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SUMMARY 

This report presents theoretical rotor performance data in 
grapnical iormat especially suitable for preliminary design 
studies in the rotary-wing field.  Generality is achieved by 
nondimensional presentation of power requirements over the 
complete range of rotor lift and propulsive requirements for 
a wide spectrum of speed conditions.  Lines of constant power 
are shown on a lift-drag coordinate system for each speed 
condition, providing a useful tool in the development of 
rotored aircraft configurations.  Techniques are presented for 
employing the charts in a variety of design problems, including 
the compound helicopter, where the optimum combination of 
rotors, wings, and auxiliary propulsion devices is desired. 

The charts are based upon calculations for a rotor of conven- 
tional geometry using the NACA 0012 airfoil section character- 
istics.  Refinements of this analysis over older simplified 
rotor analyses include: 

1. Elimination of small angle assumptions 

2, Use of actual airfoil section characteristics 
over the entire range of angle of attack and 
Mach number 

»• 

3. Accounting for stall effects 

4. Accounting for compressibility effects 

5. Accounting for effects of reversed flow 

Simplifying assumptions retained in this effort are: 

1. Uniform downwash over the rotor disc 

2. Radial flow not considered in ehe computation 
of blade forces 

4. Constant rotational speed about the shaft axis 

5. Steady-state, two-dimensional airfoil section 
characteristics 

in 



The operating conditions encompass forward speeds from 50 knots 
to 300 knots, and tip speeds from 310 feet per second to 800 
feet per second, with advance ratios (V/ftR) ranging from 0ol3 
to 1.5.  Twist values presented are -4 degrees, -8 degrees, 
and -12 degrees. 

For most conditions, data are presented to cover the full range 
of shaft angles from 20 degrees aft through the normal heli- 
copter range to full 90 degrees forward (propeller state) . 

The data are nondimensionalized by rotor diameter and solidity. 
The resulting generality is approximate, but will give useful 
results over a limited range of solidities.  Techniques are 
presented for correcting for solidities beyond this range. 

IV 



FOREWORD 

The purpose of this report is to present a summary of 
generalized rotor performance charts suitable for preliminary 
design studies in the rotary wing field. 

The project was originated by the United States Army Aviation 
Materiel Laboratories (USAAVLABS) at Fort Eustis, Virginia, 
and the work was performed by the Vertol Division of The 
Boeing Company under contract DA 44-177--AMC-142 (T) . 

Mr. F. A. Raitch and Mr. J, P. Whitman were the USAAVLABS 
project engineers, and Mr. E. Kisielcwski was the Vertol 
project engineer, with Mr. R. Bumstead, Mr» P. Fissel, and 
Mr. I. Chinsky contributing. 



CONTENTS 

Page 

SUMMARY ...,...,   iii 

FOREWORD  v 

LIST OF ILLUSTRATIONS  viii 

LIST OF SYMBOLS  ix 

INTRODUCTION    I 

ANALYSIS    2 

Description of Computing Analysis   2 
Data Validity  5 
Generality of Data    ..... 5 
Airfoil Data  6 
Operational Limitations . . • *  9 
Solidity Correction Derivation    . 9 

SCOPE OF THE DATA  12 

USE OF THE CHARTS  18 

General  18 
Use of Solidity Corrections  19 
Sample Problem for Determining Maximum L/D  ... 21 
Sample Problem for a Pure Helicopter  23 
Sample Problem for a Winged Helicopter    26 
Sample Problem for Compound Helicopter with 
Auxiliary Propulsion    29 

NUMERICAL INDEX TO PERFORMANCE CHARTS   37 

PERFORMANCE CHARTS  . . ,.  41 

L-'STRIBUTION  116 

Vll 



ILLUSTRATIONS 

Figure Page 

1 Rotor Analysis Flow Chart 3 

2 Section Lift Coefficient versus Angle of 
Attack - NACA 0012 7 

3 Section Drag Coefficient versus Mach 
Number - NACA 0012 8 

4 Operating Conditions 13 

5 Sample Problem - Determination of Maximum 
L/D 20 

6 Sample Problem - Effect of Solidity 24 

7 Variation of Rotor Horsepower with Main 
Rotor Solidity 25 

8 Sample Problem - Effect of Unloading Rotor 
with Wing 28 

9 Variation of Rotor Horsepower with Auxiliary 
Wing Area 31 

10     Effect of Auxiliary Propulsive Force 32 

11 Variation of Total Aircraft Horsepower with 
Auxiliary Propulsive Force 35 

12 Performance Charts 
through        (See  Numerical  Index,   page    37.) 

86 

VI,11 



* SYMBOLS 

Symbol Unit 

a      Slope of lift curve or per radian 
Speed of sound fps 

dj      Q1ade first harmonic longitudinal deg 
flapping angle 

b      Number of blades per rotor 

c      Chord of rotor blade ft 

d       Rotor diameter ft 

DE      Rotor effective drag (P/V-X) lb 

e       Flapping hinge offset ft 

fe      Parasite flat-plate area lb 

g      Acceleration due to gravity ft/sec2 

H       Rotor shaft normal force lb 

If               Blade mass moment of inertia about slug-ft2 

flap hinge 

L      Rotor lift lb 

L/qd2o   Nondimensional rotor lift 

M/j.     Advancing blade tip Mach number( V + fiR 
a 

Mw Weight moment of rotor blade about flap hinge ft-lb 

P Rotor power required ft-lb/sec 

P/qd2Vo Nondimensional rotor power required 

q Dynamic pressure psf 

R Rotor blade radius ft 

V Forward speed knots or fps 

X Rotor propulsive force lb 

X/qd^a Nondimensional rotor propulsive force 

IX 



Symbol Unit 

as Shaft angle deg 

°/iW27o) Retreating blade tip angle of attack deg 

2 Rotor blade flap angle deg 

B0 Rotor coning angle deg 

Y Lock number ( £-^cR ) 
v If  / 

6i Blade twist, c     of rotation to tip deg 

'.7 5 Collective pitch at .75P deg 

A       Rotor inflow ratio 

u'     Advance ratio (V/ftR) 

