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KATIONAL ADVISCRY COMMITTEE IFOR AZRONAUTICS

ADVANCE CORFIDENTIAL REPORT

EPFECT ON HELICOPTER PLRFORMANCE OF MODIFICATICNS
IN PROFILE-DRAG CFARACTERISTICS OF ROTOR-BLADE
ATIRFCIL SECTIOXNS
By ¥. B. Gustafson

SUNMARY

Performance calculationsz are presented for a typlecal
helicopter rotor in which three types of airfcll sectlon
were successively used. The types represented are the
rough conventlonal, the smooth conventional, and the
laminar-flow or low-drag sections as developed for heli-
copter use. The perfnormance 1tems covered are rotor
thruat for fixed power 1in hovering, range and endurance
at crulsing speed, and powor rejuired at a relativecly
high forward speed. Contours showing the conditions of
operation sncountered by the blade section aund welghting
curves showing the relative Importance of the varlous
scction angles of attack for specifled flight conditlona
are Included as an ald in the interpretation of the
reaults.

The calculations 1ndlcated that the use of a smooth
conventional section will result in marked performance
geins throughout the flight range. Definite, though
smaller, additional gzalns in take-off welght and in
range and endurance may be reallzed by the use of a low-
dreg section. At high forward speeds or at mcderate
forward speseds and hlgh loadings, howsver, losses are
indicated for the low-drag sections 1n contrest with the
smooth conventional sectlons. It 1s demonstrated thet,
1f these loasecs are to be avolded, the low-drag sections
must be designed to avoicd the extreme rise in drag coeffi-
cleat at the higher angles of attack which s character-
istie of th low-drag sectlons now available fcr use in
helicopters.
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INTRODUCTION

It is generally recognized that an important part
of the power required to operate a helicopter 1s absorbed
by the profile drag of the blade elements; consequently,
considerables interest has been shown in the possibility
of using leminar-{'low, or low-drag, airfoll sections in
helicopter rotors. A recent report (reference 1) described
the characteristics of several low-drag sectlons that
were developed especially for use in helicopters. Pre-
vious low-drag sections had either excessive pitching-
moment coefficlents or low drag only at extremely low
1ift coefficlents. The sections of reference 1 were
designed to glve the maximum lift-drag ratio (L/D),..
obtainable with zero pitching-moment coefficlent, over
an appropriate range of Reynolds number.

In order to indicate the magnitude of the rerformance
gains that might result from the use of the new sectlons
and to provide a gulde for the development of addltional
sections, an analysis has been made for several condl-

- tions of flight for a hellcopter of assumsd charactsr-
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 1s not essential
to the analysis but provides substantial aid in under-
standing the results has been incorporated in an appendix.

SYMBOLS

R rotor=-blade radius
b number of blades
[} blade chord
r radius of blade element

=X
=R
6 pitch angle of blade element
61 difference between hub and tip pitch angles (posi-

tive when tip angle is greater)
CONFIDENTIAL
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——

075 blade pitch angle at x = 0.75

rotor angular velocity, radiena per second

forward speed

tip-speed retio (Y 223—5)

QR

angle of attack of rotor disk

upward)

Q
v
B
a
AQR speed of axial flow through rotor disk (positive
(L %% section angle of attack (absolute)

4, section profile-drag coefflcient

e section 1lift coefficlent

a slope of 1lift coefficient against section angle of
attack (radian measure)

4 solidity; ratlio of total blade area to swept-disk
area (be/nR)

T rotor thrust

Cp thrust coeffliclent (P-EELE)
i .

