the
% forward vart of the blade for blade balance considerstions. Filerglass is
& the obvious choice for s spar raterial, with itc nigh strensih and low nmedulec.
= With the dimensions of the chosen spar, it could be wrapped arourd a drur as
3 § smell as six inches in diurmeter without exceeding desisn Tlexual stiresses.
= & Equivalent diareters f. & steel spar are about six tires ag much. “rauphite
z ' a
E

'
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There was a question as tc whether to nse F-type or T-iype Siterplass,
€-glass hes Tnth & higher strensih and a higher modulus *han F-tyve, and
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it was found that there was no differs:ce in the minimum diemeter which the
could ve wound around. S-type gluss uas chosen, since its higher strength

permitied the use of less material tc carry the tensile load and this led to

the minimum weight soluticn.

The blade rpar is surrcunded by e polyester meterial to complete the
airfoil shape. Tne polyester would have chordwise grooves cut into it every
ey incnes to relieve the fiexual st.esses thet result fror rolling it on
ne small diameter drums. As discussed earlier, blade mass balance is
important for the dynamic stabiliity of these flexjble bledes. The blade
center of macs must te at, or slizphtly in front o, the quarter chorad.
T2cause of this regiirement, the b'ade construction a&ft of the spar is composed
cf lightweight. honeycomdb constriuction. Nomex is used for boti lightweight
and flexibiiity. The upper and lower surfsces of the blade are composed of
polyester sheet. The construction still di¢ nct yield a hlade which was bal-
anced proreriy &id lead tape was added near the nose of the blade. This
brought the center of r ss slightly ahead of the quarter chord, as desired.

d

ot

The attachment of the blade ic¢ deth the inboard retraction drum and the
outbeard tip weight is achieved ©ty wrapping the fiberglass spar material
uround lugs at botn onds of the vlade. When ihe blade is fully extended,
there 2reg stiil three wraps on tie drum. This relieves stress in the sttach-

nent joint ard mexes a smeller joint possible.

The ROTOR EEAD DESIGH required for tais type i system is guite simple.
Because of th2 high flexitility of the blades themselves, no hingzs are

i
required within the rotor hesd; it is mounted rizidly to the roter shaft.
in these designs one drum is used to re-ract twe blacd ' s.

4 conventional artlculated roior system will oprrat w
2 isgged pasition when driving toraue i
moment avcut the rotor shafi because th
intersect the rcior zhaft axis. The parti
gt which the torgue due 1o these tensi
torgue.

S to lzg, these designs have the
sect %the rotor shaft exis,

To avoid the natural iendin
: T
the tendency of the blade 1o
r

T

& € vl
rotor pre-lagged; i.e. thelir axes dc not inte
instead pass in front of i i b

4
uv

s
lag under rotor driving torgue. On “hese voll-up rotors, it hes a furthe
advsatage in that it eszses tne prob’er of nesiting two blades onic one retrac-
tion drum. As shown on Tigure 19 the section of tlades aft of ithe guarte
chicrds are nested together on the dium. However, because of the prelag of the
biades, the sections anead of tne quaarter chords Gc¢ not intermesh, This
resvlts in mininizing the overall dlareter of the crum =hen the Liades are

&

i a
wound arcuns it. The better serodynamic design also leads tc tihe simplest
mechanical Jesign.

Gutboard of the retraction druus are blzde guicing roilers. Tnese are

e s FERa s e
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used so that all blades are in the same plane. They also give the rotor s
flapping offset in the conventional sense. The blade fiapping motion tskes
place at the rcilers and as the blade flaps, a component of its tensile force
is felt as a vertical force on the rollers. The product of this vertical
force and the offset of the rollers from the rotor shaf{ axis produces a
moment. on the rotor head. This beccmes part of the total control moment which
the rotor system imparts to the aircraft.

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

The RETRACTION MECHANISM is guite sim:ilar to that used for the eight
segment telescoping rotor, only the drums are much wider to accept the entire
tlade rather than Jjust a retraction cable. Hydraulic motors are again used
to drive the drums through high reduction ratio gearing. The rotor is slcwed
to 80 percent RPM before retraction to reduce the centrifugsl force which the
mechanism must cvercone.

The blade TIP WEIGHT includes the mechanism for both outboard pitch con-
trol and aerodynamic damping. For pitvh control, three types of systems were
investigated. The first used & cuntrollable flying servo tebk %o centrol
hlade pitch at the tip. This would be actuated by an electrically driven
servc. The second scheme varied the anglie of incidence of the tlude tip with
respect Lo the tip weight, which is used@ to define a reference plane. This
alsc would be controlled by an electric servo. The third scheme is a combina-
tion of the first two, using the %tip weight 1o generate inputs to the aero-
dynamic servn tab mounted on the blage.

The ceonctept of varying the incicdence of the blede tip with respect to
the tip welght, although tueoret.cally interesting, was dirfficult to design
since the tip weight has to be supported thro: gt 2 bearing on the end of the
tiade which allows each component G pitch indeprendently. Thi. bearing must
hold the 15T pound tip weight under an acceleratiecn of approximately 275 g's.

The gercdynamic trim tab reguires nn such bearing. In addition (u this,
the uaerodynaxzic contrcl was found to te stronger and to require lsss power to
operate. For these reasons an serocdynamic type o&f control at the blade tip

was chosen.

Tne blaie dynamic analysis, previously discussed, investigated the tip
t:> zoatreil concept by imparting variocus twisting moments at the blade t.p.
This uame“g wgs then converted to tzb size and distance from the elastic
axis. A .71 sguare fcot tab is used cn each biarde, with its merocdvnamic center
icca®=d ven inches a2t of the blade guarter chord. The analysi: indicates
that thiz will previde sufficient tip pitching mome..t on the blade for adequate
oGhirel. Ore of the primary tasks of any follow-on effort on this concepl
shoulld be colicerned witin a further determinaticon of tab size. This 2culd be
done bty plAacing various s ze tabs on a molel rotor systex.

e

Trir aerod ymemic damper is located in the trailing edge cf the tip weighi,
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where its operation will minimize interference with the %“lede 1ift and control
functions. A separate electrically controlled 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. Darping is achieved because of the varying
aerodynamic pressure on the fixed surfaces as the blade "hunt", or lead and lag
during inplane motions. Although this -iethod appears feasible, it requires
substantial power when it is deployed. A better solution might be ic have the
area of the damper vary as well as th: dynamic pressure. The arount of axposed
area could be controlled by inertial effects or an accelerometer. This could
achieve the same darping effect without the high power penalties of tne fixed
position system. Either of these schemes would have to be developed and proven
by dyramic testsi their basic concepts appear ccmpletely reascnable.

The center of mass of the blade iip weight is located on the guarter chord
of the btlade, for stability reasons.

Bilade RQOOT PITCH CONTROL is achieved by passing the blade through two rollers
mounted osuthoard of the head itself by approximately two feet. The pitech of
these rollers is varied by a conventicnal swashplate and pitch rod mechanism.

The blade is warped between the rollers and the head for piteh control. Tais
appears to be the simpiest and lichtest inbcard pitch control mechanism since

it permits the retraction drums to Ye rigidly mounted within the hesd, 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 mcunted tliade guide rollers. This permits the
entire mechanism to flap with the blade without iatroducing unwanted pitch
variations and without currying a portion of the rotor 1ift through ii.c coatrol
rechanism. As with a convention coutrol system, this mechanisc could be nmodified
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 and construction techniques are similar to the four bladed
rotor. The blade cherd has been doubled, sc that the total blade area is the
same for both retors. The Lip weight required to zive the same 1% degre~ coning
angle is now 300 pounds per tlade. To carry the resulting high~r tensile stresses
the blade cpar chord has been doubled, from 19 inches to 20 inches. Two .050
inch thick straps are still used.

The use of only two blades resuits in a smaller, more simvle rotoer head,
with only one retraction drur. This drum vould have to be iwice as wide as the
drums on the four Lieded rotor to accept the wider shord blades.

ication that <cuwld result if

s for illustrstive purposes only,
control and tlade rcot conirol

e comparative analysis

Figure 21 &lso illustrates the sirpii
inbeard pitch control was not require "his
since it is preserntly feit that %ot b
are prebably required fOr ithese rotors in t




both were assumed to be present. If this design were practical with only two
blades, and with no inbvoard pitch control system, this rotor would obviously
have the simplest and lowest drag rotor head of any of the concepts studies.

(3) Aerodvnamic Considerztions

These rotors use a two percent inick reflexed camber airfoil. Performance
was calrulated using airfoil date that had been previoucly developed by the
United Aircraft Research Laborstories during an eaiiier study of this type of
rotor system. This effort is reported in Reference T.

Figure 22 shows 1ift and drag coefficients of this girfoii at various
Mach numbers plotted a functions of angle of attack. lov Mach num. ors this
is based cn exverimental results. Airfoil data Tor the higher Mach numoers was
gen rated based on the test data and a computed critical Msch number - angle of
attac. reluationship.

The novering figure of merit ratio 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 corrections.

£ Tip Weight .97
Reduced Tip Vortex Ztrength 1.03
Cutout (.05) 1.02
™.ist Washout .96
Blade Thickness .98

1he baseline figure of merit for the two bladed rotor is .617. Multiplying
this by the .9€ correction ractor results in an actuel figure of merit cf .592.
The four bladed rotor has a figure of merit of .563, based on a baseline valu~
of .623 mudtiplied by the .96 ccrrection factor.

The question of maintaining the airfoil shape is important with these
flexible r>tor biades. The dynanmic auslysis has shown that the blade is
dynamically siable at 8ll ra.dal locations. This increases contfid~nce in the
assumptions that the bledes hold their shape, and no further venalty has been
included in the calewlation of hover performance. This rotor system is penzlized
in the technical risk section of the meri! rating system to account for & lack
of 10C% confidence in this arez. The two bladed rotor gets penalized more than
the foiu: bladed because iis large chord would tend to Turther aggravate any
tendency to distort the airfoil shape.
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An item that w, tbstantially reduce the figure of merit is the use of
the gerodynamic dampe:rs .or avcidance of _round resonance. Although they need
not be deployed during steady stuate ho.er conditions, they do have to be used
during takeoff and landing. The dyramic analysis discussed earlicr showed that
twe or three square feetv of drag is reguired on each blade of the four bluded
rotcr Yo cempietely svoid grouwnd resonance. The dreg of two sguare fect on
each h.ade requires an additicnal 6,700 horsepower to drive at the normal rotor

tip speed of 750 feet per second. This compares tc¢ tle 0070 total rotor power
se of this, the
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requires when the aerodynamic dampers wre no' depioyec. Dheca
figure of merit correction facter ¢f .9¢ wou' 3 drop to .48 when lhese dsmpers
were being used. The figure of merits for each rotor wouid be cut in half.
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Although this is a very pocr Tigure of merit, there iz still enough
power available Lo drive the rotor system. This is because of the disc
loading which kas reduced the hover power requirements substantially below the
power required to cruise the aircraft. In additiocn, the dampers are only used
Quring takeoff and landing when the rotor is in ground effect, a fact which
somevhat negates the low {igure of merit.

Froo the above analysis it can be seen that the usc of these aerodynamic
dampers substantially compromises this rotor design. An alternate damper
design would therefore be advantageous as discussed eariier. Ground resonance
is a very real prcoblem with these rotors, &nd some device suchk as this must de
used to alleviate it.

The vertical arag for the two bladed rotor is 1.065 percent of gross weight
for the baseline wing area of L75 square feet. This increases to u value of
2.65 percent of gross weight for a wing area of 1200 square feet. Similaer
values for the four bladed rotor are 1.95 percent and 3.25 percent.

In high speed forward flight, the two bladed configuration hus been found
to have superior perfnimance to the four bladed configuration. Tnis is because
its parasite drag is about four square feet less than the four bladed rotor
head. Because these flexible rotors do nol reguire the hinges oif the other
desigas, they elimjuate the need for the large teetering rotor head required
on the other zmiore :igid valuable diameter concepts. This results in the two
bladed head having less drag than those other concepts. The elimination of
the hinges on the four bladed version dves not produce a significant drsg
improvement due to the additional frontal ares of the second roller drum.

The total rotor heed parasite drag is:

Rotor Turning Rotcr Stopped
2 Blades 8.3 Sq Ft 8.8 g Ft
L Rlades 12.6 5q F: 12.7 Sq Ft

in addition to the rotor head contributicn to total aircraft drag, the
basic fuselagedrag is increased 1.5 square feet in both cases. The pylon
and lower rotor head fairing coniributes 1.3 and 2.2 square feet for the two
snd four bladrs configurations respectively. The totel aircraft drag including
an allowance Tor _eakages and prcturberances is:

kotor Turaing Roter Stopred
2 Blages 36.Lk Sq FL 36.9 Sa Ft
i Biades 2.1 S5q Ft k2.2 Sq Fi

As a result, the power required to cruise the 62,800 pound aircraft st
250 knots is:
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TWO BLADES FOUR_BLADES

Propeller Power 7620 HY 8305 HP
To Overcome Fuselage and Hetor
Hub Parasite Drag Lgso up 5650 HP
To Overcome Wing Drag
(Induced and Profile)
To Overcome Rotor Rotational
Drag ¢ o
: Gearbox Losses Lo 45
Accessories i00 16

7760 HP 8450 HP
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The two bladed rersion of thr roll-up rotor has been found to have the
highest cruise speed of any of the ccncepts studied. Using the same 11,400
o horsepewer that the S-65-300 requires at 250 knots, this aircraft can cruise
E- at 295 knots. Because of the larger drag of the fou: vladed rotor its equiva-
lent cruise speed is 282 knots.
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Although these concepts do have excellent high speed performance with
the rotors stopped, the transition *o the stopped rotor configuration is not
as easily achieved as in the telescoping rciurs. From the analysis of forward
flight dynamics, fiight above about 1L0 knots is n . nractical with the rotors
3 turning. Therefore, the rotor has been assumed to be fully retruacted and
2 = stopped by 140 knots. The advance ratic at the initiation of retraction Is
: epproximately 0.3.
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- The transiticn.analysis was discussed in Section III-2 and

: illustrated in Figure 7. At the 140 knot transition speed tl.c power
available to the propellers to overcome aircraft drag 's limited by the power
installed irn the air.raft. ¥ing drag must be equal to or lower than the lhrust
available to overcons that drag. As shown on Figure 7 this is only possible
with a wing of 1050 squars feet or larger.

This transition power required analysis may be considered conservative
since it asswrmes ell 1ift is transferred ontc the wing before any roter
retraction tskes place. In a fully developed system rotor retruction would
probably occur slovwly as the aircraft forwerd sp.sd increesed, and the rotor
would maintain some 1ift as 't retrscted. Becausz the systerm has received
little detsiled analytic and test eltort at the present time, the more con-
servative apr jach was folloved.
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If the wing were sized for cruise considerations only, its size would be
somewhat different. A trad:-off study was pe:formed to deternine the most
cost effective wing size. The detalls of this tradeoff are discussed in Sectlon
TII-5 of this study. A&t th2 62,800 pound gross weight, the nmost cost effective
wing size was fowid Lo be 1080 square feer, or 30 square feet lzrger than that
7‘5
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required for tranzition.

{L) PRotor Svstem Waoipht

Biade (b required)
Spar
Treiling Edge
feading Bdg (Mylar)
Lead Tepe
Tip Weight, Irciuding Controls

Rotor Head
Bagic Head
Spliae
Misc.,

ketraction Mechanism
Drums
Rollers
Drum Supports
Drum Drive Mechanism
#isc.

Its weight is broken down as follows:

: Blades (2 required)

: ; Spar

p: | Trajling Zdge

i Leading Hdge (Myler)

l.essd Tape

Tin Cap, Including Conirols

Rotor Hesd
Basic Head
Spline
Hise.

E Retraction Mechanism
: Crum
Rollers
Drum Supports
Drum Drive Hechanism
¥isz,

7€

PAGE

This led to the selection of the 1080 square foot wing.

Lk2 1BS/blade

TOTAL

1195 LBS/blade

TOTAL

The total weight for the four bladed rotor system is SkE39 pounds, or 8.7

vercent of the 62,800 pounds gross weight. This is broken down as follows:

1768 LBS .
60 LBS
35
123 .
9k
150

1877 LBS
1626
80
171

179% 1BS
3%
156
268
862
66

‘tne two bladed rotor head is 726 pounds heavier with a weight of 6165 lbs.

120
B8

476

211

o5

300

1630
176

1889 LBS
508
265
308
72C
87

T




t (5) Sumary

In summary, the flexible roll-up rotors do have unique seroelastic problems,

If these can te solved , these rotors appear very attractive. They
i offer the highest retraction ratio, possibly the least drag in the retracted
| position, and one of the lightest sclutions.
§} Advantages )
%i ' . High retraction ratio. BElade can be fully stowed for
%f high speed flight.
gf . Low parasite drag

. light weight
3 . Sirple rotor head, with no flapping, lead lag, =r
teetering hinges required
. Simple, fail saf: ilade spar
. Blade constructicn 21 ers "throw-away" benefits with no
derot level maintenance and blade handiing requirements

R AT ey

Disadvantages

. Unconventional Aeroelastic Characteristics

. Need for complex tip weight for pitch control and
ground resonance alleviation

. Possible Material Technology probiems

. low transition speed requires large wing srea

. Rotor cannot be stopped in the extenced positicn

- Aercdynamir damper at blade tip, with its large drsg,
mﬁv offset much of the power benefit of the low disc

. Four bladed !} ead of’ers pcor Powpcu-.t a «ibility

. Blade inspection requires manual exiens and special
hendling equiprment

. Blade electrical flight control inpuis must be
transmitted through two rotary connections

. Failure of the blade extension/retraction mechunisn
leads to safely problems during rotor shut-down

« Twoe prreent thick sirfeil requires small serodynamic

. comprourises
. Cyeliic motions required from electris achuastor at
blade tip
If this rctor design vere pursued, the followingareus would have (o Ye

investigated turther

.  Whether both blade tip and blade root pilck control schewmes
are indeed needed

. Type, feasibility. and size of aerodynamic damper lc

solve ground resonence problerns

B L NN




Size requirement of the tip tab aerodynamic control
Forward flight torsion associated instabilities
Dynamic instabilities during rotcr retracticn, during
criticel maneuvers, and in presence of a turbulent
environment

Blade construction techriques

Aerodyna ic characteristics of tnis airfoil seotions
How to assure blade trecking and dynamic balance
Blade erosion prevention

R
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¢, 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 infleted when the rotor is deployed to
give a more conventional thicker airfoil shape. With appropriate construction
teckniques, it could provide substantially higher torsional stiffness than
the thin flexible blade. Although the present analysis doe~ .ot indicate that
highexr torsional stiffness is a requirement for these bladers, more detailed
analysis and model tests may conclude that this is desirabie.