p      Density of air slugs/ft3 

o      Rotor solidity (bc/irR) 

ilR Blade tip speed pfs 

x 



INTRODUCTION 

In the high-speed regime of flight, the classical rotor 
performance methods break down because of the various simpli- 
fying assumptions used, such as linear lift curve slope, 
small angle assumptions, neglect of stall effects snö   com- 
pressibility effects, etc.  The study of advanced rotary-wing 
aircraft with projected speeds of up to 300 knots requires 
more accurate knov/ledge of the rotor characteristics.  Accurate 
knowledge is impossible to obtain without a rigorous rotor 
analysis which has no such simplifying assumptions.  Analytical 
methods to provide greater accuracy are continually being 
developed and improved.  Preliminary design efforts, however, 
will not wait for the ultimate rigorous analysis, and it is 
therefore necessary, at appropriate intervals, tc present 
useful data based en the current analytical state of the art. 
This effort is based upon such a concept, and further refine- 
ments may be expected in the future as more and more of the 
simplifying assumptions are eliminated. 

The complexity of this type of analysis usually prohibits its 
use directly in any given aircraft performance problem. 
However, the analysis may be used to map grapnically the per- 
tinent parameters over the full range of conditions anticipated 
to be of interest.  The charts presented in this report result 
from, an analysis of a rotor with constant chord and airfoil 
section (NACA 0012) which uses several different linear 
blade twists.  The data are generalized by the use of non- 
dimensional coefficients so that they are applicable to a rotor 
of any size.  The charts encompass the full range cf available 
rotor lift and propulsive force or rotor drag. 



ANALYSIS 

DESCRIPTION OF COMPUTING ANALYSIS 

The data presented in the performance charts are the results of 
an iterative, numerical-integration, strip analysis which solves 
the second-order, nonlinear differential blade-flapping 
equation.  The individual force contributions (both aerodynamic 
and inertial) are integrated radially at each azimuth station 
to determine the blade flapping motion.  The aerodynamic forces 
are then integrated radially and averaged azimuthally to estab- 
lish the average rotor thrust, lift, power, ^rag, and other- 
pertinent parameters.  Figure 1 is a block diagram showing the 
basic operational steps of the Rotor Analysis Program schemat- 
ically. 

Airfoil section properties of c, and c, as a function of both 
angle of attack ( cs = 0 to a = 360 degrees) and Mach number 
(M = 0 to M = 1.0) comprise the aerodynamic input to this 
method. 

Using final computed values of thrust, power, and drag for a 
given flight condition, performance variables of rotor lift, 
propulsive force, and power are determined as follows: 

L T 

where 
L = T cos ot - H sin a 
X = -T sin a - H cos a 
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Nondimensional lift and propulsive force are obtained by 
dividing by dynamic pressure (q = \  PV2), rotor diameter 
squared (d2), and rotor solidity (o = bc/ffR)•  Nondimensional 
power is further divided by forward speed.  Thus, with advance 
ratio defined as u' = V/^R, 

IT ~< i    / 

^d7^ 2(u')z    (    OTTR^R^C      ] 2(T7F'    LT/ 
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Refinements of this analysis compared with older classical. 
rotor theory include: 

1. Elimination of small angle assumptions 

2. Use of actual airfoil section characteristics over 
the entire range of angle of attack and Mach number 

3. Accounting for stall effects 

4. Accounting for compressibility effects 

5. Accounting for effects of reversed flow- 

However, the following assumptions are retained in this 
analysis: 

1. Uniform downwash over the rotor disc 

2. Radial flow not considered in the computation of 
blade forces 

3. Inelastic blades 

4. Constant rotational speed about the shaft axis 
(neglect  of   lead-lag  motion) 



5.  Steady-state, two-dimensional airfoil section 
characteristics 

DATA VALIDITY 

The retained assumptions have a significance with regard to 
data validity which should be considered. Preliminary estimates 
of the combined effects of nonuniform downwash, radial flow, 
and blade elasticity indicate that as the tip speed ratio 
increases from about M' = V/^R = .5, the actual rotor power 
required may be increasingly greater than indicated by the use 
of these charts. 

However, the maximum limiting values of lift and propulsion, 
as determined from these charts, are approximately correct as 
shown and, therefore, the charts may be used to design vehicles 
with a reasonable level of confidence, although the resulting 
performance may be optimistic in the high-tip-speed-ratio 
regime of operation. 

GENERALITY OF DATA 

Each chart is presented for a specific combination of advance 
ratio (u' = V/ftR) and advancing tip Mach number 

( MT  = ———).  This completely generalizes the data for 

any combination of temperature and altitude desired.  The 
temperature and pressure together with the V and M«p combination 
will then define the forward speed, tip speed, and dynamic 
pressure.  (The speed values shown on the charts are only 
reference values for standard sea level conditions.)  The data 
are nondimensionalized by the coefficients L/qd2a, X/qd2o# and 
P/qd2Vo; thus, for a given solidity, the data are completely 
generalized for any rotor diameter.  In order to allow for 
variations in solidity (o), the coefficients include the 
solidity term.  For small changes in solidity from cue value 
used in the calculations (o = ,062), this will provide approxi- 
mate generalization of the solidity effects.  However, it does 
neglect the effect of solidity on induced drag, due to a 
change in total lift for a change in solidity when d and 
L/qd2o remain fixed.  For greater accuracy, corrections are 
therefore required to the propulsion (or drag) coefficient 
(X/qd o) and the rotor angle of attack (as).  These are 
described more fully under "SOLIDITY CORRECTION DERIVATION" 
(see page 9). 