Cq  torque cosfficlent (‘l"t—“—t"-g-‘lE
pﬂdtm . >

P power

Cp power coefficient (#otor-shaft power ingut)
pl¢nR
C;,  1ift coefficient ( gtor 11“‘)

sov2rR?
o, angle of atteck of blade element from zero lirft

ag angle of attack of blade element at tip

uTnR velozity component at blade element perpendicular
to blade span and parellel to rotor disk

uPﬂR veloclty component at blede elemont perpendicular -
to blade span and to u4lR

CONFIDENTIAL .
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® = tan-1 :—%

blade azimuth angle measyr.
direction of rotation

8ross weight, bPoungsg
Trotor Jigk loading, bounds pep

parasite-drag Qrea, Square feet

air density
Subscripts:
1 induceq
o Profile

HOvaRINg FLIGHT

wag Caleulntgqg r an

Ch three dirferent types

ively Used. mpe calculations w
d out rop 8 Series of blade plt

Pter wag 88sumed to pe in hovering
leve], The rotor characteriatics wepre
€ ag followa:

c e e . 20
>+« 0,07
Rectangular
* * + None
e . . 260
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Alrfoil Section Characteristios

The NACA 3~E-13%.5 section was chosen as represente-
tive of the new low-drag sections of reference 1. The
NACA 23015 section, for which data asre salsc given in
reference 1, was included to permit comparison with a
smooth conventionsl section. 1In ovder to permlt compari=-
son wlth & conventional section in a condition belleved
to be typical of present-day rotors, a “rough" convemn-
tional section was included; the drag curve for this
section 1s a composlite of data from various sources.

The curves of proflle-drag coefficient agalnst angle
of attack used for the three sectlons are shown in fig=-
urs 1. These curves are represontative of Keynolds
numbers corresponding to the onter part of the rotor disk,
in which most of the proflle-drag losses occur. As 1is
shown 1n the appendix the Reynolds number, Mach pumber,
and angles of yaw encountered by the rotor blade vary
considerably cver th~ rotor disk. No attempt was made
to mocify the curves of I"lgure 1 to allow f'or these
variations; the analysis is thus a comparison of drag
curves representetivz of certaln types of airfoil section
rather than of speciiic sections.

The profile-drag values avullable for high angles
of attack wvers incomslete, esp=2cially for the NACA
3=H=13.5 sectlon. The drag data of roference 1L reach
an angle of attack of 159 for the NACA 23015 section
and of 10° for the NaCA 3-H-13.5 secticn. The following
relation, whkich is based largely on a composite cof all
the data for high aagles of attack of reference 1, was
used to sxtend these data as necessary:

Acdo = 0-25 (cz' - cl‘)
whare

Acdo inerement 1n profile-drag coefficlent asbove valus

at upper end of stralght-line portion of 1lift
cur ve

¢3! 1lift coefficlent as given by extension of straight-
line portion of lift curve

This method glves results that agree with the available

values for high angles of attack for the low-drag sections
of reference 1 within sbout %20 percent. It 1s 8lso in

CONFIDENTIAL
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6 CONFIDENTIAL  NACA ACR No. ILHOS
approximate agreement with drag dete for other alrfoils
et angles of attack beyond the stall.
The slope of the alrfoil section 1ift curve was
teken as 5.85 throughout the analysis,
Method of Calculation of Thrust for Fixed Horsepower
Thrust.~ The rotor thrust T 1s
= chrralK‘f'
or, for the assumed rotor,
T = 1195cEP (1)
The value of Cq for a given blade pitch setting

' may be obteined f!-om equation (1Y) of reference 2, which
may be written

3
- 262(2 15
op=o'a v k- z)[ (E)A*ai]

In order to obtaln an expression for €}, the power
required and the power avallable may be equated as

= 260 hp = pmRI2 Cq, 5%-5 + pmRIQ2 Ce, "5%6'

hence,

Q =\5/ 260
43.46(Cq, *+ Ca,)

:ndueeg torque coefficient.~ The value of qu

for a given pltch setting may be obtalned by using the

CON®IDERTIAL
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Alrfoil Section Characteristicas

The NACA 3-H=-13.5 section was chosen as representa~
tive of the new low-drag sections of reference 1. The
NACA 23015 section, for which data are alsc given in
reference 1, was 1lncluded to permit comparison with e
smooth conventlonal section. In order to permlt compari-
son with a conventional section In a condition belleved
to be typicel of present-day rotors, a “"rough" conven-
tional ssction was included; the drag curve for this
sectlion 1s a composite of dats from varlous sources.

