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NACA ACR No. LSEOL

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CONFIDENTTAL REPORT

CHARTS FOR HELiCOPTER-PERFORMANCE ESTIMATION

By Herbert W. Talkin
SUMMARY

Ccharts are presented relating helicopter aserodynamic
design variables to performance in steady powered flight.
The flight conditions covered are hovering, ¢climb, and
horizontal flight. Helicopter speed and 1lifting rotor
power can be found from the charts for known values of
fuselage drag coefficient and an average effective blade-
element drag coefficient ©&. An abbreviated method for
estimating 6 from the airfoil polar 1is explained.
Although the main emphasis of the report is on relating
the design variables to performance, brief consideration
is given to the effects of a number of secondary vari-
ebles, among which are the number of blades, the rotational-
energy loss, and the blade shape. An approximate method
for estimating the conditions for blade stall 1s also
explained.

The use of the charts is illustrated by numerical
examples in order that computations can bs made for
particular problems.

INTRODUCTION

Existing helicopter aerodynamic-performance theory,
1like propeller theory, is useful for the correlation of
data and the selection of designs. The large number of
variables affecting helicopter performance, however,
leads to computational difficulties. As in all such
cases, computation can be reduced by the use of graphs
showing the relations among the essential parameters.

In the present paper, equations for such graphs are
derived and the use of the resulting charts for per-
formance computation is explained.
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The primary purpose of the report is to present,
for numerical application, the relations among the
aerodynamic design and performance parameters. The actual
performance of a glven helicopter is influenced by a
number of secondary parameters, any one of which has only
a small effect on the over-all performance but the
quantitative estimation of which pressents great diffi-
culties. When the design variables have been selected
for a given helicopter, however, it is only by means of
the secondary parameters that the efficiency of the heli-
copter can be improved. For this reason the secondary
parameters or efficisncy parameters are the proper subject
of basic hesliccpter research. Since the efficiency
parameters used herein are for the most part idealized
or neglected, the numerical results obtained are con-
sidered to be only approximate in absolute wvalus but to
give a true representation of tiie relations among the
design parameters. The results should therefore be of
practicel assistance in comparative performance studiess
The accuracy with which the performsnce must be predicted
in a given case will determine the extent to which the
efficiency parameters should be investigated. At &
number of places in the report secondary paramsters have
been briefly discussed. Only the following should be
considered design parameters:

B4 helicopter speed parameter
Yt blade tip-speed parameter
B rotor-powsr losding parameter
8 average sffective blade-slement drag cosfficient
CD fuselage drag coefficient
i
o rotor solidity

The text of this pspéer is divided, for convenience,
into numbered sections. In ssction 1 & general equation
for the aerodynamic performance of helicopters 1In steady
flight is derived from familiar helicopter theory. In
sections 2 to 5 the general equation is applied to the
construction of grephs for the solution of problems in
heri zental flight and climb and the numericel applica-
tion or the charts is explained. The speclal problem
of the ccnditions for blade stall in horizontal flight
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Section 1

is considered in section 6. In sections 1 to 6 the
problems have been idealized by the use of an average
effective blade-clement drag coefficient and by neglect
of the rotational-energy loss and the loss due to finite-
blade number. Methods for estiwating these factors are

developed in section 7. Finally, in section £, a numerical

example for a typical helicopter is worked ont to illus=-
trate the application of the charts and methods developed
in the report. The example is so arranged that computa-
tions can be made for a given problem without referring
to the body of the report. Symbols are defined in the

appendix.
1. QGENERAL THEORY

A general equation for the aerodynamic performance
of helicopters in steady powered flight is derived by
a procedure similar to that of reference 1. First, an
expression is written for ths power required to produce
a jet of air through the rotor disk in the absence of
blade drag. This power is a function of the inclination
of the disk to the air stream. The angle of inclination
of the disk is then determined to provide a horizontal
component of thrust equal to the component of the totel
helicopter drag. Next, an expression is obtained for the
power increment arising from the rotor torque due to
profile drag of the blades. Finally, the total power
required for flight is expressed in terms of fundamental
parameters.

Part of the rotor power is used for producing a jet
of air; the remaining power is used in overcoming the
blade profile drag, that is

© = py + Pg (1)
where
i8] rotor power, foot-pounds per second
< tnduced nower (rotor power producing thrust)

power lost in blade drag

o)
;N
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Section 1

The power imparted to the thrusting Jjet is equal to the
thrust multiplied by the resultant velocity at the rotor
disk in the direction of the thrust. (See fig. 1)

p, = ™v + V sin a) 2
where
T rotor axial thrﬁst
v induced axial vsleocity in the rctor disk
v velocity of the helicopter along jts flight path
a angle between rotor disk and flight path

From figure 1 it may bs seen that

W 2 A
T = - . S ngCD A sin a (%)
com .y % £
where
W gross weight of the helicopter minus the fuselage
1ift

Y angle between rotor 4isk and horizon
A rotor-disk area
p mess density of air at altitude

Combining equations (2) and (3) and making use of

a
the relation a = a, + % gives
1 O

P. & Wig
L coSs ¥

+ V(sin a; + cos aq tan w)

.

+ =V°¢.. A(Vv + V sin a) sin « (L)

Dy

n
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Section

It will be found convenient to approximate equa-
3 ! - o o
tion (L) by the simpler exprescsion

S el a s

an q?l ~M% A sinq {5)

o
0y g ; Khln a, Op, 1
Referenee to figure 1 shows that
Dy, :
ik e, /
5 alal 1? £ 6]
where
Dy, horizontal compoanent of helicopter drag, pounds
In order to obtain &, splution fer taem %, the con-
tributions of the fuselage and rotor disk may be sepa-
rated; thus
D, =D, +B, (7)
b 1o 24

where D, andad pDly tTo
whe r Iﬁlf nd Iﬁlh apply to

)

disk, respectively.
In deriving an expression

mations are made, a=s follows:

o)

(a) The induced velocity

velocity over the
approximated by the
blade and in the p

the fuselage and rotor

for D, , several approxi-

S o e A
is neglected.

blade ssct
e component
lane of the disk.

(¢) The value of D, is eoproximated by its com-
ponent in th 16~ A isk; that 13, cos = 1,

Although thesec avproximations
are considered to result in &
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Section 1

the total rotor nower required by the helicopter for
dalaie
_.-C-)v....v .

ot

For rectengular blades and constant blade-elemsnt
drag coefficient Cdo’

nah =il
~ £ ! T A ad \ Ve s )
Dhg“’EFbccdoRj awv QV cos ay sin u-%QHx) sinyadx (8)
0 Q
where
b number of blades in rotor disk
c blade chord
U angular position of blade in plane of rotation or
blade azirmuth measured irom down-wind position
in direction of rotation
Q rotor angular velocity
R rotor disk radius
. 5
X radius ratio (ﬁ)
\.
1% radius to a point on the rotor blade, feet
Integrstion of equation (8) gilves
e e
J /
Dy = r1oc - cos—a e
ﬂs dr‘; m 7 il (9)
where
. —_ be
o) rotor disk solidity R
V cos aj
T ot
QR
Also,
-— F ~ 1'2 ~ v 4
th - '2- ‘VDf AV cCO3 (Ll \10)
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Section 1
where
Cp helicopter drag coefficient along flight path,
W exclusive of rotor blades, based on rotor-disk

ares A

It follows from equations (6) to (10) and figure 1 that
for any steady flight condition

tan & = E? ¥

°

where Po 1is the mass density of air at sea level and
Y 1s the flight-sneed purameter,

ke St 14 LS
‘x’\’. ‘Vr“

On the basis of the anproximations made in setting
up equation (8), the power (reletive to the helicopter)
ebsorbed in the prnfils drag of the rotor is glven by

e : !
2 / 2
p5=:wgbocx QR dwr / \7 cos a, :inxba—ﬂRx}“x ax
Lm 0 J 4
0] 0
Therefors,
7 () 2 Zz
9 kil g s
Do =-§oc~ AV e cos/a1 (12)
9) } Lo 5 .