The following pages discuss the differences between the pneumatic and
the thin bladed roll-up rotor.

(2) Mechanical Design

The major differences in the design of this rotor and the design cf
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 sanme as those previously described.

A cross section of the pneumatic bisde is shown in Figure 24, It
has been designed using the Gocdyear "airmat" type cf constructiow, as described
in patent #2,967,573. The blade is made of rubberized fabric with nylon"drop
threads" connecting the upper and lcwer blade surfaces. Under pressure the
predetermined airtoil shpae is achieved. Without pressure the blzde section
can be compressed and wound on retraction drums. The blade is divided
lengthwise into two separete chambers so that the trailing cdge chamber can
be held at a lower pressure than the leading edgs chamber. This permits
a lighter weight construction for the 2f% 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 chorgd.

Biade tipweights for the pneumatic blade are the same as for the thin
solid blades. Blade tensile loads due to centrifugal force are also similar.
To achieve adequate tensile strength fibergiass spanwise filaments are
incorporated in the blede upper and lower surfsces. Thig provides the required
tensile strength while remaining thin enough to be wound on the retraction
druns without exceeding allowsble flexual strains.

The blades are pressurized by engine bleed airx. This will not penalize
engine performance since once the blades are blown up, very little furtiier
bleed air is required. The inflation cycle wiil occur either on the ground
before lift off or, when landing, during a lciter segment as thc 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 ratraction
drums. A chcrdwise membrane is used Just outbourd cf the blade pitch change
wechanism to close off the penumatic chambers. To simplify the inflation
mechanisn, inflation is not initiated until the blade is in its fully extended
position.




Operating blade pressure requiremente are not easily determined in a
Study of this depth. It has been determined that the maximum aercdynamic
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 airloads, a
pressure of 12 psi in the leading edge chamber and 6 ps? in the aft chamter
has been assumed. The question of how much pressure 4o use is not critical
in this design since the coastruction lends itself to higher pressures
should it turn out that these are required.

For gefletion, a pneumatic relief valve is employed at t° blade tip
which will &llow the air 0 escape as the blade is retracted.

Patents 3,184,187 and 3,295,142 show an alternate construction for a
pneunmatic tlade. Here the blade Is msde up of two resilient sheets Joined at
their edges, with collapsible spares between them. With the spars deflsated,
the blade is fiat enough to be relled on the retraction drums. After the
vlades sre extended, the spars are pressurized to obtain the d=sired thickness.
This construction would appear tc offer fev advantages over the airmat.
Inflation and deflatior metkods would be simijar, but the hlade construction
technigues would be more difficult. 7The tlade skins would have to pe of some
type of stiffer material such as thinmetallic sheets, since they are only
supported locally. 7The airmat construction is supported by internal pressure
over its entire area. The stiffer material would make retraction more diffi-
cult and perhaps reguire Jarger dismeter retraction drums.

A distinct advantage of this stiffer skin construction would be its
torsiona: characteristics. If the edges of the two surfaces could be held
rigidly together, the blade would have some torque carrying capability. This
weuld perhaps permit a design with inboard pitch contrel orly. This advantage
by itself does not seem to warrant the more cemplex blade construction required.

Torque carrying capability could be added to the airmat blade by wrarping
the blade with gruphite or carbon fibers at L5 degrees tc lhe tliade uxis.
These could be made to provide the desired torsional stiffvess while still
bteing thin encugh to permit winding on tne retraction drums.

{2) Dynamic Considerations

A limited study conducted by the United Aircraft Research Laboratories,
Reference (2), showed that a 2% thick airfoil has a lower maximum 1ift
coefficient than a conventiznal 0012 airfoil. This caused the thin blades
to encovunter retreating blade stall at lower advance ratios that would Ye the
case vitk thicker airfoils. From this viewpoint, the pnewmatic roll-up
rotor has an sdvantage over the thin airfoil system. The pneumatic system does
have the distinct disadventage in that it requires a biade inflation systemr
which edds to the cdesign, complexity, weight, and maintenaunce ‘-equirements.

The pneumitic rcll-up system cen be given similar eiastic properties to
the thia airfoil system previocusly discussed. It would then possess the
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same ground resonance and torsionsl stability characteristics. There does not
in general appear to be any areas where major differences in aercelastic
responss characteristic- are expected, =xcept possibly effects resuiting from
distortions of the penumatic blade airfoil section. Consideration in the
pnematic system must be given to ballistic or foreign objact tisds damage.

A blade which would Geflate as 2 result of snall arms damage wourld be unaccept-
able. Means would therefore heve to be sought to provide some type of seif-
sealing ~apability.

(3) Aerodyramic Considerztions

The performance of this rotor is similar te tuat for thin roll-up.
rotor as described in the preceeding seciion. In the four bladed cornfiguration,
its hover ligure of merit is .60%, basad on a figure of merit retio correction
of .97 appiied to a taseline value of .616. This correction factor is 1%
higher irtan ihie thin roll-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
correctica facter.

The baseline vertical drag and parasite drag are the same as for the thin
roil-up rotors. The vertical drug for the two bladed rotor is 1.65 percent of
gross weight for the baseline wing ar=za of TS square feet. This increases
to = vaiue of 2.65 percent of gross weight for a wing area of 1200 sgunrs
feet. Similar values for the four vladed rotor are 1.95 and 3.25 perceni,

The total aircraft 4rag including sn allowance for leakages aad protuber-

ances is:
Rotor Turning Rotor Stopped
2 Blades 36.l4 Sguare Feet 36.9 Square Feet
L Blades L4Z.1 Square Feet 42.2 Square Feet

The pover requirements at the 250 knot speed used for these comparisons
are also similer tc the thin solid roll-up rotors:

Propeller Power 8355
To Overcope Fuselage and Retor Hub
Farasite Drag 5600

(Cont'd on next page)
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' To Overcome Wing Drag (Induced

. and Profile) 2755
Te Overcome FRotor Rotational
Dreg 0
Gear Box Losses ks
Accessories 180

8500 HP

Transition to the stopped rotor configuration is also similar to the
thin roll-up rotors. The rotor has the seme dynamic 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
rower requirement during this transition, plus other pertinent parameters
plotted against forward speed. The aircraft has the same meximum speed
crpability as those with the ithin roil-up rotors; 295 knots in the two-
bladad configuration and 282 knots in the four-bluded configuration.

T(h} Roter System Weight

The total weight for this rotor system in a four-bieded configuration :s

4960 pounds or 7.9 perceut of the 62,800 pound gross weight. This is k60
pounds lighter than the thin flexible roll-up rotor. The weight is brokx .n
dovn as follows:

Inflatable Blades (b reguired) 322 Lt/Blade 1288 1b
Spar 59 Lb
Trailing Edge 11
Rubberized Fabric 5k
Lead Tape 33
Miscellaneous 15
Tip Weight Including Controls 150
Rotor idead 1877 &,
Basic Head 1£26
Spline 50
Miscellaneous 17L
Betraction Mechanisnm 1815 Lb
Rollers 156
Drur Supports 2638
Brum Drive Mechanism 862
Miscelleneous . 7
Totsal k980 Lb
ol

rJ
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{5) Sumarv

The pneumatic bladed roll-up rotdr kas much in common with the thin
flexible rotors deseribed in the preceeding section. In addition, it has
further edvantsges and disadvantages as itemized Leliow:

Advantgges

. More optimum z2irfoil shape
Blade could be comsiructed with higher torsional siiffness should this

becore necessacy i ; . .

Disadvantages - : -

. Addeéd complerity cof pneumatic mechanism
. iigner development risk than thin roll-up rotor - -
Possible need for 3eel~d blaie compartments to prevent compiete

blade collapse from ballisties damage ’ ) .

If this roter design vere pursued, tke following arezs would have to be -

1rvestzgated These are in addition %o the items lxsied in the preceeding
section for thim fiexible roll-up rotocrs - -

Problems associated with blade inflalion B}

Maintenance of blsde rressare sfter bzliistic damageq and
dvring autorotation with all engines inaperative

Pressures reguirzd to maintain blade shape unéer 2li flight
conditions -

» Any unique fabricatiocn problems -
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d. Alternate Apvroaches for Foll-un Rotors

Both the roll-up rotor using thin flexible bledes and the roli-up rotor
using pneunatic blades were investigated in this study.
rotor concepts and modifications of tae study concepis were revealed
the literature and patent search. These were not studied during this program,
but certain comments are imni.ded in the following discussion on twe of the
mere -interesting designs - the cstenary rotor and the control! line rotor.

{1) The Cetenary Rotor

Certain other roil-up

Patent number 3,188,020 propcses the use of a varying blade chord with the
tip weight supported oy -catenary cables in the leading and trailing edge of the
blade. This system could be used to place the flexible blade in chordwise
tension when centrifugsl force puts the catenary cables in tension.
this would tend to solve any chordwise defiection, this coneept is not without
compromises in other areas. The variable chord is not close to any optimum
aerodynamic ideai and would require larger retraction drums within the rotor
head. ‘This would further increase rotor head size, weight, and parasite drog.

l. prelirinary dynamic examination indicates that this system is subject tc:
prob..ms similar fo the other roll-up rctors.
pitch control, and torsional effects. Although the concept appears 1o be as
feasible dynamically as the roll-up rotor ir nover and steady forward flight,
it may not have any improvement in gust response characteristics.

Specifically, ground rescorance,

~ For system gross weights of the order of those considered in this report,
the catenary ceble rotor does not appear to have any advantages over the fixed
chord rcll-up rotor ir regard to aercelastic characteristics.

In summary, the inelusion of the catenary cable feature ir the roll-up
rotors woes not seem warranted at the present time.
shows that cherdwise defliection is more of a problem than presently anticipated,
this might be a feasible golution ic¢ the probiem.

(2) The Control Line Rotor

If further development

The control line rotor concept uses en outbosrd rigid bdlade segment, which
is connected to the hub by means of two cables.
m4y be on the order of twenty percent of the blade redius.
cunstruction, the controi lire rotcr is a compromise between the recll up rotors
and the more rigid types. It allows reasonable retraction ratios, since the
cables can be reeled in to reduce rotur diameter, and yet the rigid outboard
segrent is not subject to the many deflection problems of “he roil-up rotors.
Blade pitch control would %e uchieved by using a blade tip sercdynamic control

surface, as with the roll-up rotors.
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The length of the rigid segment
With this tyvpe of
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& The most owwvicus drawback to this concept i :he fact that it cannot

%%., achieve the high retraction ratios of the pure reli-up concepts. If the rigid
52 a' segment has & length of twenty percent of the blade radius, for example, the

: rotor retraction ratio would be on the order of 4 to b% to 1.

E- Pitch control and torsional stability would seem to be eple tc be handled
e ~ ag in the roll-up rotor, except that use of any conventional inboard control is
g aot feasible, since the blades have essentially zero stiffness. The first

E% torsional naturel frequency of these blades will be very close tc cne per rev;
this might lead to problems associated with fisp/torsioa coupling, since the
rirst flatwise frequency of the bdlades will also be close to one per rev. The
roli-up rotor had a first torsional frequency of mbout 1.6 per rev, which reduced

thiz coupling.

re

-

i '& ! e

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
’cent:ifugal force. It wili behave as an inplane articulated system. The
inplane natural frequency ir terms of cycles per rev. will remain essentially
constant 10 matter what the rotor rafinus. A4s pointed out in the discussions
on the roll-up rotor, this could have terious conseguences. If drag vanes are
employed to give serodynamic damping, the effective damping produced by a constant
drag vare drag area is reduced as the radius is rec-ced and this aspect would
certainly’ reguire some further study.

Work is alsc required to examine controllability and torsiona! stability.

¥rom the above it is felt that the control line roior does have some
sericus drawbacks of its own, particularly in the total retraction ratic achievable.
On the other hand, the unususl dynamic and control problems of the roll-up rotors,
vhich the control line roter might help tc solve, were nct found to be insur-
mountable. As such, it would appear that the control line rotor is not as
promising as the roll-up rotor types descri™~d in the preceeding soctions.
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The inplane fold rotor has two blades with vertical fold hinges at one-
third blade radius tc permit the blades to be folded alongside the rotor hecd.
As such, it has a retraction ratio of 3 to 1. Unlike the other rotor types,
the vlade diameter cannot be retracted gradually, due to the unsymmetria
distribution of airloads on-the blade during folding. This wonld appear to be
the mejor disadvantage with this concept. : :

() Mechanical Design

This rotor design is shown in Figure 26. A two-vladed 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 elastomeric type. The control linkage is similar to
that used on the eight segment telescoping rotor, with a ronventional swashplate
controlling the blade thrcugh a linkage which passes through the teetering
hinage.

Because of the nature of the folding, the dynamic and aserodynamic loads
op the blade during folding resuit in woments about the feathering bearings.
These have to be reacted by the control system, unless a further feature is
added to carry this mcment. Inthis design, a pitch lock device is included in
the rotor head to lock the pitch mechanism during folding, and prevent these
loads from vYeing felt by the control system.

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

Outboard of the tube is the RETRACTION MECHANISM. This employs a hydraulic
povWer 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 sgainst inadvertent
operation.

The kinge must carry the high centrifugal force from ihe outboard blsde

section and it is a’lso subJect to significant oscillatory flexual loads. The
combination, of both of these causes the hinge fatzgue characteristics to be a
" eritical design consideration. .

A capturing mechanism has been included to hold the blades in the folded
position. This is also shown iu Figure 26. An arm extends off the trail-
ing edge of the blade. During fo.ding, this arm is "captured™ bty 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 constructicn.
One of the advantages of this concept is that virtually no compromise is
required, either aerodynemically or structurally . in this blade. The spar
is tapered titanium with a titanium sheet outer srin. Honeycomb is used in
the trailing edge and muss balance weighis are located ahead of the spar.

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

(2) Dynamic Considerations

In the area of general aeroelastic characteristics in the normal helicopte=
mode, the only part of the design thdt could produce significant differences
betuveen this and a conventional btlade is the hinge. It produces both mass and
stiffness discontinuities which are not common to couventional blades. An
effec’. of these will be to alter certain blade mod~ shapes and hence the btlade
respcase in these modes. This is not expected to produce any real problems.

To avoid adverse effects on the blade flutter characteristies, the hinge should
be quarte> chord balanced. Clearly, slop in the hinges cannot be tolerated.
The fact chat the ninge is situated st an outboard blade staticn, makes it

subject both "o substantial centrifugal loads to oscillating bending loads.

Must of the problems associsted with tnis system exist during and afler
blade fold. For example, if the system encounters a 50 ft/sec vertical gust
when the blade fold angle is 9G°, the outboard blade segment can impart a
torgque of 20,000 ft.lb. on the inboard section. Since the biade rovt torsional
motion will be locked out during folding, this torque will not be feit by the
control system. It is,nevertheless, a large torque which the inboard blade
section must react. In adaition, if “he torques vary between the two blades,
a resuiting upsetting moment will be felt by the airframe.

Two methods of folding were investigated. ™he first inccrpcrates a povwered
fcld mechanism (which complicates the blade design) for controlled folding.
In the second scheme, the hvb is decelerated to sllow the outboard vlade segment
to fold under its own momentum. A short anslysis was conducied whizh assumed
this latter type of folding. The analysis ignored aerodynamic effects. The
first case assumed the hut to be decelerated from normal rctor speed to a stop
in 10 seconds. This is equivalent to & constant deceleration of 1.21 red/sec.2.
It was found that the outboard vsection took 10.6 seconds to travel through an
angle of 180 deg. and that the kXinetic energy of the blade at this time was
approximately 2k,0060 ft 1b. For a 30 second deceleration time, the blede kinetic

103




fl

—energy at 180 dég. was ebdut 5000 ft.1b. A blade spubbing mechanism would

be required to absorb this energy without allowing rebound or causing undue
-blade stresses or damage., This idea seems to be completely impractical.

If during the folding there Is any unusual occurrence vhich causcs the outboard
blade segment to lose momentws, it may never reach the snubbing mechanism in
vﬁich case it would be out of control. This .ould have gisastrcus consequences.
Because of this, it is felt that a controlled fold is mandatory.

Folding this system at othcr than zero rotor speed will require a substantisl
amount of pover. Consequently, the fold mechanism will be required to transmit
this power and react the cutbosrd blade segment lcads. These reguirements lead
to a heavy fold mechenism. If the ro.or is stopped prior to folding, stopped

_ rotor phenomena becomes importsnt. Sikorsky Aircraft has done 2 substantial

-amount of work in this area; this is described ir detail in Reference 9. A
significant finding of this work was that fer successful couversion ir rough
air;, very stiff blades are regquir=d. C(learly all articulation must be locked
out. 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 segnents will
‘cause c@mplex loadings of the folded blades and may subject the aircratt to
buffeting which could result in undue airframe response. °'This would certainly
have an adverse effect on the aircraft structural integrity. The Gresg 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 systenm.

