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Abstract

An investigation was conducted in the Glenn L. Martin Wind Dinnel
to determine the effects of blade planform variation on the for-ward-
flight performance of four small-scale rotors. The rotors were 5.417 ft
in diameter and differed only in blade planform geometrj. The four
planforms were (1) rectangular, (2) 3:1 linear taper starting at 04
percent radius, (3) 3:1 linear taper starting at 75 percent radius, and
(4) ,:1 linear taper starting at 50 percent radius. Each planform had
a thrust-weighted solidity of 0. 098. The investigation included forward-
flight simulation at advance ratios from 0. 14 to 0,43 for a range of rotor
lift and drag coefficients. Among the four rotors, the rectangular rotor
required the highest torque for the entire range of rotor drag coefficients
attained at advance ratios greater than 0.14 for rotor lift coefficients
CL from 0.004 to 0.007. Among the rotors with tapered blades and
for CL = 0.004 to 0.007, either the 75-percent tapered rotor or the
50-percent tapered rotor required the least amount of torque for the full
range of rotor drag coefficients attained at each advance ratio. The
performance of the 94-percent tapered rotor was generally between that
of the rectangular rotor and the 75- and 50-percent tapered rotors at
each advance ratio for this range of rotor lift coefficients.

Introduction and three different airfoils distributed along the blade

The U.S. Army and NASA have an ongoing pro- span. The baseline blade set in reference 5 was rect-

gram to improve helicopter rotor performance and ef- angular with a nonlinear twist distribution and two

ficiency through the development of advanced airfoils Sikorsky airfoils (SC1095 and SC1095 R8) distrib-

and blade planform shapes. As part of this program, utcd along the blade span. The alternate blade set

a parametric analytical study (ref. 1) was conducted in reference 5 had a planforrn that tapered linearly

to design a main rotor to meet selected aerodynamic from 80 percent radius to the blade tip, a linear twist

performance goals for the integrated technology ro- of -16*, and three different airfoils distributed span-

tor. (See ref. 2.) Reference 1 considered linear vari- wise. In reference 6, the baseline blade set was rect-

ations in planform shapes with taper ratios from 2 angular with a twist of -9*, arid it used the Hughes

to 4 and taper Initiation stations from 50 to 95 per- Helicopters HH-02 and NACA 64A006 airfoils. The

cent radius. The study in reference 1 indicated unex- alternate blade set in reference 6 had a planform that

pectedly that for a constant thrust-weighted solidity, tapered linearly from 80 percent radius to the blade

twist, and taper ratio, the configuration that required tip, a twist of -12*, and three different airfoils dis-

the least amount of power to cruise at 170 knots (ad- tributed along the span.

vance ratio I of 0.40) had the blade taper initiation The work reported in references 7 and 8 indicates
point nearest the blade tip (95 percent radius). Pre- the effect of tip planformn shape on rotor performance.
vious work had confirmed that alternate rotor blade Reference 7 used two sets of rotor blades to show the
designs that combined advanced airfoils, twist, and effect of blade taper ratio on hover performance. One
linearly tapered planforms were improvements over set of blades had a planform with a 3:1 linear taper
the baseline rectangular blades (refs. 3 to 6). How- starting at 80 percent radius, and the second set had
ever, the rotor configurations In references 3 to 6 did a planform with a 5:1 linear taper also starting at
not permit an apportionment of the power savings to 80 percent radius. In reference 8, the rotor blade
the various rotor blade design variables because more sets had different tip planform shapes (stations >
than one variable was changed between the baseline 85 percent radius), but the sets were riot closely
blade set and the alternate blade set in each case. related to each other.

In references 3 and 4, the baseline blade set Therefore, an experiment was Initiated to quan-
was rectangular with a twist of -10.9* and an tify the effects of significant blade planform changes
NACA 0012 airfoil from root to tip. The alternate on the hover and forward-flight performance of small-
blade set had a planform that tapered linearly from scale rotors. The effect of large planform changes on
50 percent radiux to the blade tip, a twist of -14*, hover performance was reported In reference 9, and



