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B ABSTRACT

This report documents.the research.requirements for developing an improved-efficiency
rotor for a'civil hehcopter The various design parameters affecting the hover and cruise effi-

ciency of a rotor are: surveyed and the parameters capable of producing the greatest potential

' 1mprovement are identified. Researcn and dévelopment programs to achieve these improvements
B !are defmed and estlmated costs and schedules are presented Interactmn of the 1mproved-

il 1ts 1mpact on engme noise;, hover and crulse performance one-engme moperat1ve hover capabxhty,

-~ and mamtenance and rehablhty

)

Ce 1. H o
4
i




w”ém |

This report was prépared by-the Boeing Vertol Company for the National Aeronautics
) ’_and Space Adrmmstra'uon, Langley Research Center, under NASA Contract NAS1-13624.
: »‘»-‘--‘_V"Wﬂham Snyder was techmcal monitor for this work The Boeing Vertol Project Manager was

‘f’Wayne Wlesner T T
N l SR
R SR o
E
E
£ i
+
N ;
i
i5 -
i
IR
e Bl ] “iv S



CoLANNTE Dy

waaq meE

D ———

Inr order to improve: the performance capablhty of future civil helicopters, the goals of a
9 3- percent 1mprovement m hoyer efﬁczency and a 20-percent 1mprovement in cruise efficiency

component

TécHﬁGlBIjlcal gaps have been identified in the areas of presently available rotor test data
which reflects the effect of variations in rotor design parameters on rotor efficiency and analyti-
cal performance-prediction capability in both flight regimes.

Th:erefore;:reseércl_i' and development programs involving considerable model-rotor testing
., in both hover-and cruise flight-are:recommended, leading to the eventual design and test of a
.. full-scale, improved-efficiency rotor.

The improved-efficiency rotor:

. : § A
- 'j e  Results-in-a-2:9-percent-increase in cruising-speed, a 15-percent increase in specific range,
and a/12.9-percent décrease in fuel consumption.

o Proalifféé"é a refi:luction' in eirﬁb'fy'ﬁe'ifjllt of 3’.83 percent.
) Results in smaller eng1nesmbemg s1zed by.the HOEI requirement.

e Produces ad. 42-pe_rcent reduct1on_ in flyaway cost and a 6.75-percent reduction in direct

operqung ‘cost.
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0 INTRODUCTION

ot ediotiohuiiod” oo

Previous. stud1es have shown that, on the basis of fuel efficiency, helicopters can be
competitive with other forms of transportation for some missions. Current energy-consumption
levels can be reduced however through the mfusron of advanced technology into the design
process - """"" s o

;exammed five technolog1cal areas that promise to reduce
hehcopter energy consumptron These are sfc reductlon increased rotor figure of merit and’
" gruise L/DE, parasite-drag/ reductlon and reduced empty weight through the application of
advanced composrtewmatenals SRR

Prehrmnary est1mates were made of the development programs required to achieve speci-

fied goals. ! ! The percentage of energy reduction for each technological area was also estimated

and presented as development cost per unit energy intensity saved.

These results shown in F1gures 1 and 2, show that improving rotor efficiency (figure

" of merit and cru.tse L/DE)A offers large payoffs in energy reduct:on at minimum cost.

This report documents the research requirements for developing such an improved-
efficiency : rotor fora c1v11 hehcopter _The various design parameters affecting the hover and
cruise eff1c1ency of a rotor are surveyed and the parameters capable of producing the greatest
potential 1mprovement are identified. Research and development programs to achieve these

~“improvements are’ ‘definied and estimated costs'and schedules are presented. Interaction of the

.. improved efficiency rotor with.other technolog1ca1 goals for an advanced civil helicopter is
. noted, including its impact on engine noise, hover and cruise performance, one-engine-

._: inoperative hover capability, d mamtenance and rehab1hty

T



REDUCTION IN ENERGY INTENSITY — PERCENT,

40 — 38.1
. 30.35
30
20 b~
16.6 -
12.5
10F 9.2
6.5
5.8 .
3.1
0 - 4 e e e e e -
SFC SFC - FIGURE- : L/DE Fe ~ STRUCTURAL ALL
REBUCTION' REDUCTION ~OF-MERIT "IMPROVEMENT ﬁE’[ﬂ_T(f’rih(”ﬁ\T~ EW/_GW RATIO TECHNOLOGICAL
(CONV ENG) (REGEN ENG) IMPROVEMENT REDUCTION IMPROVEMENTS
‘ ALL " (REGEN ENG)
TECHNOLOGICAL
IMPROVEMENTS
(CONV ENG)

Figure 1. Comparison of reduction in energy intensity for the compromise design mission
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Flgure 2. Companson of technologlml development in terms of cost/unit EI saved

for the compromise desxgn mission



" "[20 FACTORS AFFECTI ﬁéwo'ron EFFICIENCY

. The following paragraphs provide some insight into the overall factors governing the  ___ /\ v
' improvement of rotor efficiency in hover and cruise. o S

f 2 1 Improvement in Flgure of Merit

= The. t’wio#‘rféjo’r‘ ‘compenerits of- figure-of merit-which have to be improved are the induced
‘and profﬂe powers. The mduced power:is the theoretical power used to generate lift in the

"~ absence of] |any airfoil proﬁle drag. Momentum theory shows that the induced drag is minimized

when a uniform dlstnbutlon ‘of perpendicular induced or downwash velocity is achieved through

the rotor. Increasing the number of blades and/or having nonlinear values of twist result in

more-unifor_m induced velocities with the associated increase in figure of merit.