(3) Aerodynamic Considerstions

The inplane fold rotor " the only variablzs diameter concept that permits
the optimum aerodynamic design of the blades. Use of this freedom has of-'set the
figure of merit loss of tle rotor caused by the large rcot cutout. The figure of
merit for this rotor is .616. This is based on a figure of merit ratio correcticn
facter of 1.09, vhich is the sum total of the following corrections:

Root Cutcut {.35} .96
iccking Mechanism Drag : Interference .96
Blade Fold Hinge .99
Advanced Blsde Tip 1.03
Advanced Blede Twist 1.65

Inboard Blade Taper 99

The large root cutcut reduces vertical drag to 1.45 percent uf gross weight for
the basic wing. This increcses to 3.65 percent of gross weight for a 1350 square
foot ving.

Low speed performance of this rotor is good but transition and blade folding
must be mccomplished at a speed of 1k0 knots to reduce tiade instabilities Guring
folding to a tolerable level. The advarce ratio at the start of retraction is

. approximately 0.3.
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Unlike the other variable diameter rotor types, the blades on the folding
roLcr cannot be retracted gradually. This is cne of the major disadvanteges
of this concept. This low forward speed at which rctor felding must be per-
formed results in & requirement for a large wing size and also means that
pover requirements are high daring transition. High speed performance also
tends to be limited by the iarge expcsed vlade surfaces. At 62,800 pounds,
this eircraft can cruise at 282 knots using the same power that the $-65-30C
requires at 250 knots.

The components of the power reguired by the inplane fold roter at 250 knots
are as follows:

Propeller Power 8900 HP

To Overcome Fuselage aud Rotcr Hub
Parasite Drag 57090
To Overcome Wing Drag
(Induced & Profile) 3200
To Overcome Roter Retational Drag 0
Gearbox Losses k5
Accesscries 100
Total 90kL5 HP
Figure 27 shows the pover ruquirements of this system as a function

of fcrward flight speed, along with the 1ift sharing, fuselage pitch attitude,
and wing flap deflactions necessary to sustain level f1:_.ht.

{4} Rotor Systexm Weight

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

Inplane Fold Blades (2 required) 2062 1bs/blede

Basic Blade 1253 lbs _ L12h 1bs
Torgue Tibe £09

Rotor Head 3331 ibs
Teetering 'U' Beam 1187
Rotor Head Housing 370
Spindle 52k
Sleeve sL6
Spiine 8o
Miscellaneous 12k

. Blade Fold Mechanism 1286 1bs -

Fold Hinge 31
Pitch lock 112
Blade lock 17C
Clyinders 75
Fold Pins 106
Hydrsulic System 264
Miscellaneous %0

Total 8741 1bs
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The inplane fold rotor is heavy and also requires a large, heavy wing
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
retracted positions. -

Adventages
. Fairly cciventionecl aercelastie characteristics
. Blade can be designed for optimum aerodynamic shape without
compromising blade dyramics or design.
« Rotor head simplicity with few major components.
. Blade construction leads to field level repairability

. Rotor may be stopped in extended position

Disadvantages

. High »ntor weight

Required low speed transition leads to large wing size requirements

Flight at intermediate Qiameter positions impossible

Fetraction ratio of only 3 to 1

Difficult to control outboard half of blade during folding

High drag of stcpped blades

. Head and blade torgue tube are cne unit and require disassembly
for ease of handling

. Dependency on hydraulic and electrical systein coordination for
safety during blade extension and retraction.

L) * * ]

If this rotor design were pursued, the follcwing areas would have to be
investigated further:

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

s Aerodynamic effects on folded system

. Further analysis of powered fold vs "momentuz" fold, method of
stopping the blade after a "momentum™ fuld, and the associated
blade and rotor head loads.

+
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f. Tvo Segment Téles;_o_gigg Rotor

The tWo Segment teleacoping rotor does not offer the high retractinn
-ratios that can be obtained with the other concepts explored in this study.
However it does offer a 1.7 to 1 retraction ratio and at a relatively lower
technical risk. It is the one concept which is receiving serious attention
irn the industry, with Bell, Sikorsky, and others developing their own versicns
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 scnemes. The specific design used
in the ssudy was Sikorsky's TRAC system, vhich was chosen because the study
‘team vas most familiar with it. This is not to imply that any trade-off
studies were performed during this prcgram 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 dimmeter of the two segment
telescoping rotor would still be approxiumately seventy feet. This was not felt
to be practical and was also deviating from the original objlective of this study,
whick was to achieve a small retracted diameter. Because of this, a hovering
disc loading of 10 psf 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 snown in figure 29, The basic mechanism is a Jjack-screw
which serves as a primary tension member of the blade. Rotation of this serew
imparts a linear retraction or extension motion to the retention nut and,
through tension straps, to the outboard helf of the bdlade which is the main
lifting member. A torgue tube encloses the jJackscrew, transmits blade pitch
control motion to the cutboard blade, and carries bending moments across the
sliding Joint. The torque tube has an elliptical cross section to reduce
serodynamic drag when the blade is extended. When the diameter is reduced to
ainimum vailue the torque tube is enzlosed by the outboard blade.

The TRAC rotcr head and transmission arrangement are shown in figure 30.
The rotor head is similar to a standard Sikorsky fully articulated offset hinze
mtor system. Inside the rotor head is a differential gear set which is the
hesrt of the mechanism. Zoth upper and lower tevel gears of this set are con~
nected by cosxial shafts {6 & clutch or brake at the bottom of the transmission.
Stopping the Iower bever gear witi respect to the fusejage forces the pinions
of the gear set to roll around the bevel g=ar ani thus turn thae jJackscrews acd
retract tue blades. PBraking th: upper bevel gear reverses the motion and extends
the bledes. The diTfcrential g=ars are always fully engaged si:d the tiades




are compietely syncnronizea. NO Separate power suppiy 1€ requireq as une
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
force« or torques.

Use of the jackscrew provides irreversibility ir tne mechanism. For
safety reasons, the jackscrev has been designed to operate at 50 percent dynamic
efficiency. At this condition the torque of the jeckscrew due to dynaxic
friition is equal to the useful torque required to retract the dlade. Since
the coefficient cof static friction is greater than that for dynamic friction, -
the bdlade will remain at any degree of extension, even in the absence of a
locking device, when the retraction brake is disengaged. Tne dynsmic efficiency
of S0 percent also provides for constant speed during retraction. Kenetic
energy is dissipated by friction at just the rate required to cause the blage
to retract. There is no tendency for the retraction speed to increase or
decrease.

The outer blade has a choerd of 2.92 feet and a sixteen percent thick
airfoil. The inboard blade (torgue tube) has = 1 foot chord and is a 33 percent
thick ellipse. Two bearing blocks are utilized for the siiding contact. Ome
is attached to the outboard end of the torque tube and one to the inhoard end
of the outer blade. The main -structural load path is through the Jackscrew and
tension straps. The bearing blocks provide structural redundancy as they are
also desigred to carry the centrifugal loads into the torque tubes. The outer
tlade spar is an aluminum extrusion with a sheet aluminum and horseycomb sandvich

aft section. The jJackscr v and tension straps ere steel. The torque tube is
titanium. ’

(2) Dynamic Considerations

Sikorskvy Aircraft has devoted a considerable amount of anaiyticai and
experimental research into this rotor concept. The work conducted and the salient
features of the investigations are discussed in detazil ian Reference 8. Only =
brief discussion of this research will be given here.

The significant aspect of this research has been that no major problems
associated with the concept have teen found. One might hav. expected that the
retraction and extenszion c¢ycle may have produced blade response problems since
this causes the blade natural frequencies tc vary continually and to cross rotor
speed harmorics. No such problems were in fact encountered, the dizmeter
changrs being performed in forward flight with low stress and minimvm disturbance.

The (vnamics-analysis of the TRAC rotor has shown that it is completely
feasible. The sercelastic analysis of the blade indicated satisfactory stresses
in all flight modes. With the relatively short total time spent in the forward
flight pure helicopter (extended diameter) regime, a good fatigue life is
achieved at a reasonsble rotor system weight.
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The unusual feature of & 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 aerozlastic analysis of this
structure. This analysis accounted for the compressive loading of the outtoard

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 asnd elliptical torque tube. .

i The cuter blade compressive loading has a very marked effect on the first
blade bending modé 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 frequercy reached zero at a tip speed of 1030 ft.sec. This point
would eorrespond to buckling of the outboard section. The point actually

occurred at a 50% overspeed condition. though in this case this is well removed
from the operating speed, this indicates a dynamic aspect to be considered in -
future Jesigns. The accuracy of the analysis was verified by whirling a number

of simple structural models until they collupsed under compressive buckling.

By retracting its diameter, the iwo segment telescoring rotor extends the
aeroelastic btoundaries of the conventional rotor system. Blude 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
improved blade flap stability at high advance ratios. Unlike all of the other
systems iavestigated, this rotor has no dynemic instability problems within the
range nf speeds considered in the study. It is only concept which does not have
to be stopped at some speed below 250 knots.

{3) herodynamic Considerations

The two segment telescoping rotor cffers improved performance with a minimum
of aircraft changes. The main rotor is retracted beginning at speeds about
120 knots. This method offers large power and 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 sqguare
foot wing is used to offload the rotor.

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

= The figure of merit ol 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
drsg, the vertical drag of this design with its 610 cquare foot wing was computed
at 3.( percent of design gross weight.

The airframe is similar to that o the baseline 5-65-200 so that the only
parasitec dreg changes are for a 10% rotor head size increase and & longer fuselage
length to accommodate the tail rotor. Parasite drag {excluding wing drag) was
computed at 37.% square feet. To cruise at 250 knots (the maximum speed of the
baseline S-65-300) requires 8890 horsepower. This power is consumed es shown in
the following breakdown.
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Rotor Horsepower 20 #P
Propeller Power
to Overcome Fuselage and Rotor Hub

Parasite Drag Lugs

to Overcome Wing Induced &

Profile Drag 3000

to Overcome Rotor Rotational Drag

including H Force ) 830
Tail Rotor & Rotor Gearboxes %00
Accessories 100
Propeller Gearboxes . : L5

TOTAL 8890 HP

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

(4) Rotor System Weight

The total weight for the rotor system is 9792 pounds, or 15.6 percent of
the 62,800 pounds grnss weight. This is brokeu down as follc.s:

TR TR R R R R TS

2 Two Segment Telescoping Blade 960 ILBS/BLADE 3840 1ES
= Outboard Blade Segment shé
2 Intoard Segment (Torque Tube) L1k
g i Rotor Head .
= B Hub 850 3690
% % Hinges 520
3 5 Sleeves 518
= : . Spindles 100
Dampers 420
Bearings 625
Mise. kst
2 ‘Retraction Meclianism 2262
2 Screw & Nut Assemblies 1340
Drive Mechanism 855
Misec. 67
T0TAL 9792 1BS
(5) S-oumary

In summary, the two segment telescoping rotor does not offer the high-
retraction ratios desired, but it dces have a lover 2echnical risk than any
of the other rotors studiea.
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. Advantages

Low technical risk -

No dynemic instebilities to limit rotor operation ut the
speeds investigated in this study

Excellert transition characteristics witn no excess pover
requirements in the transition range, due to the gradual -
diameter retraction

Rotor mey be ctopped in extended position

Disadvantages

Low retraction ratio

Higher downwash velocities resulting rrom the design disc losading

More difficult for application to a higher speed stopped rotor
configuration than other coucepts investigated in this study,
due to the large rotor retracted diameter.

Damage to blade or tube necessitates removal for depor level
overhaul

Difficulty in providing pilot/mechanic with blade integrity check

Possible demage to tube or blade in flight could prevent extension
and/or retraction. )




/

—————

e

e

e

PRy

N i
N2 frat
L3N
o , ._.
1]
" "
, 2 § -
'
. W |
v.
4
™ § )
R ' g ! ]
!
'
{ ST . (’
} |
) ! _<
o 1 . N
1 “ {
;M i :
y ! i
1
. i b
\ s
r f
_ ¢
(]
HEI .
4
(o .
i oagh ! "
L] Ww
. ! |
-'\\..! ]
" a1 M. !
T\. n ‘\_ .
ol Ll
— Mg! 0 e ann e f
[
]
Y ,
¥
L )
o T P EFeemne E e o nom hamee AR 18 I MR IWRAR RS NS e e e % IYEET FRRTO N s —

ek e h




TS e " ST RN

,‘; L3
——— - . -
i
f X
b
N
. i
: .
'
€ ) *
H
i
- £l
-
- - y gt p T o] .“
-s~w‘n..:r".-‘-4- A A Aok A ol P S e B -s\.v’vdi
i e et ,f__-‘.;g
7 H
! R
[
P
= TEERION SORAT S
—_ .
- H
TS s SAS A
- .
— ROTER. O mreRe B =
F- N By Pl SRS
T Ee A S 2 E—a
- xregn LT L
‘ a5 22
= TV BT AN ;a ot
& NUMBER, 25 S.ATew -
%Z BASE wrSIS &2
% BoATE ASLTELS T 5
%, RomoR B>y 3 SB35 :
=
:
=
g i
= <
it
T
= P ~ - e — - :_.9 . H
= 7 i !
tg
PR
& z S
H
. Ea
At = org Ceore 3 ;-
.
.
IGURE 28 o
F _ [
- . i
H
| -
rd
3
‘ﬁ;
g BRSO .




ONIMVEQ DILLVWARDS 3avig ovue A  JHNDT4L

3qvTe ayvoalno

ENL 3NDMOL
o

..w i ﬁg ,.., g



£=

e N
e

a3

.

s

TORQUE TUBE.

RETRACTION BRAXE

EXTENSION BRAKE

e

FIGURE 30 TRAC ROTOR HEAD ARD TRANSMISSION SCHFMATTC DRAWING

118




TR T STy

300

/
/””"
//
"
NG

AT‘\\\
!
R
- ~t
s |
200 250

150

" | -—

12060, 16°
62800 LBS GRUSS WEIGHT
219
PAGE

FIGURE 31

TWO SEGMENT TELESCOPING ROTCR - PERFORMANCE CHARACTERISTICS
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L. COMPARATIVE RESULTS AT INITIALLY ASSUMED GROSS WEIGHTS

This section summarizes the aircraft designs at the originally assumed
gross weight of 62,800 pounds. Because of the penalties associated with the
variable diameter rotors, none of the aircraft can perform the S~65-300 missicn
at this gross weight. Therefore, each dezign was resized until it could perform
the desired mission; this resizing effort is discussed ir the next section of
this report.

a, Aerodynamics

All aircraft were sized toc perfora the same mission. This included:

- o,
. Four minutes at normal rated power, 25LC feet, 95°F,
to acccunt for worm up and teke-off.

« Climbing at 100G feet per minute to 12000 feet at
either 150 knots forwsrd speed or maximum rotour
forward speed, whichever was slover

. Cruicing at normal rated pcwer at 12000 feet, 16.2°F
. Descending to 2500 feet and dropping payload.

. Returning to 12000 feet and cruising st normel rated
pover, returring to the original starting peint

+ Landing with ten percent fuel reserves.

The mission radius was 250 nautical miles, and irciuded the climb, cruise,
and descent stages of flight. -
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(1) Hover

For hovering performance, the critical parameters are the figure of merit
ané the vertical drag of each concevt. These are shown on the following table.
~ Vertical drag velues shown here assume the 475 square foot wing tize of the
baselire aircraft.

A
3
%
3
=
.
=
gv",

TABLE V HOVER PERFORMANCE
FIGURE OF MERIT AND VERTiCAL DRAG
62,800 LBS GROSS WEIGHT

VERTICAL DRAG

CORFIGURATIORE FIGURE OF MERIT % OF GROSS WEIGHT
Baseline, S~65-300 653 6.43
Eight Segment Telescoping 528 1.65
Roll-up Flexible Rotors
Thin Airfojl
Two Blades 532 1.65
Four Blades .508 1.95
Paeumatic Airfoil
Twc Blades .528 1.65
Pour Biades .60k 1.9°¢
. Inplane Folding Rotor 616 1.45
Two Segment Teiescoring 805 2.80
4
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(2) ‘'"ransition

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 1ift off the rotor as the aircrefi increases in for-
ward sr~ed. In addition to sizing the wing this way, an independent analysis .
vas performed to determine which wing size was most cost effective for each
design. The procedure for this analysis is described in Section ITI-5a(3).

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

TABLE VI WING SIZE
62,800 LBS GROSS WEIGHT
MOST COST
EFFECTIVE
CONFIGURATION THANSITIOR PERFORMANCE WIRG SIZE
TRANSITION
TRANSITION WING GSIZE
SPEED HEQUIREMENT
Faseline 2-65-300 - -5 473 ft2
Eight Segment Telescoping 226G knots 630 ft 750
Roll-up Fiexible Rotors
Thin Airfoil 140 1090 1080
Pnevmatic Airfoils iko 1050 108¢
Inplane Folding Potor 1ko 1050 1180 :
Two Segrent Telescoping 275+ L7s 610

(3) Cruise

Cruisa speed performance is affected by the parasite drag of each concept.
Table VIXI , on page 123, gives the narasite drag surmary for each aircraft.

72,
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TABLE VII PARASITE DRAG SUMMARY
. 62,800 LBS GROSS WEIGHT
y FYLOR ROTOR
CONF1GURATION FUSELAGE DELTA HEAD TOTAL *
Baseline S$S-65-300 22.1 - 10.0 35.3
Eight Segment Telescoping Rotor
Rotating 23.4 . 16 .k Lk.s
Stopped 23.4 b 16.k Ly 2
Roll-up Rotor, Two Blades
With Inboard Pitch Control
Rotating 23.Lk 1.3 8.3 36.k
Stopped 23.4 1.3 8.8 3¢.9
tZthout. Inboard Pitch Control
Rctating 23.4 1.3 L.g 32.6
Stopped 23.4 1.3 6.1 33.9
Roll-up Rotor, Four Blagdes
With Inboard Fitch Control
Hotating 23.k 2.2 12.6 bz.i
Stopped 23.4 2.2 12.7 k2,2
Without Inboard Pitch Control
Rotating 23.k 2.2 10.4 39.7
Stopped 22.h 2.2 10.5 39.8
Inpiens Foldirg Rotor
Rotating 23.k 23 11.9 39.2
Stopped 23.h .3 1k.§ 2.2
Two Segment Telescoping Rotor
Rotating 22.h 0 11.0 37.h
#Inciudes allowance for leskege, proturbances, ete

123
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Table VIII shows the power required st 230 kn>ts, 12000° standard day,
rlus the cruise speed capebility of each concept using the same insiajled power
as the baseline aircraft. Also shewn are the eguivalunt sireraft 1ift to drag
retios-{defiied to the product of the gross weight multiplied by the cruise
speed and divided by the power required).

