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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

ADVANCE CONFIDENTIAL REPORT 

EFFECT OK HELICOPTER PERFORMANCE OF MODIFICATIONS 

IN PROFILE-DRAG CHARACTERISTICS OF ROTOR-BLADE 

AIRFOIL SECTIONS 

By P« B. Gustafson 

SUMMARY 

.,. 

Perfomance calculations are presented for a typical 
helicopter rotor in which three types of airfoil section 
were successively used. The types represented are the 
rough conventional, the smooth conventional, and the 
laminar-flow or low-drt-g sections as developed for heli- 
copter use. The performance items covered are rotor 
thru3t for fixed power in hoverin-, range and endurance 
at cruising speed, and power required at a relatively 
high forward speed.  Contours showing the conditions of 
operation encountered by the blade section and weighting 
curves showing the rslative importance of the various 
section angles of attack for specified flight conditions 
are included as an aid in the interpretation of the 
results. 

The calculations indicated that the use of a smooth 
conventional section will result in marked performance 
gr.ins throughout the flight range.  Definite, though 
smaller, additional gains In take-off weight and in 
range and endurance nay be realized by the use of a low- 
drag section.  At high forward speeds or at moderate 
forward speeds and high loadings, however, losses are 
indicated for the low-drag sections in contrast with the 
smooth convsntion&l sections.  It is demonstrated that, 
if these losses are to be avoided, the xow-drrg sections 
must be designed to avoid the extreme rise in drag coeffi- 
cient at the higher angles of attack which is character- 
istic of th low-drag sections now available fcr use in 
helicopters. 

I 

ii 
CONFIDENTIAL 



ft 

,1 

CONFIDENTIAL        NACA ACR Ho. lijH05 

INTRODUCTION 

It Is generally recognized that an Important part 
of the power required to operate a helicopter Is absorbed 
by the profile drag of the blade elements; consequently! 
considerable Interest has been shown In the possibility 
of using laminar-flow, or low-drag, airfoil sections In 
helicopter rotors. A recent report (reference 1) described 
the characteristics of several low-drag sections that 
were developed especially for use In helicopters.  Pre- 
vious low-drag sections had either excessive pltching- 
moment coefficients or low drag only at extremely low 
lift coefficients.  The sections of reference 1 were 
designed to give the maximum lift-drag ratio  (L/D)fflax 
obtainable with zero pitching-moment coefficient, over 
an appropriate range of Reynolds number. 

In order to Indicate the magnitude of the performance 
gains that might result from the use of the new sections 
and to provide a guide for the development of additional 
sections, an analysis has been made for several condi- 
tions of flight for a helicopter of assumed character- 
istics.  The method of analysis used for hovering flight 
differs considerably from that used for forward flight. 
The results for the two flight conditions accordingly 
are presented separately.  Material that is not essential 
to the analysis but provides substantial aid in under- 
standing the results has been incorporated in an appendix. 

3Y1IB0LS 

R    rotor-blade radius 

b    number of blades 

e    blade chord 

t •••' 

fc t 
•*&i 

1 

fc' 

radius of blade element 
4 

e 

e. 
pitch angle of blade element 

difference between hub and tip pitch angles (posi- 
tive whon tip angle is greater) 
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975 

n 
v 

v> 
a 

XOR 

«o 

°a0 
°i 

a 

T 

cT 

P 

°r 

UpflR 

/v cos a\ 

\  OR / 

blade pitch angle at x. -  0.75 

rotor angular velocity, radians per second 

forward speed 

tip-speed ratio 

angle of attack of rotor disk 

speed of axial flow through rotor disk (positive 
upward) 

section angle of attack (absolute) 

section profile-drag coefficient 

section lift coefficient 

slope of lift coefficient against section angle of 
attack (radian msa3ure) 

solidity; ratio of total blade area to swept-disk 
area (bc/irR) 

rotor thrust 

thru3t coefficient 

torque coefficient /Rotor torque\ 

power 

power coefficient    (Rotor-shaft power input\ 
\ pC?l»R-> / 

lift coefficient   /Rotor llftN 
^ ^ITR2  ) 

angle of attack of blade element from zero lift 

angle of attack of blade element at tip 

velocity component at blade element perpendicular 
to blade span and parallel to rotor disk 

velocity component at blade element perpendicular 
to blade span and to UijflR 
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V = tan-1 ÜE 
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w 