. The other major compoheﬁt'of actual hover power, the profile power, is dependent on
" the best obtamable lift-to-dragratic.”This'is'a function of local Mach number. For the airfoils
. inuse today, blade sections would have to operate at- Cr, = 0.8+ 0.9 to achieve the highest lift-

to-drag ratlo

In order'to visualize the relative importance of the induced- and profile-power com: .
ponents to~figure~0f~-merit'}"a"simplifiedwanal‘ysis (ref:2)-is-presented where:

F e reroame worsammnr B yd
’““"W"" . """“” T 2.5984 ] v
+ ——— . _ :

‘J_(EQSIz/Cd)

KIND "= induced-power component

2:5984 -
J—( CQ3 72 /c—) = prof11e-power component

The prev10us equatlon is. t¥1e result-of rearranging the basic rotor hover-efficiency relationship,




R

where S O .

CPIND J’ 2 Kinp cT3’2

The proflle power component can be further ranonahzed 1nto the format of reference 2
by combmmg ‘the basrc rotary-wmg definitions of =~

i

— -t,.Cd._ e+ e 8 CPPRO

_..into'the parameter co3 12 /cd (whlch is analogous to CL3 /2 /CD in flxed-wmg performancelso
thate e e et TR » Ao

_ 23/2 LS. L8371CpY?
o KN " : Vo PprO
c e
or : PprO 1.8371Cp**
| e o)
; L& m

..[ H ot

A equat10n to obtam

Th1s can be substituted mto the prof1le—power component of the s1mphf1ed hover effxclency%

» «,,.r_}pro.._,...,_..... ...2.5984 _
- 0.707Cp2"2 ;,/g(ég,s/z /6g)

‘ The factor: KIND' or 1nduced -power factor, is the ratio of actual rotor-induced power to
.+ the ideal rotor induced power’ (assuming a uniform downwash distribution). It can be minimized
i by optmuzmg blade chord, twist.distribution, and blade number. cQ-"/ 2 /cd, the profile-power
-+ factor, is 1nﬂuenced by 1mproved a1rf011 section characteristics, etc. :

F1gure ;3’ 1s a plot of the requ1red values of KIND and cy? 12 /cd for given values of FM,

;..,

‘ i) typlcal (cQ?’; ~"~'/°‘d) ------ levels for symmetncal (NACA 0012) and cambered (V23010-1.58)

| airfoil sections. Note that the integrated or total blade values of (cg® /2 /cq) for arotor employ-
. ing those sections will be less than the levels illustrated.

Reference 3 defmes a maxlmum or upper limit to the pract:cal amount of improvement___

/

m mduced power that can be ach1eved F1gure 4 {llustrates this minimum value of KiNpasa /‘ .
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functlon of Cv'p for a 4-bladed rotor. If we assume for purposes of illustration that an integrated
value of (cQ3 ! 2/cd) =100 is obtamable and use that value in combination with the values of

) Kinp defined in F1gure 4, we get the maximum FM curve illustrated in Figure 5.

L F1gure 6 1llush'afés “the e dlfferent options available, for i 1mprov1ng rotor efficiency in hover..._.. .
"..;Point E is representanve of a current; 1975- technology, square-tip rotor blade. For purposes of

;Lflllustratlon ‘a desired 1mproved FM level, in this case 0.80, is selected and vectors AE and BE
.+, are drawn.| Vector. AE represents an improvement in FM obtained purely through a reduction
* ~'in induced jpower (KIND) 'while vector BE achieves an FM = 0.80 through improved airfoil
B charactensucsmth*nochange in-induced-power:~ It should be noted, however, that vector AE
- assumes no limit to.the amount of induced-power reduction achievable. If such a limit (as de-

components

" finedin F 1gurem4)‘_1.s 17r’nposed“veoto_r”AE is replaced by vector CE.

e 2.2..Improvement inL/Dg

Forward fhght power requ1red can be d1v1ded into profile-, mduced- and parasite-power

Profile power is de’fined as the power required to overcome the profile or frictional losses

incurred by the rotor as it turns. As in hover, the basic profile drag is dependent on the Lift/
" idrag charactenst1cs of the a1rfo:l sections employed, the surface roughness of the blade, and its
- operating' Reynolds number range: -Also-included -are the profile-drag increments due to com-
press1b111ty effects on the advancing blade and stall effects on the retreatmg blade.

) Induced power as. m  the case of hover, is defined as the power required to generate lift
in the absence of a1rfo11 proflle drag '

Paras1te power is defmed as the power required to provide propulsive thrust equivalent

- tothe total parasite drag of the helicopter.

- reduction i;nﬁimportan(:e,o:f ,i'nduced.upowerwto. the total power required. as forward speed increases.

Figfure 7 illustrates a typical rotor power-component split with forward speed. Note the

i

For purposes of evaluatmg the relative efficiency of a rotor in producmg lift in forward

' flight, the profﬂe and: 1nduced power can be corbined and expressed as an equivalent rotor lift-
, to-drag ratlo where :

i -

e ,A,; N '.;,_“ w BN SR

i L/D
= E. 3.5,09¢(PPR0 * PV
and L. m”= rotor lift foréé”i\r' '
- Ppro = rotor profﬂe-power component, kw
-o. . PINp = rotor mduced-power eomponent kw
R ' A -“forward speed kph ‘
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—Bs can be seen from Flgur e, profile ﬁower compnses a much greater share of the total
‘power reqmred and therefore presents a greater potential area for L/DE improvement than in-
duced power

' Figure. 8 sh.ows_- a splif,ef the-profile:power component of Figure 7 into its subcomponents.

Flgure 9 1llustratesfthe effec_t on rotor L/D of the various md1v1dual proflle -power com-
component: consxstmg~onl§—of 'themhas:c profile-drag-subcomponent. - The region- between lines -
3 (Dand@ﬂlustrates the reduction in L/DE, resulting from the addition of the advancing-rotor-blade

"~.compressibility subcomponent of profile power to line( The further addition of the retreating-
“blade-stall subcomponent to hne@results in line@
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Lg 0 DISCUS§IQN Ol-" THE EFFECTS OF DESIG}{ 'PARAMETERS]

@N ROTOR EPFICIENC‘&

i 2 b

[ FUD N S ——

3.1 »~EactorsTha-t Influence Hover Efficiency

As pointed out in sectjon 2.1, the two components of rotor hover power are induced and
~profile power, For.a given number of blades, induced power is influenced very strongly by
’ ‘blade planform and t1p shape (spanwxse chord distribution) and twist. Profile power is affected

f Operatmg Reynolds number of the blade

3.1.‘1 Tip shape. — Induced power is reduced by a more-uniform spanwise distribution
~of induced velocity across the blade. This induced-velocity distribution is controlled by the
.spanwise-lift distribution, which can be changed by either twisting the blade or modifying its
chord distribution.