The charts presented herein were calculated for a rotor blade 
with the following characteristics: 

Airfoil Section NACA 0012 

Planform Rectangular 

Solidity 0.062 

Lock Number ( Y = pjj?c R J 7.6 

Blade Root Cutout (xc) 0.20R 

Nondimensional Mass Moment of Inertia 
(If/PR

5) 0.03953 

Nondimensional Weight Moment 
(%/gPR4) 0.06384 

Flapping Hinge Offset (e) 0.0226R 

Tip Loss Factor (B) 0.97 

Blade Twist (8j), degrees -4, -8, -12 

Longitudinal Cyclic Pitch Angle 
(Bj), degrees 0 

The influence of most of the above parameters, within broad 
tolerances, is negligible with respect to the final performance 
results.  However, the use of the charts should be restricted 
to the use of rectangular blades of a constant NACA 0012 air- 
foil section, with linear twists as indicated on the charts. 

AIRFOIL DATA 

Figures 2 and 3 shew the section characteristics of the 
NACA 0012 airfoil used in these analyses.  The characteristics 
are based upon synthesized data derived from helicopter rotor 
hovering performance presented in NACA TN 4357.  The data 
were extended to cover all angles of attack from 0 to 180 
degrees on the basis of two-dimensional tests* of an NACA 0015 

*Aian Pope, The Forces and Pressures Over An NACA-0< 
Through 190 Degrees Angle of Attack, Report No. E-102, Georgia 
School of Technology, February, 1947. 



Fiqure 2.  Section Lift Coefficient vs Angle of Attack - NACA 0012 



Figure 3.  Section Drag Coefficient versus 
Mach Number - NACA 0012 
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airfoil through 180 degrees angle of attack.  A further refine- 
rnenc of data was introduced in ehe reversed-flow angle-of- 
attack range (170 to 180 degrees) based on two-dimensional 
tests of an NACÄ 0012 airfoil conducted by the contractor. 

OPERATIONAL LIMITATIONS 

As an aid in defining the range of usable data at,low to 
moderate advance ratios (u' = 0.13 to u' = 0.7), the conven- 
tional stall criteria, i.e.-, the angle of attack at the tip 
of the retreating blade, &(l) (270),^as been used.  Experience 
has shown that at aM) (270) = ^2 degrees the effects of stall 
may become apparent, while operation above an upper limit of 
ex.  ,->7r)v = 14 degrees is considered to be undesirable.  At 
values of advance ratio approaching u' = 1.0 and higher, the 
angle-of-attack limits are not shown, as the angle of attack 
of the retreating blade tip has lost its significance because 
of the low (or negative, at greater than 1.0) dynamic pressure. 

The flapping angle, a,  =10 degrees, has been superimposed on 
the charts for the higher values of advance ratios (y' = .75 
and higher).  This is intended to indicate an order or magni- 
tude for the cyclic trim requirements for the rotor in order 
to minimize shaft bending moments.  Since a-, =10 degrees is 
measured with respect to the plane-of-no-feathering, 10 degrees 
of longitudinal cyclic pitch (B j = 10 degrees) v:onld be 
required to obtain zero flapping with respect to the shaft. 
Calculations have also indicated that 10 degrees of flapping 
is often associated with the onset of flapping divergence and, 
for this reason, little data are obtainable beyond this value. 

SOLIDITY CORRECTION DERIVATION 

The coefficients used in this presentation are based on blade 
area (d2o), rather than disc area, by the use of the solidity 
ratio in the denominator.  This is proper, since the blade 
angles of attack, and therefore the section lift-drag charac- 
teristics, are based upon blade area rather than disc area. 
However, when considering a solidity other than the one used 
in the preparation of these charts ( o = .062) , a small error 
is introduced with respect to the induced velocities, since 
these are predominately dependent upon disc area alone.  This, 
in turn, results in a small error in the rotor shaft angle of 
attack and in the rotor induced drag, which is one component 
of the available propulsive force.  A simple correction may be 



applied, however, to the rotor shaft angle of attack and the 
available propulsive frrce as follows: 

Aas  = (L/qd
2a) A2_ 

TT 

AX/qd2a = -(L/qd2c^2 ^- 

These corrections are derived as follows: 

From momentum considerations of a rotor in forward flight, the 
mean induced velocity (v) is defined 

L = 2irR2pW - Tid2lipVv = nd2q ^ (1) 

Solving for the mean induced angle, ~, 
v 

V " „„A!      = 7 (L/qd2) (2) 
V   ___L_ 

"qd 

Since the inflow ratio, >, is defined 

A   =  Vising - v_, (3) 

then sin a = ^S + Z Ä _L + X (4) 

From (2) and (4) , 

sin a = -X-7 + i (L/qd2) = A. + --(L/qd2c) (5) 

Using the subscript "1" to indicate the uncorrected solidity 
(oj = .062 for the charts presented in this report) and the 
subscript "2" to indicate the desired value of solidity, then, 
from equation (5), 

sin en2 - s in a, =  (°? " gi) (L/qd2a) (6) 

For the small angular corrections involved, it is acceptable 
to approximate 

sin a2 - sin aj = a2 - a,  = A a (/) 

and therefore, 

10 



Aa = (L/qd2o) AC = (L/qd2o)  (° - >062) (8) 

The induced angle-of-attack change, A a , will cause an 
incremeni of rotor drag, or negative increment of propulsive 
force, -AX, which is equal to the rotor lift times the 
angular increment: 

- AX = LA a (9) 

Changing to coefficient form, 

- AX/qd2a  = (L/qd2o)Aa- (10) 

and combining equations (8) and (10), 

AX/qd2a = ~(L/qd2a)2 A& = - (L/qd' v,', 2 k Z     062) (11) 
IT 7T 

The desired corrections are equations (8) and (11).  See page 19 
for an explanation of the use of these solidity corrections. 