TABLE VIII CRUISE PERFORMANCE
1200C FT. STAKDARD CONDITIOKS
62,800 LRS GROSS WEIGHT

HAXIMUM SPEED L/D AT
PFiw.n REQUIRED L/D 250F USING 11,L02  MAXIMUM

CONFIGURATION AT 250 XNCTS KHOTS P SPEED
Baseline - 8-55-300 11Lk00 HE L.22 250 Enots b,22
Eight Segment

T Telascoping 9310 5.17 27% k.65

Rell-up Fiexitle Potors
Thin Airtail

Two Bladss 7760 6.21 295 k.98
. Four Sledes 8hs0 5.70 2382 L.77
Pnewnctic Airfoil
Four HEledes 8500 5.€66 282 4,77
Crapian® Fold 9Di3 5.32 233 i, 78
Two Segnent
Telescoping 88990 vLhg 281 L.7s

"
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b. Weightg

A weight summary for the aircraft is shown below. %he important rarameter
here is the ancunt of payload that can be carried with each aircraft over the
8-65-300 nissinon profile.

Tabie IX Siznary weignt {tazements 2, € 300 Pounds Iezign Sross Welght
Roll-Up Rolors !l Telssreping Izplane
¢
3nceline iro Thin . Four Thin Iour Prnea- § Two Fignt Foid
§-65=333 Blades Zladea =itic madl:si."tszer\:.s Sepgzents Aotor
Z
Rotar Sroup s191 6165 8339 9792 118 g7hl
¥irg Greup 28 5282 sa82 b Lzg? 5753
Ixil Botor/Fan 350 A, 1179 842 1062 3 1ic)
Tall Surfaces 937 921 323 327 e 221
Body Crou {21 £337 8337 feat-) 8353 gz
Hody 3 { i 7 HERY: 352
Aiighting Gear 2536 2555 2549 2540 2555 2559
Fiigas Contrsls 158 2112 2112 153 1861
Ingizes & Helared Itexs 3511 251t 3511 igiz 3532
Fuel Systes 2058 1358 19582 P 2 bi-Tes
¥ 2 9

Prepeiler inss. 820 % 98 gar e
Doive Systex ££25 (2% €512 5ol 2al3 [S 51
T : - o ‘ P Sir el P
dilcelinsnecus ESquipment 6385 €38 €38, 638 £38s 3%
Technology Saving -1523 2195 -19% -7 =253 ~3288
Contirgency 42538 1738 7L 73 .zfse 183
welspy Emypty 39392 5182 abshl IS L508L L¥azh (e
Crevw 720 T30 TG T2z T2 T3
Trapped Fliu.lds 225 39 25 332 2T 3
Tuel poes 5 9335 Lol 9323 10273 il
Payload pRores 6758 €955 Tand 873 LELG Erd

c. BReliability ard Maintainability

A relisbility and maintaingbility study was performed on each rotor.
Baseline reliabiility and maintainability values were obicined from predictions
presentea for the S-65-3C0 in Reference 10. Supplementary data necessary for
this study vas obtained from a 63,457 flight hour sample of H-53 dats as reported
by *he U.S. Navy Maintenance and Material Management (3M} date ccilection system.

Adlustments to the beseline rotor system values for each new concept were
made to take into account! differences in the designs, such as the aumber of
coaponent perts, their size, weight, and loading conditious. Alse, under consider-
ation were the rrovisions for accessability, servicing recuirements, and ease of
overail mainterance.
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Each component of the different vari.itle diameter rotor concepts was studied
ii. order to arrive at predicted values for total scheduled and unscheduled
maintenance, down hours per flight hcur, 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 instruction manuals were available,
(¢} All maintenance men were trained in the appropriate skills, and,
(@) There was no down time attributed to awaiting supplies or adminis-

trative reasons.

Scheduled inspections were considered 1o consist of preflight, pestflight
and phased inspections. Mean eiapsed times to perform ma’atenance tasks were
based on the 68,457 flight hour sample of Navy 3M data.

(1) The BASELINE AIRCRAFT, as presented in Reference 10, was predicted to
consume 14.30 MMH/FH for the three levels of maintenance - Organizaticnal, 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.

@) The EIGHT SEGMEXT TELESCOPINC ROTOR offers a slight improvement in
Reliability and Maintainavility values over the baseline aircraft. 1Its advantages
and disadvantages which effect reliability and maintainability ere as follovs:

ADVANTAGES

. Rotor head simplicity ang few major components
. MajJority cf non-lubricated beari- gs for longer life and
relatively maintenance free operation

DISADVANTAGES

. Rotor head components are not readily accesible

. Blede inspection requires manual extension

+~ Blade Wweight necessitates care in handling, special
equipment, and poses a saf«ty problem

. Blade ccnstruction necessitates segment scrappage
if major damage is sustained and means depot level
repair

» HNo provisicns fror detecting blade damage or structural
failure

(3) The ROLL~UP ROTOR WITH THIN BLADES offers a significant improvement in
Reliability and Meintainability values over the baseline aircraft. Its advantages

and disadvantages are as follows:
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ADVANTAGES

. PRotor head simplicity and few major components
. Majority of non-lubricated bearings for longer life
and relatively meintenance free oparation
. Blade construction leads to ease of llade repair,
» possibly cn the aircraft
) . Blade construction offers "throw-away” benefits with no
depot level maintensnce and blade handling requirements

DISADVANTAGES

« Four bladed head offers poor component accessibility

. Blade inspection requires manual extension and
special handling eguipment

« Blade electrical flight control inputs must be
transmitted through two rotary connections

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

(4) Tne RCLL-UP ROTOR WITH PNEUMATIC BLADES again offers a significant improve-
ment. in Reliability and Maintainability values over the S-65-300. It is
summarized as follows:

ADVANTAGES

. Rotor head simplicity with fewer major components
. A majority of non~lubricated bearings for longer
life and relatively mairtenance 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

N + Blade inspection requires manual exitension and
special handiing equiprment

« Blade electrical flight countrol inputs end bleade
pneumatics must be transmitted through rotary connections

. Feilure of the blaa2's extension/retraction mechanism
leads to safety rroblems during rotor shut-down

. Blade pneumatics must be able tc provide sufficient
quantities of azir during autcrotation with stalled
engines and with blage punctures.

(5) The INPLANE FOLD ROTOR offers the largest improvements in Relisbility and
Maintainability values vver the baseline aircraft. Its advantages and dlisadvantages
from s reliability and maintainability viewpoint are as follows:
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ADVARTAGES

Rotor head simplicity with fewer major components

. Elastomeric bearings for longer life and relatively
maintenance free operat.on

. Easse of rotor head servicing and inspections

. Blade construction leads te fieid level repairability

DISADVANTAGES

« Head and biade torgue tube are one unit and require
disassembly for ease of handling

. Dependsncy on hydraulic and electrical system co-ordination
for safety during blade extension and retraction

(6) The TWC SECMENT TELESCOPING ROTOR also offers a reduction in Relisbility
and Meinteinability values over the baseline aircraft. It is summerized as
follows:

ADVANTAGES

. 3light reduction in major components
. Blade consiruction offers load path redundancy

DISADVANTAGES

« Ccmplex in rotor head design

. Blade inspection will require its manual extension

. Damage to tlade or tube necessitetes reroval for
depot level overhaul - increase iu overhaul activity

. Difficulty in providing pilot/mechanic withk blade
integrity check

(7) FAR-IN-;IN TAIL RCTOR - Tne tvo roll-up rotor concepts, the eight segment
telescoping rotor, and the inplane fold rotor were evaluated using the fan-in-
fin antitorgque tail rotor system. Reliability and maintcinebility values for
this corcep? were based on predictions from previous desigr studies. These
values were sized and adlusted to reflect operation on trhe baseline aircraft.
The fan-in-fin sntitorque system showed a significant improvement in reliability
and maintainatbility relative to the S$-55-3C0 baseline tail rotcr systenm.

(8) PREDICTIORS - The values cited in Table X refiect predicted tota. air
vehicle relisbility and maintainability values after deletion or addition of
eprlicadble rates, maintensnce manhours and downhours to the baseline data. Pre-
dictions are mature aircraft values and are not appiicable to prototype systems
or aircraft.
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TABLE X
;% RELIABILITY AND MAINTAIRABILITY PREDICTIORS
% CONFIGURATION MM /FH DH/FH ABORTS/1000 FH
* S-65<300 Baseline Aircraft 14.3000 1.9200 13.200
Roll-up rotor .
Two thin blades 13.792k% 1.7627 12.615
! Four thin blades 1k ,0207 1.6418 12.95L
Roll-up rotor
Two pneuwsatic blades 13.8361 1.7649 12.702
Four pnewmatic tlades 14.0768 1.8459 13.070
; Fight segment telescoping
i rotor system - 14,2780 1.8170 13.000
Inplane fold rotor system 13.5283 1.7095 12,609
Twe segment telescoping
rotor system 1k .4 76k 2.0079 13.3k%

d. Acoustics

keoustic annoyance and detectability of the rctor concepts were ccmpered
for hovering flight. Results of this comparison are summarized in Table XI
end Figure 32.

On an aural detectability hasis, the conventional helicopter wes less
detecteble than the VDR vehiclea. The aural detection of both the baseline ard
VDR configurations is contrclled vy low frequency noise generated by the main
lifting rotor. This low freguency noise attenuates oniy 6 db per doubling of
distance, in contrast with high freguency noise that undergoes severe additional
attenuation from mclecular absorption and atmospheric scattering. At isrge
enough distances from a helicopter, thne high frequency part ol the acousiic
signature has attenuated sufficiently to be masked by the ambient roise around
an observer while the low frejuercy noise from the lifting rotor is dctectable
above the bdackground.

Technical data ere not presently available o relate rotor noise levels,
terrain, atmospheric coniitionc, and ambient noise to an ubsclute aural detection
. range. Detection estimates become less accurate as the freguency decreases,
since humar response to very low frequency noise (2 Hz to 20 Hz) has not been
& quantified. Although most people cannot hkenr ncise below 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
égé more by fceling than by hearing, but it still must te considered part of the
=

siba S B

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 mein rotors. These main rotors radiate noise with a fundamental freguency
(blade passage frequency) of from 2 Kz to 8 Hz while the baseline rotor rzdiates

g g 38 en
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noise witk a fundamental frequenzy of 20 Hz. It is expected that rntational
noise from the VDR will be detected -- felt rather than hesrd -- at much greater
stances than the noise from the baseline rotor, so the values of Detectabiiity
Factor (decvection range ratio) in Tadble Xi are approximate at best and may
grossly underesiimate the relative detectability of the VDR configurations.

The cohiventional tail rotor was predicted to be less annoying than the anti-
torque fans. The lower predicted perceived noise level (PHL) ¢f a tail rotor
relative to a fan occurs because a tail rotor radiates lower frequency noise
{35 Hz blade passage frequency) and consequently contributes relatively little
to the calculated PHL of the vehicle. Fen noise is higher in frequency (62h iz
blede passage frequency) with much of the acoustic enmergy falling in the freguency
range where the human ear and PNL calc Jdation procedure are most sensitive.

This causes noise from the fan to domi+-:te the calculated PNL for these configur-
ations.

A1l of the rotor concepts were evaluated with the acoustic analysis of Lowson
and Ollerhead reported in Reference 11. This particular analysis was selected
for its flexibility in simulating aerodynamic interference (high freguency air-
loads) seen by mair rotor and anti-torque system, and for its good correlation
with measured data in scoustic trending studies conducted by Sikorsky Aircraft.
For acoustic calculations, the airioad amplitude spectrum acting on & rotor or
fan blade is assumed to decay exponentially with harmonic order so that the N
loading harmonic is related to the steady amplitude by L = L N“k, where the
velue of the exponent, k. is specified ty the user of ihe anafysis. The value
«f "k" for a conventional helicopter rotor is 2.0. The present study used 1.9
to reflect aerodynamic blockage of the main rotor by wings 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 csse of s tail rotor, and to reflect noise
radiation from downstream suppcrt struts in the case cof the fan. This approach
is believed t0 be valid for the irend information reguired to rank the cenfigura-
tions in the present study.

Acoustic detectability was evaluated by comparing the calculated signature
in front of each configuraticn with & detection level criterion from Rotbins
&ild Dadson, Reference 12. This comparison resuited ii. the Detectioun Factors
(detection range ratios} that give the deteciability of thc vehicles relative
to the taseline.

131
PAGE




HMAT PR T TRTEN St A S

R 1 SR

AR
. I

53

o [

PAEM N

=
3
é
d
2
3
=3
i

=

TABLE XI
PERCEIVED ROISEZ LEVEL AND DETECTION RANGE RATIO
DETECTIOR
CORFIGURATION PNL € 530 FT RANGE RATIO
Baseline S-£5-300 87.4 1.00
8 Segment Telescoping a1.7 1.05
Two Biladed Roll-up 91.8 1.1h
Four 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 coste for eech rotor system. This was done by
relating costs to a known baseline. As before, the S-65-300 was used for this
purpose.

(1) Recurring Costs

To determine recurring costs, each rotor design was first broken down into
veights of various materials: titanium, sluminum, fiberrlass, etc. The produc-
tior costs for these materials in conventional rotor applications were known
from their use on production Sikorsky helicopters. These were in a dcllars per
pound form,and it was desired to apply them to the variable diameter rotor systems.
Because the study rotors were substantially different tharn conventional designs,
the dollars per pound values were further modified by multiplying them by
"complexity factors.”

The complexity factors used in the study are shcwn in Table XII. They
vwere determincd after the detail designs of the rotor systems had been completed,
and are based on overall mechanical comglexity, size of parts, and estimated
fabrication difficulty. It is felt that at this point in the study sufficient
knowledge of the rotor =systems was available to meke sn assessment of overall
cemplexity to th. degree of accuracy required in & svudy of this depth. 1t is
emprasized that these are qualitative Judgemenis oniy.

To determine overall complexity factors, each rotor system was broken down
into rcter head (including control system), blades, aand retraction mechanism.
{eapierity for each was estimated by using three separate values - the percentage
of screpage, the total estimated fabrication time, and the total number of parts.
For the heads and blades, the 5-65-30U was assiined ilLe baseline value of 1.00.
For the retraction mechanism, the eight segrent telescoping rotor was used for
the baseline,
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% Table XIT
E Complexity Factors Used In Recurring Cost Estimates
i . Percert  Fabricstion Number Total
Ef Cenfiguration Scrapage Time or Overall
- Parts }Complexity
B ]
o3 5-65-300
Head 1.00 1.00 1.00 1.00
Blades 1.00 1.¢0 1.00 1.09
8 Segment Telescoping Rotor
Head .55 Ja RIS Jhs
= Blades 1.50 2.50 4.00 2.35
e Retraction Mechanism 1.00 1.20 1.C0 1.00
3
e Roll Up Fotor - Two Thin Blades _
4 Head .85 1.20 .82 1.06
§ Blades .10 1.00 70 .70
i ketraction Mechanism 1.05 1.10 1.05 1.08
E%; Roil Up Roter - Feur Thin Blades
= i~ad .97 1.35 1.45 1.24
= Blades .20 2.00 i.ko i.%0
& Retraction Mechanics 1.75 2.20 2.10 2.06
‘ Roil Up Rotor - Four Pneumatic
2 Biades
3 Head 67 1.55 1.h0 Z.2h
E Blades .20 2.00 1.4 1.40
% Retraction Mechanism .15 2.20 2.10 2.06
Inplane Fold Rotor
, Head .55 b1 L6 .45
Bilades .90 .90 1.06 .91
Retraction Mechanism .25 .25 4o .27
* Two Segment Telescoping
Head Y7 .89 .89 .91
Blades 1.00 1.10 1.90 1.06
Retract? sn Mechanism 2.00 2.00 2.00 2.00
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To combine the three measures of complexity intc one overall value, each
was given s veighted score. The percent screpage was assigned thirty percent
of the total and the nusber of parts ten percent, The fabricetion time was
assigned sixly pexrcent, vince it was felt t{hat it was the most important measure
of complexity. By muitiplying the individual factors by these percentages and
adding up the total, the overall ccmplerxity factor for each item was known. .

These are shown on Teble XXI.

AR RN

As an exsmple of how this method wes used, the cost determination for the .
- roll-up rotor using four thin blades will be illustrated. Firs* the total
overall copiplexity factors were found for the rotor head, hlades, and retraction
mechanisms., The calculation is as follows:

3 COMPLEXTITY WEIGHTING TEIGHTED
= . FACTOR b3 FACTOR = SCCRE
g : i. Rotor Head -
£ Percent Scrapage .97 % .30 = W2
1 Fabrication Time 1.35 X .60 = .81
%A Humber of Parts 1.40 X .10 = L1b
=4
%g Total Overall Complexity 1.24
3 iI. Rotor Blades
3 Percent Scrapage .20 x .30 = .06
§’ Fabrication Time 2.60 x &0 = 1.20
g Number of Parts 1.b0 X .10 = .ab
Total Overall Complexity 1.kc
III. Retraction Mechanism
Percent Scrapage 1.75 % 30 = .53
Fabrication Tine 2.20 x .60 = 1.32
Number of Farts 2.16 X .10 = .22
Total Oversll Complexity 2.16

The material useage in the four bladed thin yoll-up roter iz as foilows.
These numbers are the totel weights of each material in each componient .