«r/s 

f 

P 

blade azl!nuth 

action of^^ured '«* — wlnd ln 

gross weight „ •"«nc, pounds 

rotor disJt loadr»,, 
°adInS* pounds pe« «„ 

Paraslte_dr 
Pw ^are foot 

air. - '  qUare fo«t ali* density 

Subscripts: 

1    induced 

°    Profile 

H0V3RIMJ FLIGHT 

In order to Indicate the effect of variation in air- 
foil section drag characteristics on the useful load that 
can be carried, the rotor thrust developed by a fixed 
shaft power was calculated for an assumed helicopter 
rotor in which three different types of airfoil section 
were successively used.  The calculations were, in each 
case, carried out for a series of blade pitch settings, 

a— -•• 
Sample Helicopter Rotor „ 4ioj.xcopter Rotor 

The sample helicopter was assumed to be in hovering 
flight at sea level.  The rotor characteristics were taken to be as follows: 

Rotor radiu3, feet   
Solidity   
Blade plan form ; . . . . 
Blade twist      
Power available at rotor, horsepower 
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Airfoil Section Characteristics 

The NACA 3-H-13.5 section was chosen aa representa- 
tive of the new low-drag sections of reference 1.  The 
NACA 23015 section, for which data are also given in 
reference 1, was included to permit comparison with a 
smooth conventional section.  In ovder to permit compari- 
son with a conventional section in a condition believed 
to be typical of present-day rotors, a "rough" conven- 
tional section was included; the drag curve for this 
section is a composite of data frcm various sources. 

The curves of profile-drag coefficient against angle 
of attack used for the three sections are shown in fig- 
ure 1.  These curves are representative of Reynolds 
numbers corresponding to the outer part of the rotor disk, 
in which most of the profile-drag losses occur.  As is 
shown in the appendix the Reynolds number, Mach number, 
and angles of yaw encountered by the rotor blade vary 
considerably ever tho rotor disk.  No attempt was made 
to modify the curves of figure 1 to allow for these 
variations; the analysis is thus a comparison of drag 
curves representstive of certain typo3 of airfoil section 
rather than of specific sections. 

The profile-drag; values available for high angles 
of attack v.-ere incomplete, esp?cially for the NACA 
5-H-13«5 section.  The drap; data of reference 1 reach 
an angle of attack of 15° for the NACA 23ül5 section 
and of 10° for the NACA 3-H-13.5 section.  The following 
relation, which is based largely on a composite of all 
the data for high angles of attack of reference 1, was 
used to extend these data as necessary: 

Acdo = 0.25   (oj«  - cj) 

where 

Ac <j^  increment  In profile-drag coefficient above  value 
at upper end of straight-line portion of lift 

•»' 

uppe 
cut- ve 

lift coefficient as given by extension of straight- 
line portion of lift curve 

This method gives results that agree with the available 
values for high angles of attack for the low-drag sections 
of reference 1 within about ±20 percent.  It is also in 
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approximate agreement with drag data for other airfoils 
at angles of attack beyond the stall. 

The slope of the airfoil section lift curve was 
taken as 5-85 throughout the analysis. 

Method of Calculation of Thrust for Fixed Horsepower 

Thrust.- The rotor thrust T Is 

T s CrPTrnta2 

or, for the assumed rotor, 

T = 11950^ (1) 

The value of CT for a given blade pitch setting 
may be obtained from equation (11+) of reference 2, which 
may be written 

f 

CIJ = O2 a < sWt 
329 

2/a 
TA5      fa\2 A3 A   2   a" 

•\T '  W    T     15 ff 

where 

In order to obtain an expression for ß,  the power 
required and the power available may be equated as 