_ Vector DE-in- Figure-10-is-an example of the improvement in induced power possible
' simply by modifications i in the tip-chord distribution of a rotor blade. The reduction in Kjnp
shown was obtamed by changmg the outer 7.5-percent radius of a square-tip blade to a modified
.elliptical-chord distribution.” Note also the improvement in cp? / 2 /¢4 obtained as a result of
. - overall operaﬁon of the blade séctions at a more- optimum lift distribution.
F1gure 11 1llustrates the KIND reductmn obta1ned by progressively increasing the per-
centage radius of the outer portions of the rotor blade changed to a modified elliptical-chord
- distribution. Note how Ky versus span/radius modified becomes asymptotic to the limiting
value of KfND identified'by"the results of reference 3.
3 1 2 Tw1$t - F igure 12 111ustrates the effect on figure of merit and Ky of twisting
a square- t1pped constant-chord blade with a linearly varying twist. Use of a nonlinear twist
_ distribution would result in still greater reductions in Kynp.

3.1.3_Airfoil section, — Figure 13 illustrates the effects of airfoil-section type (camber

and thickness/chord vanatlons) on hovering efficiency. The upper plot shows the difference in
2 'j,performance between a rotor blade with uncambered and slightly cambered airfoil sections.
" Note that- the cambered-blade-exhibits improved FM due to increased section L/D values. Note
' )'also that as tip: Mach number increases, the cambered blade is affected by compressibility-drag
~ increases more tﬁhen'the unceglhered blade
5] The lower plot shqws a comparlson in'FM between the cambered rotor from above and
‘%,a rotor w1th an.airfoil section: of .réduced. th1ckness/chord ratio.and. less.camber. Note that the
T *‘resulting rotor exhibits higher overall hover efficiency than the uncambered, thicker-section
- :rotor in the upper plot. This is due to the increase in section L/D caused by the camber com-
B b1ned w1th the 1mproved compress1b1hty charactensncs resulting from the thinner airfoil section.

SR ' 15
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o314 -Surface roughness .~ Fi 1gure 14 illustrates the. importance of maintaining relatively
- smooth surface conditions on the leadmg edge of a rotor. Note that the standard-roughness
condition results in a much more severe degradation in hover performance compared to the
slightly roughened leading-6dge surface also shown. This is because the standard-roughness
..condition corresponds to actual grit affixed to the blade surface, rather than the surface wavi-
-.ness of the! latter Obvmusly the former results in much more turbulent skm friction drag than
the latter. '

e

3‘l!f5- “ReynoldS" number : ‘Frgure -15-illustrates the effect of Reynolds number on
a1rforl-sect10n prof1le-drag coefficient. .Reynolds numbers which occur operationally in hover
can range | from 4x lO5 for model-scale blades to 2 x 107 for full-scale, wide-chord blades operat-
mg at moderately h.rgh t1pspeeds Note that at the Reynolds numbers associated with full-scale
-rotors, the(rmmmum Cp obtainable corresponds to the flat-plate turbulent skin-friction-drag
trend line. 'Note also that the vanatmn in Reynolds number referred to above results in a 47-

avallable over a w1de range of Reynolds numbers for use in correctmg model-scale results to
. full-scale conditions and for analytically a_cco_untmg for the rapid variations in blade chord
associated with planform modifications such as those noted in section 3.1.1.

, 3:‘.2 F actors That Influence Cruise Efficiency

As noted ‘e”a“"fh’ef" 1ﬁ ‘section’ 2 2, Totor cruise efficiency, or L/Dg, is a function of both
_.induced and profile effect_s The induced component depends primarily on twist and blade plan-
~_ form._The'profile comporient is dependent on blade planform, airfoil-section characteristics,

~ blade-surface roughness, and Reynolds number. System or configuration variables which can be
- applied to modify rotor L/Df; include higher-harmonic control and lift offset. As seen from
Figure 7-in'section-2:2; induced-effects-account for a substantially smaller portion of cruise
"~ power than profile effects: Thus, the greatest potential for L/Dg, improvement lies in reducing
the profile:power component.

3.2'-.1 ' ROtor variables. ~

‘ 3 2 1.1 Tw1st In; forward fhght since the effect of induced power on overall perfor- ...
" mance is small, the effect of twist on overall performance is correspondingly small. In fact, the
. large amounts of static design twist which are desirable from the point of view of increased
»‘hover effrcrency prove to be-a-disadvantage in forward flight, producing higher blade stresses
» and more-wbratlons than a lower:twist.. Live, or. aerodynarmcally adaptive twist, offers the
poss1b111ty of deSIgmng ar rotor mth a large amount of static twist for improved hover efficiency

N .