The curves of proflle-drag coefficient against angle
of attacl used for the three sectiona are shown in fig-
ura l. These curves are representative of Reynolds
numbers corrasponding to the outer part of the rotor disk,
in which most of the proflle-drag losses occur. As is
ghown in the appendix the Reynolds number, Mach number,
and angles of yaw encountered by the rotor blade vary
considerably over the rotor disik. No attempt was made
to modify the curves of "igure 1 to allow for these
varlations; ths analysis is thus & comparison of drag
curves representative of certaln types of airfolil section
rather than cf speciflc sections.

The profile-drag values avallable for high anglas
of attack were incomrclete, espaclally for the NACA
3-H=13.5 scction. The drag data of roference L reach
an angle of attack of 13° for the NACA 23115 section
and of 10° for the NACA 3-H-13.5 section. The following
relation, which ls based largely on a composite of all
the data for high angles of attuck of reference 1, was
used to axtend these data as n=cessary:

deg, = 0.25 (! = ¢3)

whare

Acdo increment in proflle-drag coefficlent above value
at upper end of straigzht-line portion of lift
curve

e;' 1lift coefficient as glven by oxtension of straight-
l
line portion of 11t curve

This method glves results that agree with the avallable

values for high angles of attack for the low-drag sections
of reference 1l within about %20 percent. It 1s also in

CONFIDENTIAL




6 CONFIDENTIAL  NACA ACR No, ILHO5
approximate agreemsnt with drag data for other airfolls
at angles of attack beyond the stall.

The slope of the alrfoll sectlon 1ift curve was
taken as 5.85 throughout the analysis,

Method of Calculation of Thrust for Flxed Horsepower
Thrust.~ The rotor thrust T 1s
= CTpn’a’ma
or, for the assumed rotor,
= 1195cHP (1)
The value of Cp for a given blade plitch setting

may be obtalned from equation (14} of reference 2, whlch
- may be written

SN I ¥ [\ (g)i;_,fﬁg]

5202 (3)

2
STORIET

In order to obtaln an expression for £, the power
raquired and the power avallable may be equated as

= 260 p = pRN? cq, iy + pRIO® G ?‘5’-5

hence,

Q=2 260
.10, * 03,)

Induced torque coefflctent.~ The value of Cgy
for a glven pitch setting may be obtalnsd by using the

CONFIDERTIAL
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figura-of-moerit equation of reference 2, which may be
written
o 3/2

i
K= 0,707——

e/

Values of M, for any specificd value cof pltch may be
obtained frofM fisure 17 of referauce 2. The factor in
the above equation 13 0.707 instead of 1/2 as in refer=
eance 2 since p/2 woas used in the definition of Cq
and C in reference 2, whereas p 13 used in the
deflni%ions througtout the presgent report.

Profile torque comfficient.- In order to obtein the
desir33 valuaes ol CQo Tor a .ras curve of arbitrary form,

1t 1s necessary first to calculzte the Induced angle of
flow at a serlies of rsdii for each of the spescified pitch
anglss. This calceulation was miule bty means of eque=

tion (11) of referencc 2, which may be writien

o=zt R

where an upward inclinnticn of tho flow 18 assoclated
with noslitlve values of @; hence,

o = ‘hf’xli (0.751 - V0.53L + Hl.ﬁz)

The ennrles of atback are then obiained iIrom the rclation

e, =9 +9

Sample curves of angle of attack agalnst fraction of
radius are shown in figure 2,

COXFIDEINTIAL
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The torque coefficient per foot of radius can than
be eg x2
be obtained from the expression -———E_—' The torgque
2nR
coefficiant for the entire rotor is then readily obtalned
by graphical integration.