The expression for tan & from equation (11) is sub-
stituted in eguation ) to obtain Py and, with p,; from

i
equation (12), there is' ultimately obtained from equation (1)

550’3‘:‘1(-.3%31»3 m) e S T —2(1 + 2:2) cosda,| (15)
45 vl )
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P
where F is E 4 o and is equal to _t with M
Wi eo 550M/p

the "figure of merit" of Glauert (reference 2). In terms
of thrust and torque coefficients

CQ
T/
where A
Cy torque coefficient (-———g“-j;
PAR(QR)<
m
Cp thrust coefficient *—**—‘E
PA(GR)

The use of anproximation (b) in the derivation of
squation (13) results in some error, A more nearly exact
analysis not involving asswaption (b) has besn made in
reference 3 from the results of which it is concluded that
in equation (13) the coefficient of p2 should be approxi-
mately Li«6 instead of 3. With this change, and for any
blade chape, equation (13) hecomes

—

550F = "(— + sin ui) ;9Y5 Cpe + (1 + . 6p2) cosday| (1)
= LLL‘L _1
where
o) rotor-blade average effective profile-cdrag coefficient
(see section 7a)
o} equlvalent solidity

i

l/)oxx5dx %‘

U =

§ 4 bex
Ox sclidity at x, ﬁ;

The cholce of the definition for ¢ 1s based on the
profile-drag power loss in vertical flight, where it apolies

rYNYITI
‘»J'[\);‘ 'ﬁ ' il L"IL
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Sectionsg 1 ‘and 2

tlys That O 1is also a good approximation for horizontsl
ht is shown by the negligible effect of blade taner on
stalling limit oYg2 In section 6,

An expression for v/V needed for the solution of

equation (1) is cbtained from the general momsntum equation
assumed for the thrust of an "gctuator disk" in refercnce 2

W= T = 204B2vV! (15)

in which B has been introduced as a correction for the
tip effect due to finite-blade number, 'Values of B are
derlved in section 7c. The resultant velocity at the
rBegor-Y VI EiE S the' veetory sum © of *he “translational and
induced velocities

D' i . wy <
Vi€ 2 (v + V sin a)2 + V2 cosZa (16)

Eliminating V' from eguations (15) and (14) and making
P | ' 3 Py (-]
i 3 L i A O |
use of the definition I = V= 5 glves
ety

(i)

}._J

S Sy T 2 0 | -~
g = 2pBRYE (AN~ 4 2% sin a +

Derivation.= In horlzontal flight, eea g; =1 and
equation (1l.) becomes
2
V‘]_ p l o5 1106 ~
5508y, = T2 + Dy, 3 Cpp, + 0O Pt (18)
h A £ 3+H/
Values of vy/Vy in_equation (18) may be cbtained
from equation (17). If —£ sin ¢ 1is considered negligible
A
h

compared with unity, egnation (17) reduces to

CONFIDENTIAL




10 CONFIDENTIAL NACA ACR No. L5EOL
Section 2

5

(e

e ' . = 2“"’"”'"’" 2 .
A e p B2,, 2 <7h> . 1 ( l
Eoopp ey (o 9)

V) V vy,

Mumerical application.- In the following explanation
of a method for the numerical solution of problems on
horizontal flizht the application of equation (18) is
shown. The power-loading parameter can be expressed as
the sum of several contributions which are described,
together with grephicel means for obtaining them.

=5

The induced power-loading parameter for horizontal
flight is given by the first term on the right of equa-
tion (18) and is represented by

Then,

. N zﬁ T@L
In 7V 550

(20)

A plot of Fih against 7Y, obtalned from equations (19)

and (20) is gilven in figure 2,

The drag contributions to F), are given by the

last term in equstion (18). The total helicopter profile-
drag coefficient is represented in this term by the coef-

ficient of (pO/E)Yhﬁ, which is separated into the part

1+ h.6p2
contributed by the rotor blades b “————?;JL- and that

due to the rest of the machine CDf . The fuselage=-drag
h
contribution to Fh ray be represented by

S N
fy o wyw Fy

CONFIDENTIAL
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Section 2

where Pf 1is the horsepower required to overcome fuselage
drag. Then, from equation (18),

F .
Thl el apd (21)
Cpp 1100 B

h

Equation (21) is plotted in figure 3.

Let the rotor-blade profile-drag contribution to By
be reprcsented by

where P. 1is the horsepower loss due to blade profile
drag. TFrom equetion (18)

LO (TF 1 o )_' ° ‘5( 2
st el s

; : \ Ih
Substituting in equation (22) the value pu = v; gives
P o8
i z
Fo = F 550 (1 + L.6u2)y,
or

: ¥ {23 )
o5(1 + L.6.2) 111,00

Equation (23) is plotted in figure L.

CONFIDENTIAL
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Sections 2 and 3

Tt will be recalled that equaetion (18) has been
developed for an actuator disk and therefore does not
allow for the rotational-energy loss in the wake of
single-rotation rotors nor, with B = 1, for the tilp
loss due to finite-blade number. These small effects
are evaluated in sections7b and Tc, respectively, in
terms of TFr,¢o the 1ncrease in F due to slipstream

rotation, and Fy due to finite-blade number b,

The summation of the contributions to F, gives,
in the order in which they have been explained,

+ Fpop + Fy (2l)

The numerical application of equation (2L) is illustrated
in section 8b.

The effect of blade shape in equation (2l1) has been
considered only insofar as the plan form affects the
value of o0 wused in calculating F@' Blade shape will

also have scme effect on the induced vower-loading
terms F, E and. Fp.

—lh’ S HE

3. HOVERING AND VERTICAL CLINB

Derivation.- In vertical climb, =ein ey = 1 and
equation (1) becomes
Vy = I N I

Likewicse, from equation (17),

CONVIDENTIAL
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Section 3

Eliminating v _/V, from equations (25) and (26) gives

W i 1 ) v Po %
BEOW.. = el i f Ve & a4 Y7 4+ =% o8y (27)
AN T \/LL G gl E 3 $ /

The effect of the induced velocity 2vv in increasing

the fuselage drag and, therefore, the thrust has not
been allowed for in equation (27). This increment in
thrust is generally small in hovering and decreasses with
increasing rate of climb.