11 



SCOPE OF THE DATA 

Performance charts are presented for a range of forward speeds 
and tip speeds corresponding to advance ratios of from 0.13 to 
1.5 and advancing blade tip Mach numbers from 0.64 to 0.98. 
Tables I, II, and III specify the combinations presented.  The 
use of the advance ratio and advancing tip Mach number permits 
the data to be used for any altitude and temperature combina- 
tion, whereas the sea level tip speeds and forward speeds are 
presented as a reference which will aid in visualizing the 
actual magnitudes involved.  Figure 4 indicates graphically 
the operating conditions for which the charts are presented. 
Each operating condition presents data covering a range of 
shaft angles (as). 

A shaft angle range of  as = +20 degrees (usually windmill 
brake state with negative values of power) to -90 degrees 
(propeller state) is presented for all advance ratios up to 
0.75.  At higher advance ratios, however, the usable shaft 
angle is limited, because of mathematical indications of large 
flapping angles. 

In the majority of the chart presentations, it has been 
possible to maintain the intended L/qd2o versus X/qd2o format. 
At values of advance ratio above u' = .75, however, the power 
lines begin to fold back on one another to such an extent that 
the chart becomes unreadable in this format.  In such cases, 
it has become necessary to plot P/qd Vo  and X/qd o versus shaft 
angle, ac# 

f°r lines of constant L/qd2a (e.g., Figure 18). 

Data for advance ratios in excess of u' = 1,5 were attempted; 
however, the range of usable conditions was so limited within 
the operating boundaries (flapping boundary of 10 degrees, 
positive L/qd o, and stable flapping values) that the study 
was discontinue at this point. 

12 



•     ROTOR TIP  SPEED   (OR)   -   fps   « 

Figure   4.     Operating  Conditions 

13 

r 



TABLE   I.      OPERATING   CONDITIONS   FOR   -,     =   -4° 

V (kt    @      SL   ) 

V (fps    (3       SL   ) 

q   (psf    (3       SL   ) 

50 

84.4 

8.5 

150 

253.3 

76-3 

200 

337.8 

135.7 

250 

422.2 

212.0 

300 

506.7 

305.2 

f2R    (fps    @       SL   ) 

MT 

i 

640 

.648 

.132 

500 

.674 

.507 

420 

.678 

.804 

3 50 

.691 

.1.206 

400 

.811 

1.267 

QR   (fps   fl       SL    ) 

- 

560 

.728 

.452 

480 

.732 

.704 

420 

.754 

1.005 

480 

.883 

1.056 

fiR   (fps   @        SL   ) 

MT - 

640 

.799 

.396 

560 

.803 

.603 

480 

.807 

.880 

QR   (fps    @       SL   ) 

MT 

M 

— 720 

.871 

.352 

640 

.875 

.528 

560 

879 

.754 

- 

ß R    (fps    @       SL   ) 

M 

i 
M 

- 

800 

.943 

.317 

720 

.947 

.469 

640 

.951 

.660 

- 

^                                                ...._,.                                                                                                     ,i 
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TABLE   II.      OPERATING  CONDITIONS 

V(kt (2    SL   ) 

V(fps &    SL   ) 

q(psf fl     SL   ) 

50 

84.4 

8.5 

7 5 

126.7 

19.1 

100 

168.9 

33.9 

125 

211.1 

DJ.O 

150 

253.3 

76.3 

17 

29 

10 

QR(fps @    SL   ) 

M1 

64 0 

.648 

.132 

640 

.686 

.198 

560 

.652 

.302 

520 

.654 

.406 

500 

.674 

.507 

c 

.( 

QR(fps §    SL   ) 

M1 

- 

640 

.724 

.264 

640 

.762 

.330 

560 

.728 

.452 

r 

.  / 

r 

ßR(fps (a   SL   ) 

MT 

M' 

- - 

720 

.795 

.235 

780 

.833 

.293 

640 

.799 

.396 

( 

.E 

.4 

^R(fpsß    SL   ) 

- - - - 

720 

.871 

.352 

( 

.4 

ßR(fps is   SL   ) 

Hp 

- - 

- 

- 

800 

.94 3 

.317 

8 

.9 
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CONDITIONS FOR 0, = -8° 

175 200 225 250 275 300 

) 295.6 337.8 380.0 422.2 464.4 506.7 

103.9 135.7 171.7 212.0 256.5 305.2 

) 485 420 380 350 310 400 

\ .698 .678 .680 „691 .693 .811 

7 .609 .804 1.000 1.206 1.498 1.267 

D 560 480 480 420 400 480 

3 .766 .732 .770 .754 .774 .883 

2 .528 .704 .792 1.005 1.161 1.056 

0 640 560 560 480 480 - 

9 .837 .803 .841 .807 .84 5 - 

6 .462 .603 .679 .880 .968 - 

0 720 640 640 560 560 - 

1 .909 .875 .913 879 .917 - 

2 .411 .528 .594 .754 .829 - 

) 800 720 720 64 0 - - 

3 .980 .947 . 984 .951 - - 

7 .369 .469 

  

