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SUMMARY

In order to facilitate solutions of the general problem of
helicopter selection, the aerodynamic performance of rotors is
presented in the form of charts showing relations between primary
design and performance variables, By the use of conventional
helicopter theory, certain variables are plotted and ocher variables
are considered fixed., Charts constructed in such a manner show
typical results, trends, and limits of helicopter performance.
Performance conditions considered include hovering, horizontal
flight, climb, and ceiling. Special problems discussed include
vertical climb and the use of rotor-speed-reduction gears for
hovering.

- INTROIUCTION

The general problem of helicopter design may be conveniently
broken down into that of obtaining suitable compromises among the
requirements imposed by considerations of structures, vibration,
and aerodynamics. The object of the present paper is to provide
assistance Tor obtaining solutions for the part of the design
problem relating to aerodynamics, These solutions are presented
in the foimm of graphical charts showing the trends and differences
in performznce with changes in values of the aerodynamic design
varlables,

The charts herein are synthesized from the elementary charts
of reference 1 by the choice of typical values for certain design
variables and by plotting the relations among the remaining
variables. The quantity held fixed for most of the plots is an




2 NACA TN No., 1192

average lift-drag ratio for the rotor-blade sections, Charts are
plotted for each performmnce charscteristic on coordinates of the
primary parameters power loading and disk loading. Correlatlon
between the performance indiczted by the charts and the performance
that may be realized in practice is chiefly dependent on a knowledge
of the profile-dra; coefficient of the blade under flight conditions,
The detormination of this coefficient is not a part of the present
paper, which is restricted to showing the relations among the

other aerodynamic variables and the veriation of these relations
with rotor-bladc-elenent 1lift coefficient and rotor-blade-clement
profile-drag cosfficient.

v of results obtained from the

The accuracy and applicability ]
nz conditions and limltations:

charts are subject to the Followi:

(1) The charts are constructed from theoretically derived
relationships. Although adequate experimental data cre unavailable
Tor detailed checking. no definite discrepancics have been observed
in existing data such as roference 2, The theory is considered
fully satisfactory for the study of trends and of differences
in porformance with change in design. The scope of tho present
paper does not include zll the aerodynamic information needed for
actually selecting optimum aerodynanic designs because the rotor-
blade average offective profile-drag coefficient © 1is held
constant. Thus for csses in vhich the value of ® would vary
with a design variable, this wvariation is not shown.

(2) The power used in the power-loading veramoter is that
delivered to the lifting rotor. Trensmission losses, ongine
cooling powor. tail rotor powor, or other auxiliary power roquirc-
ments arc not included., In the helicopter of reforence 2, for
oxample, those auxiliary losses aggrogute some 15 percent.

(3) Tho charts apply diroctly to holicopters with a single
lifting rotor comprised of threc blades., Whon counter-rotating
rotore are used, part of the rotational onergy mey bc conazidercd
rcmoved from the slipstream. The rotetional cnergy in the wake of
a single rotor, as well as the induced-flow cffoct of the blade
tip, may be estimated from reference 1l; czch is gonorally less
than 1 percent of the rotor power. With multiple noncoaxial
rotors, the hclicoptor performance may be. approximated by calculating
cach roter indcpendently with its proportionate pert of the gross
voight and the fuselage drag. This approximation would noglect
the induccd interference botween rotors, which dcpends on the
geomotrical arrangement.

(1) Cortain factors tend to reducc the performance of holi-
copters, Among thosec are blade deformation undor load, rotor
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coning, and hub interference. With careful design, these factors
(o) 2

can be made small or constant and need not therefore influence the

study of performance trends with design changes.

ks

Derviations of the charts are explained in the appendix.
SYMBOLS

rotor-disk area, sguare fest
number of blades in rotor disk
blade chord, feset

-
ES

fuselage drag coefficient along flight path, exclusive o
/ N\

s

o

£
rotor blades, based on rotor-disk area A ( Cop A
N

.

rotor-blade-element profile-drag coefficient

rotor-blads-element 1ift coefficlent

i 2
thrust coefficient e

\ PA(R) e b,

power-loading parameter for any flight path

S
-
= =
=
O

#

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

fuselage equivalent flat-plate area based on unit drag
1lift-drag ratio

rotor powsr, horsepower

rotor-disk radiuvs, feet

radiue to a point on rotor blade, feet

rotor thrust, sssumed equal to W, pounds
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induced axial velocity in rotor disk, feet per second

velocity of helicopter along its flight path, feet per
second wnless otherwise indicated

rate of climb in forward flight, feet per second unless
otherwise indicated

gross weight of helicopter minus fuselage 1ift, pounds
disk loading

pover loading

radius ratio (?\
k)

e
W °o

,A
helicopter rate-of-forwvard-climb parameter <§c ;—E~ j)
i P

value of ¥y Tfor wminimum Fy

‘A N
rotor tip-speed parameter [{R\[~- 2. Yor = E
¥ o Pl

rotor-blade average effective profile-drag coefficient

helicopter velocity parameter (:&-

tip-speed ratio; that is, ratio of horizontal veloclty of

i o
o Yy MR-

nelicopter to rotational tip apeed of rotor K

mass density of air at altituwde, slug per cubic foot

mass density of air at sea level, 0,002378 clug per cubic
foot
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oL’
<= dx L
o equivalent rotor solidity {o = ~27i =4 ! o, ¥ dx
' ! -
1(‘v
-’3 d_y.- VY
T
e
where O, :-_-:\
nR §
'Q rotor angvlar velocity, redlans per second
OR robtational tip speed, feet per second