P = 260 hp = PTfR5n2 o^ £p  + pTrR5n2 CQQ -JL 

hence, 

V 1+3.1+6(0^ + C^) 
(2) 

foduoed torque coefficient.- The value of   CQ, 

for a given pitch setting may be obtained by using the 
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Airfoil Section Characteristics 

The NACA 3-H-I3.5 section was chosen as representa- 
tive of the new low-drag sections of reference 1. The 
NACA 23OI5 section, for which data are also given in 
reference 1, was included to permit comparison with a 
smooth conventional section. In order to permit compari- 
son with a conventional section in a condition believed 
to be typical of present-day rotors, a "rough" conven- 
tional section was included; the drag curve for this 
section is a composite of data from various sources. 

The curves of profile-drag coefficient against angle 
of attack used for the three sections are shown in fig- 
ure 1. These curves are representative of Reynolds 
numbers corresponding to the outer part of the rotor disk, 
in which most of the profile-drag losses occur. As is 
shown in the appendix the Reynolds number, Mach number, 
and angles of yaw encountered by the rotor blade vary 
considerably over ths rotor disk.  No attempt was made 
to modify the curves of figure 1 to allow for these 
variations; the analysis is thus a comparison of drag 
curves representative of certain types of airfoil section 
rather than cf specific sections. 

The profile-drag values available for high angles 
cf attack were incomplete, especially for the NACA 
3-H-13«5 section. The drap; data of reference 1 reach 
an angle of attack of lp° for the NACA 23015 section 
and of 10° for the NACA 3-H-13.5 section. The following 
relation, which is based largely on a composite cf all 
the data for high angles of attack of reference 1, was 
used to extend these data as noeessary: 

A °dQ 0.25 (Cjl - 0l) 

where 

Acd    increment in profile-drag coefficient above value 
at upper end of straight-line portion of lift 
curve 

Cj»    lift coefficient as given by extension of straight- 
line portion of  lift curve 

This method gives results that agree with the available 
values for high angles of attack for the low-drag sections 
of reference 1 within about ±20 percent.     It is also in 
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approximate agreement with drag data for other airfoils 
at angles of attack beyond the stall. 

The slope of the airfoil section lift curve was 
taken aa 5-35 throughout the analysis. 

Method of Calculation of Thrust for Fixed Horsepower 

Thrust.- The rotor thrust T is 

T = CrjpirR^fl2 

or, for the assumed rotor, 

T = 11950^ (1) 

The value of    Crp    for a given blade pitch setting 
may be obtained from equation (lU)  of reference 2, which 
may be written 

°T • °2* <is+ H 
528 2f5! 

fa      {B\
Z
 A5   .   2   a" 

r\T " W   T     15 ff 

where 

W©2">B 
In order to obtain an expression for Q, the power 

required and the power available: may be equated as 

p = 260 hP = pTm5n2 CQI fa + p1rR5n2 Cfto -^ 

hence, 

(2) 

Induced torque coefficient.- The value  of    Co, 
for a given pitch setting may be obtained by using the 
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figura-of-merit equation of reference 2, 1*1 ich may be 
written 

.5/2 
K = O.7O7- 

hence, 

cT5/2 

% • °-7°7TF; 

Values of K* for any specified value cf pitch may be 
obtained fron fi^tire 17 of reference 2. The factor in 
the above equation i3 O.707 instaad of l/2 as in refer- 
once 2 since p/2 waa used in t-'ie definition of 
and CQ in reference 2, whereas  p la use 
definitions throughout the present report. 

Profile |2S* ue coefficient.- In order to obtain the desirji values 0/ (J^  for a 'irag curve of arbitrary forn, 

It is necessary first to calculate the induced angle of 
flow at a aerl6s of radii for each of the specified pitch 
an^los. This calculation was jn.ide by means of equa- 
tion (11) of referenco 2, which iiwiy be .written 

-sfs-^*7^ 
where an upward inclination of tho flow is associated 
with positive values of <P; hence, 

/0.731 - Vo«53l+ + Ul.8Bxl 

The angles of attack are then obtained from the relation 

Op  = 9 + <P 

Sample curvos of angle of attack against fraction of 
radius are shown in figure 2.. 
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The torque coefficient per foot of radius can then 
be cäox2 

he obtained from the expression  . The torque 
2nR2 

coefficient for the entire rotor is then readily obtained 
by graphical integration. 