6,
*f“l ' Figure 16 illustrates the almost negligible effect such a twist change has on the cruise

.+{L/Dg of a rotor. The data shown was obtained’ by inducing a nose-up pitching moment on a
. model rotor, thus tending to unwind 1t

- RV
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3, 2 1 2 Blade planform and t1p shape The primary effect of blade planform, or tip-
' shape modlflcatlon on a rotor in forward flight is the redistribution of the lift in a more
" efficient manner, allowing operation at more-optimum section C 's and thus reducing the
section proflle drag (and” therefore rotor profile power). Table 1 shows the improvement in
~ cruise L/DE obtained by rev1smg -the outboard 10 percent of a square-tip rotor blade to a
- modified elhptlcal-chord dlstnbutlon o

-~ ~~-~'TABLE T EFFECT OF CHANGE- IN BLADE-TIP PLANFORM -
L ’ _ON AERODYNAMIC EFFICIENCY

Percentage Improvement
o in Rotor L./Dg Due
Advance Ratio, p - . To Elliptical-Planform Tip
o180 10.86
0333 7.64
,,,,,, 5 380 , | - 562

3 2 1 3 AJrfoﬂ-secuon charactenst1cs surface roughness and Reynolds number Alrforl-
section drag characteristics in cruise flight influence profile power in the same manner as in
hover. For example, increased camber results in higher section L/Dg s with a resultant profile-
drag reduction and an overall rotor L/Dg increase. However, this-increase in L/Dy is likewise |
~ accompanied by increased vibration and blade stresses due to the increased sectlon Cym- For
- this reason, large values of camber, with their resultant performance benefits, are generally
. avoided in rotor-blade design. Also, as in hover, the surface roughness and operational Reynolds -
" number are important in determining section profile-drag level, and therefore rotor profile
_ power.

, Of critical importance, however, are the section-compressibility characteristics of the
- airfoil such as drag-dlvergence Mach number and the rate of increase of Cpy with increasing
<* Mach number (dCp/dM):: Improvements in this technological area are of benefit to both hover
'+ and cruise flight. However, asevidenced by the increasing dominance of the advancing-blade
) compress1b111ty effects on tot profﬂe power as dlsplayed in Figure 8 of section 2.2, such im-

. §w .,: R ; SRR
Teby l i

4 Trad1t10na11y, h1gh drag d1vergence Mach numbers have been obtained by using relatively -
thm airfoil sections; but with the recent advances in supercritical and transonic airfoil technology,
* it should be possible to design moderately thick airfoil sections with favorable compressibility

o “charactenstlcs which, at the same tlme do not comprom1se the low-speed hlgh lift characteristics
excesswely .



322 Rotor-system and_conﬁgurauon variables. —

3.2.2.1 ngher-harmomc rotor-system control: As noted in the previous section,
~ advancing-blade compressibility effects represent a sizable proportion of the rotor profile power
. at higher flight speeds. -Instead of tailoring airfeil sections to obtain more-favorable compres-
-sibility characteristics, an_ alternatwe ive approach is to lower the rotor tipspeed in forward flight,
- thus reducmg the advancmg-blade Mach number

ThlS trpspeed reductlon~ however increases the rotor advance ratio at a given forward

" speed, resulting in: mcreased amounts of retreating-blade stall and an enlarged reverse-flow

region. Thus, by simply reducmg npspeed we have replaced advancing-blade- compressibility
__problems w1th retreating-blade-stall problems It is possible, of course, to relieve retreating-
~blade stall simply by unloadmg the rotor with a wing; i.e., compounding the hehcopter.

The other recourse is to use }ugher harmonic control in a reverse- veloc1ty-rotor system,

 obtaining substant1a1 1ift in the reverse-flow region and redistributing the rest of the lift between

. the advancmg and the fore-and-aft sections of the rotor disk in order to obtain a substantial
f rotor L/Dg. increase. Flgure 17 illustrates the L/Dg’s to be expected from such a configuration.
.. The upper: L/DE trend reflects rotor operation with no attempt at trimming out rotor-blade
.- flapping. Application of control power to eliminate blade flapping results in the lower L/Dg
line illustrated. The L/DE levels achieved are particularly noteworthy, cons1der1ng that current-

- technology rotors-are-operating-at L/Dg;'s of about 6 at advance ratios on the order of 0.4. The

main disadvantages of such a system are the complex1ty of the hub and control systems and the
. requirement to operate at:or near autorotation, with auxiliary propulsion being needed.

3.2:.2.2 Liftfoffser-rOtor configurations: ‘A second approach to the reduction of
g advancing-blade-cem-pressibilit—y-ﬂeffectsﬂ-is-’in the use of the highly lift-offset rotor. In this concept,

- rotor tipspéeed is reduced with: the attendant increase in advance ratio (and inherent potential for

' retreatmg—blade -stall problems), and retreatmg-blade stall is dealt with by dumping lift on the
retreating s1de ‘of the rotor and increasing the lift by a like amount on the advancing side. The

. proportion of lift reduction on the retreating side to lift addition on the advancing side results

- in a given fraction of lateral lift offset relative to the rotor center of rotation. Figure 18 illus-

~. trates a typical trend of L/Dg and lift as a function of percentage of lateral lift offset. The
- major disadvantages of thrs type of system are in the large aerodynamic rolling moment generated

.‘ by the lift offset and the necessity, as'in the RVR concept, for auxiliary propulsion at higher
~ speeds. The rolling moment can, however, be dealt with by various configuration approaches.
" Four such conf1gurat10ns are: -

: ' . i, . i .
., 1. The coaxial superposition of two counterrotating, highly lift-offset rotors (as in the Sikorsky
ABC concept).

f ' 2 Two oppositely rotating, highly lift-offset rotors in a tandem configuration.

. 3. Two oppositely rotating, highly lift-offset rotors in a lateral (side-by-side) configuration.

.25
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--4.. Use of a single, h19hlyﬂt—offset rotor_max geometncally asymetncal smgle -main-rotor with
ta11-rotor conflguratmn R

The“potEﬁﬁ“al"Hisaﬁvaﬁt“a'ges"'of ‘these various configurations can be summarized as follows:

Approach lwresults ina relat1vely heavy rotor mast and complex control system.d due to

the need to provide rotor-blade clearances and differential-pitch mputs to the counterrotatmg s
*| coaxial rotors and to absorb the ro]lmg moment 1n the rotor mast. . o~ I

N T L R e

L
R
Moot
%
/o
N

. Ap proach 2 results in a heavy fuselage structure since the. portion of the fuselage between
.. the rotor masts must absorb the opposing rolling moments, in essence converting the fuselage
., into a large torque tube '