Effects of blade plen form and twist.- Equation (27)
does not include the sffects of blade plan form and twist.
When the determinstion of thesc effects for a particular
blade is desired, element calculations mey be made. Fop
that purpose, blade-slzament forrmulus are developed hersin
from the vortex theory of raference L. The small rota-
tionsl interference factor a' will be neglected and
the rotational-energy loss will bs covered in section Tb.
Then, from reference i, in ths notation of the present

g

k4
paper and with at = 0,

dCT OX}:C?
Tl e o (CZ cos # - ¢g5 sin ,@’)secaﬂ (28)
dx = X C
and
. 4
acC o, x’ .
Q s X ~ Q ot d Q
e (VZX sin ¢ + °4, COS ¢'>sec /] (29)
Also,
v, + V
V S W]
¢y cos @ -c, sin g = ¥ Sxalny (30)
% 0 LT ATRE e M

CONFIDENTIAL
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Section 3%

whe re

and

mately

where

Eliminating

At

T

1 + v

c

Tor small values of {4,

CONFIDENTTAL

b v

ZX: a(\ex_g)

2
~ .
du T _ O’};J» C
dx 2 by
dCnA 6] XB
L) =
e I (C 7 Q( e A
1% 2 ? -
v + V .
L Exg®
CZ - 1 + v, + V Oy
X v v ~,
1 + v, + V. = SEZ
v v
v v

T VV

)

‘ﬁf..

o

om
—~

@
i

1
=

S

X

from equations

OxCy x

= QF xd

= =
V. = (QRx tan Q

NACA ACR No. L5EOL

(31)

(32)

become approxi-

(36)

(35) and (36) gives

Ex Qreg -

CONFI DENTIAL
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Section 3
For hovering V., = O eand from equation (37)
T och;f
p = 2 X% (38)

Solving for c¢; from equetions (32) and (38) gives

CZ =

X

g (G|
2]
@

. 7
O O (6]
¢ Wiy X 2 =
2 + D_X:- - \/5'-5(— (168;( S §X> (}Q)

Also, substituting equation (38) in equation (3l) gives

Ol 3 acy NP ]
e &gl 2X + O o (Lo)
) e

= L
1X 2 \ cX

For blade-elerent calculatlons in vertical climb, equa-
ELons. [ 352 ) o { 53 )y fBL), and (38) apply and in hovering,
equations (3%3), (35), and (lLi0). Graphical integration

over the rotor radius glves Cp and C,, which are

related to the tip~speed parsmeter and power-loading
parameter used herein as follows:

1
Y, = [—— ‘
1y VIpOCm (41)
Z : \
R A (L2)

In the application of the vortex theory it should
be remembered that the results obtained are subject to
such errors as arise from the assumption of independence
of blade elements on which the theory is bhased. This
assumption is believed to be satisfactory for the low
rates of axial edvance and light disk loadings at which
helicopters operate.

CORFIDENTTIAL
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Section 3

Numerical application.- As in the case of horizontal
flight expleined in section 2, the power-loading parameter
in vertical flight can be expressed as the sum of several
contributions, which are descrived in this section,
together with graphical means for obtaining them.

The induced power-loading perameter for vartical
flight is represented by

R iv :K“g*
I = e e e
. W Py

The quantity ¥, is glven in equstion (27) by the sum

N
of the terms indepsndent of 6. Then,

% - 3

1100F; =Y +,JY. " + === 4+ p Y ez

lV v \, v 0 '{;C- FOCDF A v \h,/ )

G Tar
with B = 1, equetion (43) gives the induced power-
loading vparameter i, for an actuator disk in vertical
J.V ‘ ) :

fli%hto The quantity Fj_v f‘rom equation (!—1[5) iq plotted

sgainst Y, 1in figure 5 for several values of CDf .
N

Calculations made for untwisted rectanguler blades by
mesns of the blade-element equations (3%) to (LO) show
an increase in Fy of aporoximately 6 percent. It is
3 :
v
therefore suggested in figure 5 that, for untwisted

rectangular blades, velues of Fy obtained from the
L

curves be increased by 6 percent.

Tt will be noted from equation (27) that the pnrofile-
drag contribution to F, 1s given hy equation (2%)
with w = 0; that is,

F Y Yi»a

- = —Q~i- (hh\

05  LL0O i
Values of Fg may be obtained for known values of Yy
and 05 from figure L with u = O.

CONFIDEFTI AL
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Sections 3 and L

Equation (27) has been developed for an actuator
disk and does not, therefore, allow for the rotational-
energy loss in the wale of single-rotation rotors nor,
with B = 1, for the tip loss due to finite-blade number.
These small effects are evaluated in sections Tb and Tc,
respectively, in terms of e o (the increase in F due
to slipstreem rotation) and Fy, due to finite-blade
number, - '

The summation of the contributions to Fy
in the order in which they have been expleined,

gives,

F_=F

2 -
i\ 2

e e _
O “rot

+ Fy (L5)

v

The numerical application of equation (L5) is
illustrated in section Ga.

Derivation.~ The rate~of-climb parameter is defined

as

Y, =Y sin a (L6)

For known values of Y and ay the power-loading
parameter F corresponding to Yc is given by equa-
tion (1)), VWhen the power-loading pearameter is known,
however, the rate-of-climb parameter meay be obtained
conveniently as & function of the difference betwesen
the power-loading parameters regquired in climb and in
horizontal flight at the same values of Y and of C

Df°
Such a relation can be obtained by subtracting equsa-
tion (1Y) from equation (L), Before the subtraction is mads,
Y cos aq
it 1s necessary to substitute u = ~—f?————- in equa-
o e B T ) ¥
Ston (Al and” = 7= 1n equation (18). The result
€
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Sections L and §

v ;
550(F - Fy) = ¥, + (%/é - —J—%v + 1.1506’1'th2 (L7)

In equation (h?) the last term is considered negligible
for normal values of 86 and the equation may be used
as

550(F = Fy) = Y, + (% - %)Y (118)

The coefficient of Y in equation (L8) is also small’
and may be satisfactorily computed from equation (17)
with sin a = sin ay. The physical significance of equa-

Gien (AS) is simply that the excess power required for
climb over that required for horizontsl flight at the
same speed and drag cosflficient CD is equal to the

power necessary to raise the gross weight of the helicopter
W plus a small correction for the changed induced loss.

NMumericel application.- Equation (L8) is plotted in
figure 6 for several values of Y. Use of figure 6 to
find the rate of climb at any climbing speed necessitates
first that. a value be found for Fh (section 2), which
is the power-loading parameter for the horizontal-speed
parameter Y, equel to the climbing-speed parameter Y.
% % éi, calculate

0

F - F, and read Y, from figure 6, interpolating to
the known value of Y. A numerical example 1is worked
out in section Ce.

Then, with the known value of F =

5. SPEED FOR MAXTMUM RATE OF CLIMB

AND FOR MINIMUM POWER

Derivation.- It is approzimated that the best climbing

speed is equal to the horizontal speed for minimum power.

The condition for min%mup power is the same as for mini-

mum  Fy  with fixed T —Q and fized tip speed QR. From
~

CONFIDENTTAL
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Section 5

equation (18),

dF h d /Vh Z
550 S8 = 30 (T ) + Zpofor? + 1.150000% %, = 0 (h9)

and, from equation (19),

A _ -vp/ Vi o e
Ly, g F 2 (5
h \Vh 1+ 2(v,/V,)

The condition for maximum vower loading found by substi-
tuting equation (50) in equation (L9) is

’ . S ) vh/Vn
1’15p0ibest(cﬁyf T 1'>‘best CDf) " 1+ 2(w/V )2 (51)
he Yl

where vh/Vh 1is given by equation (19) and Ypesgt 18
i
the valuve of Y, = Vb'V% é% for minimum Fj.

Figure 7 is a nomograph for the solution of equation (51).
The figure was constructed as follows: At Ypegt = O
a vertical scale of o8Yy was laid off. At Ypegt = 153
another ordinate of

%

o0¥t + 1.3(153)0pe = 007 + 200Cp,

was constructed in the same units, Equation (51) was then
plotted on these scales with the ordinate representing
0bY¥g + 1-5YbestCDf- The solution for Yyegt 1s at

the intersection:of the curve. (solid line) with

CONFIDENTIAL
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Sections 5 and b ' :

a straight line (sse sample long~dash line) from the
value of 08Y; on the left~hand scale to the value

of o8Yy . + 200C Oy, on the right-hand scale., In order

to extend the range of the vertical scale, a second

curve of eguation (51) has besn draewn (chort dash)

based on ordinates ten times as lar.e ss the vertical-
cale values shown in the figure. Th2 use of Tigure 7

ie sxpleined in more detail on the page facing the figure.