After both Co  and Cq  are obtained, equation (2) 

may be solved for 
for T. 

*h and equation (1) may then be solved 

Results of Hovering Analysis 

Rotor thrust was calculated for a range of pitch 
angle from 7° to 21°•  The results are shown in figure J, 
Curves for zero profile drag and for the still more ideal 
ease of zero profile drag together with uniform induced 
velocity have been Included for comparison. The maximum 
aeotion angle of attack, that is, at the blade tip, is 
indicated in figure 3 along with the blade pitch. At the 
higher pitch angles, the slope of the airfoil lift curves 
falls off end the calculated thrust values are optimistic. 
These portions of the curves have been drawn as dashed 
lines. 

Discussion of Results of Hovering Analysis 

It is apparent from figure 3 that, within the range 
of tip speed corresponding to present practice, the rela- 
tive merit of the three sections being considered remains 
virtually fixed. A change from the rough conventional 
section to the smooth NACA 23015 section results in an 
increase in rotor thrust of more than 300 pounds. 
Changing from the smooth NACA 23015 section to the smooth 
NACA 3-H-13.5 section results in a further increase of 
approximately 200 pounds.  It is noteworthy that only 
about 300 pounds more could be gained if the profile 
drag could be made zero. 

The calculated value3 of maximum available thrust 
shown in figure 3 are greater than the gross weight 
assumed in the forward-flight analysis. The lower gross 
weight was assumed because, in a practicable machine, 
the ability to hover at altitude and the ability to 
take off with an overload are considered desirable 
features. 
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FORWARD FLIGHT 

1.1 

Cf the various performance characteristics associated 
with forward flight, range and endurance seem of 
greatest lnteroat at the present time. Calculations of 
range and endurance at a particular airspeed (approxi- 
mately that for minimum power) consequently were made 
for a sample helicopter in v;hich the three airfoil sec- 
tions previously described v/ere used successively. A 
fuel load of 10 percent of the gros3 weight was assumed 
In each case. The power absorbed by all items other 
than the rotor, including cooling fans and torque- 
compensating devices, was allowed for by assuming a 
specific fuel consumption of 0.55 pound per» rotor 
horsepower-hour, which is approximately 15 to ^0 percent 
higher than the normal value for cruising power. 

Because of the irregular shape of the drag curve for 
the low-drag airfoil, analytical treatments of the rotor 
profile-drag losses, such as that of reference 3» were 
not feasible and graphical methods were used. 

Sample Helicopter and Assumed Conditions 

The sample helicopter was assumed to be in level 
flight at sea level and to be operating under the fol- 
lowing conditions: 

Forward speed 
Feet per second 80 
Mile3 per hour 55 

Rotor tip speed, feet per second lf.00 
Tip-speed ratio    0.2 

The geometric characteristics assumed were as 
follows: 

Rotor radius, feet 20 
Disk loading, pounds per square foot 2.5 
Oros3 weight, pounds Jll+O 
Blade plan form ..." Rectangular 
Blade twist None 
Solidity 0.07 
Paraalte-drag area,  square feet         15 
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Except where otherwise Indicated, the foregoing 
assumptions apply to all results presented for forward 
flight.  It will be noted that the geometric character- 
istics assumed for the rotor are the same as those used 
In the hovering analysis. 

Method of Analysis 

The power absorbed by the rotor may be considered 
as the sum of the power required to overcome the parasite 
drag, the Induced drag, and the rotor-blade profile drag. 
The power required to overcome the parasite drag Is 

p  2^  550 

= 16.6 horsepower 

which Is considered to be constant. The horsepower 
required to overcome the Induced drag Is 

As explained In reference 5> the Induced D/L la simply 
CT/U-  Because the change In weight Is small, the use of 
the average weight Is considered permissible, and the 
average induced power Is then 

Pj = 0.0783 x 2960 x ^ 

s  33-9 horsepower 

The calculation of profile-drag losses is much more 
complex and is described in dome detail. 