.528 .660 - — 



* 
TABLE   III,      OPERATING   CONDITIONS   FOR   0,   =   -12° 

V (kt    @      SL    ) 

V (fps   @     SL    ) 

q   (psf  @     SL   ) 

50 

84.4 

8.5 

150 

253.3 

76.3 

200 

337.8 

135.7 

250 

422.2 

212.0 

300 

506.7 

305.2 

ftR   (fps   @    SL   ) 

MT 

640 

.648 

.132 

500 

.674 

.507 

420 

.678 

.804 

350 

.691 

1.206 

4C0 

.811 

1.267 

ftR   (fps   @    SL    ) 

Mr - 

560 

.728 

.452 

480 

.732 

.704 

420 

.754 

1.005 

480 

.883 

1.056 

QR   (fps @      SL   ) 

- 

640 

.799 

.396 

560 

.803 

.603 

480 

.807 

.880 

ftR   (fps  @      SL   ) 

W1 

- 

720 

.871 

.352 

640 

.875 

.528 

560 

.879 

.754 

- 

ftR   (fps   @     SL    ) 

mm 

800 

.943 

.317 

720 

.947 

.469 

640 

.951 

.660 
: 
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USE OF THE CHARTS 

GENERAL 

The graphical method of presentation used herein nondimension­
alizes lift, propulsive force, and power by free-stream 
velocity, rather than by tip speed (as is usually done in 
rotary-wing work). The results can be directly compared to 
th~ lift-drag polar of a wing, which is the cornerstone of 
the performance problem and a common ground for all aero­
dynamicists. This is especially important when considering 
compound helicopters, as it permits direct solutions in 
designing for optimum performance with any amount of rotor 
lift unloading or auxiliary-propulsion. 

Figure 5 illustrates this type of presentation. The typical 
drag polar of lift (on the ordinate), drag to the right and 
propulsive force to the left (on the abscissa) is stand3rd. 
By varying the shaft angle from -90 degrees (propeller state) 
to +20 degrees (autogyro or windmill brake state), at several 
values of power, a complete evaluation of the rotor's ability 
to produce lift and/or propulsive force is readily apparent. 
The case of zero power (autorotation) produces the drag polar 
of the lifting rotor. By increasing the level of power input, 
the rotor will produce increasing levels of propulsive forc9 
(X/qd2o) varying from 0.00 to 0.02, 0.04, 0.06, etc. 

A measure of the rotor's ability to convert additional power 
into increased propulsive force can be seen by reviewing, 
for example, the increment in propulsive force associated with 
a change in power level from 0.06 to 0.08. 

At L/ad2o = 0.32, 

= 0.016 - (-0.0008) = .0168 
qd'C 

Noting the1t for 100-percent efficiency ~ 
qd 2 o 

we might have 
pu1sive force 

slOnC\1 poweJ;, 

hoped 
would 

LP 

qd 2Vo 

that the increment in nondimensional pro­
have equalled the increment in nondimen-

= .08 - .06 = .02, instead of the value 

of .0168 obtained above. One definition of incremental 
propulsive efficiency might therefore be 
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_  AX/qd^o      _  0.0168   _  n  QA np = —v ,— =  - 0.84 
^   AP/qd?Vo    0.02 

NOTE:  Since the propulsion efficiency is of the same order 
of magnitude as  the efficiency of a propeller, con- 
sideration should be given to using auxiliary propul- 
sion for further increases in propulsive requirements. 

The effects of blade stall can be seen as rotor lift is in- 
creased at constant power.  At the higher values of rotor lift 
there is a significant reduction in the propulsive capability 
of the rotor, gradually developed as the retreating blade tip 
angle of attack exceeds a nominal 14 degrees. 

USE OF SOLIDITY CORRECTIONS 

The following corrections were derived on pages 9, 10, and 11. 

Holding L/qd2a  and P/qd2Vo constant, 

Aas = (L/qd
2o) •*? = (L/qd2c) ( ° %'062 ) 

AX/qd2o =-(L/qd2a)2 Ai = -(L/qd2a)2( J ;>062-) 

In order to keep the signs of the corrections straight, it may 
be helpful to consider the following: 

1. An increase in solidity (above .062) will in- 
crease the disc loading at a given value of 
L/qd2a 

2. An increased disc loading will cause an increased 
induced drag (at a given value of P/qd2V) 

3. An increased induced drag will decrease the 
propulsive force 

4. An increased induced velocity will increase the 
free-stream shaft angle of attack for a given 
local shaft angle of attack 
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KTHHtft -:; i ~r i3EEHT£HTfnFJ±Effl?r^KFiffiHRxH-l >-i -1 Riff 0i = -4°  „ 
V = 200 kt 
OR =720 fps' 
Mr = 0.947 

* 0.469 
q = 135.7 psf 

Figure 5.  Sample Problem - Determination of 
Maximum L/D 
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An alternate way of visualizing item (2) is to consider 
that an increased disc loading will cause an increased induced 
power (at a given value of X/qd2o).  The magnitude of the 
generalized power increase, P/qd^Vc , will approximately equal 
tht. magnitude of the alternate generalized drag increase (or 
propulsive force decrease). 

AP/qd2Vo "^ -AX/qd;'ö 

SAMPLE PROBLEM FOR DETERMINING MAXIMUM L/D 

For a rotor operating at V = 200 knots (q = 135.7 psf^ with a 
tip speed of 7 20 fps, determine the lift for maximum L/D of 
the rotor for 15 square feet of drag and a rotor diameter of 
60 feet.  The solidity is 0.062 and the blade twist (öj) is 
-4 degrees.  What is the L/DE of the rotor and the L/D of the 
configuration at this point? 