Numericel spplication.- In order to calculate the
maximum valve of the rate-of-climb parameter Yc it is
necassary first to find the best climbing-spesd parameter
Y ogt and the corresponding power-loacding parameter Fy,.
Values of Yy .o+ cun be found by moans of figure 7. The
corresponding valuée of Ty i obtained from section 2
for Y, = . The value of ¥, c¢en now bz detsrmined

h hos+ C

from section 4 and £ LEure 6. A nomerical example is
worked out in section .Gd.

Lo AV

6, S%!Lh*” LI¥IT IN BCRIZONTAL FLIGHT

Dcrlv Eipni -~ Stalling w111 oeceur First 'at tha Lip

of the re trea+Lng blaede of e rotor in horizontal fl_yht
This stalling is considsered a limiting condition for
satisfactory performance in respect to vibrstion, control,
and efficlieney. - In this soctwor, the stalling limit is
determined for rotor blades with linear twist and taper

J.’l
and without blade coning.

The analysis is simllar to.that of reference 2
with the following changes:

{a) The disk.is. tipped through the angle %, to
provide: the horizontal force required for fllaht in
addition to the angle wv,/Vy, (see equation (19)})

revpresenting the effect of uniform induced inflow
(b) Rlades with linear taper and twist are included

The elemental thrust of the rotor disk in horizontal
flight msy be expressed as

CONFIDENTTAL
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Section 6
2
di gw - i;f Ra(8y - #)5 v12 (52)
where
V' = QR(x + p sin V) {55}
Also,

PRI (5L)

X ;
-{!’ -+ Sll’l\’/

1o between the rotor disk and the

0Q

where A/p  is the an
resultant velocity

= Tt A (55)

)

Bla

D

taper is represented by the relation

(@

ox = [+ x(1 - k)] ot (56)

where Xk is the blade linecar taper ratio. The blade-
pitch angle at any point on the disk is glven by

GX = B + 61(1 - X) = 62 sin ¥ (87

where 91 is the angle of linear twist and 62 is the
amplitude of harmonic pitch control.

The thrust coefficient is then obtained by substi-

tuting equations (53) te (57) in eguation (52) and making

use of the definition of 0; thus,

CONFIDENTIAL
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Section 6
1 ey
hjr oxxﬁ ax
0

be.
O =

X R

Q
i1

Then

i
Ley 5
—— (s + % = kx)x’ dx =
ca
0]

2n 1
= d¥ ] (k+x-kx)(x+pu sin \L/)‘? 9 +6;(1-x) - 92 sin V - & dx -
L i) x+p sin 5
0

(58)
Performing the indicated integrations yields
() 6 9
= e = e + (1 + 2k + =7 k Y,
oe& 5 %[ 5 ) M} 2h5+ + 3(1 + k)p
2 + A )

The amplitude of cyclic piteh control 92 is deter-

mined by the condition for z6ro rolling moment on the
disk:

2T 1
f ST
| x-—=— gin V dx = O (60)
J dx 4dv

0 0
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Section &

The result is

(3 + 2k)3; + 5(3 + k)6, - 5(2 + )\

" (61)

W =

A .
4 2(L + %) + 5(2 + k)l

The 1lift coefficient at the tip of the blade is
given by

CLt & a(et - 8,.8in ¥ = ¢>

r A’ 7
=48 Gt - 62 gin V¥ - (62)
P 1 4+ pisin ¥

o
For the retreating blede, V =‘%L and

it 4 A
th B a.Gt + 62 - 0 ,> (65)

By means of equations (59), (61), and (63), values

Q
o4
cr
!

B

AJu and u when

0 2} » o
of oY, %= —~—€) may be calculated for given values of

a 8 end k- have been

pz'ts P 1’

selected. For the values ¢, = 1.5 and a = 6, curves
2 -

of - (O against A/u for several values of are
-t e A p‘

-

plotted on the upper part of figure & with 61 =0
and k = 1,. that 1s, for untwisted rectangular blades.
The arbitrary cholce of the conditions Beyd &% 1.5 and

a = 6 1involves fundamentally the choice of an absolute
angle of stall

c,
t -
T léi = 0.25 radian
CCEFIDENTIAL
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for use in equation (62) and of the value a = 6 as the
coefficient of o0 1in equation (59). Accordingly, the
results obtained apply to all values of a for which

')

\‘Lt

. = 0.25, provided that the value obtained for O is
multiplied by 6/a. The effect of_linear twist is
illustrated in figure 9 where 0Y,2/100C is plotted
against the linear twist 07 for p = 0.3 and g G, 1:

1
Taper is shown in figure 10 to have a negligible effect
on the stalling limit over the range of taper ratio
shown.

In order to use the stalling-limit curves in fig-

, it is necessary to find A/u for each operating
condition. From equatioms (11), (19), and (55),

2

A 1 fo'n_ [oo
- ™~ s i ..: + ZCDw (Gb)
‘ 2COBth2 ; Iy
Tn the lower part of figure 8, Y, 1s plotted against
A/u for a range of values of %% + 20q with B = 1,
b i

stalling limit CYt it is necessary first to find the
h

value of A/u. This value may be determined by means
of the set of curves in the lower part of figure 8 for

a glvern. value of eé + 2C « The stalling limit oY “
& 0 Dp to= 20

i1s then read from the upper part of the figure for the

given value of . _The valus of O corresponding to the

stalling limit oY, may be compared with the known value

of O to find whether the given solidity is greater or

less than that required for s maximum 1lift coefficiant

on the rotor blade (at the tip of the retreat%ng blade)

of 1.5. The value of the stalling limit oY,

to a given Y may also be obtained by making successive
= t

approximations to O.

CONFIDENTIAL
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Figure O is for untwisted rectangular blades. 1In
order to find stalling limits at angles of attack other
than 0.25 radian and for blades with linear twist and
taner, cherts similer to that of the upper part of fi
ure € can be plotted from equations (59), (61), and %5
A numerical example illustrating the use of the vharto
is worked out in section §ec.

It should be noted that figure & has been constructed
for zero coning angle. The effects of coning are discussed
in reference 5, where coning is shown to increase the 1lift
coefficient at the tip of the retrsating blade. A similar

P i e, SNERET ., Lo, N

T s ey T e T i

R e e e e e I e e e e i

effect of blade radizl curvature 1s shown in reference 6.
Thus, when figure 8 is applied to actual coning blades,
the stalling angle of attack is somewhat higher than the
value of 0.25 radian for which the figure was made.
Reference 5 also corrects the angle of attack at the
blade tip for the average -loss factor B by assuming
that the disk loading is sffectively incressed by 1/B°.
The correction for tip effects on the retreating blade

is not known, however, and i pr ﬁLs considerably
different from the average correction for the disk. As
a result of these blade-deflection and tip effects, the
thnOQ that has been oressentsd nerelh for determining
the tip=-stalling 1imit does not specify the actual angle
of attack at which the tip will stall. The chief walue
of charts like figure { should be in correlating the
incidence of stall with helicopter design otra1eter and
operating conditions.