After both Gy and GQO ‘are obtained, equation (2)

may be solved for é and equation (1) may then he solved
for T,

Resaults of Hovering Analysis

. Rotor thrust was calculated for a range of piteh
angle from 7° to 21°. The results are shown in figure 3,
Curves for zero profile drag and for the still more 1deal
case of gero profile drag together with uniform induced
velocity have been included for comparison. The maximum
section angle of attack, that is, at the blade tip, is
indicated in figure 3 along with the blade pltch., At the
higher pitech angles, the alope of the airfoll 1lift curves
falls off and the calculated thrust values are optimistie,
These portions of the curves hawve been drawn as dashed
lines,

Discussion of Results of Hovering Analysis

It i1s arparent from figure 3 that, within the range
of tip specd corresponding to present practice, the rela=
tive merit of the three sections belng considered remains
virtually fixed., A change from the rough conventional
section to the smooth NACZA 2Z0l15 section results in an
increase 1In rotor thrust of more than 300 pounds.
Changing from the smooth NACA 23015 section to the amooth
NACA 3-H=13%.5 section results in a further increase of
approximately 200 poundsa., It 1s noteworthy that only
about 300 pounds more could be zained if the profile
drag could be made zero.

The calculated values of maximum avallable thrust
showmn in figure 3 are greater than the gross weight
assumed in the forward-flight analysis, The lower gross
welght was assumed because, in a practicable machine,
the ability to hover at altitude and the abllity to
take off with an overload are considered desirable
features,

CONFIDENTIAL
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FORNARD FLIGHT

Cf the varlous performencs cheracteristics assoclated
with forward {light, runge and endurance seem of
greatest interast ut the pressnt time Calculations of
renge snd endurance at a particular azxspeed (approxi-
mately that for minimum power) consequently were mads
for a sample helicopter in vhich the three airf»1l sec-
tions previously descrlbed were used successively. A
fusl load of 10 percent of the gross welght was assumed
in each cese. The power absorbsd by aull items other
than the rotor, including cocling fans and torjue-~
compensating devices, was allowed for by assuming a
specil'ic fuel consumption of 0.59 pound per rotor
horsepower-hour, which is approximately 15 to 20 perzent
higher than the normal vaiue for crulsing power.

Because of the irregular shape of the drag curve for
the lovwi-drag airfcll, enelytical treatments of the rotor
profile-drag losses, such as that of referance 3, were

. not feasibie and graphlical methods were used.

Sample Hellicopter and Assumed Condltions

The sample heliﬂopter was assumed to be in level
flight at 8ea levsl and to be operating under the fol=-
lowing conditions:

Porward speed
Feet pev SeCond o « « o« « 2 o« ¢ s s« ¢« + « s+ o « « BO
Miles per hour . . . e o s o s e s s+ s« 55
Rotor tip uspeed, feet per second . s u b w e 100
e e « o2 o s o o o « 0,2

Tip=speed ratlo .« ¢« & ¢ ¢ o o &
The geometric characteristics assumed were as
follows:

Rotor radius, feet . . + « ¢« ¢« o o & e s o« 20

Disk loading, pounds per square foot . . « o + « « o 2.5
Gross welght, pounds . . . « « ¢« « ¢« o ¢ o « « +» « 3140
Blade plan form . . . « « + « 2« « « « « « . Rectangular
. Blade twist .« . ¢ ¢« ¢ ¢« ¢ ¢« o o s ¢ e o s o s « s None
Solidity o« ¢ ¢« ¢« ¢ it d e v e i e e s e e e e s« 0,07
Parasite~drag arems, square feet . &+ « « ¢ o ¢ o« o « 15

CONTFIDINTIAL
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10 " CONFIDENTIAL NACA ACR No. ILHO05

Except where otherwise indicated, the foregoing
assumptions apply to all results presented for rorward
flight. It will be noted that the geometrie character-
istios assumed for the rotor are the same as those used
in the hovering analysls. '

Method of Analysis
The power absorbed by the rotor may be conslidered
&8 the sum of the power required to overcome ths parasite
dreg, the ilnduced drag, and the rotor-blade profile drag.
The power required to overcome the parasite drag is

1 v
P = VIS

16 .6 horsepower

P

which is considered to be constant, The horsepower
required to overcome the induced drag ls