Step 1.  Determine the best lift-to-drag ratio point for each 
constant power line by constructing a line through 
X/qd^o = P/qdVo  at L/qd2 = 0 and tangent to the 
particular constant power line.  These points of 
tancency are the  best L/D points for these values of 
power.  Construct the locus of the best L/D points. 
(Refer to Figure 5.) 

Step 2.  Calculate the rotor propulsive force for a fiat-plate 
area of 15 square feet. 

X/qd-c = —£ =  ——  = 0.0673 
d2o   (60) 2 (0.062) 

Construct the constant X/qd2o = 0.067 3 line and 
extend it to the locus of best L/D points. 

Step 3.  The intersection of the above lines determines 
maximum L/D for the specified rotor configuration. 

A.  Lift for maximum L/D is 

 L_  = Q.4 
qd ' a 

L = 0.4 (135.659) (3600) (0.062) 

L - 12,100 pounds 
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B.  L/Djr of rotor at intersection point is 

L     = L =  L/qd2o  
DE       P/V -   X       P/qd2Vo   -•   X/qd:V 

0.4 
0.169  -   0.0673 

^- =   3.94 
DE 

C.      L/D  of   the  configuration   is 

k  = -JL.     =  L/qa!2 a    =     0.4 
D        P/V P/qd: V;:      0.169 

-   =   2.365 

This intersection occurs above '(1)(270) = 14 degrees and 
therefore should be reduced to the 14--degree stall limit in 
order to calculate the operational value of lift, L/Dg, of 
the rotor, and L/D of the configuration. 

L/qd2o = 0.337 

L = 0.337 (135.659) (3600) (0.062) 

= 10,200 pounds 

T          n 117 
L/DE   =   ^~— - - ~^±±  = 4.03 

P - X   0 .151 - 0.0673 

L/D    = ±   =  °'337 - 2.23 
P   0.15.1 

It should be noted that in a case like this, it would bt 
appropriate to investigate a rotor with more twist (e. = -8 
degrees or -12 degrees) to see if the best L/D point might not 
occur within the 14-degree stall boundary. 
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SAMPLE PROBLEM FOR A PURE HELICOPTER 

What is the variation of main rotor horsepower with main rotor 
solidity for a single rotor helicopter weighing 20,000 pounds, 
having an equivalent parasite drag area (fe) of 15 square feet 
and a main rotor diameter of 60 feet? The operating condition 
is 200 knots at sea level (q ••= 13 5.7 psf) with a tip speed of 
720 fps.  The blade twist (6i) is equal to -4.0 degrees. 

The charts are based on a solidity of 0.062.  Solidity correc- 
tions must, therefore, be applied to the propulsive force as 
outlined in the previous section.  In this case, rather than 
subtract from the available propulsive forces the drag incre- 
ment due to a solidity increase, it is more convenient to add 
the drag increment to the required propulsive force, as shown 
in the following calculation.  (It should be noted that the 
resulting propulsive force coefficient is fictitious and is only 
used as a convenience to obtain intersections with the power 
lines at the proper values of lift coefficients.) 

X 
qd2o 

L 
qd: 

Assume Rotor Lift - Gross Weight = 20,000 pounds 

Propulsive Force, X = feq = 15 x 135.7 = 2030 pounds 

Use Figures 6 and 7 to determine the power required for each 
of the various solidities shown belcw. 

© 
L/qd2c 

20000 

qd2o 

& 
X/qd2a 

2030 
qd 

0 

(©-.062) 

© 
AX/qd2o 

©2x©A 

© 
(X/qd2o) 
Corr 
for 

Solidity 
(3) + © 

P/qd2Vn 
Using (2), 
V, Inter- 
polate 
fr.Chart 

550 
© x®x 

0.06   0.683     0.0693   -0.002 

0.08   0.512     0.0520     0.018 

0.10   0.410     0.0416     0.038 

0.12   0.3415   0.0346     0.058 

0.14   0.2925  0.0297     0.078 

0.16   0.256     0.0259     0.098 

-0.000296 0.06900          

0.0015   0.0535 0.271 6500 

0.002035 0.04364 0.129 3860 

0.00215  0.03675 0.108 3890 

0.00212  0.03182 0.097 4050 

0.00204  0.02794 0.092 4400 
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*Sea  Level Standard Day Data for Reference.  / 

Figure  6.     Sample  Problem  -  Effect of  Solidity 

24 



rrrr*-: 

Figure 7.  Variation of Rotor Horsepower with 
Main Rotor Solidity 
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Sfu~PLE PROBLEM FOR A WINGED HELICOPTER 

\\'hat is the variation of rotor horsepower with wing area for a 
single rotor helicopter weighing 20,000 pounds having an equiv­
alent parasite drag area (fe) of 15 square feet (excluding wing 
drag), a rotor diameter of 60 feet, and a solidity of 0.10? 
The operating condition is 200 knots at sea level (q = 135.659 
ps£) with a blade tip speed of 720 fps. Assume the wing has a 
resultant wing L/D of 15 and that the wing 0perates at a CL = 
0. 5. 

Step 1. Determine the basic operating point with no wing 

L _ GW 
qd"Za - qd 2o 

= 20000 = 0.41 
135.659(60-)2 (0.1) 

= -:---:-":'1"':-5 __ 
(60)2(0.1) 

= 0.0417 

Step 2. Construct the rotor unloading line through the 
operating point by adding one unit of propulsive 
force requirement for every 15 units of rotor 
lift unloading. Refer to Figure 3. 

Step 3. 

0.1 
0.2 
0.3 
0.4 
G.5 
0.6 

Apply the solidity correction, 6X/qd2o = (L/qd2 0 )
2 

to the rotor unloading line and establish a new 
rotor unloading line by adding 6X to the original 
required values of X. 