'0 Hy o «
l_Jl'
'O

O W ct®

’D

. SUPPLEMENTARY TO

—~J

a. Effective Blade Profile-Drag Coefficient &

Derivation.- A method of calculating the profile-
drag hower ltosis of rotor in forward I$Lght is expnlained
in reference 7. The method involves calculation of the
biade-vlem nt sn“nes of attack at 360 stations over the
rotor disk and graphical integrations along the radius

(DiL"

and around the circumference. eference 7 also presents
contour maeps of the angles of attack of the rotor-disk
blade elements for untwisted rectangular blades. Exami -~

nation of these contours suggests that some of the work
involved in finding the profile-drag power loss may De
eliminated by the use of an average effective blade
profile-drag coefficient o6, with the approximation
that the drag coefficient is constant along the blade

CONFIDENTIAL
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anc¢. equal to the value near the tip. This approximation
1s suggested by the relatively small charge with radius
of the average angle of attack per revolution indicated
by the contour plots of reference 7. Use of the tip-
drag coefficients as representative is further suggested
by the fact that the drag power loss is predominantly
determined by the tip dreg coefficients, as is shown by
the weighting curves presented in figure 8 of reference 7.
The drag power loss is also shown by equetion (8) to
increase with nearly ths cube of the radlus for constant
blace drag coefficient.

The method presented herein for determining & is
based on approximations suggested by the foregoing con-
siderations. The determiration of & 1is made first for
untwisted rectangular blades neglecting exial inflow, 1in
wnich case the angle of zttack a 1is constant along the
radius but varies with azimath Y- and tip-zpeed ratio u.
The effects .of inflow and blade shape are then briefly
considered. The method consists in celculating values
of the bleds-eclement 1lift coerficient c¢; as a function

of 0Y+2, w, and VY and using o, to read c¢4 from

P ~0
the 2irfoil nolar. The values of cg4 thus obtalined
o}

are then multiplied by weighting factors and integrated
graphically to find 6. In order to find s the value
of 8, 1s first obtalned from equation (57) for =x =1

greii st RiE (65)
where

8.1 blede pitch sngle at tip and at azimuth V¥

0, blade pitech angle at tip and et azimuth V¥ =0
8, amplitude of harmonic pitch control for lateral
- balance of the rotor
Also, from aquetion (61), for R 0, k=1, and % =0
16u8
g = e (66)

CONFIDENTIAL
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Section 7
where u 1s the tip-speed e Vh/QP.
S P . ”
From equations (65) and (6€),
LA
lop
ey—l = et 1 - = sl \j (67)
j 65 + Au /

and = 0

P

6 Cr— - 2 FIJ‘J.,
B e g
sy B el - FL ) S (68)
a gg - 2 32
T 2l SRR,
N
Suggtituting for 8, from et ation (67) with ey =k
1 ¥ .
and Cn = — results in
h 2
) f'
G

(&
—
no
+
A
T
N
.~

ok 2L 3
/1000 from equation (69) are plotted

in figure 11 for a range of values of .

The weighting factor will be obtained as

21 e ol b
WP, = s Ty {eso il (70)
Py * Vh Dh i
~/ Ll - ';“’

where Dg and Dy are given in section 1. The result
=

5 8 o 2 a o ; l'?
differentiation indicated in egquation (70)

b}

performing the

J
>

=0
n

then
CONFIDENMTIAL
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W.F. = - > = (71)

The value of & may be obtained grephically as
& 45 J

In the uprer part of figure 11, W¥.F. 1is plotted against
v il

- - > for several values of .

f11

Numerical 2pnlication.- The curves of ocLYtZ/IOOO
for a

in figure 11 are used to calculate values of cl

renging from O to 1. The

e

number of valuss of

O N

corresponding values of a from the blade eirfoll-
0

)
)
T
@
b
=

profile polar (see, cample, fig. 12) are then
mnl+1n11ed by the weighting fectors W.F. reasd from
figure 11, The orodu:ts W.F.)cy  are plotted

: ‘0

against ¥ - 2 and|the velue of &

(a

2 = > is given by the
area under the resulting curve. Such a curve is shown
in figure 13 (solid line). For blades w!th section profile
varying ﬁlong the deLWS, it is suggestec that the polar
for the section at = 0.3 be used. TLs use of figure 11
is funther explained on the page fecing the figure.

Blade twist and the flow through the disk will affect
the value of &. These effects beccome exagzerated when
the blade loading is suffisiently high to cause the blade-
glemant 1lift coe
of the dreg-lift curve, that is, when the stalling limit

CONFIDENTTIAL
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is approached. In such cases a more satlisfactory approxi-
mation to & will be obtained by including the effect
of inflow. Figure { shows the effect of infloy angle,
expressed as A/u, on te stalling limit GY; for

a

J

constant wp. The values of ¢, obt
0

RN from the
do

alrfoll-polar curve, should bhe increasad in approximately
the same proportion as the rise in the stalling-limit

before being used to obtain values

3

curve from A= O to the value of A/u gilven by fig-

vre O,

The effects of blade tapsr and twist on & could
be hendled in a similar manner but the determination of
these effects 1s considered side the scope of this
paner,

A numerical exempls is worked out in section 8.

m

]

b. Fotational-Energy Los

101rc 1, figure 35 of reference 2 is for con-
roﬂuﬂpd in part in Lorvs of the nearameters
Figure 1l shows the variation of

AL

2 w*r;t M - with Cm in hovering for the
condition of aporoximately constant axial velocity along
the radius without profile drag. The "ideal" condition

=

of the actuator disk without slipstream Iotpfﬁﬁn is
represented. by the horizontal line at W = v The
difference between the two conditions on the grrph,
therefore, represerts the effect of slipstream rotation.
The difference can be translated into a correction Frou
to be added to the values of F for the actuator disk
asused hereiln,

It 1s assumed that Fh, ¢ 18 proportional to both
T%k and F; . TIn that csse, from the definition
el A4

1

550%/fg

CONFIDENTIAL
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it fellows that

RO i ~
S =1 - (7h)
E Zz
i vV
The effsct of up on| ths rotational-energy loss is
neglected. Tn eddition, the effect of blade sheape is
left to ve determined.

Figure 15 shows the curve of the rotational-energy-
loss ratio Fho¢/F; plotted agelnst Y.. The quantity
Fot muast be added to the values found for F, to

-
correct for rotetional-energy lcss.
¢c. Bifect of Number of Blades on Psrformance

The effective-diemetosr factor B 1s given in refer-
ence & by an sxpressicn, which in the symbols of this
papsr besomes

A 2R A
e ($Le)

B =l & s s (75)

9 i L2 .
Vi + A
Mor small A, this equation simplifies to
~ - >\ —~ 7
B &L~ 1395 (76)

1
|.._I
= IS
b= Bl
=t B
<
—J
—
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Section 7

Solving equations (76) and (77) for bY, and using the
5)

expression (26

and substituting equation (3O

The function Fs 1ls plotted

al values of Yh'

The effect of bYt oM
For convenience, the incrsase

CONFIDENT

i | s v
against b.,t

for vV/Vv yield

bY—068 1+ 1+——-—-—-- (78)
t V ,2
5
Curves of B against WY, for sevaral values
of Y, are shown in figure 16, Also shown in this
figure are curves for several values of Y. These’
curves weére obtalned as follows:
In horizontal flight with = 0
ki s
s
)\:—-——-—- Q)
¥, T (79)
L
From equation {79) =nd the sxpression for Fy (equa-
; h
tion (20))
)9
.
n (50
A = 550 e (CO)
"

against Y, in figure 2

kL

ere plotted in figure 16

Fy remains to be determined.
oL

in, F duestoe a Binite

IAL
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nurber of bledes is represented by F.. Then, from sgua-
b x
tion (27),

In figure 17 are plotted curves of F, against DY,
for hovering and verticel climkt., Also .Yona in this
figurs are curves for several values of Yy, which
were obtained as follows:

From eguetions| (19) and (20),

~ 0 - =
il - b < -~ 2 = i
Q55OE1 17 ?Dmfi / + Lol = >N §8§)
h B e . Cxtl
: i 1 { | po

Then F et any ¥, 1s ths difference between I's

salculated from equetion (33) with B frow egquation (1)
and Fy, for B = 1 (fig. 2). OCurves of F,, agairst

~

bYy are plotted for ssveral values of ¥, in figure 1
Although the theory thus applied to horizontal flight

Ll -

wa‘ derived only for vertical climb, it is considered
atigfactory in view of the smallness of Fy.