this report describes the effects of those planform r spanwise distance along blade radius
changes on forward-flight performance. The hover measured from center of rotation, ft
performance investigatio was conducted in the rotor SLS sea-level atmospheric density condi-
test cell at the Langley 14- by 22-Foot Subsonic Tun-
nel with four small-scale rotors. The forward-flight
investigation was conducted i. the Glenn L. Martin V free-stream velocity, ft/sec
Wind Tunnel with the same four sets of rotor blades. W weight, lb
The rotors tested were 5.417 ft in diameter and dif-
fered only in planform geometry. The planforms a, rotor shaft angle of attack, positive

were (1) rectangular, (2) 3:1 linear taper starting aft, deg

at 94 percent radius, (3) 3:1 linear taper starting at a rotor blade collective pitch angle at
75 percent radius, and (4) 3:1 linear taper starting = 0.75, positive nose up, deg
at 50 percent radius. Each planform had a thrust-
weighted solidity of 0.098. The forward-flight inves- 0 1  twist angle built into rotor blade,

tigation included advance ratios from 0.14 to 0.43 for positive nose up, deg

a range of rotor lift and drag coefficients. rotor advance ratio, V

Symbols p mass density of test medium, slugs/ft3

The positive directions of forces, angles, and ve- ' I cd(r/R)

locities are shown in figure 1. a area solidity, F F/)

A balance axial force, lb UQ torque-weighted solidity, '

a speed of sound, ft/sec UT thrust-weighted solidity, 'k

CD rotor drag coefficient, () rotor blade azimuth angle, deg

Crotor rotational velocity, rad/secCL rotor lift coefficient, L

p iRf-(QR)2  Subscript:

CQ rotor torque coefficient, rect rectangular

,r112QR)2R Wind Tunnel and Models

c local blade chord, ft Wind Tunnel

Cq torque-weighted equivalent blade The Glenn L. Martin Wind Tunnel (located at
the University of Maryland, College Park) is a closed-

fc c(r/R) 3 ((/R?) circuit, single-return, subsonic tunnel that can be op-
fco (r, ) ft erated at Mach numbers up to 0.32 at atmospheric

pressure (ref. 10). Figure 2 shows a schematic of

Ct thrust-weighted equivalent blade the tunnel. The tunnel test section is 7.75 ft high,

f c(r!R)" dtr/R) 11 ft wide, and 15 ft long, and it has corner fillets.

chord, ,ft This facility permits tests of small-scalp model ro-
fo'(r/R)2 d(r/1R) tors at full-scale tip Nlach numbers at low Reynolds

nunbers.
D rotor drag, Nsina, + Acos n, lb
Dveh =fD (IPV2), lb  Model Description

Rotor blades. Figure 3 shows the planform
fD vehicle equivalent parasite area, ft2  Rtvbae.Fgr hw h lnoi

geometry, airfoil distibuL.on, and twist distribution

L rotor lift, N cos a, - A sin oi, lb of the four blade sets. As previously mentioned, the
1)lanformn geometry was the only differenice between

.11 rotor hover tip Mach number, U the blade sets, so the effect of planforni geometry on

N balance normal force, lb forward-flight performance can b, quantified.

Q rotor shaft torque. ft-lb The four blade sets were 13-percent-size "epre-
sentations of blades for a conceptual high-speed,

R rotor radius. ft lightweight nilitary helicopter. The full-scale values
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of sonic important )arameters for tlis helicopter are airfoil hits drag dwivergence Miact number charwcter-
as follows: Istics and xllaXilmlm lift coeflicients between those of

the ItC(4)-10 and the RC(3)-08, Thus, tie 11C(3)-10
R, ft ................. 20.6 airfoil was used to make the transition between those
fIR, ft/scc ............... 729 two airfoil sections, Smooth transitions were made

fD, ft 2 . . . . . . . . . . . . . . . . . . . . . . 10.5 between tile different airfoil sections over 5 percent
W, lb ..... ............... 8500 of the bhldu radius. The two-ditnenmiomdl ierodly-
CL (4000 ft/950 F) ... ......... 0.00025 namic characteristics of the RC(4)-10 are described
CL (SLS) ..... ............. 0.00505 in reference 11, and those of both the RC(3)-10 and

RC(3)-08 arc described in reference 12.