ROTOR HEAD REVRACTION 5
ARD CONTROLS ROTSR BLADES MECHANISH

Titanium 1700 - 865
teel k9T 100 T70
Aluminue 1007 200 173
Lead - 680 -

Fiberglass - 212 -

Bylon Honeycoml - 390 -

Polyester -~ 400 -

13k
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To convert these te dollar costs, cach number was multiplied by the dollsr
per pound value fcr the conventional production components. Eech of these was
then multiplied by tue apprupriste complexity factor. The resulting costs werse
then added to determine final dollar costs. For the present example, the rotor
head was found te cost §293,L54, the biades $63,388, and the re:raction mechanism
) $193,753.

’ These costs for all the roior sysiems are iliustrated in Tadble XIII, on
the following page.

L]

T B [ e S S IS D A Y B g AR

These doliar figures apply only to the rotors at the initially assumed
€2,500 pownd gross weight. For use in the parametric trending analysis, they
vere divided by the tetsl rotor systenm veight tc get the dullars per pound
values shown ir the second celumn cff Table XITI. Thege were then used for
all gross wzighis, and are the values that were used in the resizing of the
aireraft, descrived in section 11i-%,

)
A

k
£
=
1
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Tgble XII1
Recurring Cost Estimates For Variable Diameter Rotors
Based On Assumed Design Cross Weignt Of 62,800 Pounds
Total Cost Dollars Per
System/Component. Per Aircraft Pound
($)
5-65-300
Rotor Head 210,724 12.24
Blades 122,Lk25 kh.01
8 Segment
Rotor Head 138,412 36.30
Blades k53,112 102.98
Retract. Mech. 124,227 €0.10
Roli-Up {2 Blades)
Rotor head 253,988 T9.05
Biades 51,175 23.67
Retract. Mech. 152,998 €0.02
Rol.~Up (4 Blades)
Rotor Head 293,454 91.59
slades 63,388 39.08
Retract. Mech. 193,762 107.17
Roli-Up (Pneumatic)
Rotor Head 297,716 92.92
Blades 34,533 28.73
Retrcct, Mech. 193,763 167.17
Ing:ane Fold
Rotor iead 158,22 35.35
Blades 137,362 Ls. k1
Retrect. Mech. 15,016 13.28
2 Segment Trac
Rotor Heed 239,€31 62.78
Blades 170,821 37.51
Retract. Mech. 133,647 73.92
13€

PAGE




Tt S 1 b s A i e A iy e 8 Ol i N

Ry

ity

ROk Ry S Lt T L U

IS YA RIS AN Dby et

£
=

it

Py

i o —— o G ——— R R AR T,

(2) Nonrecurring Costs

Nonrecurring costs consist of RDT&E costs and tooling costs. These also
vere determined by a baseline dollars per pound value multiplied by the rotor
system weight aid then multiplied by a complexity factor. The baseline 5-65-300
cost for tooling was $1500 per pound. For RDT&E, it was $50C0 per poungd.

A different set of complexity factor was used for nonrecurring costs.
These are alco judgement walues, and are based on an estimate of the overall
technical risk that would be involved in reducing each concept tc a final
prcductiorn design. These are shown below.

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

TABLE XIv
COMPLEXITY FACTORS USED IN HON-RECURRING COST ESTIMATE
CORFIGURATION COMPLEXITY FACTOR
§-65-300 1.00
Eight Segment Telescoping Rotor 2.30
Roll-up Rotor
Tvo Thin Blades 3.69
Four Thin Blades 3.50
Four Pneumatic Blades L o0
Inplane Fold Rotor 2.90
Two Segnent Telescoping Rotor 1.25
137
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5. SYSTEMS IR EGRATICK

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

a. Quantitative Results
(1} Design Gross Weigh*.

The program results described in the preceeding sections have been concerned
with the various rotor concepts sized for an aircraft witn a fixed gross vweight.
This weight was assumed to be the 62,800 pcunds of the baseline Sikorsky S-65-300
design, and was used for the dynamic, aerodynamic, and mechanical design analysis
discussed in section I1I-3. This analysis identified the criticel areas of concern
for each concept and rroposed methods for their solution.

Another output from this earlier part of the study was a determinetion of
the aircraft component weights. The rotor system weight was calculsted frem
layout drawings; wirng size requirements and mission fuel vere 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.
¥hen 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:

CORFIGURATION PAYLOAD
S-65-300 10,700 1bs
8 Segment Telescoping Rotor L,650
Foll-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 Fotor 3,930 ’
Two Segment Telescoping Rotor 4,650

The next part of the progrem was involved w’*h resizing the aircraft so
they all would carry the required 10,700 pounds payioad. The design gross weight
nov became the variable. Thiz resizing was accomplished by parsmetrically
describing all the aircraft with appropriate mathematical equations, and iterating
the designs untii the desired payload wes achieved. The helicopter design
computer models wer= used for this purpose as Jiscussed in section III-1

My
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From this enalysis the groes weights required to achieve the desired pay-

load were found to be as follows:

CONFIGURATION

S-65~300

Eight Segment Telescoping Rotor
Roll-up Rotor, Two Thin Biades
Roll-up Rotor, Four Thia Blades
Roll-up Rotor, Four Pneumatic Blades
Inplone Fold Rotor

Two Segment Telescoping Rotor

GROSS WEIGHT

62,800 1bs
75,070
69,769
69,060
67,980
76 490
72,070

Table xy ot page 140, presents summary weight statements for each of

these designs.
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(2) Aircraft Cruising Speed

The increased gross weight necessary to achieve the design payleoads also
results in increasing the aircraft power requirements. Because of this, these
aircraft experience some reduction in cruise speed when using the same instelled
povwer as the S-65-300. This is surmarized 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-
ceni more power installed in the aircraft. This is aiso shown on the table.

It should be roted that this asdded power wiso increases the af ccraft gross weight
by two or three thousard pounds.

TABLE XV1I  AIRCRAFT CRUISE SPEED CAPABILITIES
CRUISE SPEED AT
UISE SPEED AT 100 SIGK POWER}120% DESIGK POWER
AT 62,600 LB G¥ AT 10,700 IBS | AKD 10,703 LBS
CONFIGURATION PAYLOAD PAYLOAD
§-65-300 250 Knots 250 Knots 250* Knots
Eight Segrent
Telescoping Rotoer 275 257 279
Foll-up Rotor
Two Thin Blades 295 289 308
Roll-up Rotor
Four Thin Bledes 282 277 297
Roll-up Rotor,
Four Pneumatic Biades 282 278 298
Inplene Fold Rotor 281 271 292
Two Segment
Teiescoping Rotor 281 268 287
® Limited by biede stress limits.

(3) ¥ing Size Trade-0ff

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 wvere
required for the transition from rotor borne to wing berme flight. 1If the ncst
cost effective size was larger than that required for transition, it was used.
If it wuz 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 section II7-1Was again used. For each design, four
or five specific wing sizes were snalyzed. These varied in 100 square foot
increments and were chosen t¢ bracket the expected optimum joint.

. For each wing size, wing weight was determined by 2 parametric wing weight d

= eguation. Cruisz power required was mcdified to reflect the wing size changes.
e From this, mission fuel was calculated. Minor changes were made vhere required .

in cther subsystem weigats to reflect the changing wing size. The sum total of
the cowponent wzights were tLern subtracted from the gross weight to deteruine
the mission paylosd capability.

RNL T ok o Ba® od
,‘x,‘,;[-‘ “ ,ﬂyw ",,.“
SR Hiis

i

Next, the computer model resized ths aircraft by varving the gross weight
until the desived 10,700 pound payload wrs achicvsble for all wing sizes. This
provided a plot of design gross weight as = fuuction of wing area.

i
H

T

>

T

i
T

The serodynanic znalysis used ir *%%a sircraft sizing had us one of its
outputs mission intound and outhoun: orv.s- speeds as functions of -ring area.

At this point, the payload for al’ wiig sizes weres equal and the mission
speeds vwere known. The only remaining veriable required for the cost effective-
ness analysis was the aircraft dollar cost. This wes found by using the costing
procedure discussed in the aircraft cust sectinsr. This used component weights,
material, and complexity factors tc determine unit development costs, acguisition
costs, and operating ccsts. When these costs were combined with the sovload and
nission speed, the cost effectiveness wur established es a function of iring size,

e i 8400 90 g PN Y ot HE

The entire analysis was computerized to minimize calculation time. Figures
33 through 38 show the results for 2ach rotor type, giving the cost

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

(W R 1 Ao b 0

i The transition from rotor borne to wing borne flight alsc influences the

: wing size. This was previously discussed in secticn I11-2 of this :cport. Table

! Y1 of section III-& gives the wing size requirements for transition for the

i taseiine 62,800 pounds gross weight. The transition reguirements were also
determined for the final solution gross weights. These are also included in
Figures 33 through 38.

Teble XVII , page 146, 1lists the most cost effective wing size for
each configuration plus the ving size reqguirsments for the transitiocn. The
larger of the two was used for the {inal aircraft designs.
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FIGURE 36
WING SIZE TRADE OFF
ROLL~-UP, FOUR PNEUMATIC BLADES

FIGURE 35
WING SIZE TRADE OFF

ROLL-UP ROTCR, FOUR THIN BLADES
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TABLE XVII  WING SIZE TRADE-OFF RESULTS

WING SIZE REQUIRED MOST COST EFFECTIVE
CONRFIGURATION FOR TRAMSITION WING SIZE
= -
Eight Segment Telescoping Rotor B80 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 Blades 1175 1000
Inplane Fold RBotor 1350 1200
Twe Segment Telescoping Rotor 650 T00
;1

NHote. inderlined values indicate wing sizes used in fi-al aircraft designs.

(4) Mission Re_uted Parameters

As discussed in the technical approach, Section III-1, & fleet of aireraft
was defined to perform a fixed tasx. The fleet size was varied for each concept
to account for differences in the sircraft availahility and dependability. The
total required fleet effcctiveness was first assumed to be that of 100 aircraft
rerforming the specific mission witi 100% availability and dependability. This
gives a total fleet effectiveness requirement of 57,980 ton knots. Fleet size
was then determined by dividing this required fleet effectiveness by the unit
mission effectiveness for eash concept. Therefcre, more than 100 aircraft are
required in each case.

Unit mission effectiveness is a function of the aircraft cruise speed
capebilities plus its availability, reliability, snd survivavility values.
Availability and reliability were determined from the R/M enalysis, discussed
in the section ITI-h and <abulated in Table X. Mission survivability is a
Judgement evaluation basea on the relative impact of size and rotor configuration
on vulnerability and the relative change in detectability due to the ajrcraft's
noise signature. Table XVIII summarizes these values plus the effectiveness
and totul number of aircraft requirel for each concept.

{5} Aircrefi Costs

Aircreft life cycle costs were calcuisted for use in the cost effectiveness
analysis. Acquisition costs were found by multiplying the aircraft subsyztem
veights by cost faclors, expressed in terms of dollar cost per pound of weight.
The determination of these cost factors for the rotor systems was previously
discussed in sectionlII-k and *hey were tabulated in Table XIII . For the
remzining aircraft czcmponernts and subsystems the cost factors used were tlie same
as those used fcr the baseline S-65-300 aircraft, since all systems were similar.

Unit development costs were determined by ¢ similar anulysis; dcliars per
pound cost factors vere appiied to the final aircraft ve? ! .s, with retor develop-
ment costs multiplied by complexity factors to account f.r their unusual development
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problems. These complexity facto-s were shown in Table XIV  of section IV-k,
The following table illustrates how the total unit development cost is split up
between the rotor RUTUE Cozt and the cost for the remaining sireraft.

TABLE XIX
UNIT DEVELOPMERT COSTS WITH AND WITHOUT ROTOR SYSTEM RDT&E COST
CCST WITHOUT RQTOR TCTAL UNIT
ROTOR RDT&E + RDT&F = DEVELOPMENT (OST
S-65-300 $2.53 x 106 $ .25 x 106 $2.76 x 106
Right Segment Telescoping
Rotor 3.34 1.41 L.75
Roll-up Kotor
Two Thin Blades 3.47 1.1 .63
Roll-up Rotor
Four Thin Blades 3.27 .52 k.19
Rell-up Rotor
Four lneumatic Blades 3.2€ .93 .19
Inplene Fold Rotor 3.97 1.5 5.h2
Two Segment Telc.scoping
Rotor 3.08 Rty 3.L8

Operating cest is the sum of crew, repienishment spares, meintenance, ang
fuel, oil, and lubricants costs. Replenishment spsras cost per year were essumed
%o be a percentage of vehicle ecquisltion cost. Crew cost per 1ife oycls flight
hour was assumed to be proportional tc the rumber of offfcers and enlisted men
in the crew. Similarily, fuei, oil, and lubricants cost ver life ¢yele flight
hour were assumed to Le proportionel to average mission fuel rlow., Meintenance
cost per life cycle flight hour was founud from the product of a cost factor and
the mainterance manhours per flight hour value obtained from the maintairebility
anaiysis. The cost factors, 1n dollars per maiatenance manbour, were iucreaseqd

L8 41

over a bsse rate to allow for overhead support and personnel efficiency.

Toteling the above custs gives the complete life cycle cost for each air-
craft. The cost summaries ar. shown in Tables XX through XXVI  The total
3ife cycle cosiz compsre as follows:

CONFIGURATION UNIT LIFE CYCLE TOST
§-65-300 $11,460,000
Eight Segment Telescoping ERotor 1-,310,000
Rell-up Rotor, Two Thin Bledss ik 470,000
Foll-up Rotor, Four Thin Blades 1k ,100,000
Roll-up Rotor, Four Pneumatic Blades 13,980,000
Inplane Fold Rotor 15,480,000
Two Segment Telescuping Fotor 13,3k0,000
148
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Table XX
Cort Summary
365-300
Unit Development Cost $2.760.000
Acquisition Cost 5,035,000
Fivaway 3,536,000
Air?rame 32,958,000
Engines 477,060
Initiail Spares 801,000
Ground Equipment 395,000
_Training % Travel 153,000
Operating Cost 3,662,000
Crevw 535,000
Maintenance 950,000
Fuel, 0il, Lub 453,000
Replenishrent Spares 1,718,000
Total Life Cyclie Cost 11,552,050
Table XTI
Cost Summary
fight Segment 'felescoping Rotor
Unit Levelopmeal Cost $h,78,000
Acguisition Zost €,386,00C
Flyaway $L 166,600
Airframe 33,988,000
Engines L77,000
Tnitial Snsrec 996,000
Ground Egquipment 513,000
Training & Travel 403,000
Ogerating Cost L ,176,000
Crew 535,000
Maintenance 959,000
Fuel, 0il, Lub 453,000
Replenishment Spares 2,233,000
Total Life Cycle Cost 15,305,000
149
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Table XXII

Cost Summary
Roll-up Fotor - Two Thin Rlades

Unit Development Cost $4,629,000
Acquisition Cost ¢ ,86k,000
Flyaway $4 ,086,000
Airframe 43,608,000
Engines k77,000
Initial Spares 924,000
Ground Equipment 469,000
Treining & Travel k03,000
Cperating Cost 3,958,000
Crew 550,000
Maintenance 926,000
Fuel, 0il, Lub 458,000
Replenistment Spares 2,043,000
Total Life Cycle Cost 1k, k72,000
Table XXIII
Cest Summary
Roll-up Rotor - Four Thin Blades
Unit Development Cost 84,193,600
Acquisition Cost 5,918,000
Flyawaey $L,112,000
Aixfrare $3,63k4,000
Engines k77,000
initial Spares 929,000
Ground Equipment k72,000
Training & Travel 403,000
Cperating Cost 3,988,600
Crew 530,000
Maintenance 942,060
Fuel, 0il, Lub 159,000
Replenishment Sparas 2,056,000
Total Life Cycle Cost 14,699,000
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Table XXIV

Cost Summary
Roll~up Rotor - Four Pneumatic Blades

ni bl Stk L D A A R R AL A

§
§ R Unit Development Cost $L,193,C0C
£
§ Acquisition Coot 5,827,000
g - Flyavay 043,000
£ Airframe $3,565,000 4,083,
£ Engines k77,000

. = Initial Spares 916,000

= % Ground Equipment 464,000

g z Training & Travel k03,000

== £

= =

= E Operacing Cost 3,957,000

3 £ Crew 520,000

3 % ¥aintenance 945,600

% £ Fuel, 0il, Lub 459,000

= % Replenisnment Spares 2,021,000

=k Total Lise Cycle Cost 13,978,000
- Table XXV

% £ Ccst Summary

i% %‘E Inplane Fold 7P.otor

I Unit Development Cost &5 .,420,600
;é_
3 Acquisitien Cost 6,052,000
% Flyaway $L ,215,0600
g Airframe $3,737,000

= = Engines 477,000
% * initial Spares : 842,000
% Greund Equipment 18k ;500
i Training & Travel 403,000

- =
s : :
= 7 Operating Cost k ,00€,000
& Crew 530,000

z. % Maintenanue 909,000
g Fuel, Cil, Lub 459,000
g Replenighment Spares 2,107,660

: % Total Life Cycle Cost 15.478,0C0
=
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Table

xXvI

Cosy Swrmary
Two 3Jegnment Telescoping Rotor

PAGE

Unit Developmenc Cost $3.58k 000
Acguisition Cost 5,561,000
Flyaway 34,069,000
Airframe $3,591,000
Engines 477,000
initial Spares 921,200
Ground Fquipment 467,060
3 Training & ‘iravel L03,06C
3 Operating Cost 3,991,060
: Crew 530,000
5 Maintenance Q72,000
Fuel, 0il, Lub L2k 000
Replenishment Spareu 2,034,060
Total Life Cycle Cost 13,336,000
i;%
.
152

s SerepmS R DRIy
e b




R R N e I S T S TR ey

— O JR o e

AANFR

1

(6) Summary
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Table XXVII shown belov sumparizes the results of the quantitative part

ef the study. The roll-up rotors are seen to require the smallest penalty in

K aircraft gross weights. They require large wings,with their resultant weight
penslty, but their 1otor weights are comparable tc the baseline S-653-30C design.
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. The roll up rolors also have the highest speed capability.
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For use in the evaluation matrix, the impceriant parameter is the overall
system cost effectiveness for each concept. As discussed in the technical approach,
it is used to couvine all the quantitative results, and is assigned fifty per-
cent of the totsl score in the evaluation. The rotor with the highest cost
effectiveness is assigned a value o° one, and receives Y0 evasluation points.
Relative values are then used for each other rotor concept. The final results
ere as foilows.
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tr TABLE XXVIII QUANTITATIVE EVALUATION RATING

CcosT RELATIVE COST EVALUATION |
EFFECTIVENESS  EFFECTIVENESS SCORE

SRLMEM LR B LR R R L b s

Eight Segment Telescoping
Rotor 33.88 .857 k2.9
Roll-~up Rotor
Two Thin Blades 36.46 .973 ‘u8.7 4
Roll-up Rotor
Four Thin Blades 38.05 L963 8.1
Koll-up Rotor
Four Pneumatic Blades 38.L5 L9713 8.7
Inplore Fold Rotor 3L 47 .872 k3.6
Tvwo Segment Telesconping
Fotor 39.52 1.006 50.0
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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 ir zddition to the quantitative cost effectiveness analysis
to fully complete the evaluation. Witkin 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 characteristies evaluated and their maximum total score are as
follows:

. Technical Risk 10 points
. Off-design Performance € points
. Adaptability to Stowed Jotor Designs 6 voints
« Growth Potertial 0 poinis
. #andling Qualities 6 points
. Safety 6 points
+ Maneuverability 3 points
. Vibration 3 points
. Hoveripg Downwash Severity 2 points
. Stowability/Transportability 2 points

(1) TECHNICAL RISK assesses an es‘imate of the relative probability that a
workable production design can be developed within the timeframe acsumed, and
the relstive magnitude of the total RDTLE effort. The maximum score of ten is
assigned to the two segment telescoping rcier, because this design has fewer
totel problems than any of the cther concepts, in addition tc being the only
concept whici: 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. The two segment telescoping rotor has
received considerable effort bty & number of helicopter manufa-turers. This has
included detailed aerodynamic and dynamic analysis, as well as both reduced
scale and full size model tests.