Approach 3«results ina conf1gurat10n which takes up-a-lot of space due-to its basic
* geometry and hasa heavyéw;ngu and strut structure since the rotor lift is concentrated at the
.. tips of the{wing/strut and the major portion of the vehicle weight is at its center. Thus the
- wing/strut structure must, absorb tip-lift forces, the concentrated vehicle weight, and opposing
: aerodynam1c rolhng moments

s Approach 4 requ1res extremely careful de51gn and careful control of the center of
© ¢ gravity and welght and balance -

£
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R Y ) CURRENT TECHNOLOGY}

- T "~ 41 Previous Research and Development

41.1 Imorovement in Rotor Figure of Merit. — During the first 30 years after the first

+ successful helicopter ﬂights m -the 1930’s, figure of merit had only increased in percentage from
+ the high 60’s to the low 70’s. But:in the last few years, motivated by the U.S. Army to develop

the lifting capablhty of" cargo carrymg hehcopters the slope of figure-of-merit improvement
. versus t1me has been mcreasmg -

Limited investigations in the past have been carried out to determine the effect of vari-
ations in airfoil-section camber and thickness on hover efficiency (ref. 4). Current interest at

: Boeing Vertol revolves around investigations into the effect of tailoring the tip-chord geometry
‘| to mcrease hover eff1c1ency by reducmg the 1nduced-power component (ref 5)..

4 1 2 Improvevnent in Rotor L/DE —Work is in progress in 1ndustry, NASA and the

"t Army to mcrease ‘the L/Df; (presently near 6) to values approaching 7 or 8. The most interest-
"\ ing of this work is that variable twist changes the span and azimuthal loading of the rotor and

: decreases the blade cycliclloads. With variable twist, both the aerodynamic and structural

speed limits of rotors as well as increased L/Dg at a given airspeed can be obtained. The variable

twist can bé put in mechanically (Kaman) or through blade aeroelastic features of such nature

‘L. as to favorably redistribute the loadings over the rotor disk (Boeing, ref. 6).

Experunents and analyses are also bemg conducted (Boemg/Army) to extend efficient

L/Dg values to higher advance ratios (1 +0.6). Results of preliminary tests show that rotor

propulsive:forces with ade_quate Tift-and" L/DE s of 7.5 can be developed by conventional rotors
at forward’ speeds up to 463-kph (250 knots) by the use of high values of cyclic pitch.

i L1rmted testmg has also been conducted to determine the effects of blade-tip-planform

; modiﬁcanons on Totor cruise eff1c1ency (ref 7)

4.2 Technolog1ca1 Gaps and Problem Areas

Existing gaps and problem areas in the technology of rotor hover and cruise performance

i have been identified as fo_]lows.

4 2 1 Hover Performance - There isno broad base of low-Reynolds-number airfoil-
section data for use in; rotor hover-performance analyses

z B
] Theré isno Ojn'e'-rotor hover-performjance analysis which easily and accurately reflects the
effect of blade-tip-planform shape on hover performance.

STt ~ 29
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) There 1s no extenswe base of rotor ‘test data (elther model or fu]l scale) Wthh reflects the
¥ mterplay of various combmatmns of twist, planform ‘blade-tip geometry, and a1rfoi1

sections on hover performance.

joe—4.2.2 Cruise. Performance = There is.no. one.rotor crulse-performance analyms whlch
. easily and accurately reflects the effect of blade-tip-planform shape on cruise performance.

blade: parameters: such -as-tip- shape and airfoil sections-on rotor profile and induced power
(and therefore L/DE)

E

{
gf e Thér¢isno e‘;’ctenswe Baﬁe of iodel or fullscale rotor test data which shows the effect of
{
|
{

1 '3 There'"iS a Iaiok of detalléd knOWledge on the interaction of aeroelastic and dynamic effects

on areas suchas' retreatmg—blade stall'and their subsequent effects on rotor profile power
(and therefore rotor L/DE)

; 30
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J 5 0 RESEARCH AND DEVELOPMENT REQUIREMENTSJ

’\

[

Rotor technological gaps and problem areas are defined in section 4.2. The following
, Tepresents a summary of the actions which must be taken in order to realize the goals set forth
in reference 1,

P 5 1 Improvement in Hover EfflClency (Flgure of Ment)

i
e mmaen mm = e e—— ..‘.._._.._. e e tan eroes

, As indicatéd by Figure 6 in section 2.1, reducing induced power is a more powerful means
for i 1rnprovmg the hover efficiency of current rotors than reducing profile power. Accordingly,

 the primary emphasis should be placed on gaining a better understanding of the interaction of
- blade design parameters and induced-power effects, and a secondary emphasis placed on improv-
" ing and deveIOping-mnew--aiiffoil- sections.

Th1s can be accomphshed by

‘e Consi?ierable model:rotor-hover testing of various combinations of planform, tip shape,
twist,.and airfoil sections to obtain a broad range of both induced- and profile-power data.

Devel_fopmer'ltféf ii'nplfoved arialyticalrtechniques for accurate hover-performance prediction

of rotor blades desighed to betefit from the technological data base obtained in the first

step. ;Such.techniques- must be capable of dealing with rotor blades having spanwise chord
_variations and nonlinear twist and operating at high thrust coefficients.

‘o Consiiierable airfoil-section testing at low Reynolds numbers to build up a data base for use
indn the-hover-performance-prediction of various planform and tip-shape blades with the
improved analytical tools noted above.

'@  Additional airfoil-section development work concentrated in the area of improving
compresmblhty-drag-rlse characteristics such as drag—dlvergence Mach number (Mpp) and

dCp/dM.. - B

Emplc}yment of the rotor-optimization trends obtained from the broad model-rotor test
program in conjunction with the improved analytic performance and design techniques to
produce a full-'scale optimum hovering rotor.

. -: _ 5 2 Improvement in Crmse Eff1c1ency (L/Dg)

: As dlscussed in" sectlon 3 2 the reductlon of profile power in cruise flight is of the utmost

- importance in increasing rotor L/DE. Such areduction can be achieved by concentrating on

‘ ; obtaining a better understanding of the mechanisms inherent in both the retreating-blade-stall
+and advancing-blade-compressibility components of profile power and using both rotor design

parameters and vehicle configuration approaches to reduce their effects.