Subscripte:

a at altitude

1 due to fuselage drag

h for horizontal £1ight

& induced

0 at sea level

v for vertical flight

X | for the r:*.r*rls ratio (—]R: = v)
5 due to blade profile drag
max maximwﬁ

min minimuan

PROBLEM OF HELICOFTER SELECTION

Helicopter selection will be congidered to mean the selection

of values for the aerodynemic design variebles that would most
nearly obtain a desired performance. Practical considerations
require a knowledge of the useful load associzted with a given
performance, and the useful load is in turn influenced by such
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varisbles as structural efficiency and engine economy. Data for
he evalustion of these variables are not available at the present
time because the values of the variables are determined primarily
by considerations of vibration, safety, control, and confort,

aase

rather than efficiency consideratiocns.

In view of such considerations the probWem of helicopter
selection for maximza useful load is not considered at the present
time to be reducible to the form of useful performance selection
charts. Aerodynamic performance charts, however, to show trends
wvith veristions in the primary design variables are presented; the
importance of blade and fuselage arab is also demonstrated., A
basis for an intelligent & p oach to the selection of talanced
designs is thug prov1d d in accordance with the best available

engineering data., The prob_oms of range and endurance are asso-
ciated with the enginc-fuel economy and are not directly considered
herein.

SPECTALIZED SELECTION CHARTS

Holicopber performence is first illustrated for a convent! ional
design., Figure 1 shows curves for constant values of horizonbal
velocity V; plotted on coordinates of power loalding W/P against

Iy

disk loading W/A for helicopbors with the following design
specifications:

Db ator voline, R, Po0b 5 s « o s 5 o o 8 o 2 5 v« ¢ 2 o 1
Bguivalent rotor solidity, ¢ o e i U o e b e LT

/Y OR r““. 20

Tip-speed paramecter g =R\ = =
\ V¥ P9

Rotor-blade average effective profile-drag coefficient, & . . 0.012
Fusclage equivalent flat-plate area, f, squarc feet . . . . 10.0
P LT W S A ST R LT A v BV - S - o g
Air deneity, p,, slugper cubic foot . . o o . v o v o . 0.002378

There remain as dosign variables for this case, therofore, W, P,
and Vy, eny two of which determine the third and thus define a
particular helicoptor.

An cnvelope of the constant velocity curves (fig. 1) represcnts
the maximum power loading that can be gustained in Tlight at
optimm epood. This envelope is labeled (W/P)p.y i1n tho figurcs.
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The maximum power loading that can be sustained at zero velocity
i shown by the short dashed line and is labeled hovering,

If the attaimment of maximum power loading were the only }
object of the design of helicopters with the constants of figure 1,
the figure would suggest the use of as low a disk loading as possible,
'igure 1 shows that the power loading can be increussed a2s the disk
loading is decreased. For a given helicopter powsr, the rotor size
increases with decreased disk loading and, therefore, the rotor ’
welght increases. A compromlise betwsen rotor welght snd increased
power loading would glve an optimm: disk loading, Since informa-
tion on the verlatlon of rotor weight with size and solidiby is }
unavailable, +this opbimvm is not shown.

The curves of constant velocity give an optirmm disk loading
to obtein maximum power loading. This optimum is obtained when
the lnduced drag balances the profile drag. At lower disk loading
the profile drag is too high, vhereas st highor disk loading the
induced drag is the determining factor, The velue of thig optimum
is greatly dependent upon the profile drsg zttainsble in g11ighte
Decreasing the profile drag decreasos the optimm disk loading.
For low forwsrd speeds the induced drez is so important that the
optimum occurs below a disk loading of 1/2 pound psr square foot.

3 Since the disk area would be extremely larze in this range of disk
loading, these optimums are not shown,

Curves of maximm rate of climb are shown in figuroc 2 and,
for comparison, the hovering and the maximm power-loading curves
from figure 1. Curves of constant sorvice ceiling (rate of climb, }
100 ft/min)arc shovn in figure 3; also shown are tho hovering and
the maximm power-loading curves from figure 1. The curves of
sorvice celling are hased on constant rotor revolutions per minute
with rotor power proportional to the density. The pover-loading
scale is for the sea-level condition.