Of all the concepts studies, this roter requires the least technological
advances. Its mechanism is straightforward and it has none of the dynemic and
aercelastic 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 speeG. It is the only design that does not reguire
stopping the rotor to achieve the speeds required for this study.

Cf the remaining concepts, the eight segment telescoping rotor is thought to
have the lowest technical risk. 1Its prcblems 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 risrk of the rotor over the two segment telescoping rotor include
the complexity of the blade and th: Tact thai the rotor must be stopped for nigh
speed flight. This system shares some of the advantoges of the two segment rotor.
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The diameter transiticn is smooth, and can oceur slowly as the aircrafi
accelerai2s to cruise speed. The expected dynamic and aserodynamic problems
are substantially less then the remaining concepts, tor all modes of flight.

The eight segment telescoping rotor is assigned a technical risk score
of seven. The flexible roll-ur rotors are assumed to hav. the nzx¢t highest
technical risk. This is mainly because of the unusual serocelsstic problems
associated with blade pitch centrol, ground resonance avoidance, and possible
forvard flight instabilities. In addition, with the ihin blades there is
conicern about the possible distortion of the airfoil shepe during gusts and
other unusual loading situations. Because of this the two bladed thin airfoil
rotor, with its larger vlade chord and lower aspect ratic has been assumed
to have a higher risk than the four bladed rotor. It was assigned & value of
five, compared to the four bladed rotor which has a value of six.

The pneumatic rotors have the further risk asscciated with the pneumatic

system itself. Because of this the four bladed pneumatic rotor was assigned
a value of kL.5.

The inplane fold roter was assumed to have the highest technical risk of
all the concepts. This < becsuse of the unusual type of diameter retracticn,
which must occur quickly, rather than slowly as the airecraft accelerates.

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

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

OFF DESIGN PERFORMANCE is a measure of the versatility
perfcrring other than the specific design mission.
hovering efficiency would be an asset for zmissions requiring long hover times.
Sunerior cruise lift to drag ratios would be an advantage for long range missions.
The ztility to make a sradus] transition froxr the extended to retracted dirmeter
positions, and to f1y at intermediate diameters, might be an w1sset for certain
cther types of missions. A perfect score of six is assigned tc this attribute.

of the concepts in
A low disc loading end high

Tne highest score of six has been given
rntors, since they rate hign in all three of
segment telescoping rotor receives a value of L.8 due 1o its lower cruise lift
1w drag ratio. The two segment telescoping rotor receives a score of k.2
mainly hecause it does not achieve the desired 5 psf hevering disc loading. ‘The

neisne fold rotor has a lower cruise 1ift to drag retio than the rcli-up rotors,

to all of the flexible roll-up
these considerations. 'The eignt

in addition tc not being alle to perform its rotor retraction gradually. It
receives a score of 3.6.

3) ADAPTABILITY 70 CTOWED BOTCR DEVIGHS rates one the mest promising aspects
of some of these concepts - the fact that the rotors have veen retraclted to a
very small size and with iittle addedl complexity, pius more installed power,
substantially higher sgeeds are 1chievntie. This atiribute is 2lse uassigned =
perfect score of 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 wouid be that much harder
to stow for high speed flight. Next is the eight segment telescoping rotor.
It has an ever larger rotor, and receives a score of 4.2, Both the inplane
fold rotor and tne two segment telescoping rotor have even larger retracted
sizes and are consequerntly penalized further. With its three to one retraction
ratio, the inplan= fold rotur 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 makas it more difficult to apply to
stoved rotor designs than the concepts with higher retraction ratics.

(k) GROWTH POTENTIAL measures the ability of a concept to accept design
modifications, such as extended blade radius, chord increase, or imprcved air-
foils, to enhance performance, and the degree to which engine uprating can te
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 eny additional sirframe modifications, unlike the
two seguent telescoping rotesr whl<oh wruld require the extension of the tgil 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 selectiorn of airfoils due to the requirements of the retraction
mechanism. 1In spite of these considerations, it is still given the highest
store mainly because it is able to ubsorb more power and therefore improve
aireraft performance without any change in rotor geometry. This is because
there is a large margin between the operating biade 1ift coefficient and the
blade stall 1ift coefficient.

Tne pneumati: roll-up rotor would have a similar capability to absord more
power, although it is felt that it could not be operated at as high a blade
1ift coefricient as the more rigid telescoping rotors. A1l the roll-up rotors
nuve the further advantage of easily being adeptable to high rotor diameters;
the blade need only be made longer. Recause of these considerations, the
pneumatic roil-up rotor receives a score of 5.8.

The thin roil-up rotors do not have this large margin between overating
and stall C; aund therefore could not accept large increases in inciiiled power
without a rotor redesign. Because of this they receive a score of 5.kL.

The inplane fold rotor receives a score of five points. It can absorb
more power, more diameter, and more chord. 1t is the only concept which pevmits
the designer almost complete freedom in the selecticn of sirfeil selections.
it is peralized for its unusual folding requirements. It is felt that any
increase in rotor diameter and blade chord weculd further aggravate ar clready
difficult blade fold operation.
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Finally, the two szgment telescoping rotor receives the lowest score, 2.5,
due to the fact that an extensive airfrume redesign is required for any increase
in rotor diameter.

{v) 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 pilct attention required §»-ing rotor retraction and
stopping, and starting and extending operations. The two segment telescoping
rotor, with its smooth gradual diameter changes, and which does rot have to be
stopped for operation at the speeds assumed in this study, receives the highest
score. The inplene fold rotor with its low speed transiticn, and with a
transition which connot occur graduslly, receives the lowest score of only 2.0
points. The remaining concepts are in between these two extremes, and have 211
been given the value of 4.0,

(6) SAFETY refers to crew survivability and crashworthiness 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 arelysis. A perfect scorrc ~f six was also assumed for this attribute.

The perfect score was assigned to both the eight segment telescoping
rotor and the inplene fold rotor. They both huve the five psf disc loading
which leads to good autorotational characteristies, arnd they both rave rigid
rotor blades which aid in the prevention of the rotor from contacting the
fuselage during an exceptionally hard landing. The flexible bladed roters
received a score of only 2.5, since it ¥ould be very hard to eveid this rotur/
fuselage contact in an extreme emergency landing situetion. Finally the two
segment telescoping rotor receives a value of L.8. Tt has rigid blades but it
is penalizad for its higher disc loading which deces not give it as good auto-
rotational characteristics as the other designs.

The final four atiributes are not rated &3 imporiant as the others, and
consecuently have lower perfect scores.

(1) MAREUVERABILITY, vith e perfect score of three, is an atiribute 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 gradusl dismeter changes,
receive the highest score. These include the eight zegment telescoping rotc— and
all of the roll-up rotors. The two segment telescoping rotor receives a value of
2.h because it does not stop its rotor in cruise. This does not necessaril

limit cruise maneuverability, but it moy make it more Qifficulit to program the
gircraft control system ror maneuvers, since both rotor coutrols and fixed way
controls must be manipulated. Finally, the inplane fold rotor receives the
lowest score, 1.8, because it is almost impossible to maneuver the sircraft
during the blade felding and unfclGing operetions.
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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 tneir flexibility the roll-up rotcrs receive high scores ir 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 rctor with four blades

and would, therefore, have good vibration characteristics. It is given a score
of 2.1.

The lowest score, 1.5, is given to both of the twe bleded rigic teetering
rotor systems. They would have the highest forward flight vibration character-
istics of any of the concepts studied.

(9)  HOVERIN, DOWNWASE relates primarily to the relative disc loadings of the
concepts, Since cownwash severity is related to both velocity and
mass flow, gross weight is also a factor. Two points is the percent score for
this attribute. The lowest :.core of 0.h is given to the 4wo segment telescoping
rotor since it is tl:ie only conrept to vse a disc loading of ten psf rather than
the desired five psf., Of the remaining concepts, the score is determined by the
relative gross weights requireu for eac: solution aircraft,

(10) The final two points of the evaluation matrix are assigned to STOWABILITY/
TRANSPORTABILITY. This reiates to the aclual size of the aicraft in a folded
configuration. Because of the smaller size resulting from its higher disc
loading, the two seguent telescoping rotor receives “he full twc points. All
of the other concepts are assigned a value of 1.0,
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¢. Comnleted Evaluation Matrix

The following table prezents the completed evaluation matrix.

TABLE XXIX. COMPLEYED EVALUATION MATYTIX

[

R

Cost Effectiveness 50.0
Technical Risk 10.0 7.0 5.0 6.0 L.s 5.0 1.0
‘ Off-Design
. Performance 6.0 4.8 6.0 6.0 6.0 3.6 L.2
; : Adaptability to
E Stowed Potor
Designs 6.0 ) 6.0 5.4 S.h 2.k 1.0
Growth Potential 6.0 6.0 5.k 5.k 5.8 5.0 2.5
Handling Qualities 6.0 L.n L.o k.0 k.0 2.0 6.0
Safety 6.0 6.0 2.k 2.4 2.4 6.0 L.8
Maneuversability 3.0 3.0 3.0 3.¢ 3.0 1.8 2.k
Vibration 3.0 1.5 2.7 3.0 3.0 1.5 2.3
Hovering Duwnwash 2.0 1.k 1.8 1.3 2.0 1.k 0.h
Stowability/
Transportability 2.0 1.0 1.0 1.9 1.0 1.0 2.G
Tot 11 Score 160.00 81.1 8.0  8f.1 g8s.6  T°.3 85.k
160

PAGE




R I 57
TS TR T T TG

6. CIMCLUSIONS FROM DETAILED EVALUATION

The scores for each concept and the cverall ranking of the rotcr systems
are as follows:

1. Roll-vy Rotor, Four Thin Bledes 86.1
2. Roll-up Rotor, Two Thin Blades 86.0
3. Roll-up Rotor, Four Pneumatic Blades 85.8
- L, Fight Segment Telescoping Rotor 81.8
5. Inplane Fold Rotor 72.8

From the above table, it is concluded that the flexible roll-up ruotcic are
the most promising concepts. Collectively, they rank substantially higher then
the other two designs. The ranking of the three different roli-up rotors with
respect to each other is not as obvicus. Aithough tne four bladed rotor using
tnin blades does bave the highest score, th. 1lifferences between the scores
must be consicdered within the accuracy of this type of analrysis. The conclusion
is that although the flexible roll-up rotors are the most promising, the decision
as to the particular type of flexiblz roll-up rotor cannot yet be made. Further
enalysis of the schemes, including building and testing of small scale hardware,
would nave to be pertormed to make this decision.

*ecause of the different ground ruies used in the analyses (specificaily
the design disc loading) it is questionabl: whether the iwc segment teliescoping
rotor can b2 rated against the other concep.x by using this evaluation score.
It dié achieve a score of 85.L, which is comparable with the highest scores for
the other concepts.This is mainly atirituted .o its much lower technical risk
which gave it & score in that category of three points more than any other ccn-
cept. In addition, this low risk gives it the lowest RDT&E cost cf 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 gquesticnable as to whether it is being correctly rated by this evaluation
method. It should really be considered as a near iterm, interim type of solution
for achieving a variable diameter rotor system.
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Figure’s9 shows 2 gensral arrangement drawing o how the baseline £-65-300
aircratt design would be mcdified to accept the thin roll-up verisbtle diameter
rotor system. The major changes include the replacement «f the cenventiona:
tail roter with a high disc loading yaw farn and the substantially larger wing
which is now required. The cabin size is the same as the baseline aircraft,
and the rear loading capability is retained. The general arrangement of the
drive system is similar to the S-65-20C; ‘he two eieven foot diameter props are
also the same as used on *he baseline design.

The yaw far is used 1o reduce the diameter of the anti-torque device so
that it can ve placed under the main rotor disc. A conven‘ional tail roctor
mounted aft of the marin rotor would require a lengihening of ithe tailicone. This
would upset the aircraft balance and require a further lengthening of the noce
of the aircraft. This much longer fuselage would Tinally iead to zn excessice
siry.ame weight.

The wing size on the S-65-300 is U475 square feet. On that design, the wing
never supports the full gross weight of the aircraft, even at the marxizum cruise
speed of 250 knots. With the roll-up rotor the wing must now support the full
gross weight at very low speeds, since the rotor is retricted and stopped at
1L0 knets. The minimum size required for transition from rotor borne flight to
wing borne flight at the design cruise altitude of 12000', standerd conditions
is 1200 sguare “eet. This wing is shown on Figure 39, Jf the transition was
made at a lower altitude, & smaller wing could be used. The wing trade-off
study illustrated in Figure 35 showed that the cntimum wing size from both
gross weight and nost effectivseness staendroints is 1100 square feet, if the
transition regquirement is ignored.

The gross weight ior this aircraft is 69,063 pounds, 6263 pounds higher
than the S-65-300. The complete Weight statements for both zircraft ure showr
in Table XXX. Rotor weights are guite similar fcr both designs. Ths major

eight increase is in the wing, with smaller additions made o the useclage,
ant1~.orqu\ systems, tail surfaces, Ilight controls, and drive system. The
mission fuel weight has decressed somewhat due to the higher cruise efficiency
of the variable diameter rotor aircrafi.

With the sa.e installed power as the S-€5-20%, $his sireraft will have a
higher cruising speed due to this higher cruise effisiency. The maximum cruise
speed of the $5-65-300 is 250 knots. The new aireraft can cruise at 27T knnts

the inbound leg Lo 083

on the outbcund niscion leg, and this is increased on
knots.

Adaptability to Stowed Rctlor Designs

This study was limited to variable diumcter rotors as »pr.Ac to stoypyed
rotor compeunds which had the same installed power as the baseline fixed
diemeter design. Because of the Ligh retractinn ratio of the r }’—:v
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rotors, they would also l2nd themselves to silowed rotor aircraft designs. All

of the aercelastic limits which tend to restrict the speed of compcund helicopters
are eliminated wheu: the rotor is retracted and stopped. If the rotor could be
stowed within the fuselage contuu. drag would he reduced and, with more inctalled
power, substantiaily higher speeds wculd be achievable.
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DEVELOPMENT PRCGRAM FOR ROLL-UP ROTORS

srogram LG analyze, Lest, develop, ard substantiate the
*+  has been formulated. The planred program begins with an

undanental system characteristics ard critical harduare
l=inates in a flight demonstration rrogram with a roll-up

. M:jor technirul risk areas would be investigated
opment jrogram, ant any a2s yet undetected fundamental prodblem
ogical breakthrough will be indentified early. aAnalytic
udy and optimization of the rotor syr'~n 1in srea c¢f perfor-

: v, will be devcloped und correlated with testis.

)
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oW

v

/]
e

<
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2 principle areas of technicel risk investigution and eritical hardware
" .
1 :

v
p control systems, separately and in combinatiocn throughout the
ight envelope. Deterriine required size of aerodynamic tip tab.

2. investigaiior of blade aseroelastic resronse throughout the flight
envelore for verious blade ang tip mass and elastic properties,
end for various control inputs, in trimmed and untrimmed Tlight.

3. Investigation of various iypres of tii weight zerodyuamic dampers,
thelr effectiveness in elimiratine sround rescnance, and the study
cf possibie flutter, duffei, or lozd yroblems they might cause.

M - P 3 ~ - . - ~ -

~. FBHotor sitability and response gquring cxtension and retraclion
cycles in trirmed and untrimmed fiight and in gust conditions.