31



Th1s can be accomphshed by

" @  Considerable model-rotor testing (wind-tunnel) of various combinations of planform, tip

shape, twist, and-airfoil sections to obtain a broad understanding of the effect of these
blade ;design ,parameters on.rotori L/Dg.

- o Development of i nnproved analyucal crmse-fhght performance~pred1cuon techniques which

can accurately reﬂect the interaction of the blade de31gn parameters specified above on
rotor forward-flight- crmse performance <

f,

) Developmentr of airfoil s_ections with improved compressibility characteristics such as

increased drag-divergence Mach number (Mpp).

e Investigation of the. interactions of blade aeroelastic/dynamic effects on areas such as

retreating-blade stall and determination of the value of concepts such as live twist and
higher-harmonic control in both reducmg blade stresses and vibrations and increasing
rotor L/DE by reducmg the effect of the retreating-blade-stall component of profile power.

° Further study of advanced rotor-system concepts such as the reverse-velocity rotor and
configuration approaches such as the highly lift-offset rotor as means of reducing the
retreatmg—blade-sta]l component of proflle power

5.3 Inte_gration of Rotor Design Parameters

" Some of the 'éi;ﬁ%é}é’éﬁéé”ié 'B'é""ih&ésﬁg'ated for improving rotor efficiencies are compatible

-with both flight regimes; for example, improvements in airfoil-section compressibility character-

istics can.be-of benefit to-both-hover-and cruise efficiencies. -Some- are not; the RVR system

- usesa douhle-ended airfoil section for obtaining lift in the reverse-flow region in forward flight,
~ thus increasing L/Dg. This type of airfoil section, however, penalizes the rotor hover performance
~ compared to a moré conventional section. Thus, in developing an optimum rotor, care must be

o

[
LN

 exercised in the integration of the rotor design parameters to obtain this combination for maxi-

mum efflclency in hover and cruise..

5.4 Schedules and Estimated R&D Costs for Improvement of
“Rotor-Efficiency in Hover and Cruise

F1gures 19 and 21 are the schedule and estlmated R&D costs for programs to 1mprove

rotor hover and cruise effmency

t

‘ Figurlesl~20'v-and'izz--rvgreipl'oté"oﬁ"pr'ogram' expenditures and improvements in figure of

X zmerit and cruise efficiency as a function of time.



. PROGRAM YEAR
ITEM 1 2 3 4 5 6 7 COST ($)

HOVER TESTS (MODEL) TO ISOLATE
GEOMETRY EFFECTS

AIRFOIL TESTS TO OBTAIN CHARACTERIS-
TICS AT SAME REYNOLDS NUMBER AS
HOVER-MODEL TESTS

||
| DEVELOP COMPUTER MODEL THAT PREDICTS |  mmm , 75,000
i | EFFECT OF TIP SHAPE, TWIST, PLANFORM,
AND AIRFOIL

ASSESS THE LOADS AND PERFORMANCE OF , , , ’ 100,000
| | THE HIGH-FIGURE-OF-MERIT ROTOR IN HIGH- —
SPEED FORWARD FLIGHT BY COMPUTER

[ ] ‘ 200,000

50,000

'] ANALYSES
| ' DESIGN AND CONSTRUCT ROTOR MODEL | 200,000 . |
|| THAT CONTAINS THE BEST BLADE SHAPES B |
" | |_AND AIRFOILS FOR HOVER AND CRUISE |
| ' |_CONDUCT MODEL TEST AND WRITE REPORT | 200,000 |
DESIGN AND CONSTRUCT OPTIMUM FULL- 4,000,000
SCALE ROTOR FOR RSRA |
INSTALL, TEST, AND EVALUATE OPTIMUM 3,000,000
ROTOR ON RSRA ~
WRITE GUIDELINES [ 150,000

B

S S SO SOOI R 3

Figure 19. Program schedule and estimated research and development costs for increased figure of merit
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PROGRAM YEAR ,
- ITEM 11 2 3 4 5 6 7 COST ($)
t | PREPARE COMPUTER PERFORMANCE 200,000
' | PROGRAM TO CONTAIN LIVE-TWIST ROTOR -
CHARACTERISTICS COUPLED WITH HIGH
FORWARD TILT AND CYCLIC PITCH B
DESIGN, BUILD, AND TEST WIND-TUNNEL , ; 150,000 | !
MODEL FOR OPTIMUM PERFORMANCE + |
AND LOADS |
REVISE COMPUTER PROGRAM [ ] 50,000 | |-
CONDUCT FURTHER WIND-TUNNEL TESTS : 300,000 | !-
TO EVALUATE EFFECTS OF AEROELASTIC P B
ADAPTIVITY ON OPTIMUM SOLIDITY, ¥
AIRFOIL CRITERIA, ETC |
" REVISE COMPUTER PROGRAM - | 175,000 ]
DESIGN, BUILD, AND TEST FULL-SCALE : 1 7,000,000
ROTOR FOR RSRA TO VERIFY PERFORM- . I
ANCE AND HANDLING QUALITIES
PREPARE DESIGN GUIDELINES BASED - 150,000
ON FULL-SCALE TESTS AND ANALYSES
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' AFi‘gure 21. Program ‘s.cil.edule and esﬁtlmated fésearch and development costs for increased rotor aerodynamic efficiency (L/Dg)
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The-impact of rotor-hover and cruise efficiency improvement on interacting technological

" areas and systems, is discussed in the paragraphs which follow.

e '6.1 Helicopter Noise Generation

' .
e

6. lE 'L;Maui-rotor no'ls'e . Table 2 shows how various rotor design parameters are related

: ° Airfo;ls such as the Boéi‘ﬁé‘Vé?"t’él’VK-? reduce low-speed slap because their shock-stall

characteristics are better than the NACA 23000 series.