0.01 0.000121 
0.04 0.000484 
0.09 0.001000 
0.16 0.001935 
0.25 0.003025 
0. 36 0.004350 

0. 0615 
0.0550 
0.0485 
0.0425 
0.0355 
0.0290 

(X/qd2o)corr 

0.06162 
0.05548 
0.04959 
0.04444 
0.03852 
0.03335 

Step 4. With the new rotor unloading line established, reduce 
the rotor lift by approximately 50 percent in 2G~O­
pound incr·ements along the rotor unloading line <..nd 
tabula tc P /qd2 Vo • 
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rotor 

(lb) 
L/qd- P/qd2Vc 

20000 
18000 
16000 
14000 
12000 
10000 

0.410 
0.369 
0.329 
0,287 
0.247 
0.205 

0.130 
0. 124 
0.122 
0.122 
.0.124 
0.127 

Step   5.      Compute   rotor  horsepower   (RHP)   at   each  value  of 
total  rotor   lift. 

RHP   = 
qd'-Vc 

qdzyq\g 2.99 
550    / 

(10)1 

qd2V0 

P/qd2Vo RHP 

0.130 
0.124 
0,122 
0.122 
0.124 
0.127 

3885 
3710 
364 5 
3645 
3695 
3800 

Step 6.  Determine wing area (Sw) using a wing design lift 
coefficient of CL = 0.5. 

Xiwing   Ltotal 'rotor 

Lwinq   *  CLqSw     =0.5    (135.659)    Sw 

•^rotor 
(lb) 

20000 
18000 
1600Ü 
14000 
12000 
10000 

^wing Sw 
(lb) (ft2) 

0 0 
2000 29.5 
4000 59.0 
r 000 88.5 
bOOO 118.0 
10000 147.5 
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Ig} REQUIRED ROTOR 
PROPULSIVE FORCE 
LINE WITH SOLIDITY 
CORRECTION APPLIED 

TTTT-K T I I r»n i | 

TiBASIC OPERATING" 
-J POINT WITH NO 
WING 

1     -    * 
V = 200 kt 

ftR = 720 fps" 
% = 0.947 
U« = 0.469 
q = 135.7 ?Sf 

h. 2 

Figure 8 Sample Problem - Effect of Unloading 
Rotor with Wing 
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Step 7.  Summary Table (Refer to Figure 9.) 

rotor L • wing 

20000 0 
18000 2000 
16000 4000 
14000 6000 
12000 8000 
10000 10000 

s w RHP 

0 3885 
29.5 3 710 
59.0 3645 
88.5 3645 
118,0 3695 
147,5 3800 

SAMPLE PROBLEM FOR COMPOUND HELICOPTER WITH AUXILIARY PROPULSION 

What is the variation of total aircraft power with increasing 
auxiliary propulsive force achieved by means of a propeller 
(assume a propulsive efficiency n^ = 0.85) for a single-rotor 
helicopter weighing 20,000 pounds, with an equivalent parasite 
drag area (excluding wing drag) of 15 square feet, a wing 
which provides 2000 pounds of lift at a resultant L/D = 15, 
and a rotor diameter of 60 feet?  The rotor solidity is 0.10 
and the operating condition is 200 knots at sea level 
(q = 135.7 psf) with a tip speed of 720 fps. 

Step 1.  Determine the basic operating point with no wing 

L      GW 20000 
qd2o   qd^o   135.659(60)2 (0.1) = 0.41 

X   = £e__ 15    . ...   r 

qd2 a   d"-a    (60)^ (0.1) 

Step 2.  Construct the rotor unloading line through the 
Operating point by adding one unit of propulsive 
force requirement for every 15 units of rotor lift 
unloading.  (Refer to Figure 10.) 

:p 3.  Caluclate the value of L/'qd o which corresponds 
to a constant wing loading line of 2000 pounds, and 
use the intersection of this line and the rotor 
unloading line as the starting point for rotor 
propulsive unloading (i.e., increasing auxiliary 
propulsive force). 

(L/qd2o) at Lw = 2000   = Gross Weight -  L,^jnq 

qd2a 
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20000   -   2000 
(135-659) (60)2   (0.1) 

i/qd?o   =  0.369 

2 
'AX / 

Step  4.     Apply  the   solidity  correction     -p      =  -(     m 
to  values  of  X/qd2g   where  constant   lines of 
P/qd^Vo   cross   the   constant wing   loading   line  of 
2000   pounds« 

qd2o 
\  ' / 

P/qd2 VG X/qd2o (X/qd2o) 

0.14 0.0565 0.0 548 5 
0.12 0.042R 0.04115 
0.10 0.029 0.02735 
0.08 0.012 8 0.01115 
0.06 -0.0035 -0.00515 
0.04 -0.0212 -0.02284 
0.02 -0.0405 -0.04214 
0.0 -0.0605 -0.06215 

Step   5.      Using   the   intersection   in  Step   3   as   the   starting 
point,   tabulate   (P/qd?Va)rotor,    (X/qd2o)rotor/   and 

(X/qd2o)prop: 

(^d2o)prop     =   (X/qd;V'} total  ~   (X/qd2o)rQtor 

=  0.044   -    (Xqd2°) rotor 

(P/qd2Vo) rotor (X/qd'-)rotor (X/qd2o) prop 

0.124 0.044 0.0 
0.10 0.02735 0.01665 
0.08 0.01135 0.03265 
0,06 -0.00515 0.04915 
0.04 -0.02365 0.06765 
0.02 -0.04165 0.08565 
0.0 -0.06215 0.10615 
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• :_L i... i —.i —,1 — i 

0j = -4° 
V = 200 kt 

ÜR  = 720 fps' 
MT = 0.947 
H* = 0.469 
q = 135.7 psf 

4_—U-98 

•Sea  Level Standard Day 
Data for Refe rence. 