For & typical velue of DY, = 1C00, Fy = 0.0005
.on on f only 2 percent.

=

in hovering or & correct I
._f
It follows that bub% Jittle improvement in asrodynamic
srformance can result frem increasing the number of
blaueu without changing the solidity.

‘5("1"

8, EXAVPLE

The method for calculating the performance of
helicopters by means of fthe charts that have been
develoned herein is illustrated for a conventionsal

CONTIDENTTAL
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icopter similar to the Sikorsky YR-li. In these
ulations the effect of blade shape is not fully
for,

The performance characteristics to be

(a) Power required for hovering

(b) Power required at u = 0.3 [(high-speed condi-

tion)
(¢) Stalling limit.-in high speed
(d) Best climbing speed
(e) Maximum rate of climb

The following values are selected
cificationa: .
Groass:welght, W, pouwnds . '« « o s 2 % e
Fuselage 1ift . . . o
Blade shape (see sketch,

)

as the design

o ae et o B550
.« . Negligible

i s o « & o w» Tepered snd Lw1 ted 7

NG

e PR
Nembor of Blade sy B . o uhe  wl eiks T wils
Blade-element profile (conventional rough)
Airfoll polar of figure 12 sdapted from
reference 7

Rotati onaW tlp spesc,
Blade radius, R, feet SE TR el it
Fuselsge equivalent flat plate area in
horizontal flight, f}, square fest ..
Density ratio, p/p TR -

2 .

From the foregoing values, the fol
gquantities sre lirst calc ted for sub
performance calculation

T = 2.25
f 1
Cp, = 7? = ., 0176
‘n

CONFIDENTIAL
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1 QR W pO = O« o)

a. Power Required for Hovering

The power required for hovering is calculated as
h sum of four contributions. The condition of hovorin&
S

e e ot

Br
n tcrw of power-loading parameters,

where the contributions are, regpectively, due to rotor-
blade €ra axial-induced loss, “ofﬂ+?ona7¢ehergy logs,
end ‘laﬂe~t-p loss |[due to & finite uumkvr of blades. In
this exemple, these contribitions will be calculated and
totalled.

In order to

25
the average effective blade
Prom figure 11, for

Therefore,

2500
@ =
l g
oY,
2500
r ’ 2
0.056 x (320)

= 0.4

CONFIDENTTIAL
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From the airfoil polar (see fig. 12)

& = 0.0122

From figure L the profile-drag power loss is given

in terms of F& by

e

cd

= 17.7
Therefore

- 0.056 x 0.0122 X 17.7

]

1l

©.0121

From figure 5 at Y, = 0 read the induced-power-loss

v
term for untwisted rectangular blades

0.026l % 1.06

b
i

1
<1

= 0.0280

From figure 15 read atu Te ® i

The rotational-cnergy=-loss term is therefore

2 = 0.01155F,;

§ rot . '\‘T

1

0.0115 x 0.02GC

0.000%

CONFIDENTIAL
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Section &

From figure 17
blade-tip~loss

Trom the

calculate for

The "ﬂluP

U
~rwinluv th
ynamic design

v 6 -LV

the given

CONFIDENTTAL

read for ¥, = 0 " at

term Fy =

I

F rot

I

|
()
o
=
-y
()

- v [ap
v w './ o (JO
!

|
*‘1]‘

0.0l10 x 2550 % 1

{l

obtained
jes. | Such a calcul
¢ effects on hoverin
variables. Vhen th

thus

+ Py + F AR H

mem ol
8.:;“0 L1 €

g of

NACA ACR No.

D7
@

bY, = 960 ¢

Then compute

b

0.0121 + 0.0280 + 0,0003 + 0,0006

"
A and W

)

A

157 horsepower required to hover

s to untwisted
ation is ussful for
all the asro-
of blade

¥ A
s sffects

sEol

shape are of primary interest, how

sver,

blade

-zlemaent

computations

may be made by equati

ons (35):

(29), and (}0)

and the thrust
graphical inte
for the given
found that the
F = 0.,0273%;

<

i,
loss calculate
reguired for h

and torque coeffici
gration. WYhen thils
tapersd blade with 7
Drofilﬂ-drag loss 1
that is, by the shor

d is too large by 3
overing is thgn lfz

-

CONFIDENTIAL

ents may be found by
prnpcdur@ is followed
~ linear twist, it is
s unchanged but '

t method the induced

percent. The power

instead of 157 horsepower.
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his comparison does not take into account the change in
fuselage down load due to the changed rotQV—s1¢nstr=aw
veloclty distribution. I *s noted, however, that
improvemsnts in blade ﬁes gri which decrease the induced-
power loss must increase the downwash trrough the central
portion of the rotor disk beneath wnich is generally
located the widest nart of the fuseldge. ' The resulting
lncrease in fuselage vertical drag tends to reduce the
net gain from 1mproveo disk 1oqu1ng.

S

‘%en the elffect of blade shape on hovering perfornm-
ance is to be determined, the induced-power- loaqvnﬁ

term . Fj should be obtained from element calsulations
but the profile-drag lcss as aetermLAMd om O 18
generally SatluLROtOfV.

b. Power Required for High Speed

The power required for “"gh -aspeed horizontal flight
is calculated as the sum of five contributions. Expressed
in terms of power-loading narameters,

B = P + Fp +Fy.. * B + P
by 8 fop  Judg T Tk Py

here the contributions are du
blade drsg, fuselage drag,

energy loss, and blade-ti-
of blades. 1In the exampl
calculated and totsalled.

: =Spect1velv to rotor-
i-induced loss, rotational-
to a finite number
ontributions will be

Ql'
c
O(D J(

In order to find By it is necessary, as in the
case of hOVﬂrlng (sec floa La) te fAnd " 6. From flgure 11,
for p = 0.3, read valueu of ocli+2/1000 at a number of
abscissa stations from

STRRA

=0 fto B For each station

NI

)

caleulate c; Dby use of the given value of

-5 ot
Yt _ 0.056(320)°
1000 1000

/
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Tor each value of Cy thus obtained, réad' Cg3 from

. Pds

the airfoil polar (fig. 12) and multiply each value
off ¢4 by -the weighting factor V.F. read from the
o)

upprer set of curves for p = 0.3, Then plot these
products aszgainst the abscissa and integrate graphically,

The result is &. For the given blade the curve of
,W.F.)cdo ie shown by the solid-line ecurve in figure 153

and from the area under the curve 6 = 0.0121. 1In the
determination of & in the manner just described, the
effect of the inflow through the rotor disk has been
neglected to simplify the explanation. Then this effect
is to be 00d°1d@ped,the-J ocedure. for finding: & Is
altered, &s explained in section Te, in. the:.following
manner:

Calculate the walue of f£.+ ECDf 0o dbey el GIERIE

o3

the value of - & found for hovering may be conveniently
used because, the final determination of:. & for 10 rizontal
flight is re¢atlvaly insensitive to the. approximate value
used at this point.| Then,

5  _[0.056 % 0.0122

i Do s +(2. %X 0.0176)
. . ‘. 'J‘

i
4L
n
(5]
|

= 0.0375

Calculate Y, = u¥y =90 end then interpolate between
: -
the curves of 22 4+ ZCD? in the lower part.of figure 8
b *h o
to the value 0.0375 and at Y, = = 96, wroceed upward to
the curve of u = 0.3 in the upper part of the gravh and
read the stalling limit oV,® = L270. For the saws curve
2 5 : :

of @ read also at @ = 0, Ty~ = 3500. The ratio of
these two values of oYtZ is now to be used as a factor
to increase the valuss-of. .c¢ oktained from the lower

part of figure 11. ‘The resulting curve of (W.F.)cd
0

is shown dashed in figure 13 and gives. the value
8 = 0.0127.