The thrust-weighted solidity (aoT = 0.098), twist
(e 1 = -130), and airfoil distribution were thus se- Test bed. The four sets of rotor bindes were
letted for this class of vehicle. The tapered blades tested with the nrodel rotor system shown in fig-
incorporated a 3:1 taper ratio (root chord over tip tire 5. This system consists of a fully articulated
chord), with tire tapers initiated at three different four-bladed rotor hub with coincident lead-lag and
radial stations. A 3:1 taper ratio was chosen be- blade-flap hinges, a drive shaft, rotor controls, and
cause it was a good compromise between acrody- a gear box of 900 with a 2.75:1 speed reduction ra-
namic performance and fabrication limitations. For tio. Tire systerm is powered by a variable-frequency
some conditions, a rotor with 4:1 taper ratio blades synchronous motor that is rated at 100 hp at
was predicted to provide a small reduction in power 13 500 rpm. Tire rotor hub and controls are sus-
compared with a rotor with 3:1 taper ratio blades. pended on a six-component strain-gauge balance and
(See ref. 1.) However, the smaller tip size for a 4:1 are isolated from the gearbox and motor by a flexi-
taper ratio blade of 13 percent size makes it more ble diaphragm coupling. The entire assembly is en-
difficult to build and still retain the desired struc- closed in a streamlined fiberglass outer shell and is
tural characteristics. A linear twist distribution was supported on a post rigidly attached to the tunnel
used to simplify the model fabrication. The area floor. The assembly contains a pitch hinge to tilt the
solidity a, thrust-weighted solidity aT, and torque- rotor shaft in tire fore and aft directions,
weighted solidity oaQ for the rotor blades are listed To vary the shaft angle of attack, the entire as-
in table 1. No attempt was made to acroelastically svnbly is pitched by means of at remotely controlled
scale the internal structure of tie blades to repre- hydraulic actuator. Blade collective pitch ard lat-
sent full-scale blades. The blades were made with it hral actuda l cllc tie inpn t-
D-spar of graphite epoxy, a trailing edge of balsa oral and longitudinal cyclic pitch are input to thewoo, ad a ouer kinoffiberglass; this combi- rotor through a swash~plate. The swashlplate is re-
wood, and an outer skin ofvery tis lades motcly positioned with three electromechanical ac-
nation of materials resulted in very stiff blades. taosmutd90aat h olcieataotuators mounted 90" apart. The collective actuator

assembly moves both the swashplate and the cyclic
Table 1, Solidity for Rotor llades control actuator assembly and thus independently

_determines the blade collective pitch. This arrange-

Rotor a Y O ment eliminates tie mixing of collective and cyclic
Rectangular .pitch Inputs through use of control laws.

94-percent taper . . 0.102 0.098 0.096
75-percent taper . . . 0.114 0.098 0,092 Instrumentation. Operation of the model
50-percent taper . . . -0.120 0,008 0000 Is conducted through use of tire instrumentation

mounted on the model rotor system. This instru-
The three rotorcraft (RC) airfoils used for these mentation permits a continuous display of the control

rotors were developed by the U.S. Army. (See fig. 4.) settings, rotor forces and moments, and blade angu-
The RC(4)-10 airfoil, designed for application to the lar positions. The swashplatc position and thus blade
inboard blade region, has high maximum lift coef- pitch inputs are determined by calibrated linear po-
ficients and moderately high drag divergence Mach tentlometers mounted at each actuator. The blade-
numbers kt low lift coefficients. The RC(3)-08 airfoil flap and lead-lag angles are measured by Hall-effect
has a high drag divergence Mach number at low lift transducers mounted at tie blade-flap and lead-
coefficients, so this airfoil was applied to the rotor lag hinges. The rotating-blade data are transferred
blade tip region to reduce compressibility effects on through a 00-channel slip-ring assembly mounted on
the advancing side of the rotor disk. The RC(3)-10 the gearbox along the shaft axis. All strain-gauge
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signals are conditioned by bridge amplifiers with ntl- vldues of Cl,, C, aid CO were obtinhied from tihe,
allising filters set to 1 kliz. The rotor shaft speed average of 2048 datt sampnles taken over it niomial
Is measured with 1-per-rov and 00-per-rov disks and 128 rotor revolutions ILt ech te'st collidloll.
a photocell pickup. The rotor forces and moments
are measured by a six-component straln-gauge hal- Data Quality
once that is fixed with respect to the rotor shaft but
pitches with the assembly. Rotor lift and drag are The performane data ulured during is ii-
determined from the mcasurei balance normal and vestigation was examntned for repeatablilty and is re-axial forces. Forces and moments on the generalized- ported in the appendix. For the four bliule sets,body fairing arce not detcted by the balance. The re- collective pitch sweeps were typically repented for ittr torque is meitured indepecndently with a torque single at at some advance radtos, To minhmlize thetork that Is Iestrumented with a strain-gauge iridge data tcruisitioni time for these repent sweeps, no at-and is attached to the rotor shaft. The rotor shaft tilt tenipt Was made to exactly du)licate the collectiveis masurced with an electronic inclinometer mounted and cyclic angles used for the first sweep. Thus, thenear thuerotor balance. repeatability is based on the closeness of the twofaired curves drawn through the two sets of data
Procedures points rather than on each pair of data points. The