Py = (E—)i ""5"3,6'

As explained in reference 3, the induced D/L 1s simply
Cr /L. Because the change 1n welght is small, the use of
the average welght is consldered permissible, and the
average induced power 1s then

P, = 0.078 2
1 78% x 2960 x 555

3%.9 Lorsepower

The calculation of profile-drag losses 1s much more
complex and 1s describzsd in some detaill,

Calculation of angles of attack.~ Any grephical
treatment of profile-drag losses requirea knowledge of
blade section angle of attack st various points on the
rotor disk. 1In order to calculste the angle of attack
of a blade element at any glven point, it is necessary
Tirst to calculate the required blade pltch, the inflow
volocity, and the blade Illapning coefficients. The
pltch and the inflow veloclty were determined by means
of the anrlysis deacribed in reference 4. This analysis

CONFIDENTIAL
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extends the analysis of reference 3 by the addition of a
parameter thet represents the shaft power supplied to
the rotor., The flapping coefficients were then deter-
mined by equetions (1) te (5) of reference 3.

In deternining the pitch and inflow velocity, 1t
was necessary to estimate the rotor procfile-drag losses.
This estimaticn was accompllished by use of a specific
airfoil drag curve as represented by a power series.

The drag curve used corresponds to that emplcoyed in the
example of reference 3, but the resulting values of
rotor profile drag were decreased about 10 percent to
provide a better approximation to th2 charasteristlics

of the smooth sectlons being considered in the vresent
gtudy. In a strlct sense, a different comblnstlon of
pitch and Inflow velocity should be deztermined for each
section, particularly for the rough conventicnel section,
because of the diiference in required power lnput; how=-
-ever, the effects cf such changes in the combination of
piteh and inflow velocily are nerligible except in ceses
in which the retreating tip-section sngles become hilga
enough to produce excessive drag. Thz effact of an
extreme change in power input and iIn the resulting combi-
nation of pitch and 1nf{low velocity may be noted by
referring to the example given 1n the aprendix; this
example compares the rotor profile-drag losaes vhen

15 square feet of paraslte-drag area and zero parasites
drag area are sucressively assumed at & relatively high
forward spzed,

The normal and tangentisl components of veloclty
relative to a blade element were obtalned from the fol-

lowing expressions, which are modifications of equa~
tions (8) and (9) of reference 5:

up = K +x
up = Kp + Kyx
where

Ky = psin vy

Kp = ).+%pal+(-pno+%pa2) cos w+%yb2 sln \V+%pal cos 2V

1
+ 5pby sin 2y +%—paa cos W *"%1.;172 ain }W
CONFIDENTIAL
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In order to obtain curves of proflle-drag power loss
againat welght, calculations of angls of attack and energy
loss were carrisd out for five values of gross welght.

The resulting curves are shown in figure E. The values
for the rouzh alirfoll obtalned analytically are included
for comparizon with the values obtalned graphizally. In
order to pexmlt such calculations, the drag curve of
figure 1 for the rcugh alrfoll was made to have, up to

an angle of attack of 102, the same form as that of the
example glven In refsrcnce 3: the crdinetes wers, Lowever,
increased 25 percant in order to make the desirad allowance
for surface roughness. Velues of D/L obtalned as
described 1in reference 3 could thus be used after being
increased 23 percent.

Calculatlion of Range and Endureance

By using the average prolile~draz loss in horsepower,
as given by figure L, for ths range of weight from
3140 pounds to 2830 pounds, the average total rotor drag
%osses for each alrfoll section may be evaluated as
. follows:

Alrfoll
Drag Rough Smooth Smooth
1?;s§s conventionel | NACA 23015 | NACA %3-H-13.5

P
Parasite 16.5 16.€ 1£.6
Induced 5.9 3549 33.9
Profile 4T3 27.3 0.0

Total 97.8 77.8 70.5

By assuming a npeclific fuel consumptlion of 0.55 pound
per rotor horsepower-hour, the values of range and
sndurance are as follows:

dirfoll Rough Smooth Smooth
conventional | NACA 23015 | NACA 3-H-13.5

Range, miles 320 46O Lo
Endurance,
hours 5.8 Te3 8.1

CONFIDTNTTIAL
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Elgh-Speed Conditlon