Conclusions drawn from figures 1 to 3 arc subject to the
constant valucs arbitrarily assimed to o, B, X R, o X,

|
| Attention is called to the fact that the Mach numbor st the tip of
the advancing blade will affect the value of 8; also, the Ligher
values of the tip-specd ratio | encountored at the higher forward
epeeds may be impractical from considerations of stability and ‘
| 2 control, For theso and other ressons it is nececssary to consider |
J chenges that may occur os the fixed quantitics z¥c varied. TFor
this purposc, other types of charts are introduced, }
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PERFORMANCE STUDY CHARTS

The types of charts presented are swmarized in teble I,

The gencralized charts are the most coampact but in some respects
the leaat convenient to use becaiufe they show relations among
camplex parsmetors., The powsr-loading disk-loading charts are
more direct reading. In crder to faciiitate discussion of the

arameters uged, the elemeantary desigm varishlies to be selected
ave listed in teble IT, Specification of the elementary design

variablos esscntlially detsrrdnes the holicopter aercdynamic
performance, wiich may be expressed in terms cf the elementary
porformance variables listed in table IIL. The large number of
the design variables effe Ctlﬁ\ helicopser periormance complicetes
the direct grerhical pregentation of the cffocts

(‘)

The problem can be simplifiod by the use of fundamental
parametors cach represonting a significant group of variables.
From the asnalysis of reference 1 the fundamental dosign paramcters
of table IV aerc obtained. The corresponding performence paramcters
arc givon in table V.

1

A compariscon of tables II and IV shows that use of the funda-
mental desisgn paramcters reduccs the number of veriebles from
seven to four, but although this reduction greoatly simplifics
graphical prescntation it Por“osgondin’ly camplicates tho intor-
protation of the graph., A compronisc uetv“ca the oxtremecs of the
clomentary and the fundamental design veriasbles may bo based on
use of the familiar perameters power loading end disk loading.
This compromise, however, roduces the nvmbecr of varilables by only
ono.

Goneralized Selection Chaxrts

A genoralized sclection chart is shown in figure 4. The
significance of the chart is best explained by a brief description
of its derivetion., A fuller derivation for all figures is given
in the appendizx,

On & simple graph only three variables can be shown, The
four Fundamental design paremoters (tatle IV) plus B and a
perfornance paramecter meke e total of gixp ”GPSPOUﬂ“flj three
varlebles riast bo fized, . As explained in the "Introduction,"
constant valced have becn assigned to 8, T*ﬁ value of © for
a given blade is debermined by tho average offcciive rotor-blade-
element 1ift coefficicnt, which ig in turn dependent on the
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; Y&l 1 o c
tip-speed ratio W =-—- and the guantity oYy~ = ——., Thus,
g PaapY hés

two of these three ¢uantities determine the third and,- in general,
en optimum combination will exist for each performance reguirement.
The investigation of this optimm is not however part-of the
prpsem, paper. For the present purpose the value of W is fixed
at 0.3 and the value of oYto, at 5T40. As computed from sec-
tion 8'= of m;e’*enﬂe 1 this velue of 0Y42 corresponds to an
average effective rotor-blade- olemenu 1ift coefficient of approxi-
mately 0.4kl in hovering,

In figure & curves of ccnstant Cth are plotted
on a 1obaritim_c scale of the reciprocal of tne pover- loading

1 W P :
rarameter —- [: = ggainst the horizontal-vslocity . -
B, TPV s | e

parsmeter Y}, = Vh\/ﬁe— for 8 O 0l12. The condition .

07,2 = —— - 5740 relates the solidity o to Y, end thorefors
Polr

1 o -3 . > {I;'-‘p_‘ % 3 ‘

to ¥, by the curve of o .agzinst Yy =“,.\ - shova in: thHe

lower part of tho fi Turo.,

o
Curves of %~ = gv’g EQ -againet Y, =0R for hovering
‘}_’l A ¢ ;

are also shown in figure 4 and cover three '*ond~ :-_'“18, namoly
untwisted rectangular blades with 8 =-0.012 znd u,nifgm_lisr
loading with 8 = 0.012 and " d = 0.006.', Thé power reéquired for'
ungwisted blades is only about 4 percent higher than the optimum
that is obtained with wniform disk loading. Unless. otherwise
statud, uniform disk loading is used throughout the present paper.
The effect of & on tho power required for hovering is largoe;
however, the effect of © is about 41 porcent gre atcr e gl 5 0 A
than for hovering, in accordance with equation 23 of reference 1.
This effect is showm by figure 5, which 'is similar to i’lgz.re h
but wita 8 = 0.006 ingtcad of B.= 0. Ol’?. :

Tho restriction of figure 4 to thd condition W =.0,3 fixes

A Sl -
the relation between Yy and Yy, in thet u = —, bdDut. increasing
, = :
. .-.-t 4