This investigation determined the effect of plan. repeatability of these data is judged to be very good.
form variation on the aerodynamic performance of Presentation of Results
four sets of rotors. As much as possible, the rotors
were tested at the same nonmial conditions defined The results of this investigation were reduced to
by it, Q2, nv, and e. The range of i covered in thils coefficient form and are presented hi figures 0 to 13,
test was 0.14 to 0.43. Tie rotor tip speed (A = 0) as shown in table 2. These performance parameters
was nominally 729 ft/sec, which resulted in an MT were not divided by the rotor solidity because the
range of 0.627 (p = 0.43) to 0.635 (p = 0.14) be- four different types of blades (tapered and rectangu-
cause of changes in the tunnel temperature. With lar) had the same thrust-weighted solidity
the tip speed set for each test point in forward flight,
tie tunnel conditions were adjusted to give the do- Discussion of Results
sired value of /. Then with a constant rotor shaft
angle of attack, a collective pitch sweep was initi- The basic data are presented in figures 6 to 35,
ated. To facilitate data acquisition and reduce blade and the CD versus CQ results at constant values of
loads, the rotor cyclic pitch was used to remove the the rotor lift coefficients (figs. 30 to 39) were d(-
first harmonic flapping with respect to the rotor shaft termlned from a cross )lot of the basic data, The
at cach test point, The maximum obtainable values CQ versus i results at constant rotor lift coefficients
of /t, C1,, and CD were constrained by the inabil- (figs. 40 to 42) were determined from it cross plot of
ity of the control system to limit the blade-flapping the CD veisus CQ results. For example, the GQ ver-
response quickly when the blades were operated at sus it result for C, = 0.000 (fig. 41) was obtained
high loading conditions, from a record of the CQ value, at each advance ratio,

that corresponds to the appropriate value of the ro-Model deadweight tares were determined through- tor drag coefficient (equal in magnitude to the vehicle
out the range of shaft angle of attack with the blades drag coefficient) obtained from figure 38. The vehil

installed and (ith them removed. Aerodynamic ro- o drag coefficient was etermimed from the vehicle

tor hub tares wore determined with the hub rotat- drag oh that wts deefined through use of an equilv-

Ing and the blades removed throughout the ranges dagn areaI aln is dfoll tow: tieo n=uv
of shaft angle of attack and advance ratio that were alont parasite area Is follows: D,(h = fl) ( 0 VI)
Investigated. Both deadweight and aerodynamic hub A value of 10.5 ft2 was selected to represent fD for a
tares have been removed from the data. Corrections modern, lightweight military helicopter. The CQ ver-
for tunnel wall effects were applied to the data to sums p results are presented for lift coefficients of 0.005
obtain a corrected free-stream dynamic pressure and and 0.000. These values wore chosen because they are
rotor shaft angle, (See refs. 13 and 14.) The maxi- close to the level-flight values tit SLS (C, - 0.00505)
mum correction to a, because of tunnel wall efrects and 4000 ft/050 F (C, - 0.00025) ttmospheric condi-
wasm about 1,4*, The corrected rotor mhaft angle was tions for the selected helicopter nd they are conve-
displayed, so time operator of the rotor model could nilent to tise in making cross plots. Also, t Cq versus
make small adjustments to the preset value of as un- it result is presented for a lift coefficient (C, = 0.007)
til the corrected a. matched the desired value. The above the level-flight values.
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Table 2. Performance Parameters for Rotors

(a) Basic characteristics

Figures for rotor planform-

Parameter Pt Rectangular 94-percent taper 75-percent taper 50-percent taper

CL vs CD 0.14 6 12 20 28
and 0.19 7 13 21 29

CL vs CQ 0.23 8 22 30
0.24 14
0.27 9 15 23 31
0.30 24 32
0.31 10 16
0.35 25 33
0.36 11 17
0.40 18 26 34
0.43 19 27 35