B Ty Ty e Ty, ) M N SN St N T ssi e SRS WU L0 = S N ST, =14 17 = S = e e =S =9 (S, Y PRTY S
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From figure li read for ¥, = 320

2;

z0
o o
Section 8

Therefore, the profile-drag pcwer loss is given by

7 .3
17.705(1 + h.ép)

i

Fs

= 17.7 % 0.056 % 0.0127 x(1 + 0.41)

{1
(&)
O
Ea

=
D

From figure 3 read,for Y, = p¥, = 0.

2 s
quanti ty

i A I
CD '
.
Thersiore,
F. = 1.77C
In De.

|
’,. > }
~1
=3
»
Q
@)
=
=
o~

320 = 96, the

From figure 2 read the induced-power loss for ¥, = 96

F, = 0.0040
.Lh

CONFIDENTIAL
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Frot
From figure 15 read at Y = 320, —%%~ =

Ak
hence the rotational-energy-loss term is

Frop = 0.0115F;

= 0.0115 x 0.0040
= 0,00005

which is negligible in comparison with F
e

From figure 17 for bYt = 3 X 320 =
¥ =20 the tip-loss term

Then, find the sum

+ F

o]

I'p = Bgl+ & + Fih + Frot

2 C ‘fh

0.0178 + 0.0%312 + 0.004O +
= 0.053%6

2 2

From the definition of Fh,

calculate for the siven values of A an

o
i
=
by
-3
i
1

|
)
(@)
Wi
e
@)
=
w0
0
o]
(@)
@
3

NACA AGR No. L5EOL

0.0115 and

hc

9460, read

O+ 0.0006
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This power is required by the rotor in horizontal flight
ab . i 0.3, that 13, at 98 miles per hour.

¢. Stalling Limit in High Speed

In order to estinate whether a rotor hes sufficient

solidity to avoid stalling
copdition, ths stelling l*r
a chart similar to figure 8.

applies only to vntwisted rectangular blades.

of linear twist end taper a

and 10, respectively, for the condition p = 0.3
2 & J 2 h

and % = 0.1. Also, graphs
figure 8 can be constructed
tw**T and taper by weans of
develored in section &.
he )O“d131° to obtain an
blade twist and taper, es w
linesar shapes, or it may De
exwe”*- entel points and to
1ately equivalent linear tw

Tn the present example
determined for untwisted b
of the blade sketched in fi

the use of the type of chart o
foliows: Calculate ¥y = u¥¢

of & obtained from sectio

o5 0.056 x 0.0127

* equations (59), (61),
For other blade shapes it may
alytic solutions for the ectusl
as done in section 5 for the

DENTIAL ‘ I
Section

(©% i

in the high-sveed flying

it is calculated by means of
The upper part of figure 8

The effects

re illustrated in figures 9

A
-

gimilar to the upper part of
for any corbination of linear

and (63%)

desirable to obtain some
fair in curves for an aporoxi-
ist 'and taper.

s the stalilng llmit 1a
adesz of the equlvalent solidity o
gure 18 in order to illustrate

figure £. The procedure
90. Also, with the value
n 8b for high-speed flight

I+

%
Ny
)
)

i

0.0023% +(2 x 0.017

0.0375

o

)




li2 CONFIDENTIAL  NACA ACR Wo. L5EOL
Section 8

The stalling limit can now be read from figure 8.

09 : "
Tnterpolsaste between the curves of TT + 2CD in this
o ¥l
2l
igure to the value 0.0375 end at ¥y 96 proceed

f

upward to the curve u = 0.3 1in the upper par t of the
ol and read the stalling limit oY = = 11270, TFor

Y, = 320, O = 0.042.

Since this value of 0 is some 25 percent smaller
than the given valve of 0.056, the given blade solidity
is sufficiently large to avoid stall. Uote that fig-
ures 9 and 10 show that the effects of twist and taper
are to lower the et cllL ng limit still further. As

explainad in section 6, figure 8 should be regarded as a
woars of eqtiM tia; ve tendency to stall and not
as determining the operating cond .tlon at which
stall occurs.

=

'he be g
in figure 7. In order to use fbis figure 1t is necessary
to calculate o08Y, in which the value of & 1is fo
horizontal flight at the best climbing speed. The valus
of & = 0.0122 obtained for hovering in section 8a ma
be used satisfactorily because in this example &
only slightly with p and increases to only 0.0127 at
0.3. Then,

st-climbing-speed perameter Y 13

o8Y, = 0.056 x G.01l22 x 320
: 0022
Also,
2000, =200 x 0.0176
e
#13.52
687, + 200C = 3.0

oy el Nl e o gt e i o e g e A st e e oy e e s e S e S e B Ry e N e e R 2
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Section &

A stralght edge 18 then lald on figure 7 passing

6'(

through -——= = 0,022 on the left-hand scale and
1 -~ — AN ' 3
—=(cdYy + 200Cy = 0.37, on the right-hand scale.
1 Y,

h :
mhe inter5ﬂc+ion with the dash-line curve 1ls at
LT 40 i, The first approximation to. p 18, theree
fore, “pest = 4O4 = 0,126, with this value of by B

Yy 320

second approximation to & could
with figure 7 by the procedure of
in this case, the firat approximat
because the i 1 with
climbing speed

e calculated for use

sction &b but, as

on is usually sufficient
is small. The best

b
S
5
&

nere
is

= 60.6 feet por second

The rate of climb is obtained from figure © and the
maximum rate of climb 1s obtained with Y = ¥, ... From
WJIOO UL
section 8d, Yy,qt = 10.4. The valus of F, for
- — )y ’ o yvbtaine bHxr 4 % Aoch “. as iy ] ¢
LTS Yy, 110., 1is obtained by a procedure similar to
that of ssction Zb. The result is (an the assumption
At O )
D “Dr
£ n/
P = F F P, 15 + F.
= Bg-teFe ok B & Sleol o

= 0,0156 + 0.0026 + 0.009% + 0 + 0.0006

CONFIDENTIAL
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Section €

Also, if the evailable rotor power is assumed to be
20C horsepower,

F =4 v% 75
L lieon

and

F - Fy = 0.0523 - 0.0281

From figure 5, read Y, faor ¥ = Tieut & LO.ly;
Y. = 13.5, The maximum rate of climb is therefore

c
. _ %l u b
Vo =4\1 B

= 20.25 feet per second

1215 feet per minute

CONCLUDING REMARKS

o

The rslations among the princiocel helicopter aero-
dynamic design and performance veriables have been expressed
in terms of power-loading perameters and speed pearameters,
both of which are functions of the rotor disk loading.

The relations among these parameters have been plotted

ol

CCNFIDENT IAL
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for various conditions of steady powered flight to
reduce the labor necessary to use them in numerical per-
formance computations. In a concluding numerical example,

sample computations, which may be used as a general guide

for other calculations, are worked for a conventional
type of hellcopter.