)
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3 W {w Po
has comparatively little effect on the curves of — = =} =~ —
Fh PyAp
against Y; = Vy %-EB for constant Cth in the neighborhood
of M= 0,3 This fact is illustrated by figure 6 in which
1 W oW
Sl s d aga = 0,0 tw
Fh P\]Ap is plotted against o for Cth 0,01 Jfor two

velues of 8 with Yh =2

Figures 7 and 8 show curves of constent values of the maximum
rate-of -forward-climb parameter Y. for helicopters of figures 4

and 5, that 18, for & = 0,012 and. 8 = 0.006, respectively.
Besides yielding the maximum rate of climb in forward flight Ve
feet per second, these curves permit calculations of the service
ceiling, For example if the service ceiling is defined as
corresponding to the value of p/py for which the rate of climb

is 100 feet per minute, then Yo = ]i%g- = g From the value of Y,
o4

corresponding to any point on the fizure, the value of p/pO may
then be calculated for & given value of the disk loading W/A.

3 X J: Po ﬂ
Figure 9 shows curves of = = — against Y =Ry o —

Fh 'V po
for representative values of Yy, for two values of the fuselags

vertical drag coefficient (CDf = 0 and O.l), and for © = 0,012,

The solidity corresponds to O’Yt = -—%—«- = 5740, Tho figure shows
Pobq
the small effect of fuselage vertical drag coofficient on the power
required for vertical climb, Thus for CDf = 0,1 the fuselage
v

equivalent flast-plate erea in vertical climb is 10 pei‘cent of the
rotor-disk area, and at ¥y = 30 this large fuselage drag increases

by only 8 percent the power required, The valuc Y, = 30 corre-
sponds to a rate of verti al climb of 2700 feet per minute at sca

P A.
lovel for = = 2,25, Kv:

The effect of 8 in vertical climb is similar to its offect
in hovering, which is illustrated in figurc L,
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The last of the generalized charts is for the rate-of-forwerd-
climb parameter Y, shown plotted in figuwre 10 against the dif-
ference F - Ty, between the power-loading parameter available and
that required for horizontal flight at climbing speed. Curves for
several values of the velocity parameter in climbh Y eare shown.
This figure is the same as figure 6 of roference 1. |

Figures 4 to 10 contain 21l the essential asrodynemic informs-
tion within the scope of the present pesper. When the diszk loading
has been selscted, these figures show ldirectly the relations smong
power lozding W/P, rotational tip epeed (OR, and horizontel
veloclty Vy.

Power-Loading Disk-Loading Cherts

The effect of the disk loading is best shown by charts in
which W/A is one of tho coordinates. The disk loading may be
varied by independoent changes in either the rotor-blade-element
1ift coefficient, the solidity, or the tip specd. The disk
loading was varicd by changing the tip spoed in figwres 1 to 3.
Among the remsining varisbles in thesc Figures thc fusclage
equivalent flat-plate arca f was held constant and the tip-specd
ratio W was allowed to vary. In %he charits beginning with figure 11
the disk loading is again varied by changing tho tip speod dut :
the value of M is hold constant whilc the fusclage equivelont
flat-plate arca is varied. It is to be expected that considora-
tions of minimum profile-drag loss and considerations of stability
and control at maximum spoed will tend to dctermine an optimum
value of W, ;

As has been pointed out, tho usc of clementary variablos in
charts increases the mumber of variables and theroforce the mmber
of charts as comparcd with charts based on fundamontal paramcters.
In the generalized charts, figures L to 10, adoguote simplification /

was achleved by fixing the valucs of W, B8, Cth’ Cva’ and UYte.

In the charts prescnted as figures 11 to 16. the valuc of ¢ &also
is fixcd at 0.056 and the altitude is restricted +o sea levol. In
addition, the Tusclage drag is oxprossed in terms of +the retio £/P,

Figurc 11 shows curves for constont valuos of £/P at sca
levol on the coordinetes of W/P against W/A for W= 0.3
and O = 0,012, Also shown are the hovering cuxrve, curves of
maximm ratc of climb in forward flight, and tho region in which
the blade tip stells in high spoed. ip stall was not found to
occur for the maximm ratcs of climb shown in the figures and was
detormined by stall at maximum horizontal volocity, as explained
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in the appendix. The stalls shown should be regzarded as a refeor-

ence condition only, inssmuch as the actual stall depends upon p
the particular airfoil sections used, The meximvm velocity varies

with W/A and is shown by the horizontal scale at the top of the

graph, The relation betwesn the maximm velocity and the disk

loading is fixed by, among other things, the choice of solidity

because the values of dYtg and Yh/Yt have also been fixed.

For higher epeeds with a given disk loading, it would therefore
be necessary to employ a higher value of Y.