(b) Comparison of rotors

F - Figures for rotor planform-

Parameter CL / Rectangular 94-percent taper 75-percent taper 50-percent taper
CD vs CQ 0.004 0.14-0.40 36 36 36 36

0.005 0.14-0.36 37 37 37 37
0.006 0.14-0.36 38 38 38 38
0.007 0.14-0.27 39 39 39 39

CQ VS /1 0.005 0.14-0.31 40 10 40 40
0.006 0.14-0.31 41 41 11 41l
0.007 0.14-0.27 42 42 42 42

CQ - CQ,rct 0.005 0.14-0.30 43 13 43 43
0.006 0.14-0.30 43 43 13 43

0.007 0.14-0.27 13 43 43 43

For the four rotors at lift coefficientb from 0.004 the least amount of torque at each advance ratio. For
to 0.007, CD varies linearly with CQ at all advance CL - 0.00-1 to 0.006, the 75-percent tapered rotor has
ratios (figs. 36 to 39). Among the four rotors, the lower torque coefficients for all values of CD at
the rectangular rotor requires the highest CQ (and p = 0.14 and 0.19, whereas the 50-percent tapered
thus the greatest power) for the entire range of CD rotor has the lower values of C,2 for all values of
attained at advance ratios greater than 0.14 for the CD at p = 0.30 and 0.31. The 75-percent tapered
four rotor lift coefficients. Only at the lowest advance rotor and the 50-pcrcent tapered rotor have nearly
ratio for CL = 0.006 and 0.007 and for CD < 0.00025 the same performance at p = 0.23 and 0.27 for
is the CQ required for any of the tapered rotors many values of CD at the four rotor lift coefficients
(the 94-percent tapered rotor in this case) as high The performance of the 94-percent tapered rotor is
as the CQ required for the rectangular rotor. Among generally between that of the rectangular rotor and
the rotors with tapered blades, eithe the 75-percent the 75- and 50-pcicent tapered rotors at each advance
tapered rotor or the 50-percent tapered rotor requires ratio at the four rotor lift coefficients.
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The performance of the four rotors in terms of with tapered blades and for CL = 0.004 to 0.007,
CQ versus p is compared in figures 40 to 42 for either the 75-percent tapered rotor or the 50-percent
lift coefficients from 0.005 to 0.007. The trends tapered rotor required the least amount of torque
due to planform variation shown in these figures for the full range of rotor drag coefficients attained
are consistent with the previous discussion. The at each advaice ratio tested. For this range of Cl,
advance ratio for the minimum CQ changes as the lift the performance of the 94-percent tapueld rotor was
coefficient increases. For CL = 0.005, the minimum gencially between that of the rectangular rotor and
CQ for each rotor occurs at /l = 0.14, but for the 75- and 50-percent tapered rotors at each /1.
CL = 0.007 the minimum CQ for each rotor occurs 2. For CL = 0.005 and 0.006 and a vehicle equiv-
nearp = 0.19. As expected, the CQ level for the four alent parasite area fD of 10.5 ft 2 , the rectangular ro-
rotors increases as CL increases. tor required the most torque at advance ratios from

Figure 43 shows the performance of the tapered 0.14 to 0.31. For the same range of CL, the torque
rotors expressed in terms relative to the rectangular required for the 94-percent tapered rotoi at all val-
rotor ((CQ - CQ,rect) /CQ,rect). For p _< 0.23, the ies of it was generally less than that for the rect-
75-percent tapered rotor provi(les the maximum im- angular rotor but higher than that for the 75- and
provement, which is about 8 percent for the three 50-percent tapemud rotors. The 75-percent tapered
rotor lift coefficients. For p > 0.23, the 50-percent rotor required the lowest torquc fui < _ 0.23 and the
tapered rotor or, for some conditions, both the 50-percent tapered rotor requi t t the lowest torque
50- and 75-percent tapered rotors provide the mnaxi- for p = 0.27 to 0.30.
mum improvement. The maximum improvement for 3. The torque required for the 75-percent tapered
this range of p is between 7 and 10 percent for the rotor at it -< 0.23, fD = 10.5 ft 2, and CL = 0.005 to
three rotor lift coefficients. These effects of blade 0.007 represents an improvement of 5 to 8 percent
planform variation on rotor performance are not in over that for the rectangular rotor. For 0.23 < p <
agrrement with the analytical trends presented in ref- over th the rect ang of 0.2 t t
erence 1 for all advance ratio of 0.40. Among the four 0.30 with the same ID anI range of C1, the torque

of this i the lts of reference required for the 50-percent tapered rotor representsrotors oftisivestigation, teresus ofrfrne1 an imp~rovement of 7 to 10 percent over that for the

suggest that the 94-percent tapered rotor should re- rectangular rotor.