Calculation of angles of attack.- Any graphical 
treatment of profile-drag losses requires knowledge of 
blade section angle of attack at various points on the 
rotor disk.  In order to calculate the angle of attack 
of a blade element at any givgn point, it is necessary 
first to calculate the required blade pitch, the inflow 
velocity, and the blade flapping coefficients.  The 
pitch and the Inflow velocity were determined by means 
of the analysis described in reference !(..  This analysis 
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extends the analysis of reference 3 by the addition of a 
parameter that represents the shaft power supplied to 
the rotor. The flapping coefficients were then deter- 
mined by equations (1) tc (5) of reference 3. 

In determining the pitch and Inflow velocity, It 
was necessary to estimate the rotor profile-drag losses. 
This estimation was accomplished by U3e of a specific 
airfoil drag curve as represented by a power series. 
The drag curve used corresponds to that employed in the 
example of reference 5» but the resulting values of 
rotor profile drag were decreased about 10 percent to 
provide a better approximation to the characteristics 
of the smooth sections being considered In the present 
study.  In a strict sense, a different combination of 
pitch and inflow velocity shouLu be determined for each 
section, particularly for the rough conventional section, 
because of the difference in required power input; how- 
ever, the effects of such changes in the combination of 
pitch and inflow velocity are necligible except in cases 
in which the retreating tip-section angles become high 
enough to produce excessive drag.  The effect of an 
extreme change in power input and in the resulting combi- 
nation of pitch and inflow velocity may be noted by 
referring to the example given in the appendix; this 
example compares the rotor profile-drag losaea When 
15 square feet of parasite-drag area and zero parasite- 
drag area are successively assumed at &  relatively high 
forward spaeä. 

The normal and tangential components of velocity 
relative to a blade element were obtained from the fol- 
lowing expressions, which ar>e modifications of equa- 
tions (8) and (9) of reference 5s 

Uj = Kj_ + x 

Up = K2 + K.X 

«hero 

Kj. a H sin * 

Kg s X +2l*ai+ (-|J&o + 21*2) cos • + |t*2 sln *+2°Val cos 2* 

+ giib-L ain 2* +|-|JA2 cos Ju) +||ib2 sin 3* 
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In order to obtain curves of profile-drag power loss 
against weight, calculations of angls of attack and energy 
loss were carried out for five values of gross weight. 
The resulting curves are shown in figure )\.     The values 
for the rough airfoil obtained analytically are included 
for comparison with the values obtained graphically.  In 
order to permit such calculations, the drag curve of 
figure 1 for the rough airfoil was made to have, up to 
an angle of attack of 10°, the same form a3 that of the 
example piven In reference j! tho crdinetes were, however, 
increased 28 percent in order to make the desirad allowance 
for surface roughness.  Velu^s oi'    D/L obtained as 
described In reference 3 could thus be used after being 
increased 25 percent. 

Calculation of Range and Endurance 

By using the average profile-drag loss In horsepower, 
as given by figure If, for the range of weight from 
31l{0 pounds to 2830 pounds, the avnrage total rotor drag 
losses for each airfoil section may be evaluated as 
follows: 

"N. Airfoil 
Drag^s. 
losses^v. 
(hp)  \^ 

Rough 
conventional 

Smooth 
NACA 23015 

Smooth 
NACA 3-H-13-5 

parasite 
Induced 
Profile 

16.6 
35.9 

16.6 
35.9 
27.3 

16.6 
33-9 
20.0 

Total 97-3 77.8 70.5 

By assuming a specific fuel consumption of O.55 pound 
per rotor horsepower-hour, the values of range and 
endurance are as follows: 

^»^.Airfoil 
Sough 

conventional 
Smooth 

NACA 23015 
Smooth 

HACA 3-H-13.5 

Range, miles 
Endurance, 

hours 

320 

5.8 

1+00 

7.3 8.1 
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Kigh-Speed Condition 