The most direct application of figwre 11 is as follows: Let
it be desired to find how gross weight varies with disk loading
for a glven engine with rotor power P. The cwrves of constant £/P
iIn the figure esre then equivalent to curves of constant f and
the scale of W/P 1s proportionsl to the gross weight W. The
figure then shows how for a given f the gross woight decreases
with increasing disk loading while the maximum speoed increases.
Inasmuch as these relationships are dependent on the valucs
selected for the fixed quantities, the fixed quentitios are changed
on subsequent figures (figs. 12 to 16) so that the influcnce of
all the significont design variables may be studied. The selection
of the values to be used for the fixed quantities is dopendent®
on deta outsido the scope of the prescnt paper.

In order to compare the charts for different valuos of 8,
Tigure 12 is made similar to figure 11 dbut with half the blade profile-~
drag cocfficient, that is, B8 = 0,006. Figures 13 and 14 apply
to 8= 0.012 and 8 = 0.006, rospectively, for W = 0.2; and
figures 15 and 16, to 8 = 0,012 and & = 0,006, respoctively,
for W= 0.4 In figures 13 and 14, the rozion of stall lies
below @ power loading of 5 asnd is not ghown.

In figures 11 to 16 those heliconters ropresonted by curves
above the hovering curve have insufficient power to hover froc
of the ground offect while those ropresented by curves bolow tho
hovering curve require more power for high-spced flight than for
hovering. The first group of holicoptors loses the chief acventage
of a helicopter, that is, the ability %o hover; whorcas the sccond
group posscsscs more power than required for hovering,

Figure 17 shows the powecr-loading disk-loading charactor-
istics of helicopters possessing powor Jjust sufficient to hover
for conditiocns of & = 0.012 and approximately constant C1,

: 2 i g
that is oY= 5ThO, In order to avolid the confusion of numerous

2 t

curves, only limiting curves are shown in the fipgurc; that is, tho
2 (5 [ &) 3 b
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two solid-line curves define the extremes of fuselage drag coeff-
' T T
h h
cient expressed in terms of §~~= 0.01 and §~ = 0.25 and the

dashed curves are for limiting velues of o of 0.02 and 0.18;
respectively. The constant solidity curves are also curves of
approximately constent service ceiling, varying from 10,000 to
23,000 feet. Similerly, the curves of constant f£/P are also
curves of constent robational tip speed 2R varying fram 325 %o
850 feet per seccnd; inesmuch as the value of L has been Fixed
at 0.3, these curves are also curves of constant horizontal
veloclty Vy varying from 66 to 175 miles per howr, Particularly
netable in this graph 1s the smell variation in power loading
resulting from variations in o or f/P.

For greuter detall, the part of figure 17 bounded by the
rectangle is expanded in figure 18 and curves for intermediste
velues are included also., In addition, curves of meximm rate of
climb in forwerd f1light V. are shown. Date are for sca level
in figures 17 and 18; also the value of g i3 0,3 only in high
speed since in climb and at service ceiling the speed of the
helicopter is that corrcsponding to the meximm rate of climb.

In genoral, various requiremonts will mske undesirable the
selection of helicoptors to fulfill tho requirements of f

and 18, The figurce are of intercet chiefly for showing the
relations smong tho design and performance variables of a cless
of helicopters that may be rogarded as a stendard for comparison
with special designs,

L

The forogoing statements, as well as those in connection it
most of the other figures, apply to the same condition for S in
hovering as in high speed. Since & i the rotor-blade averago
effective profile-drag coefficient, the valuc of & will in
general change with Mach numbor and with the tip-speed ratio L.
In order to illustrate the change with L, the values of & in

hovering and high speed werc calculated for aYtE, corresponding

to & 1ift-dreg ratio L/D for W= 0.3, and for the throe airfoil
sections of roference 3. The curves of the airfoil scction profile-
drag characteristics are plotted in figure 19, and the method used
for celculation is explaincd in the appendix in the dlscussion of
figure 22, The valucs obtaincd for & at =0 and at = 0.3
arc listed in the following tables
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\\

\\<§irfoil

\\\\ Rough Smooth Smooth

Flight \\\\ conventional NACA 3-HE-13.5 WACA 23015
condition =0

EOVeI‘iIL,g ( = 06 0 L 0 O_Q

(L = 0) 0,012 0.0045 0,00CT7
T- 2] - .1 ~ 7 e
?ﬁtf gpf§( L0140 0063 L0085

i

The drag coefficient in the hovering conditlon is comstant throughout
the entire rotor cycle; whereas in the high-speed condition, the
drag coefficient varles with the position of thes blade during the
cycle gince the relative velocity of the airfoil section and the

air is constantly chanzing. The average effective profile-drag
coefficient for the entire cycls, therefore, is determined by an
integrated average of the drag coeffisient throughout the cycle.