quire the least amount of torque. In this study, how-

ever, the 50- and 75-percent tapered rotors required
the least amount of torque. NASA Langley Research Center

Haml)ton, VA 23665-5225
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94-percent taper

75-pcen taper

50*percent taper

L-864'466

(a) Four blade planforms.

R-

A _ C

± ~~ -B- - - - - III-II-II-

KlBR C(4)(3)-J1 0 ER)-08
.. 75 R88 .93R

Blend Blend

Blade Twist, R, ft A B C
____________ deg _ _ _ ___

Rectangular -13 2.708 1.0011 0.0770R 0.077013
94-percent taper -13 2.708 0.94R .0817R .027211
75-percent taper -13 2.708 .75R .097213 .032413
50-percent taper -13 2.708 .50R .1 194R .0398R

(b) Planform and airfoil distribution.

Figure 3. Description of rotor blades.
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rIR = 0.25 to 0.75

r/R - 0.80 to 0.88

r/R = 0.93 to 1.0

Figure 4. Airfoils used on rotor blades.



L-92-17

(a) Generalized-body fairing installed.

Four-bladed rotor hub

Torque disk

(b) Cutaway view.

Figure 5. M~odel rotor system installed in the Glenn L. Martin Wind Tuinnel.
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(a) CL versus CD.
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(b) CL versus CQ.

Figure 6. Basic forward-flight characteristics of rectangular rotoi for i = 0.14.
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(b) CL versus CQ.

Figure 7. Basic forward-flight characteristics of rectangular rotor for j = 0.19.
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.008
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0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008
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(b) CL versus CQ.

Figure 8. Basic forward-flight characteristics of rectangular rotor for p = 0.23.
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(a) C3L versus CD.
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__ ____ _ _

A a. ~6* .____

.0081

CL.0 0 6 _____ ___ __

.0041 ____ ____

.002 I
0 .000 1 .0002 .0003 .0004 .0005 .0006 .0007 .0008

CO

(b) CL v'ersus C3Q.

Figure 9. Basic forward-flight characteristics of rectangular rotor for p =0.27.
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a, = -40
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A a, = - 60
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.008

CL .006 i 01

.004

-. 0020 -. 0016 -. 0012 -. 0008 -. 0004 0 .0004
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(a) CL VerSUs CD
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............................ I .. ................... ,.......... ..........mH H...H.. ............... m.. .

0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008
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(b) CL versus CO.

Figure 10. Basic forward-fliglht characteristics of rectangular rotor for p = 0.31.
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.008
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-. 0020 -. 0016 -. 0012 -. 0008 -. 0004 0 .0004
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(a) CL versus CD.
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A a, = -6
.010 i a, = -8

.008

CL .006 _10

.004 "=

.002 /X

0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008

CQ

(b) CL versus CQ.

Figure 11. Basic forward-flight characteristics of rectangular rotol for p = 0.36.
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(a) CL versus CD-

.012
0 a, = -I
ol a, = -2o

.0 10 0 
_ _ _ 

= - 2 1

a, = -40
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CL .006
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(b) CL versus CQ.

Figure 12. chasc - characteristics of 94-percent tapered rotor for p = 0.14.
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(a) CL versus CD.
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0 a, = -40

.010 A a. = -6
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................... I I I I I I I I I ................... ...i ..........ll I II l ll l l l l ................... ................... ... ... ... ... .. ... ... ... ...

0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008

CO

(b) CL VCsus CQ.

Figure 13. Basic forward-fliglt characteristics of 94-percent tapered rotor for p = 0.19.

20



.012
So a, = -1 °

__ _

.010 <a, = -40
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.008
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(a) CL versus CD.
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.004
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.....l,,- ,. l..... ...... ..... rHII,' ,,,.,.1,n..'"*.l.*,I.L,~lm0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008
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(b) CL versus CQ.