° Planform taper and tw1st reduce rotatlonal noise because they move the blade-span loadmg
toward the center of rotation.

e An inhrease in disk loading increases the rotational noise due to the higher strength of the

vortices.

e A1rf011 thickriess ratio hasa great effect on h1gh-speed slap.

e Planform shape, espec1ally tip planform shape has a great effect on low- speed slap (0 to

30 knots) smce 1ts shape wﬂl affect the structure of the blade tip vortex.

All of these'effects on rotor noise must be given careful consideration when varying the
rotor design parameters.to increase rotor. efficiency.

6.1.2 Main/tail-rotor interaction noise. —Very little is known about the noise increase

" due to interactich bétween the rnain and tail rotors. It is known that tail-rotor noise is always
" higher in the presence of the:main rotor than when alone. Under certain conditions, as when

the helicopter is ﬂying away from the observer, a pounding noise at the main-rotor-blade

- passage frequency is measured. Itis postulated that such pounding is tail-rotor noise being

modulated: by the passage of ‘the main-rotor-blade tip vortices through the tail rotor. This is an

" area that should be- further researched so that such effects can be quantified and apphed to

the design of advanced rotors

L
1
io
3"

6.1. 3 Engme no1se — Improved rotor eff1c1ency will have very httle effect on engme-

{Such a reduchon m the size- of«the powerplant ‘is estlmated to decrease-the sound-pressure level
of engine noise by one decibel; thus engine noise will not be reduced to any measurable extent

: "lby more efficient rotors.
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. TABLE 2. EFFECT OF ROTOR PARAMETERS ON ROTOR NOISE
: ije of Rotor Noise Affected :
High-Speed Low-Speed
Rotor Parameter Rotational Slap Broadband Slap
I Total Blade Area X
Planform Taper X X
Twist X
Tipspeed @ @ @ X
Airfoil Type ®
Planform Tip Shape X X
Surface Finish X X
Disk Loading X
Blade-Span Load
Distribution X X
Airfoil Thickness Ratio €9) X
Design Cp, X X X
No. of Blades X X
Freq only
Thrust 679) ®
Chord X
Radius X
Aircraft Velocity X X
@ Items having major effect on noise
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Improved rotor eff1c1ency affects overall vehicle performance in several ways. The in-
creased hover efficiency resultsin'a lower hover-power requirement, with a resultant saving in
 installed power.. ‘Compared- to the 1975-technology-basehne compromise helicopter of reference

- 1, the unproved-eff1c1ency-rotor hehcopter exhibits a reduction in installed power of 11.4 per-

i

cent. This reduction in engme s1ze is unportant because it lowers the overall absolute value of
* the fuel- consumptlon rate, 1mproves specific fuel consumption at partial-power throttle settings,
and increases veh1c1e*spec1f1c range. The improved-rotor L/Dy; resultsin a lower power required
" fora g1ventspeed (and:therefore lower fuel consumption) and a higher cruising-speed capability.
Overall, when compared to the 1975-technology-baseline helicopter (ref. 1), the improved rotor
results in'wa 2.9-percent increase in cruising speed at normal rated power, a 15.1-percent increase
in specific range, and a 12; 9-percent decrease in fuel (and therefore, energy) consumed.

6.3 Empty Weight

: Because of the performance improvements noted in section 6.2 with the resultant savings
“in fuel, and- the iterative nature of the sizing process, the helicopter with the improved rotor

- exh1b1ts a 3.83-,percent,.deor.ease...m..empty weight. The EW/GW fraction remains unchanged.

6 4 Dr1ve System Eff1c1ency and We1ght
: The improved-efficiency rotor should have no impact on helicopter drive-system
efficiency. Drive-system weight will be reduced because of the reduction in installed power.

6.5 Hover With One Engme Inoperatxve (HOEI)

Thé increased rotor efficie'ncy in hover will result in a lower hover-power requirement,
thus i msurmg smaller engmes _The ratio of hover-power required to installed power will remain
unchanged.

e 6.6 Reliability and Maintainability

Thé maintenance of advanced rotor blades and hubs should be the same as, if not better
, than, present rotors B'e'éaii"s"é"B“éftéfrnafé?i'als and methods of fabrication will be used, along with
..a reduction in number-of parts:-If higher-harmonic control is used to obtain higher speeds, the
control-system demgn should be carefully surveyed for the effect of many more load cycles
apphed durmg the life of the alrcraft

. i '
f i Control-system mafmtenance wﬂl probably increase durmg the initial use of advanced
‘, frotors However, since rotor-systém (including upper controls) maintenance costs are only 15

_ipercent of total maintenance costs, small increases in upper- controls maintenance should not
matenally affect the overall cost of mamtenance '

039 ¢
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' conflguranons and the effects on transmxssmn design arrangement.

~6;7' Production

The advanced rotor blades that w1ll evolve should be no more costly to produce than

present blades even though they may have more complex planform and tw1st shapmg, because 4

IRA]

even reduce Gost.. However protchon of the leading edge will require a complex formed-metal
" cap which | can add to productlon cost _Research should be conducted to find methods for

manufacturmg these caps

The upper-'control;system-»-may-be ‘more expensive due to the higher loads and greater

~-number of'load cycles:if higher-harmonic control is used.

Bearingless hubs will be used. This type of hub should reduce production costs through

. the use of less-expensive material and fewer parts.