As an Indication of the effect of tip-speed ratio 
on the relative merit of the airfoil sections, calcula- 
tions were made for the sample helicopter at a tip-speed 
ratio of O.J. The corresponding forward speed becomes 
120 feet per second, or about 80 miles per hour; all 
other assumptions are as previously given. The drag 
losses then are as follows: 

\. Airfoil 
Drag*\,^ 
loases^v^ 
(hp)  \ 

Rough 
conventional 

Smooth 
NACA 25015 

Smooth 
NACA 3-K-13-5 

Parasite 
Induced 
Profile 

56.O 
25.0 
67.5 

56.0 
25.Ü 
55.5 

56.0 
2S.0 
5^.5 

Total 148.5 Ilk. 5 135.5 

The high profile-drag loss for tha low-drag section 
results from the hi/#i drag values abovs the low-drag 
notch; this point Is demonstrated in the appendix. 

Discussion of Results of Forward-Flight Analysis 

It is apparent from figure Ij. that the relative merit 
of the airfoils depends on the loading uaed. Certain 
aspects of the comparison are brought out more clearly 
by plotting the profile drag-lift ratio (D/L)0 instead 
of power loss. Figure 5 chows this facto/- plotted 
against the loading factor 2C-jyb"a, which Is mere 
general than but is proportional to weight or loading. 
It io evident that the optimum (D/i,)  occurj at a 
considerably lower loading for the T.'ACA 5-F-I3.5 
tion than for the NACA 23015 section. 

sac- 

Although a relatively small portion of the rotor 
disk is affected, it should be pointed out that the 
assumption of constant lift-cjrve slope is not strictly 
valid at the high loadings and at p, a O.j. The calcu- 
lations for the NACA 3-H-13.5 section, in particular, are 
increasingly optimistic as these conditions are reached. 
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The affect of modifications In the airfoil section 
drag characteristics, as indicated by the theoretical 
performance analysis made for the sample helicopter, may 
be summarized as follows: 

1. The use of the section characteristics taken as 
representative of a smooth conventional section instead 
of those taken as representative of a rough conventional 
section resulted in an increase of approximately 9 percent 
in the rotor thrust available with fixed shaft power in 
hovering, an increase of 25 percent in range and endurance 
(with equal fuel load) at cruising speed, and a reduction 
of 23 percent in the power required at a relatively high 
forward speed (30 mph; tip-3peed ratio, 0.3). 

2. The use of ths section characteristics taken as 
representative of the low-drag airfoils of XACA CB 
No. 3113 insteed of those for the smooth conventional 
section resulted in a further increase of approximately 
5 percent in the rotor thrust available with fixed shaft 
power in hovering end an auditions 1 increase of 10 per- 
cent in range and endurance at cruising spend; however, 
at the high-speed condition, an increase of approximately 
18 percent in the power required was indicated. 

3. If the losses shown for the low-drag section at 
high speeds and at moderate speeds and high loadings are 
to be avoided, the low-drag section mu3t be designed to 
prevent the extreme ri3e in drag coefficient at the 
higher angles of attack exhibited by the low-drag sections 
of NACA CB No. 3115. 

Langley Memorial Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Field, Va. 
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APPENDIX 

CONDITIONS OP 0P3R/.TI0N ENCOUNTERED BY THE BLADE 

SECTION AND EFFECT 0? VARIATIONS IN ASSUMPTIONS 

Contours of angle of attack and power loss.- In order 
to make the reason for the results obtained Tn~the forward- 
flight analysis more evident, contours of angle of attack 
and power loss were prepared. The source of the values 
of section angle of attack has already been sufficiently- 
explained.  In order to show the relative importance of 
a given Increment In drag coefficient in the different 
parts of the rotor disk, the expression previously given 
for power loss per foot of radius «as modified by dividing 
by the area of the annulus at the appropriate radius; the 
resulting expression for the power loss in foot-pounds 
per second per square foot of disk area for a profile-drag 
coefficient of 0.01 is 

u 5 
P = 26.60 3- 0        x 

Contours for the set of conditions initially assumed 
are shown in figure 6(a). Figure 6(b) shows the effect 
on the contours of increasing the assumed value of 
solidity. Changes in loading produce similar effects, 
since the higher solidity is comparable with lower 
loading.  Contours for the original solidity but for 
\i » 0.3 (V = 80 rnph) instead cf u = 0.2 (V = 55 mph) 
are shown in figure 7« 