Figure 14. Basic forward-flight characteristics of 94-percent tapered rotor for p = 0.24.
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(a) CL versus CD.
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.008

L.006
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0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008
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(b) CL versus CQ.

Figure 15. Basic forward-flight chaiacteristic. of 9-4-percent tapered rotor for p = 0.27.
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CL .0061

.004f

0 .0001 .0002 .00:3:.0004 .0005 .0006.0007 .0008

Figtre 6.Bai forwa~d-flighit charactei istics of 94-percent tapered rotor for ji = 0.31.
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(a) C,~ versus CD.
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.008

CL.006

.0041- __ __ __ __ __
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0 .000 1 .0002 .0003 .0004 .0005 .0006 .0007 .0008
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(b) CL versus CQ.

Figure 17. Basic forward-flight characteristics uf 9--percciit tapered rutor for P= 0.36.
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(a) Cl, versus CD.
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0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008
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(b) CL versus CQ.

Figure 18. Basic forwaid-flight characteristics uf 9-1-percent tapered rutur fur p = 0.40.
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(a) CL versus CD.
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0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008
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(b) CL versus CQ.

Figure 19. Basic forward-flight characteristics of 94-percent tapered iutui for p = 0.43.
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(a) CL versus CD-
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(b) CL versus CQ.

Figure 20. Basic forward-flight characteristics of 75-percent tapered rotor for p = 0.14.
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(a) CL versus CD.
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(b) CL versus CQ.

Figure 21. Basic forward-flight chaiacteristics of 75-percent tapered lutui foi p 0.19.

28



.012
0 a, =-1

0] a, =-2.010
<a, =-40

A a, = -60
.008

CL .006

.004

.002

0 .............1. .. ...I. .III.III.II. I i i 1ll l ..Ll ....... .. II.. .. .... . I1. . 1

-. 0020 -. 0016 -. 0012 -. 0008 -. 0004 0 .0004
CD

(a) CL versus CD.
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(b) CL versus CQ.

Figure 22. Basic forward-flight chaldcteristics of 75-percent tapered rotor for p = 0.23
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(b) CL versuis CQ.

Figv -e 23). Basic forward-flight characteristics of 75-percent tapered rotor for P = 0.27.
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(b) CL versus CQ.

Figure 24. Basic forward-flight characteristics of 75-percent tapered rotor for p = 0.30.
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(b) CL versus CQ.

Figure 25. Basic forward-flight characteribtics of 75-percent tapered rotor for p = 0.35.
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(b) CL versus CQ.

Figure 26. Basic forward-flight characteristics of 75-percent tapered rotor for P = 0.40.
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(b) CL versus CQ.

Figure 27. Basic forward-flight characteristics of 75-percent tapered rotor fur P = 0.413.
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(b) CL versus CQ.

Figure 28. Basic forward-flight characteristics of 50-percent tapered rotut fur p = 0.14.
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Figure 29. Basic forward-flight characteristics of 50-percent tapered rutor fui p = 0.19.
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(b, CL versus CQ.

Figure 30. Basic forward-flight chaiacteristics of 50-percent tapered rotor for P = 0.23.
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(b) CL versus CQ.

Figure 31. Basic forward-flight characteristics of 50-percent tapered rutor fur p = 0.27.

38



.012 o7 a, = 2o

c> a,= - 40

.010
A a, = -6'

* a, = 8

.008

L.006

.004 - -

.002

-. 0020 -. 0016 -. 0012 -. 0008 -. 0004 0 .0004

CD

(a) CL versus CD.

.012
o a, = -2

.010 
a.

A a = 6

• a, --80
.008

CL .006

.004

.002

...... .. ..lll LL l .i.i l. l..... l.... .................. .... ...ii i.... .L ..LLL. l.....l ........ l ... I....
0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008

CQ
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Figure 32. Btsic fur a-d-flight characteristics of 50-peiccnt tapered rotor fur p = 0.30.
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Figure 33. Basic forward-flight characteristics of 50-pciknt tapered rotor fui p = 0.35.
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Figure 34. Basic forward-flight characteristics of 50-percent tapered rotor for it 0.-=0.
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Figure 35. Basic forward-flight chaiacteristics uf 50-p1 icent tapered otur fui it = 0.43.
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Figure 36. Variation of rotor drag coefficitvii with rotor torque coefficient for CL =0.00-1.
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Figure 36. Continued.
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Figure 36. Continued.