68 Rotor-Blade and Control-System Loads

Control-systern loads will ‘e highier and the necessary static and fatigue strength must

be designed. into the parts carrying such loads. If higher-harmonic pitch is used, coupled with

- mize such loads

;high once- per-rev cyclic, the control loads may double from present loads. Both the control

system and the blade des1gn must cons1der such loading and research will be required to mini-

.6.9 Vibration

'I”he'vibra"c'ion"level“i'nmthe fuselage of helicopters equipped with advanced rotors will be

. low, approaching that of fixed-wing aircraft. This low level of vibration will come from the use

of higher_harmonic control to-reduce rotor-vibratory loads at the source (i.e., on the blade) and

» from the use of vibration absorbers between the fuselage and rotor. Gust-allev1at10n systems will

* further i 1mprove the r1de quahty All three of these areas need more research and applied opera-
' tional expenence e ,
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The cost.impact of improving both rotor hover efficiency (FM) and cruise efficiency
(L/Dg) has been determined for the following categories:

e Initial‘cdsts"‘““°‘““"_ “-“:“fi‘“"“““" o
- Research development test ‘and engmeenng (RDT&E)
Imtlal mvestment :

o ® Direct‘operating,costw,.. et o e s s e+ e

. Reference 1 hsts the RDT&E costs required to bring the rotor technologies up to the
. point where they can be apphed to-an advanced helicopter as:

quen-Efﬁciency---Improve_ment oo $7,975,000

CrtiJise-'Efficiency Improvement $8,025,000

— e o= . Total Improvementv : $16,000,000

These costs are not 1ncluded in. the~1mt1a1-1nvestment (ﬂyaway) costs-of the vehicle.
" The flyaway costs reflect only the labor and material costs required to produce the vehicle
. after the desired level of technology has been achieved.

Compared to the baseline hehcopter (ref. 1), the initial-investment (flyaway) costs are
4.42 percent less Thls isa result of the reductmn in size and weight due to the more efficient
- rotor system:— -
{
Q,if?‘?.t. operating cost (DOC) is reduced 6.75 percent from the baseline value. One of
the major factors contributing to this reduction is a 12.85-percent decrease in fuel costs due to
;> the more efficient-energy-consumption characteristics of this helicopter.

Itis estimated that by 1990 22,000 helicopters of all sizes will be in operation in the
* United States and Canada; These aircraft will have a total capital (initial) cost of $4.15 billion
. and will bum $325 mllhon worth of fuel per year (see Table 3).

If the C1ted savmgs in. mvestment and fuel are conservatively applied to enly one-tenth
:; of these 22 000 hehcopters the 1mt1al -cost savings can be (0.10) x (0.044) x (4,150,000,000) =
5 $18 343, 000 and the fuel cost sav1ngs can be (0.10) x (0.128) x (325,000,000) = $4,160,000
’gper year. Thus the savmgs ifi capital costs alone can return the research costs, while the fuel-
' " cost savings over 10 years (in the 1990's) will amount to three times the research costs. This is
-a very good payoff considering only these two cost items. The value of increased productivity
- and smoother ride will show up as wider acceptance and increased usage of helicopters.
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— TABLES. ECONOMIQSDF.EXISTINGAND FUTURE HELICOPTER
 FLEETSIN THE UNITED STATES AND CANADA

A - Ttem T ‘Present Fleet 1990 Fleet* |
_No. of Aircraft ___ 1 5,500 22,000
Fuel/Yr gal o 107,000,000 430,000,000
_ Fuel Cost/Yr, $/yr ~ 80,000,000 325,000,000
Total Structural Weight, Ib 4,600,000 18,000,000
~(;”a;ggtal Cost,$ 1 1,0%6,000,000 4,150,000,000
Rental Price/Yr, $ 1,141,000,000 4,500,000,000

wPlace-Mlles Available 2,143,000,000 8,600,000,000
Income/A1rcraft $/yr 200,000 200,000
wRent/Place Mile, ¢ _, 50 50
103,000,000 410,000,000

Malntenance Cost $

“*No inflation, o ‘improvements’
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to achleve them are- summanzed in the following paragraphs. . Y

..o

T e '“'“"“ h;m e

The improvement of rotor hover and cruise efficiencies and the R&D programs required

8 1 Improvement in Hover Eff1c1ency
The hover-eff1c1ency unprovement of current rotors depends primarily on the reductlon
f the mduced-power component This reduction can be achieved by concentration of research

in the areas defmed in Table 4, carried out in conjunction with. the development.of the following: - -

o
in the areas.defined in.TaBle.;S, conducted in conjunction with the development of the following:

- An 1mproved rotor hover—performance analys:s (computer program)

:

Desigh, const’mc_i;ion,ﬁ and te_s; ,Qf a full-scale 0ptimum hovering rotor

§

Documenmﬁon of gdidelméﬁ“féi*“’th’é’dééi@n of an optimum hovering rotor.
.82 Improvement in Cruise Efficiency

The cruise-efficiency improvement of current rotors depends primarily on the reduction
f the profile:power-component:-Thisreduction can be obtainéd by concentration of research

An 1mproved rotor cru1se-performance analysis (computer program)
Design;mconstruction;;and«-t-estﬁ’ofua«full-scale rotor optimized for cruise

Documentation of guidelines for the design of a rotor optimized for cruise.




' TABLE 4. SUMMARY OF RESEARCH RECOMMENDED FOR IMPROVED
EFFICIENCY (HOVER FIGURE OF MERIT)

Research Item
Blade Tip Shape

Blade Planform/
Taper Ratio

Twist

Airfoil Sections
with Improved
Compressibility
Characteristics
Airfoil Sections
Operating at Low
Reynolds Numbers

TABLE 5. SUMMARY OF RESEARCH RECOMMENDED FOR IMPROVED ROTOR
EFFICIENCY (ROTOR L/Dg)

Research Item
Blade Tip Shape

Blade Planform/
Taper Ratio
Airfoil Sections
with Improved
Compressibility
Characteristics
Aecroelastic
Adaptivity (Live
Twist) Effect on
Retreating-Blade
Stall, etc

Higher-Harmonic
Control

RVR Rotor System

Highly Lift-Offset
Rotor System

44

Research
Recommendation

Yes
Yes

Yes
Yes

Yes

Research

Recommendation

Priority
High
Medium

Medium

, Medium

Priorify

Yes
Yes

Yes

Yes

Yes

Yes
Yes

High
Medium

Medium

High

Low

Low

Size

Applicability

EE EE

Size

Applicability

All
Al

All

E B

ROTOR

Payoff
High
Medium

High
Medium

~ Medium

Payoff
High
Medium

Medium

High

Low

Low
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