Weighting curves.- The contours in figures 6 and 7 
indicate that a given increment of profile-drag coeffi- 
cient is more important at low than at high section 
angles of attack.  It is difficult, however, to Judge 
the significance of certain factors - for example, the 
abrupt rise in drag coefficient at high angles-of attack 
shown for the NACA J-H-13-5 section (fig. 1).  In order 
to permit more rapid quantitative Judgement of auch 
factors, the data may be combined for the two sets of 
contours into a single curve showing the relative impor- 
tance of different perts of the curve of airfoil section 
proflie-drag coefficient against section angle of attack. 
This weighting curve is designed to show the amount by 
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which the power consumed in overcoming the profile drag 
of all the blade elements operating at any particular 
angle of attack is increased if the airfoil section drag 
coefficient corresponding to that angle of attack is 
increased by some convenient increment, for example, 0.01, 
Such a curve has the further merit of permitting rapid 
calculation of total power for any airfoil section; it is 
necessary only to multiply the ordinates of the curve of 
profile-drag coefficient against angle of attack charac- 
teristic of the airfoil section by the ordinates of the 
weighting curve and obtain the area under the resulting 
curve. 

In order to obtain such a weighting curve, the range 
' to v?) through which 

cr \ was 
(or ranges) of azimuth angle  (*j_ to ^2) 
a given range of angle of attack laT      to cr \ 

maintained was determined for a given radiu3 by U3lng a 
plot of angle of attack against azimuth angle for that 
radius. The process was repeated for successive ranges 
of angle of attack until the entire circumference was, 
acoounted for. The appropriate average value of  u^ 
for each range of azimuth angle was then read from a 
plot of uT* against azimuth angle. Ordinates for the 

weighting curve for the specified radius were then obtained 
by means of the expression for the energy per second per 
degree angle of attack per foot of radius 

1>? -  \ 1 
ipbc cdou^5h5R3 •W2 

**! 

un"1 for the range where Uj? is the average value of 
from ^ to \|*2. It was found that increments of angle 
of attack of 0.2° provided ample detail in the final 
curve. 

The process was repeated at intervals of 0.1R over 
the blade radius.    The resulting weighting curves for 
representative  radii and the over-all weighting curve 
obtained by a summation of the  curves at the  various 
radii are  shown in figure  8 for    j.i. =  0.2.     Values of 
power obtained by use  of the  curve of figuro 8 and other 
values obtained  from each of a number of other weighting 
curves were  checked against corresponding values obtained 
by the more laborious point-by-point method already 

.described,  and the answers agree ?/ithin ±0.3 horsepower. 
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In order to permit ready application of the weighting 
curves to rotors differing from the sample rotor in chord, 
radius, or airfoil section and likewise to rotors oper- 
ating at different tip speeds and altitudes, the curves 
have been plotted in nondiraensional form.  The use of the 
curves for calculation of Wie profile-drag loss for a 
particular rotor and a particular alrfcil section involves 
the following steps: 

(1) Multiply the ordinates of the weighting curve 
by the ordinates of the curve for airfoil section profile- 
drag coefficient 

(2) Multiply the resulting ordinates by 100 to allow 
for the fact tint the weighting-curve ordinates were 
given for c<^ = 0.01 

(31 Obtain the area under the resulting curve and 
thus obtain the total value of Cp/o 

rpf£im_ 
550 

(]+) Multiply the value of 
.5 

Cp/o by the factor 

Steps (2) and (1|) may of course be combined; the factor 
for the sample rotor is then 

100 x 0.07 * 0.002578 x (20)? x it x (20)5 g  __                = dmia  x i0 

Effect of variations in helicopter characteristics 
and flight conditions.- The weighting curves provide a 
convenient means for indicating the effect of changes in 
assumptions on thg airfoil requirements. The effects of 
tip-speed ratio, loading, solidity, blade twist, and power 
input are thus indicated in figure 9«  Corresponding 
profile-drag losses for the drog surves wider considera- 
tion are glvsn in t«ble I. 