As an indlcation of the effact of tlp-speed ratio
on the relative merit ot the &airfoil sectlions, calcula=-
tions were mude for the csample helicopter at a tip-speed
ratio of 0.3. The corresponding forward speed becomes
120 feet per second, or about 80 miles per hour; sll
other assumptions are as previously glven. The drug
losses then are as followss:

Alrfoll
Drag Rough Smooth Smooth
l?gsis conventiosnal | NACA 23015 | NACA 3-E-~13.5

p

Parasite 55.0 6
Induced { 25.0 5
n
5

Profile 33.5

Total 11,5 1

The high prollle-drag loss for ths low-drag sectlon
results from the hipgh drag values abovz the low-drag
notch; this polnt 1s demoustrated in the appendix.

Discusslon of Results of rForward-Flight analysis

It is apparent from figure l that the relative merit
of the alrfolls depends on the loading used. Certain
aspects of the comperison are brouzht oubt more clsarly
by plotting the profile drag-1ift ratio (L/L), 1nctead
of pover loss. Flgure 5 rhows this factosr ploited
against the loadlng factor 2Cn/0a, which ls mcre
general than but 1ls proportional ta welgit or loading.

It 15 evident thst the optimwm (D’/L),. occurs st a
considerably lower lioading for the MACA 3-F-13.5 ssc~
tion than for tke NaCA 23015 section.

Although a relstively sin2ll) portion of the rotor
disk 1s affected, 1t should b2 pointed out that the
assumptlon of cornstant lift-curve slope is rot strictly
valld at the high loadings and at pu = 0.3. The calcu-
lations for the NACA 3-H-13.5 sectinn, 1in particular, are
increasingly optimistlc as these conditions are reached.

CONFIDENTIAL
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CONCLUSIONS

The effect 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:

l. The use of the sectlion characterlstics taken as
representative of a smooth conventional section instead
of those taken acs representative of a rouzh conventional
section resulted in an lnerecase of approxlmately 9 percent
in the rotor thrust available with fixed shalt power in
hovering, an increcse of 25 perzent in reng> and endurance
(with equal ruel load) at crulsing speed, and a reduction
of 23 percont 1a the power required at & rslatlvely high
forward speed (50 mph; tip-spsed ratio, 0.3).

2. The use of ths section characteristics taken aa
representatlve ol the low-drag ailrfclls of HACA CB
No. 3I13% lnsteed of those faor tine zmooth conventlonal
gection resulted in a lurther increass of approximately
5 percent 1ln the rotor thrust available with flixed shaft
power in hoverinz rnd an addltionsl increass of L0 per-
cent in range and endurance at cruleing speed; however,
at the high-speed condition, an increase of approximately
18 percent in the power required was indlcated.

3. If the losses shown for the low-drag section at
high speeds and at moderate speeds and high loadings are
to be avoldsd, the low-drag section must be deslgned to
prevent the extreme rise 1in drag coefficlent at the
higher anglez of attack exhiblted by the low-crag sections
of NACA CB No. 3Il3.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
langley Fleld, Va.
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APPENDIX

CONDITIONS OF OPZR.LTION ENCOUNTERED BY THE BLADE
SECTION AND FEFFECT OF VARIATIONS IN ASSUMPTIONS

Contours of angle of attack and power 1lcss.- In order
to make the reason tor the results obtalned in the forward-
flight analysis mors evident, contours of ungle of attack
and power loss wera prepared. The source of tne values
of sectlon angle of attack has already bean sufflciently
explalined., 1In order t- show the relative importance of
a given lncrement in drsg coef{icient in the diflerent
parts of the rotor disk, the expresslon previously glven
for power loss psr foot of radlus was modifled by dividing
by tae area of the annulus at the apprcpriate radius; the
resulting expression for the power loss in foot-pounds
per second per square foot of disk areu for a profile-drag

coefficlent of 0.01 is

3
u
P = 26.50 -

Contours for the set of conditions initially assumed
are shown in figure 6(a). Figure £(b) shows the offect
on the contours of lncreasing the assumed value of
solidity. Changes in loading producs similer effects,
since the hligher solidlty 1s comrarable with lower
loading. Contours {or the orlginal sollalty but for
B = 0.3 (V= 50 mph) instead ¢f p = 0.2 (V = 55 mph)
are shown 1n figure 7.