For this reason the shapes of the 1lift and profile-drag curves

affect the averapge value for the high-speed condition., The fore-
Joing table demonstrates that the averszge efTective profile-drag
coefficient for the entire cycle may be either higher or lower in

the high-specd condition than in the hovering condition, deponding
on the airfoil section characteristics. The effects of varying o
may be estimated by couparing figures U and 7 for © = 0,012 with
figares 5 and 8 for & = 0,006,

Special Purpose Charts

Vertical climb.- A few special problems are of intorest., It
18 of‘ten necessary to have aveilable a definito rate of verticzl
climb, Vertical climb may be obtained either by reducing the

gross welght of an oxisting helicopter or by designing for verbical
climb. Figure 20 shows the rate of vertical climb that may be
obtained by decrcasing the gross weight of a holicoptor posscssing
power Just sufficient ‘o hover., Consider a helicoptor that has
zero rate of climb for a disk loading of 2.5. If the gross weight
is reduced 20 porcont, the disk loesding would be 2 pounds por
square foot of disk arca and the resulting rate of climb may bo
read from figure 20 as 850 feet per minute. (Read the fipure at

- (R W
20 percent reduction of gross weight on the curve of I-: 2.) The
L

&

figure includes several cwrves for Cp. = 0.1 to show theo small
L
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effect on the vertical rate of climb of such a large value for the
vertical drag coefficient.

When vertical climb is an essential characteristic of per-
formance, designing for vertical climb msy be desirable, which can
be done by designing for hovering at some greater gross weight
than will be used and reducing the gross weight to obtain the
required vertical climb, as given by figure 20, If the heliconter
is to be operated always at the reduced gross weight, the solidity
should be decreased in the same proportion as the gross weight
to obtain the originally chosen value of thE.

Hovering.- Figure 21 shows curves of constant tip speed for
hovering on the power-loading disk-loading coordinstes crossed by
curves of constant solidity. It is clear from the figure that
increasing the solidity and decreasing the tip speed is &
relatively ineffective means of increasing the power loading as
compared with decreasing the disk loading, The effect of rotor-
blade average effective profile-drag coefficient is indicated by
the tip-speed curve of 300 feoet per sccond for & = 0.006 as
compared with that for & = 0.012.

Rotor-speed-reduction gears.- The power required for hovering
with a helicoptor designod to oporate at a maximum average 1lift-
drag ratio in high specd can be reduced by the use of a robor-
speed-roduction gear. The high 1ift coefficients and corrosponding
high drag coefficients occurring at the tip of the rotreating
blade in high specd arc absont in hovering., Maximm average
lift~drag ratio of the blade scctions occurs at a highor 1lift
coefficient in hovering (|t = 0) +than at hiszh opoed (W = 0.3)
with the result that a lowor rotational speed is desirable in
hovering. The optimum gesr ratio and the resulting advantaze
depend on the characteristics of the airfoil scctions used. In
figure 22 tho greatest porcentage decrease in the powor required
for hovering, rosulting from the use of a rotor-specd-reduction
gear, is plotted against the equivalent rotor solidity for tho
threc ailrfoil sections of figure 19. Calculations for the figure
are explained in the appendix. The required gear ratios and
maximum average lift-drag retios are shown by tho curves., It is
observed that tho power saving resultingz from the use of a geay
shift 1s greatly depondent upon the shape of the curve of ajrfoil
section cheractoristics but tends to be largest for high-drag
low~solidity blades,
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COINCLUDING REMARKS

The relations emong the primary aerodynamic variables
affecting helicopter performance have been presented in the form
of grephical charts, Trends in the variation of performance with
the veristion of primsry variables can be obtained from the chavts.
Selected values of some of the variasbles, such =s rotor-blade
average effective profile-drag coefficient, tip-speed ratio,
equivalent rotor solidity, and so forth, were wused to cover a range
of values expscted to be encounbered in present-day and future
helicopters. For a given helicopter, those values sre known and,
therefore, the proper charts may be salected from which the correct
berformence trends mey be obteined. If greater accuracy ie desired,
the construction of charts for exact valuce of the known variablss
is possiblo.

s

Lengley Memorial Aevonavtical Laborstory
National Advisory Committece for Aecronsutice
Langley Field, Ve., September 3, 1946
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APPENDIX
METHODS FOR CONSTRUCTION OF CHARTS

The figures were constructed on the basis of the equations
and. chartg of reference 1. Since helicopter performence Gepends
upon many variables, some of these variables must be given
reprecentative fixzed values in order to show performence trends
in a graphical form, THach chart is made for certain fixed
quantitice, which are listed in the descriptions of the figures
given in the present sppendix. The congtruction of each figure
for the present paper is described in sequence and meny of the
gquestions that arise in tho analysis of the figures are thus
clarified.