Figure   10.     Effect  of  Auxiliary  Propulsive   Force 
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Step 6,  Calculate auxiliary propulsive force and propeller 
horseoower. 

X prop 
/  X 

3d %rop 
qdzo     =     48700 

HP prop lqdzo 
prop 

qd 2,, 
V 

550n 

35290 X 
\ qd zo prop 

X 
qd • 

prop 

(X/qdko) prop X prop HP prop 

0.0 0 0 
0.01665 810 588 
0.03265 1590 1152 

0.04915 2390 1735 
0.06765 3300 2385 
0.08565 4170 3020 
0.10615 5180 3740 

Step 7.  Calculate rotor horsepower required. 

RHP _P \   /   qd2Vo 
qd*Vg J   y     550 

(P/qd2Vo)rotor 

0.124 
0.10 
0.08 
0.06 
0.04 
0.02 
0.0 

-  2.99 110)  (P/qd Vo) 

RHP 

3710 
2990 
2390 
1795 
1195 
598 

0 
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Step 8. Determine total aircraft power 
table. Refer to Figure 11. 

HPtota1 = HProtor + HPprop 

Xprop HProtor liP prop 
(lb} 

0 3710 0 
81.0 2990 588 
1590 2390 1152 
2390 1795 1735 
3300 1195 2385 
4170 598 3020 
5180 0 3740 
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Figure  11. Variation of Total Aircraft Horsepower 
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NUMERICAL INDEX TO PERFORMANCE CHARTS. 

e1=- 4 DEGREES 

Figure v QR 

No. (kt @ SL) ( fps @ ·sL) MT ~ Page 

12 50 640 0.648 0.132 41 

13 150 500 0.674 0.507 42 

14 150 560 0.728 0.452 43 

15 150 640 0.799 0.396 44 

16 150 720 0.871 0.352 45 

17 150 800 0.943 o. 317 46 

18 200 420 0.678 0.804 47 

19 200 480 0.732 0.704 48 

20 200 560 0.803 0.603 49 

21 200 640 0.875 0.528 50 

22 200 720 0.947 0.469 51 

23 250 350 0.691 1.206 52 

24 250 420 0.754 1.005 53 

25 250 480 0.807 0.880 54 

26 250 560 0.879 0.754 55 

27 250 640 0.951 0.660 56 

28 300 400 0.811 1. 267 57 

29 300 480 0.883 1.056 58 

37 PRECEDING PAGE BLANK 



8j--8 DEGREES 

Figure 
No. 

V 
(kt @ SL) (fps @ SL) «T 

y • Page 

30 50 640 0.648 0.132 59 

31 75 640 0.686 0.198 60 

32 100 560 0.652 0.302 61 

33 100 640 0,724 0.264 62 

34 100 720 0.795 0.235 63 

35 125 520 0.654 C.406 64 

36 125 640 0.762 0.330 65 

37 125 720 0,833 0.293 66 

38 150 500 0.674 0.507 67 

39 150 560 0.728 0.452 68 

40 150 640 0.799 0.396 69 

41 150 720 0.871 0.352 70 

42 150 800 0.943 0.317 71 

43 175 485 0.699 0.609 72 

44 175 560 0.766 0.528 73 

45 175 640 0.837 0.462 74 

46 175 720 0.909 0.411 75 

47 175 800 0.980 0.369 76 

49 200 420 0.678 0.804 77 

49 200 480 0.732 0.704 78 
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B, - -8 
i 

DEGREES (CONT D) 

Figure 
No. 

V 

(kt @ SL) (fps d> SL)     **T 
• Page 

50 200 560 0.803 0.603 79 

SI 200 640 0.87 5 0.528 80 

52 200 720 0.947 0.469 81 

53 225 380 0.680 1.000 82 

54 225 480 0.770 0.792 83 

55 225 560 0.841 0.679 84 

56 225 640 0.913 0.594 85 

57 225 7 20 0 984 0.528 86 

58 250 350 0.691 1.206 87 

59 250 420 0.7 54 1.005 88 

GO 250 480 0.807 0.880 89 

61 250 560 0.879 0.754 90 

62 250 640 0.951 0.660 91 

63 275 310 0.693 1.498 92 

64 27 5 400 0.774 1. 16 1 93 

65 275 480 0.845 0.968 94 

66 27 5 560 0.917 0.829 95 

67 300 400 0.811 1.267 96 

68 300 480 0.883 1.056 97 
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? 

9 = -1? DEGREES 

Figure 
No. 

V 

(kt ü> SL) 

2 R 
(fps @ SL)     MT 

y ' Page 

69 50 640 0.648 0.132 98 

70 150 500 0.674 0.5p7 99 

"1 150 5'60 0.728 0.452 100 

72 150 640 0.799 0.396 101 

73 150 720 0.871 0.352 102 

74 150 800 0.943 0.317 103 

75 200 420 0.678 0.804 104 

76 200 480 0,732 0.704 105 

77 200 560 0.803 0.603 106 

78 200 640 0.875 0.528 107 

79 200 720 0.947 0.469 108 

80 250 350 0.691 1.206 109 

81 250 420 0.754 1.005 110 

82 250 480 0.807 0.880 111 

83 250 560 0.879 0.754 112 

84 250 640 0.951 0.660 113 

85 300 400 0.811 1.267 114 

86 300 480 0.883 1.056 115 
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Figure   18. 
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Figure   23. 
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Figure   24. 
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Figure   26 
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