Woeighting curves.~ Tha contours in flgires 6 end 7
indicate that a glven increment or' prolile-drag coeffi~
cient 15 more important et low than at high section
angles of atteck., It is difficult, however, to judge
the significance of certeln fuctors = Tor example, the
abrupt rise in drag coeflficlent at high englez of attack
shown for the NACA 2-H-13.% section (fig. 1). In order
to permlit more rapld guantitative Judgement of such
factors, the data may he combined for the two sets of
contours intc & single curva showlng the relative lmpore
tance of different perts of the curve of airfoil section
profile~drag coeff'lcilent against section engle of attack.
This weighting curve 1s designed to show the amount by
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which the power consumed in ovarcoming the proflle drag
of all the blade elements operating at any particular
angle of attack 1s increased if the alrfoll section drag
coefficient corresponding to that angle of attack is
increased by some convenient increment, for example, 0,01,
Sueh o curve has the further merit of permitting rapid
calculatlon of total rower for any alrfoll section; it is
necessary only to multiply the ordinates of the curve of
profile-drag coefticient against angle of attack charace
teristic of the alrfoll section by the ordinates of the
welghting curve and obtain the area under the resulting
curve,

In order to obtaln such a welshting curve, the range
(or ranges) of azlmuth angle (V7 to V) through which
a glven range of sngle of attack g:rl to or,) vas
maintained was determined for a given radius by using a
plot of anglc of attack agalnst azimuth angle for that
radius, The nrocess was repeated for successive ranges
of angle of attack until the entire circumference was
accounted for, The aprropriate average value of “T3
for each range of azimuth angle was then read from a
plot of um5 againat azimuth angle. Ordinates for the
welphting curve for the specified radius were then obtalned
by means of tre sxpression for the energy poer second per
degree angle of attaclt ver foot of radius

Uy - 1
-;-pbc ca PR3 £ !

360 arZ - arl

where “T3 1s the average value of uT3 for the range
from ¥ to Yp. It was found that increments of angle
of attack of 0.2° provided ample detaill in the final
curve,

The process was repeated at intervals of 0.1R over
the blade radius. The resulting weighting curves for
representative radil and the over-all welghting curve
obtained by a summatlion of' the curves at the varlous
radii are shown in figure 8 for u = 0.2. Values of
power obtalned by use of ths curve of figvro 8 and other
values obtained from 9ach of a number of other welghting
curves were checksd against corresponding values obtained
by the more laborious point-by-noint method already
describved, and the anawers agree within £0.3 liorsepower.

CONFTDENTIAL
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In order to permit ready application of the welghting
curvea to rotors differing from the sampla rotor in chord,
radius, or alirfoll section and likewlse to rotors oper-
ating at different tip sresds and sltltudes, the curves
have been plotted in nondimensional form. The use of the
curves for calculation of the proflle-drag loss for a
particular rotor and a particular airfcll section involves
the following steps:

(1) Multiply the ordlnates of the welghting curve
by the ordinates of the curve for airfoil section proflle-
drag coefficient

(2) Multiply the resulting ordinates by 100 to allow
for the fazt that the welghting-curve ordinates were
given lor eq, = 0.01

(3] Obtaln the area under the resulting curve and
thus obtein the total value of Cp/o

(4) Multiply the value of Cp/o by the factor

ot
550

Steps (2) and (4) may of courae be combined; the factor
for the sample rotor is then

100 x 0,07 x 0.002378 x (20)° x w x (20)9
550

Effect of veriations 1n helicopter characteristics
and flight conditions.- The welghting curves provide a
convenient meuns for indlcating the effect of changes in
assumptions on ths airfoll requirements, The effscts of
tip-speed ratio, lowding, sollidity, blade twlst, and power
input are thus indicated in figure 9. Corresponding
profile-drag losses for the drog curves under conaldera-
tion are glv:n in ts=tle I.