. E®lade ma-erials investigaiion, seliection, and substantiatiorn.
Opiimum dblade dezign approach for achieving desired 2lastic
rroreriies with minimum preduction difficulty.
6. Dovelopment of concepts ard materials to reduce blade erosicn.
t
7. Delermination of the zercdynamies of the refiexed airfeils,
including ihe effects of dyramic deflecticn of the chard of
X the airfoil, and severity of change in pitchings moments.

10. PRotor hend drum vollier desisr rvd actaation.

‘ - - 3 oy o 43
1i. RHotor head drag reductisu.
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. Phase TV

Flight test the roil-up rotor ecuipped compound aircraft, with roter
retraction and extensicn cycles at speeds up to 150 knots, and to higher
speeds in the stowvned rotor configuration.

Activiti:s within the first three phases of the program have bcen sub-
into

i
nto the following four classifications:

A. MNon-rotating aerodynamic and asroelastic testing,
8. Rotating system dynamically scazled testing,

C. Analytic procedures, and

D, FEgrdwure design and development.

Phase I of the prugram, which extends over a one year veriod, will provile
tesic model test data, analytic techniques, and criticsl hardware zuncepts, to
Justify and potentially reorient fur ther werk on the rotor system. The approach
t taken is te de jelop first spproximation resulis at minimurm expense in a

time pericd {2 * impact on Turther worw.

a. Hon-Rotating Aercelastic and Aerodyvramic Testing

{3) Twc Dimersional Airfeil Testis

Several smgil scale, two dimensicnal blade sections will be tested zt luow
Mack pnumher and Reynold numter for use in anslytic correlaticon with the rotating

e 1
s¥stem models which will be tested durirs both Phase T and Phase II. Lift,
drzg, and pitching morent datz will be obtained. In addition, the pressure
distribution over the airfoil will be cbtsired for use in the airfoil chorduwise
dxflection analysis. Several of the airfsil sections tec be tested wil

the expected chord line deflection or preliminary indicaticn of the changes in
pitching moment to te exmected.

(2) Model Tip Weight Tests

A gecomeiricelly scaled mod»l of the tip rechanism (irsroximetely 2 ft

Jeng) witll be tested ~t relatively low speeds to investig.te the aercdynamic
effectiveness of the tip contral tab and aerodyramic dampers. Contiol teb

louds will be measured as well as overall tip weight 1ift, éray, and pitchine
morents. The effect of the acrodynaric darper on total 1ift, drag, and mcirent

w#iil be measured for various darper detiections, slot reometries, and Tlickt
conditions. During the Iatter porlion of the wind tunnel test, the rode: would
»e mounted on 2 sprin,s support, which simulated the impedance of the rotating

biad2, Tynermic darping will ke measured, and any dyaarmie instabilities, Tlutter,
or »uffer preoblers would te unrovered befare the first rotor test.

Q
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b. Rotating System Dynamically Scaled Testing

A four foot diameter, non retracting modei rotor will be mounted in &
small low speed wind tunnel snd tested at speeds which achieve an advance ratio
of up to 0.3. It will be dynamically similar to the fuil scale design, vhen
onerated at avproximately one-third full scale speeds. This reduced speed
snaliny greatly reduces iodel fgbricetion difficulities. Manually adjustable
cyclic and collective root contrcl and collective tip control will be wrovided.
Variations in blade &rd tip weipght proverties will be nade. Tip control tab
angle and swashplate contrel angle will be adjusted. (iverall rotor system
stability and response characteristics will he obtained., Root and tip control
effectiveness will be determined. Tracking and dynami: balancing irregularities,
assceiated with blede~to-blade manufacturing differences in stiffness and
airfoil contour, and resultant changes in dyvnamic response will be studied.

¢. Analytic Procedure

{1) Developing Analviie Tools

Yodifications to existing blade sercelastic computer programs will be
verformed to include the tin control tab and aerodynamic dampers.

f2) Analytic Studies

Analytic studies will be conducted for the rotor system in forward flight
and maneuvering conditicns, to define contrcl effectiveness and blade resnonse,
and to irdicate the most useful sreas to be investigated during the wind
tunnel program. Hovering flight will also be analyzed with the zerodyraric
dampers extended, and hovering performance decrements and blade out of track
phenomena will be investigated.

(2) Correlatien
Ceorrelations with wind turnpel test resulis will te performed,

Jd. Hardware Desigr: and Develooment

(1} Blade Structural Design

1ade design concepts will be develiopad. Several small scale cample biade
sections will be fabricated and tested. Most promising aoprozches will b
defined, snd rost useful material -eiected.
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{2) Tip Contrcl Actuator Mechanism

A preliminary decign of the control tab actuator will te deveioved. Fea-
sibility of the desisn will be reexarmired, after completion of the rcontrol
lcads investigation in the static test and the control effectivenress study in
the wind tunnel tests.

2. PEASE I1

.
Phase IT is to ke an investigation of an optimized rotor syster. It covers
a span of 1% years. Critiecal full scale hardware will be desipned and subsys-
: tems fabricated and tested. Analyiic teachniques will be develoned and updated *
= from Thase Y results and used to crtimize the roinr system., Model tests will
k3 be perfcrmed, with 2 dyraminally scaled remoteiy controlluble retracting
*otor rounted on a "oroourd aircraft Tuselare.
a. Hon-Retetiag Aercslastic and Aerodvnz.ic Testin
3 (1) Model Tip Weight
H The same model in Phase I will be rounted in 2 wind tunnel canab’e of
= sveeds to 0.85 Mach. Lift, drag, and nitching moment dats Jill be rechbtained
=4 with the full scale compressibility =mnd Reynolds numbter effects.
(2) Installed Roior Fead Drag
A geomeirically scaled compound aircraft desiyn, eguipped with “he retrazc-
ting rotor head, will te tested a*t sveeds ic L(CD kvots. ?arious rotor hend
fairings and pylon geometries will be tested to rinirize drag.
{3) Two Dirmensionel Airfoil Tests
T™we Dinensicnal Airfoil Tests will te conducted ot full scale !Mach number
and Reynclids number. Lift, dreg, pitching roc-ent, and pressure distridution
éats will te obtzined,
. t. Potating Svsten Dynamicallvy U-azlad Testing
.\-._
E (1) faround Pesonance Tests '
= The four-Tootl diareler madel used in Phaze T will he tested tn further
investipate ground resonance vhenorena. Yanually adlusiable aevodynarin ¢
darpers will be added. Blage properties, siuch ac os.agtie axis, 7,7,, ¢4t1ffMess,
and ratic ¢ ‘eorsionu: to Flatwize frequepncy, will te varied to irsure ihe
elirineticn o ground resonance tlhrcughout a iaree ranre of notential rof or
system aercelastic rararcters, The radel will te mounted ~m o a s0ft adliuatal le
— suppert, cepable of sirulating the irmedance oharacteriztissg ¢ 2 i1 3onle
- 3 aircraft., The aurpeort svster will inctude an antorntis Yoeking ro~hanism,
which greatly increnues Yhe rount's “reguency sheuld a Frotind resonanse vitras

tion begin.
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] (2) Varisble Diameter Rotating System Tests
%
§ A 12-foot diameter dynamicelly scaled model rotor, mounted on a corpound
% aircraft model, will be tested up to an advance ratioc of C.3. The model will
& achieve dynamic similarity, when onerated at one half full scale sreeds. Retor
2 diameter will be nanually adlustable, but remcte blade ruot and tir contrel will
g be provided. Rlade respous: end stability will be recorded, as will oversald
4 retor and airframe loads. Trimmed and untrimmed flight conditions will e .
% investigated for various forward sveeds and rotor retraction positions. Roto-
§ control pover derivatives and overall aireraft stability derivetives <111 be
4 obteined. .
g
% (3) Pemotely Retructing Potating Svstem Test
§
% A rerctely controlled retracting rotor head will be installed in the mouel
3 discussed adbcve. Time histories of blade siress and motion during retrasction
§ will be recorded at various trirmed and untrimmed flight conditions for a
¥ renge of forward speeds and wing Joadings.
s
%; ¢. Analytic Procegures
=

(1) Design Jptimization

Anaiytic technigues and test resuits develcoed in Phase I will e utilized
te cotimize the full scale delipn, and thus deterrine the cnarooteristics of

the Phase 11 nodels.

(2) Annlytic Cevelobment

£

£ Tha rctor mercelastic anaiysis will be rodified to inulude 2 cherdwise
§ elestic mode and the interference effects caused by the close proxirity wing.
HE]
=
g (3) Correlstion and Anaivsis
% Two dirensionml airfeil vressure distributions will Ye used *5 ohtiain rore
% trecise chordwise airfoil deflections. The Informeition will alsc be vsed
for correlation in the rodified sercslas+iz snalvsis., Wind tunnsl Les results
will te correlated with performance and stress analytic predictions, !

25ipn gnd Develovrernt

Vo
‘-‘n‘
"
[s1)
£
4
4]
»

L. . -
Investipation of 111 scale Plade design avpvrosches will continue. Sarple
la”> gectione will twe Tabr_ :aled and tecsted rlade crosion rrotlers wil: bo
investirated.
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(2) Rotor Head Mechanism

The blade rollers, guides, and actuation mechanisr fo:r the rotcor head
roll~-up mechanism will be designed, fabricated, and tested.

(3) Tip Control Tab Actuator

The ull scale tip control tab actustor and i:b mechanism will be designed
and fabricated. Tests will include simulation of the high "g" field, as well
as the cyclic aerodynamic and inertial 1loads.

3. PHASE .II

& lerge scale fiightworthy rol'l-up rotor system will be designed, fabri-
cated, and tested in the NASA Ames 40 x 3C ft wind tunnel, prior tc flight
tests in Phase IV, Phase ITI would extend through the third and fourth year

of tho development program.

a. Hon-Potating Aercelastic and Aerocdvnamic Testiu

1 sections will con-

Tests of =lastically scaled, two dimensicnal airfoi
eristics, erosion prevention

tinue for opti-ization ~© vitching moment charact
verification, and structural design imcrovement.

. Botsting Systenm ing - Ames %Win unnei
b. Rotat System Test mes Wind T

A large scale, flivhtworthy roll-up rotor systerm will be tesied on & corm-
pounéd aircraft airframe in the NASA Ames 4C x RO £t wind *unre‘ facility.
Trirmaed and maneuvering flight conditions ;i‘l be tested at speeds to 15C Enots,
v .th various rotor extension positions and !1ift sharing Trom the wing. Trimmed
cenversions frorm the pure helicopnter to the conventional fixed wing airecraft
configuration will be accomplished during rotor diameter chanpge. Aircrafi
stability and control, rotor conirot ncwer derivatives, blade response né
stress levels, and airframe loads will be determired throughout the flirht
envelope. The test pregram will varify znd expand the aercdynamiz and aercelas-
t.c data obtzined during previous rodel tests and sitstantiate the ro‘or systenm
anG girframe for the fligh+

vt <
it
U
ct
el
"~
9
m
3
5
*

c. Analytic Procedures

(1) Design Optimization

Tes?t results and analytic technicuess var
reoptimiz r

ze “he rotor system desisn o

*;
ye
=
j=H
-3
b ot
4]
=3
)
ot
i
3
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(2) Correlation of W

Analytic studies will »e made of the cianned wind tunnel tesr conditions
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and used for correlation with the data.

d. He—dware Design and Development

ricated. Suhsystem test and development programs wiil be performed. The

availeble for airframe development. Use of an existing compound aircraft

new airframe or compounded helicopter airframe will be required.

L. PHASE IV -

A large scale, flightworthy roll-up rotor system will be designed and fab-

aireraft will receive extensive ground testing to substantiate 21l hardware
and demonstrete lacxz of ground resonance instabilities. Several cptions are

air-

freme is desiratle for minimization of airframe system problems and flight
characteristic unknc ms. However, available airframes muy not be corpatible
with rotor system sizing in the NASA Ames facility, in which case a totally

A flight test program will be conducted on the roll-up rotor eguipped
compound aircraft. Modifications to analytic techniques and/or aircraft hard-
ware will be performed as indicated by NASA 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 lnads, airframe structure loads,
and aireraft vibration levels will be determined throughout the flight envelope.
Handling qualities in trimmed and meneuvering flight, with varicus perrentages
of 1ift sharing between wing and rotor and at various rotor retraction stages,
will be studied. Transition to autorotative filight vill be performed from a

variety of initial flight conditions.

This flight test program will begin in month 52 and last three mcnths. It
will conclude the roll-up variable diameter rotor concept development program,
and lead to incorporation of the rotor system in a large, high speed compound

aircraft. The final reports wiil be issued by month 60.




SECTION VI

STUDY CONCLUSIONS

{1) There are three major types of variable diameter r-tor systems that

sre capeble of achieving large ratius of extended to retracted rotor diameter.
These are classified vty the {ype of blade constiuction, and include rotors using
mlti-segmented telescoring blades, folding blades, and very flexible biades that
can be wound cn drums within the rotor head. Of these three, THE FLEXIBLE ROLL-
UP ROTOR IS JUDGED TO HOLD THE MOST OVFRALL PRCMISE. It is the lightest weight
soncept, and causes the fewest penalties in the aircraft design. It is camadle
of low dise loadings and the highest retraction ratios, both of which are ; arti-
cularly appealing for future high speed stowed rotor designs.

(2) A11 of THZSE CONCEPTS INVOLVE EIGH TECHNICAL RISK, substantially higher
than the two segment telesccoping rotors which are presently being developed
by the industry. Tne technical risk of the flexible roll-up rotor results froam
its unusuel dynamic and aerodynamic characteristics. These inciude ‘blade
control, avoidarce of ground resonance, and the possibility of dynamic instabili-
ties during forward flight and blade retraction. These are deteiled in section
III-(3)b of this report, and a development program for this rotor is detailed
in Section V.

In spite of this hign technical risk, the study has shown that the improve-
_ ments which these variabie diameter rotors promise in increased aireraft
capabilities and overall eftficiency appear ‘to be worih the extensive progranm
necessary for their development.

(3) Ax AIRCRAFT USING THE VARIABLE DIAMETER FLEXIBLE ROLL-UP ROTOR WOULD BE
APPROXIMATELY TER PEHCENT HEAVIER THAN A CONVENTIONAL COM’QUND. When designed to
carry a 5.35 ton payload over a 250 nautical mile radius mission, an aircraft using
this rotor system would have & decign gross weight o: approximately 69,000 pounds.
This compares to & gross weight of 62,300 pcunds 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 nl.itudes,
and it could fly the aission at higher speeds than the fixed diameter vehiclz
because of the improved 1ift to drag ratios which result when the rotor is
retracted and s*opped. Speeds of 280 knots would be achievable, compared to
250 knots for the baseline fixed diameter compound. This aireraft design is
discussed in Section IX of tanis report.

{k) CCMPARING TEESE DESIGHS AT CONSTAAT POWER RESULTS IX THE VARIABLE
DIAMETER AIRCRAFT BAVING & LOWER CVERALL CCST EFFECTIVENESS THAN THE BASELINT
FIXED DIAMETER DESIGH. This is because its increased life cycle cost, which
ig due mainly to its large development cost, is not offset by the .mprovement
in mission block time If additional power were installed irn the aircraft,
higher speeds wouid be achievable with only minor growth in aireraft weigh! and
cost. This ccuid improve cost effectiveness to the point where the variable
diameter compound would be superior to the baseline aircraft.
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(5) THE MOST PROMISING APPLICATION FOR THE ROLL-UP ROTOR WOULD APPEAR TO

BE IN A STOWED ROTOR TYPE OF AIRTRAFT DESIGN. 1In the compound designs inves-~
tigated in this study, all of the weight and complexity penalties associated
with the variable diameter rctors have been added, but large speed gains have
not been made since the installed power has not been increased. The primary
advantage 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
forward speed bla e stress, control loads, aeroelastic,and per€ormance toundaries
vhich are associsted with conventionel high speed compounds. The aircraft would
be cspable of substantially higher speeds provided adeguete additional power
were installed. If the capsbility were added to stow the rotor system within
the fuselage contour, the aircraft parasite drag would be further reduced. This
vonld increase the cruise efficiency and could iead to the long sought after
ideal of a high speed VIOL aircraft with low hovering disc loadings.

(6) OF THE DIFFERENT TYPES OF FOLD-UP ROTORS, THE FOUR-BLADED RUTOR USING
THIR FLEXIBLE REFLEX ATRFOILS APPEARS MCST PROMISING. Certain assessments have
been made in this- study concerning overall feasidbiiity and technical risk of
each concept, and it is felt that this conclusion is within the accuracy limits
of these assessments. There is not & substantial difference between the two-
dladed and the four-bladed rotor, and dbetween the thin reflexed airfoils and
the thicker pneumatic airfoils. If after further development effort the thin
reflexed airfoils are-found tc have more difficult problems that have been antic-
ipated, the pneumatic blade should again be considered as a candidate system.
This is perticularly true in the area of torsional stiffress.

{7) THE TWO SEGMENT TELESCOPIING ROTOR, although not achieving the disc
load ng and retraction ratio desired :ln t.hls study, IS AN ATTRACTIVE INTERIM
: : R A ' It has already

hs.d r'onsiderable developmnt effort, and its technical risk is substantially
lower than any of the other concepts.
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Appendix I

U. S. Patents Applicable to Variable Diameter Rotors

1,077,187 J. E. Bissel, October 28, 1913. "Propelle:".
Te.escoping propeller blade, using rack and pinion retraction.

1,461,733 H. BE. Haves, July 17, 1923. "Propelling Device for
Aircraft®. Telescoping propelier blade, using 3 jJazkscrew
type of retraction.

1,922,866 S. Rcsenberg et al, August 15, 1933. "Rotary Airfoil®.
Initial patent on telescoping helicopter or autogyro rotors.
Two and three rigid segments with retraction controlled by
cables, screws, and rack znd pinion gears.