Langley Memorial Aeronsutical Laboratory
National Advisory Committee for Aeronautics
Langley Fielcd, Va.
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APPENDIX
SYMBOLS

rotor-disk aree, sq ft

slope of the 1lift curve (?

\ %

rotational interference factor

A €

factor applied to rotor-disk diameter to allow for
blade-tip effect due to finite-blade number

number of blades in the rotor disk

biede chord (o, = [k + x(1 - ¥)je

: < X “ —i t

helicopter dreg coefficient along flight path,
exclueivs of rotor blades, based on rotor-disk
area A

rotor-blade-element profile-drag coefficient

rotor-blade~-elemant 1lift coefficient

torque coefficient -.w_gg_3
PAR(GR)/
iy 1
thrust coefficient CT = o —

PAIOR)S oY~

helicopter drag, 1b

power=- 10& ing parameter for eny flight

path :"W o

increase in F due to finite-blade number
increase in F due to slipstream rotation

CONFIDENTIAL
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it fuselage equivalent flat-plate area based on unit=-

v

A

'Vll

=

drag coefficlent, sq ft

blade linear taper ratio

figure of merit lm::
550/ g

rotor power, horsepower

rotor power, ft-1lb/sec

rotor torque, 1lb-ft

rotor-disk radius, ft

redius to a point on rotor blade, ft
rotor aexial thprust, 1b

induced axial velocity in 1otor disw, ft/sec
(positive downward)

veloo%ty of the helicopter slong its flight path,
ft/sec

resultant wind velocity througn the rotor disk,
ft/sec

resultent velocity of a rotor blade clement, ft/sec
rate of climb, ft/sec

gross welght of the helicopter minus the fuselage

e, dn
L
fo '

helicopter rate of climb parameter i,

weighting factor

I

('
radius ratio (;)

it

¥ &
; : y A
helicovnter velocity parameter BT
Vv oW

CONFIDENTIAL
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Ve 7.3 e 57 m

Yoodts £ value of Y for minimwu

Ty rotor tip-speed perameter (QR\/ 5

ay engle between flight nath and horizon, radians

a engle between rotor disk and flight path, radians

a, blade-element angle of attack from gzero 1lift,
radians

i argle between rotor disk and horizon, radiars

3 rotor-hlade average effective profile-drag coef-
ficlent

e hlade-element pitch angle, radians

+ (1 - x) = si “\

o, blade tip angle at zsro ezimuth, radisus

81 angle of linear twist of the blade, radians

85 amplitude of harmonic pitch control for lateral

. balance of the rotor, radians
' v W : g - ;

A vt si s AQR is speed of axial flow

cos ay
through rotor disk {positive downwarad )

B ratio of the horizontal component of speed of the
helicopter to the rotational tip speed of the
rotor

V cos aq ¥y
i Ry )Y

¢ mass density of alr at altitu

Pn mass density of air at ses level
(0.002378| slug/eu ft)

e e W S P OSSR
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i
L
dﬁ Gxxadx
o equivalent solidity (o = ~£ﬁ—~———— =l GXXBdX

Ué7x5dx i

]’JCX
Og = g
X R
] angle of inflow, radians
Uj blade azimuth measured from down-wind position in

direction of rotation, radians
Q rotor angular velocity, radians/sec

Subscripts®

¥ due to fuselage drag

h for horizontal flight

5§ induced

t at the blade tip

v for vertical flight

X for the radius ratio (% = x)
¢} due to blade profile drag

CONFIDENTIAL
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Figure 1.- Rotor geometry.
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Figure 3.- Chart of th/bth against horizontal-speed

parameter Yp.
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HOW TO USE FIGURE 7

In order to find the horizontal speed for maximum
power loading, calculate o0&8Yy where

o rotor-disk equivalent solidity (For rectangular

blades, 0 = Do at x = 1; for other blade

R 1
plan forms, o = qu oxx3§§
0

o) rotor-blade average effective profile-drag coef-
ficlent

A
Yt = QR\/W %é where QR = rotational tip speed, fps

Calculate 200 GD where
f

Cp helicopter drag coefficient in horizontal flight
' exclusive of rotor blades, based on rotor-disk
area A

Lay a straight edge from the value of OGYt on
the left-hand scale to the value of 08Yy + 200 CDf on

the right-hand scale and read, as 1llustrated by the long

dashed lines, the intersection with the solid curve on

speed in feet per second for maximum power loading. 1In
case the value of OGYt + 200 CDf is greater than 0.6,

read the vertical scales times 10 and use the short-dash

curve to find Ybest'

The use of figure 7 1s 1llustrated by a numerical
example in section 8d. The equation of the figure is
derived in section 5.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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HOW TO USE FIGURE 8

The solidity O on the figure is for rectangular
blades with a 1ift coefficient of 1.5 at the tip of the
retreating blade in horizontal flight. The figure 1is
read as follows:

Caloulate Y, = Vy|/a £ whers W, 1s the hori-
0

zontal speed in feet per second.

Calculate a8 ZCD where
W fn

1
o equivalent solidity Gi\: hJ/ Oxx5d£>
0

o] rotor-blade average effective profile-drag coeffi-
cient (see fig. 11)

" ratio of the speed of the helicopter to the rotational
tip speed of the rotor blades

helicopter drag coefficient im horizontal flight,
exclusive of rotor blades, based on rotor-
disk area A

c
D
oY

Read the figure as shown by the dashed lines, entering
the chart with the value of Yy, on the lower left-hand

scale and from the curve of <ﬁ% + ZCDf > projecting
h

upward to the curve of u and reading the required value

of aYt2 on the left-hand scale. Then, if the value o}
computed from oYt2 with the known value of Yt:=QR %-él
0

is larger than the given 0, the blades are too narrow
for a tip 1ift coefficient of 1.5. The value of O
required for a 1ift coefficient of 1.5 may be obtained
by successive approximations.

The use of figure 8 is illustrated by & numericsl
example in section 8c. The equations of the figure are
explained in section 6.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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Figure 9.- The stalling limit oY, against blade

linear twist for ux = 0.3 and X = 0.03.
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HOW TO USE FIGURE 11

In order to find the effective profile-drag coeffi-
cient 8, first read from the figure values of ocIYtZ

and W.F. for several stations along the abscissa

from (% = % = 0 to 1 and for the appropriate value

of u, where

il
Y equivalent solidity G = h.f Oxx3d19
0

cy rotor-blade-slement 1lift coefficient

Y, rotor tip-speed parameter (%t = QRl/% E%i>

" ratio of the horizontal component of speed of the
helicopter to the rotational tip speed of the

V cos aj
rotor W ='——??E—-

From the known value of oYtz, compute c, for each

station selected. From the airfoil polar for the blade
section at the 0.8 radius, read values of the profile-
drag coefficient cdo corresponding to cy and plot

(W.F.) 4, against % - % as 1llustrated in figure 13.

The area under this curve is the value of &.
The use of figure 11 is illustratea by & numerical

example of section 8. The equations of the figure are
explained in section T7a.

NATIONAL ADVISORY
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Figure 13.- Sample graph for finding §. oYtz a S7405 g = 0.3}
airfoil polar from figure 12.
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Figure 14.- Comparison of optimum rotor, without blade

profile drag, with actuator disk. (From reference 2.)
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Figure 15.- Correction to F for slipstream rotation
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Figure 17.- Curves of the tip correction Fp, against ©bY, for
horizontal flight, hovering, and several rates of vertical
climb.
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Figure 18.- Sketch of sample helicopter blade. Linear twist, 7°
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