= 2.43 x 106

Source of losses lndlcated for low-drag alrfoll.-
Comparison of the weolghtlng curves of figure 9 with the
profile-drag curves of figure 1 shows that, for the
conditions in wiich the low-drag airioll shows losses
instead of galns, these losses result from the extremely
high values of profile-drag coufficient 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 flgure 1 by the corresponding
welghtinz curves of figure 9{a) for u = 0.3.

Preliminary results {unpublished) of additional low-
drag airfoils interded to reduce these losses at high
angles of attack indlcate that considerable progress may
be expected,

Conditions of operation ignored in analysis.-
SimplifyIng assumptlons or proecedures, 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 messured section character-
lstics with no allowunce for affects due to rotation

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

{3) Use of section charactaristics corresponding to
8 single Reynclds number and a single Mach number as
applying at all polints on the rotor disk

() Neglect of effect of angles of yaw on section
characteristies

Past experience indicates that airfoll sections used
in rotating blades exhiblt characteristics similar to
thelr statically measured section characteristics. Pos-
sible effects on the characteristies of the low-drag
sectlons ere conjectural.

The effect of nonuniformity 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 sgtudy of
items (3) and (lj), or even inclusion of the effects in
the analysias If such were deemed deslrable and if suffie
cient section data were available, Although the data at
hand are insufficient to pemait complete calculations,
it 1s of iInterest 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 x 106 in choosing the drag curves, actually
varies from O to 4.5 x 10° in a typicel case. The value

2.8 x 10 corresponds to the mean value at x = 0.75
when the nwaber of blades is taken as three. Flgure 11
shows the variaticn of Reynolds number over the rotor
disk for two tip-speed ratlos. Radlal components of
velocity are ignored. Comparison with figures 6 and 7
indicates the regions in which tne 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 llach numbers., i'or thls purpose, ths velues shown
on the contours should be multiplied oy 0.00001[QR. For
the sample rotor in forward flight, QR = LO0:; hence,
the Mach number is approximately equal to the value shown
on the appropriste contour line times 0.0056. For
p = 0.2, the maximum tip Mach number is thus 0.42 at
¥ = 90° and the minimum is 0.28 at ¥ = 270°.

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

above 0.2 by placing a new outer boundary at a radius

equal to 0.2/p times the originel radius; the tip

eircle for u = 0.4, has been drawn in as an example.

It is of interest to nocte that the regions which appear
-4in 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

is approached on the retreating slde - include relatively

low anpgles of yaw.
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Power loss Ang)
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Dareotion
of rotation

(a) Original solidity; A = -0.0385; 0= 9°; o= 0,0T; %1 = 0,0321,
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(b) Incremeed 80lidity; A = =0.0350; 8 = 7% o= 0.10; %‘-‘ = 0,0225,

Figure 6,~ Contours of power loas and angle of attack for sample
helicopter rotor and for an alternats rotor with higher
solidity and lower pitoh., V = 55 miles per hour; u = 0,2;

.g. 2,5 pounds per square root. CONFIDENTIAL
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Figure 9.~ The effect of various changes m the cperwimg condrtions and geomesric
cheractermtics assumed for the sample rotor, as shown by the
corresponding weighting curves.
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Direotion
of flight

Direotion
of rotation
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Figuire 12,- Contours of rotor-blade angle of yaw for
Anglea shown are in degrees.

tip=epeed ratio u above 0,2 by

nw= 0,2,
Contours may be used for any
ghcing & new rotor boundary
(x = 1,0) at a radius equal to 0.2/u timee the radius of the
As an example, the boundary for
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