45



2 x 10-
4

CD -2

-4-

0J 94-percent taper
40 75-percent taper
A 50-percent taper

-6 1 , I I ,.I
0 1 2 3 4 5x10-4

CQ

(g) /I = 0.40.

Figure 36. Concluded.
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Figure 37. Variation of rotor drag coefficient with rotor torque coefficient for CL = 0.005.
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Figure :37. Continued.
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Figure 37. Concluded.
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A 50-percent taper

-6 -1
0 1 2 3 4 5 x10-4
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Figure 38. Variation of rotor drag cuflicient with rotoi torqutc couffiilunt foi CL =0.006.
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Figure 38. Continued.
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Figure 39. \'ar'iatio I of rotor drag coefficicnt with rotul toiquc cocficient br ('j = 0.007.
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Figure 39. Concluded.
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Figure 40. Variation of rotor torque coefficient with advance ratio for CI, = 0.005 and fD 10.5 ft 2 .
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Figure 11. Variation of rotor tor(lue CoeCli(Wilt with adva(ce ratio fol C, = 0 006 and Jp = 10 5 ft.
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Figure -12. Variation of rotor torque coefficient with advance ratio for CL 0.007 and ID =10.5 ft2.
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(b) CL = 0.006.
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(c) CL = 0.007.

Figure 43. Concludcd.
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Appendix

Data Repeatability

The repeatability of the performance data (basic characteristics) for the four blade sets is presented in
figures Al to A21, as shown in table Al. For a constant CL, the maximum difference between two faired CL
versus CD curves is about 0.000025 in CD, and the maximum difference between two faired CL versus CQ
curves is about 0.00001 in CQ.

Table Al. Performance Data for Blade Sets

Figures for rotor planform-

Parameter pL as, deg Rectangular 94-percent taper 75-percent taper 50-percent taper

CL Vs CD 0.14 -2 Al A4 A12 A17
and .19 -2 A5

CL vs CQ .23 -2 A2 A13 A18
.24 -4 A6
.27 -4 A7 A14
.30 -4 A19
.30 -6 A15
.31 -4 A3 A8
.35 -6 A16 A20
.35 -8 A16
.36 -6 A9
.40 -7 A21
.40 -8 A1O
.43 -7 All
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Figare Al. Repeatabilit3 uf basit furaid-flight ditt'ictutitich Uf lcctaigulat zutul ful it 0.1-.
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(b) CL versus CQ.

Figure A2. Repeatability ol basic forward-flight characteristics of rectangular rotoi for p = 0.23
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Figure A3. Repeatability of babic forward-flight characteiistich of it'tazigulai iotur fur 0 = .31.
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(b) C L versus CQ.

Figure At. Repeatability of basic forward-flight characteristics of 9,4-percent tapered rotor for p 0 11.
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Figure A5. Repeatability of basic forward-flight characteristich of 9-t-pulcent tdplued lutol t,( p 0.19.

64



.012
K> a, = -40

.010

.008

CL .006

.004

.002

0........L.LL ....... ..I ..........l.I . .. ..lm. .LL... ..

-. 0020 -. 0016 -. 0012 -. 0008 -. 0004 0 .0004

CD

(a) CL versus OD.

.012
<> a, = -40

Ax a, = -40

.010 - .

.008

CL .006

.004 /

.002

0 .0001 .0002 .0003 .0004 .0005 .0006 .0007 .0008

CQ

(b) CL versus CQ.

Figure A6. Repeatability of basic forward-flight characteristich of 9-1-percent tapered rotor for p = 0.2-1,
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Figure A12. Repeatability of basic funaid-flight charactulviisltkis of 75-puiccut talwred iotoi foi /1 0 11
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Figure A13 Repeatability of basic forward-flight charactefistich of 75-percent tapered rutoi for p = 0.23.
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Figure A14. Repeattbiht) of babic foriadrd-flight diautctciistits of 75-puiccut taipcied zutui fut p 0.27.
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Figure A18. Repeatability of babic forward-flight characteristics of 50-percent tapered rotor fo p = 0.23.
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Figure A19. Repeatability uf basii fUlWcld flight clldladtteiticS uf 50-1cmtcnt tdpwtud Iutul fui 0.3U.
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