Figure 1.- Fixed quantiﬁies for figure 1 are as follows:

BEBAEMED & o 4 2 s ; SO IR T -G SR R e L
0,012

ou-o.o-oc.o.cuogqo'ono--o-oocc0.056
o-nouo.cc-o'oo-320

R, ft BRI . e @ o A e e P e A e e e e ETE TR S T AR 19
f, sq_ ft . . . . e . . . . . . . . . . . . . . . . . . . - . . . lO

b . . . e e e o e € 9 9 ¢ 5 ¥ A s e 9 . . . . . e 3

. 0, 10, 20, 50, 75, 100, 150, 200

6 . . o . . . . . o . 2. ® B ¥ % N ®w a0 o W ® 9 8 8 =

From the definitions of the psrameters, it followe that vhen

g o :
e N IR
the value of --= KK(L — corresponding to a glven value of
}.’h .L'\JA.Q
2 o
¥, = Vh\f - 1s known,curves of constant horizontal velocity Vy
()

may be pxotge& on arcles of power loading W/P against disk
loadiag for any altitnde for which the ratio p/po is known.

Wl

f
From equasion (24) of roference 1

The guantities that must be known to calculate each term cre as
VR JllOWB .

i
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It is thus seen that
are 0,
5," ¥y; ¥y; vand b) are given directly by the sheted conditions

for figure 1 The value of . ig calculated from its definition
] _[’h
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Term Quantity
Ty T 009 0 ne ke
th Cth’ E

Py Tn

Tt Fih’ Iy

P, i, b

e

One curve of F, against W/A

velocity curves of figure 1.

In a2 similar manner the hovering curve of figurs 1 is plotted.

.
Hﬂ/

Cp fh

i

i

he six quantities needed to calculate
Ty, Yy, Cthr and

-

1]
~|

10.0
1192

0.00882

From equation (45) of reference 1

Fn

b. Five of these guentities (o,

can now be calculated from the
charts of reference 1, and from this curve are obtained the constant-
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The power-loading parameter for hovering is considered a limitlng
case of that for vertical climb (F, with ¥, —0). The quantities

required to calculate Fv are ¢, 5, Y4, T, and D, All are

given by the stated conditions for the figure. For Y = 0,
Fi, = 0.026k for uniform load distribution. The value of Ty

is 0.0392, corresponding to which the hovering curve is drawn in
fiaure L.

Figure 2.- Figure 2 shows curves of maximum rate of climb
superimposed for comparison on the hovering curve of figure 1.
The necessary celculations zre based on figure 6 of reference 1,
which is reproduced herein as figwe 10. The rate-of-forwerd-
climb paremeter Y. is read fram figure 10 for lmowm values of ¥
and F - Fy. For the maximum rate of climb, use is made of the

minimm vaelue of F, or Fpin corresponding to a best value of Yy
or Yyeey &lven by figure 7 of reference 1 in terms of o, &,
Yy, and Cth’ all of vhioh are lkmown. In the present example,

[

Fpgn = 0.0235 and the corresponding curve of W/P eagainst Ww/A

1s plotted in figwres 1 to 3 as the curve for {(W/P) ...

Figure 3.- Figure 3 shows curves of constant service ceiling
(60 v, = 100 Tt/min) superimposed on the hovering and maximum

power-loading curves from figure 1. These curves are based on the
condlitlon that the rotor driving power is proportional to the air
dengity because of the erglne characteristics. The development
of the equation for the curves follows.

The gquantities considered fixed for figure 3 are as follows:

. 09056
« 0012
Yt SOt ST S i SN SR R B B R S R R O RN G SEL R I S R B R S IR D e S 320
CDP s PO R YW W AR g B @ #F e s Ry W RN 0'00882

c Rd L . . - . . . o . . . . E ’ L4 . . . . . . K . . . . . .

8 . . -5 o e e e o ¢ * e & e o e v & ‘g A« & @ F £ B @& N

b e 9 P & & & « o .8 B B H 6.6 g 9. H . 0.8 & 9 ¢ W8 B § & W H A @ 3

The maximum ratc of climb occurs for Y = Ybeet' For the

conditions at sea level 5 1) the value of Yy ¢ obtained
po cs

from figure 7 of referonce 1 is 46.7 and does not change signifi-

cantly with altitude. The power-loading parametcr for the maximum
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ate of elimb is given by equation (48) of reference 1, which is
anpro:ximately

= 550F - Fyup)

For the rete of climb of 100 feet per minubte

' 'IOO f? o)
LR (ke
%o
and hence
fs o
E2S p ’ -
\Vfw— 2l 330(F - .bmin:) : (1)
e e
At sea lovel Ty = = \l— and at altitude T, |= = 1ir
wW " ¥ po \JW o

the rotor driving power is proportional to the density ratio.