1,957,887 C. B. Hebbard, May 8, 193k. "Adjustatle Fropelier".
Jackscrew controlled variable diasmeter propeller, Blade pitch
eutcmatically changes with diameter,

1,962,077 J. H. Howe, August T, 193k, "Aircraft Sustaining Unit".
Fully articulated teleccoping rotor. Rack and pinion retvaction
mechaniem is driven through universal joint coincident with
articulstion hinges.

2,062,712 V. H. Patriarche, May 28, 1935. "Variable Diameter
Propeller”. Telescop-ng blade with a hydraulic retraction
mechauism. Mechanical links keep Lhe blades syncronized during
retraction.

2,021,470- R. H. Upson, November 19, 1035. "Aircruft". Shows
aulogyro rotors with both fcelescoping und out of piane blade
fold, blede folding is proposed only for stowage purpouses; it
is not propoced that retraction occur during fiight.

2,106,245 T. Ash, Jr., February 15, 1938. "Gyratory Airplene Wing".
Kultisegmented telescoping blade. cable controlled. Csble is
wound zround a spring loaded drum to automatically retrast blades
as rotor iz slowed down. Each segment is rigid; however the
Joints are flexible.

Precediog pags biamk 1
PAGE




= - ez
L AT RS et e Y

— .

PRI

Y (W AWW%?%RW
Ll L M b e b

9. 2,110,563  Andre Thaon, March 8, 1938. "Aircraft of the Auto-
&'ro Type". Cable conirolled retraciion for autogyru rotcrs.
Stoved on ground cnly, not during flight.

i

10. 2,120,168 T. Ash, Jr., June 7, 1938. "sercdyramic Rotor"
Continuetion of previcus patent. HMultisegmented blade with -
each segment controlled by an individual csble. Also covers
cyclicly teiescoping blades for control rather than cyclicly
warying viteh.
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11, 2,155,413 W. A, Belfield, Januery 31, 1939, "Propellier".
Pelescoping blade with two segments; screw driven. Includes
safety devices for discontinuing rower to the screw wechanism
when limits of extension or retracuion have been reachad.
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12, 2,163,k82 b, Careron, June 290, 1339. "aircraft Having Rotative
Sustaining Means". Telescoping dlade with twc segments; screw
3 driven through art;culation hinge. Screw nut mounted flexibly
) fo reduce bend. g during extension/retraction.
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13. 2,172,333 T. Thecdorsen and E, F. Andreus, September 5, 1930.
'"ustaznxng Roter for Aireraeft". FPFirst to show thin flexible
blades wound on a drum. Aiso shows meny rigid segments hinged
tegether horizontelly for out of plene fold. When retracted
these wind on 2 hexageags!l drum within the rotor head.

i
;
2 § 1k, 2,172,334 Theodsrsen and E. F. Andrews, JSeptember &5, 1970,
= "”ustaln;ng Rotor for Aircraft™. Continuation of previocus
e patant. :
& !
. 15, 2,173,291 T. L. ash, September 19, 1939. “Aercdyaamic Totor". i
: Convinuation of patents 2,108,245 and 2,120,168 to show 2 ’
counterbalanced single bladed rotor.

i6. 2,206,978 R. P. Pescara, December 31, 19h0. "Sys
Rotary Bledes™. Fiexible biades retrascted within the rctor
sha®™ or on drums.

- ~n
T
&

Andrews, June 14, 1937. "Aircraft". Hany blade
i drum.

i7. 2,%30,803
segment

.

th 5

folded out of rotor plase onic hexagonal
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17. (continued) .
Extensior of patents 2,172,333 and 2,172,334 to show stowed

rctor applicat’on for high speed flight.

* 18. 2,372,350 G. H. Abeel 1I1, #arch 27, 1945. "™Waristle Length
Propeller"”. Telescoping rotor, two segments, hydraulically
operated. Blade pitch changes with diameler.

i 2 g v

2,380,540 H. W. Mollenhsuer, July 31, 1945. "Automatic Area
Centrol Propeller". Propeller with blades splined o hub.
Mechenical rods control retraction automaticalily with rotor
torque. Small retraction ratio (&pprox. 1.2).
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20. 2,:03,899 F. DuPont Ammen, July 16, 1946. "Propeiler Pitch and
Diameter Controi". Two segment telescoping biade; screw
driven. Small retracticn ratic (Approx. 1.2).

r
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21. 2,k03,946 H. R. Noyes, July 16, 19k6. "rropeller". Two segment
telescoping blade; screw driven. Small retraction ratio. Patent
covers mechranism to drive screws.

aoiag b
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22. 2,k04,290 W. S. Hoover, July 16, 1946. "Variable Diameter anda
Variatlc Pitch Propeller". Two segment telescoping blade.
Retract :d with mechanicel rods. Small retraction ratic. Auto-
maticall; controlled to keep drive shaft at constant speed.

23. 2,425,353 L. Spitzer, Jr., August 12, 1947. "Flexible, Verisblc -
Diameter Propeller". Many bladed propeller with flexible
blades wound on one center drum.

2b. 2,402,261 C. R. Hamel, May 25, 1948. “Air Propeller with Auto-
N matically Variable Pitch and Diameter and Contrclled Piteh
Variation". Two segment telescoping blade. Retracted with
mechanical rods. Small retraction ravic. Rlade pitch changes
with diameter. ;

2s. 2,457,376 V. Isacce, December 28, 1948. "Aircraft with Rotatable
Sustaining Blades”. Multisegmented telescoping blade. Also
includes inplane fold tu further increase retraciion ratio.

183
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26. 2,k57,576 J. 2. Littrell, December 28, 1948. "Airplane Propeller

and Means for Adjusting Some". Variable diameter propeller with

small reiraction ratic. Pitech changes with diameter.

27. 2,458,655 V. Issaco, January 11, 1949. "Parachute and the Like
with Rotating Sustaining Blades". Centiruation of patent no.
2,457,376.

28. 2,404,285 E. F. Andrews, March 15, 13k9. “Aircraft with Retractable

Varisble - Radius FRotary win=". Two scgment telescoping blsde.
Segmenis retract beyond rotor centerline for a three to one
retraction ratio. Also shews inplane folded retor with hinge
at 1/3 radius to ales give & three to ore retraction ratio.

29. 2,465,703 A. W. Allen, March 29, 1949. Miircra:t Sustaining Rotor".

Two segment tesescoping blade, s=2tracted with cable.

30. 2,510,216 K. W. Figley. June §, 1950. "Aircraft Propeller". ‘Two
segment telescoping iropeller blade, retiracted with cuble.
Minimuwn retraction ratics.

31. 2,523,016 V. Isaccn, September 19, 1950. "Sustaining Propeller
fo:r Flying Machines 21d Parachutes"., Extension of patent
2,457,376, Decemoer 28, 1948. Multisesment telescoping blade,
cable cuntrolied, combined with inrlane feld to maximize re-
traction raiio. Tkis patent specificaliy introduces bearing
surfaces betwee) the verious elements for their support.

32. 2,61L,636 R. E. Prewitt, Cctober 21, 1082. "Rctor Parachute™.
Flexib.e roll-up rotor, specificaily applied to non-powered
roters. Includes melhod to stiffen blade chordwise usinrg
longitudinal wires or straps.

33. 2,616,509 W. Thomas, Hovemver L, 1952, "Pneunatic Airfoil™.
Generally covers pneuratic aerodynamic shapes, both fixed and
rotary wing. Includes iaternal te¢nsion nmembers to meintain
apecific shape under pneunmatic pressure.

18k
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36.

37.

33.

hg.

2,637,406 V. Isacco, May S, 1953. "fTelescopic Rotor Blades and

Brakes Therefor". Extension of no. 2,522,216. Multisegrent

telescoping blade, cable contrclled. This patent introduces

a brake device to limit the speed at which the hlades extend

under centrifugal force. This same brake can then be vsed to
retract blades.

2,640,549 V. Isarco, June 2, 1953. "Jet-Driven Sustaining Propel-

ler for Airecraft”. Extension of his previous paten’s to
include tip driven rotors.

2,684,212 E. G. Vanderlip, July 20, 1954. "Disc Rotor with

Retracting Blades for Convertible Aircraft"; asaigned to
Piasecki Helicopter Corperation, .lorton, Pa. Two segrent
telescoping blades, cable controlled. Telescoping segment of
bledes retracts into a large center disc which has a diameter
of approximately onre half rotor diameter. After retraction
this disc becomes the wing for a high speed fixed wing mede of
fiight.

2,713,%3 V. Isacco, July 19, 1955. "Telescopic Blade for

Rotating Wing Aircraft”. Extension of patent no. 2.637,406.
Multisegment telescoping blade, cable eontrolled. This patent
introduces methods of balancing the blade mass about the

gquarter chord and certair other features to reduce hlade stresses.

2,717,043 V. Isaccc, Septembar 6, 1955. "Contractable Jet.-Driven

Helicopter Rotor". Extensicn of patent no. 2,457,376. Multi-
segiment telescoping biade, cable contiolled. Also inci-des
inplare fold. This patent extends concept to include tip-
driven rctors.

2,745,059 D. H. Meyers et al, June 5, 1956. "Aircraft with

Retractable Variable Radius Rotary Wing"; sssigned to Vertol
Aieraft Corporation. Telescoping bisdes, cable operated.
Discusses method 3¢ use kenetic energy of rotor to provide
retraction power. Also shows drun for cable concentric with
rotor shaft,

2,776,017 J. B. Alexander, Januz <y 1, 1957. “Telescoping Rotor™.
Multisegment telescoping blada, cable orerated; Non powered rotor.
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2.852,207 D. K. Jovanovich, Septeumter 16, 1958. "Convertiplane".
Two segment telescoping blades, telescoped beyond rotor
cenlerline jnto fixed disc which beceomes the wing for fixed

- - wing flight. Center disc does nmot tilt with tip path plane.

k2, 2,869,6% B, D. Lux, January 20, 1959. "Helicopter Rotor".
Multisegment blades fold out of plane, designed for extending -
in flight under centrifugel force but not retracting vwhile
rotor is turning.

k3., 2.967.573 Q. . Johnson, Jr., Januzry 10, 1961. "“Pneumatic
Alrfoil®™; ussxgneﬁ to GocdYear Aircraft Corporation, Akron,
Chic. Pneunstic airfoll with "substantiaily nonextensible
threads in a number between sbout 25 and sbout 200 per sguare

inch ncsz.laned in substantially parallel relationship insiie
the envelope® to hold required airfoil shape when pressure is
introdueed. )

Y4, 2,969,211 F. (.. VonSaurna, January 2k, 196i. "Inflatable-Wing
Rotor". Iuflastable blade with accarﬂion fold. Applied to
rotor parachutes, not halienpiars.

45. 2,979,288 A. Klien, April 11, 1961. “aAireraft Propeller Arrange-

ment and Means for Elongating Same". Varisble diametler
propellers using rack and pinion mechanism. Small retraction
ratios.

6. 2,989,268 E. F. Andrews, June 20, 1961. "Convertible Aircrafi".
Extension of patent no. 2,h6h,285. Two segment teliescoping
blade with segments retiacted past the rctor centerline for a N
3 to 1 retracticn ratio. Specifically covers tip drive for
these type of rctors.

47, 2,996,121 J. A. O. Stub, Angust .5, 1961. "Retractable Airfoii".
Flex‘ble skined vlade, c¢able controlled. During retraction
cabkles wird on drum while skin folds sccordion fashion ai <“tg
inboard exd.
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3,065,799 L. €. McCarty, Jr., November 27, 1662. "Rotary Wing
Aircraft™. Thin flexibie blades that roll on a drum within
the rotor head to achieve high retraction ratios. Specif-
icaily covers these type of rotors with propulsion units on

- the blade tips. Discusses pitch control using control surfacss

carried by the propulsion units, by rontrol tabs on ihe blades

themeelves, by varying the engie of incidence cf the tip of
the blades with respect to the propulsion units, or by &
combination of these. Also states that "By proper spening of
the tension filimenis . . . the blade . . . may be designed
to maintain an effective angle of attack . . . without the aid

of a zentrol tab . . .M.

18.

%9. 3,117,630 D. T. Barish, January 1k, 1964, "Rotors”. Flexible
blades wound on a drum.

0. 3,120,275 K. Pfleiderer et al, Februsry 4, 196k. "Rotor
Consiruction™; assigned to Bolkew. ¥lexible blades wound on
a drum. Particularly applied to "Megnus rotors® which are
defined as rotors which " . . . include rotnr elememnts or blades
which are substantially cylindrical and which are rotated
abcut their longitudiral axes ags well as rotated about a central
rotor head axis”.

531. 3,128,826 A. M. Young, April 14, 196k, "Varieble Diameter Propeller".
Appesrs to be basis for Bell Variable Diameter Rotor (VDR),
although patent is not specifically assigned to Bell. Two seg-
ment telescoping rotor, cable operated., Ceble drur and rotor
hub are both driven by aircraft prcpulsicn unit through planstary
gearing. When the drum toraue exceeds the hlade centrifugel
force the blade is automatically retracted, VWhen it does not, the
blade is sutomatically extended. The drum can alsc 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 blaces. Flexible upper and lower
blade surfaces with pneumatic tubes sandwiched between them.
Yher. these tubes are inflated they become the blade structural
spars. Also includes blade pitch control achieved by varying
the inboard blade pitch angle in conventicnal helicopter fashion.

. 53. 3,188,020 J. H. Nielsen et al, Jure 8, 1965. "Rotor Blade and Air
Vehicles Enbodying Same". Flexible blades wound on a drum. Tip
weight is supported by catenary cables in leading aud trailing edge of

187
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55.

55.

57.

58.

(continued)
blade. Blade chord is varied such that leading and trailing
edges are concave in the plan view., This places the tlude
membrane in chordwise tension when centrifugal force puts .
the leading and trailing edge ca*tenary wables in tension. '

3,249,160 W. Messerschmitt, May 3, 1966. "Roter Blade Constrauction
for Aircraft"; assigned to Messerschmitt AG, Augsbur~, Germany.
Muitisegmented telescopirg blade. Snows screw drive .echanism
for retracting more than one segment.

2,275.655 P. F. Girard, September 20, 1966. "Center Rody
Pivotally Retractabre Rotor"; assigned to Ryan Aeronautical
Co., San Diego, California. Ryan Disc Rotor. Inplane %lade
fold with folding hinge at approximctely one third radius.
Centeibody extends beyond fold h:nres so that blades are
retracted within it. The blades "are counterbalanced zbout
their swing sxes to minimize retracticn loads while the rotor
is rotating".

3,297,008 A, V. Kisovee, January 10, 1967. "Aircraft Propelling
Assembly"; assigned to the Boeing Company, Seattle, Wash.
Ty segment telescoping blade with capabiliiy to vary blade
twist with diameter; screw mechanism.

3,298,142 P. Isaac, January 17, 1967. "Reelable Reversibiy Flexible
and Rigid Structural Members". Similar to patent 3,18:,187.
Roll up rotor. This pateni extends the earlier one "to provide
inflatable 3tructural members which are made completely frem
metailic parts"”.

W

3,321,020 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 rid 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 ljttle undesirable effects in respect to flight".

"

3,362,665 A. E. Larsen, et al, January 9, 1968. "Air tc Ground
Descent Means". Fotochute using inflatable blndes coiled
within the rotor head. : -
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APPENDIX II

EFFECT OF YARYING DESIGH DIAC ILOADING

Although all designs were done with o fixed disc louding, it is instructive
to determine how they would vary if disc loading was made & varisble. The
computer design models were used to generate new trends us functions of disc
loading. These models use mathematic eguations to completely describe eacn
aircraft design, and these equations arc necessarily based on certair rules and
assumptions. As loug as Lhase 2re not changed, the equations will pgive accurate
trends. If the original assumptions are not held, accurate results will not
be obtained from the program. Because of this, the 3isc loadings could only
be varied over a small range. '

For four cut of the five low disc loading concepis, the optirmum was
found Lo be within the assumed -range; for one it was not. FEven when the
solution vas found to be outside the assumed range, the aralyzis showed the
derivatives of the trends through the design point, and this shows approximately
where the optimum peint should lie.
’ For all of the disc londing of five aircraft. the disc loading was varied
between four and six psf. Beyond this range thore was little confidencs in the
weight trending equations. The rotor weight equations, in particuiar, were not
set up for variable disc loading, being instead developzd 20 determine rotor
weight at ccastant disc loading and variabla gross weight.

All of these designs also use the high dise loeding anti=torgue fan,
wrich is mounted under the mair rotor disc, For low disc loadings, this results
in th~ lightest aircraft sr.ss weights. However, a: higher disc locadings =
tail rotor solution will be lighter. This cross over peint betweea fans and
tail rotors should occur around a disc loeding of eight or nine. It is very
possible thet with a tail rotor these designs mighit optimize st a higher disc
loading, and that of these twe coptimum pox its the tail rotor solu’ion may izad
to the most cos%t effective airecraft. This tyrz of extended disc lcading trede-
of £ was not performed, it being considered out::ide the scopz of thiu study.

Figures bl through 49 show the results of the disc leading trade-off
studies. The low disc loesding concepis are summarized as follows:

ASSUMED MOST £0ST TFFE(

DISC LOADING DISC LSADIRC
Eight Segment Telescoping Rotor 5.0 k.1
Roll-up Rotor, Two Thin Blades 5.0 b
Roll-up Rotor, Four Thin Biades 5.0 5.7
Roxl-up Rotor, Four neumstic Blades Se) {>6)
Inplane Fold Rotcr 5.0 S.G
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The disc loading of the two segmeut, telescoping r-tor was also parametrj.
cally varied from the design 10 psf down to a disc loading cf 8psf. Below this
its equations break djown, since its tail rotor must be replaced with a fan.

The conclusion is, however, that the most cost effective disc lcading is not
belov 10 psf, but appears to be something greater than 10.
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