Source of losses indicated for low-drag airfoil.- 
Comparison of the weighting curves of figure 9 with the 
profile-drag curves of figure 1 shows that, for the 
conditions in which the low-drag airfoil shows losses 
Instead of gains, these losses result from the extremely 
high values of profile-drag coefficient at the high angles 
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of attack. The point is brought out more olearly In fig- 
ure 10, which shows the curves that result from multi- 
plying the drag curves of figure 1 by the corresponding 
weighting curves of figure 9(a) for u = 0.3« 

Preliminary results (unpublished) of additional low- 
drag airfoils intended to reduce these losses at high 
angles of attack indicate that considerable progress may 
be expected. 

Conditions of operation ignored in analysis.- 
Simplifying assumptions or procedures, which have been 
used.in the analysis but have not been discussed and may 
be suspected of endangering the validity of the compari- 
sons made, include: 

(1) Use of statically measured section character- 
istics with no allowance for effects duo to rotation 

(2) Assumption of uniform inflow velocity (forward- 
flight analysis only) 

(3) Use of section characteristics corresponding to 
a single Reynolds number and a single Mach number as 
applying at all point3 on  the rotor di3k 

(It.) Neglect of effect of angles at  yaw on section 
characteris tics 

Past experience Indicates that airfoil sections used 
in rotating blades exhibit characteristics similar to 
their statically measured section characteristics. Pos- 
sible effects on the characteristics of the low-drag 
sections are conjectural. 

The effect of nonunlformity of  inflow velocity was 
examined in reference 6, and it was concluded that the 
net effect on the rotor forces was secondary. 

The method of analysis used would permit study of 
items (3) and (J|), or even Inclusion of the effects in 
the analysis if such were deemed desirable and if suffi- 
cient section data were available. Although the data at 
hand are insufficient to permit complete calculations, 
it is of Interest to note the magnitude of the variations 
of Reynolds number, Mach number, and angle of yaw. 
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The Reynolds number, which was taken as approxi- 

mately 3 * 10 l-n choosing the drag curves, actually 
varies from 0 to I4..5 x 10  in a typical case.  The value 
2.8 x 10° corresponds to the mean value at x = 0.75 
when the nuiaber of blades is taken as three.  Figure 11 
shows the variation of Reynolds number over the rotor 
disk for two tip-speed ratios.  Radial components of 
velocity are Ignored.  Comparison with figures 6 and 7 
indicates the regions in which the greatest differences 
might result if the drag curves were varied with Reynolds 
number. 

The contours of figure 11 may also be used in esti- 
mating Wach numbers,  i-'or this purpose, the values shown 
on the contours should be multiplied by 0.000011$!*.  For 
the sample rotor in forward flight, OR = I4.OO;  hence, 
the Mach number is approximately equal to the value shown 
on the appropriate contour line time3 O.OÜ56.  For 
\i = 0.2, the maximum tip Mach number is thus 0.1j2 at 

•i/  = 90° and the minimum is 0.28 at * = 2700. 

The variation of angle of yaw over the rotor disk 
at a tip-speed ratio of 0.2 is shown in figure 12.  The 
same contours can also be applied to any value of y. 
above 0.2 by placing a new outer boundary at a radius 
equal to 0.2/n times the original radius;  the tip 
circle for ji = 0.I4. has been drawn in as an example. 
It is of interest to note that the regions which appear 
in figures 6 and 7 to be the most critical - that is, 
the region of high power loss per unit drag coefficient 
on the advancing side and the region in which tip stalling 
la approached on the retreating side - include relatively 
low angles of yaw. 
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(b)  Increased solidity;    X - -0.0350;     8-7°;     ff- 0.10;    ^2 . 0.0225 

Figure 6.- Contours of power loss and angle of attack, for sample 
helicopter rotor and for an alternate rotor with higher 
solidity and lower pitch.    V - 55 miles psr hour;    u. « 0.2; 
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