For Yﬁest = 06,7, the corresponding value of F (cal;sd Fmin}
is calculated from the sum

i o I.‘.b

as-has been explained for T, in connectlon with figure 1. The !
paremeter that veries with altitude in the pregsent example,

o s R y '
nemely, Y, =(R\{<= = , affecte only the terms T sand F.... The
)ty X rot

|7 o

effect of Yy on Fpoy is negligible in comparison with Fyin,
and Ts 1se then the only term causing an spprcclable change in
the value of TFp;, with altitude. In order to find Ty, wuse is

ade of squation (23) of reference 1
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Po g
8 =gy =5o

Fxf

<l+f+CLL2)Y3

from which, for the specified consgvants,

£ /2]
Fg = 0.0130 l0.09 \/.&L e
: \ P /

5 o Poy
At sea level, Fy . = 0,0235 and, therefore, at altitude
! min
g W ro 32 ]
Fg . = 0.0235 + 0.0130 {0.09 \j= + 0.9 ) «0.9230
min I { o) i
5 O/ &

3/2
= 0,0105 + 0.0012 {12 4 o0.0118/. 9—--\ |
\; P \p
0 \, 0/

Hence, from equation (1)

it

=] =
(o} o)
t

7
(e o)

P

330 |= >3/ V--00105-ooo 4!—:_00118()
\

")

It

"1

Solving for P/ glves

. 0 0 \3/2 0 oy
el A ”0.0105/“Q + 0,0012 2 + 0,0118 |\ k! (2)
w230 | e .
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Corresponding to each altitude i Pratlio P/ and from
¢ 02
i

8 a
equation (2) is obtained a curve of W/P agminst W/A., Curves
for standard density altitude are shown in figure 3.

congidered fixed in figure 4 are

il el i B T L ] e

o orny o SEIRRAT . RR ol aR CReOeD

E e LBk e s . oD, 0,005, 0.0%, 0.02,0.03
h

~

Ag explained for figwre 1, the six quantities needed to solve
it F s Yy, Yy, Cpo, and b, For each value
28

)

(o]

iiens Th Sek o, 1
of Cth 8 curve of 1/fy against ¥, or Y. is defined by the

constants for the figure, For example, a value of ¢ corresponds
to each value of Ty selected in accordance with the given condi-

o) A
tlon oY, < = 57k0, (Graph of ¢ against Y. =0R \j’-;-;- 5% 4a given
'y p
0
in (fdes Bl Thus all quantities required for Fg are known.
Likewise, a value of Y corresponds to each value of Lo An
accordance with the relation Tn :;LYt = 0,23 Yt’ thus all the

quantities needed for F, are kmown. In figure ! the reciprocal

o 1w w Po
of Fy, that is, —= - \!- ~—, has Dbeen plotted to make the
vertical scale proportional to the familiar quanbity W/P.

Calculations for the hovering curves shown in figure U4 are
similar to those explained in connsction with figure 1, For each
value of Yy selected, o 1s obtained, as in the case of hori-

zontal flight, from the relation th‘ = 5740, Cz=lculabions of Fy
were made for both & = 0,012 and 8 = 0.006; thus, the two
hovering curves shown in figure 4 are produced.

As expleined for figure 1, the velue of the induced power-
loading parameter in vertical flicht Fi, mneeded to calculate F
applies to hovering when I,~— 0, The value of Fiv varies with

the blade shape, the lowest value occurring with blades shaped for
uvniform axial-inflow-velocity distribution, Such distributions
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require a tapered and/or twisted blade, Tor untwvisted rectangular
blades the value of Fiv is approximately 6 percent higher, In

the present calculation the minimum value of Fi. = 0.026L is
P v

generally usedl bocanse 1t serves as a convenient reference. he
hovering curve in figure 1 shows only about U percent difference
in W/P for the two extreme cases.
Figure 5.- Figuwre 5 is similar to figure 4 except thet o
hes 2 value of 0.006 instead of €.012,
Figure 6.- Figuwre 6 is gimilar to figure 4 except the
quantity | ie the variable rathsr than Yy, vhich is fixed at 75.
Curves of constant & = 0.012 end & = 0,006 sre shown for
C =80, QL6
th 3

Figures 7 2nd 8.- The caleulations mede for figures 7 and 8
are similar to those made for figure 2.

Figure 9.- Figure § includes » in addition to ths hovering
curve for & = 0,012 of figwre L4, curves for vertical flight for
tvo values of Cp g and for values of the rate-of-vertical-climb

v
parsmeter up to Yv = 30. The calculations for this figure differ
from those for hovering only in obtaining Fiy for the given
values of Cpp and Yv from figure 5 of reference 1,
I

Figurg”}g.— Figure 10 is a reproduction of figure 6 of refer-
ence 1,

Tigure 11.- Figure 11 differs from the generalized figurse L4
in substitution of constent f£/P for C])f-,,1 and in selection of
i

the values o = 0,056, Yy = 320, ¥, = 96, and ol s

il

o
By definition,
T
h
Cp,. = —
DIh A
0 .’EE:/E.)B/?
P W \Wpo\&
- N LR
O
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Tor 2. - 1
o
Uiy
L Ly ’w)3/ (3)
= ey = & D
W6, 7P Tha

By means of egquation (3), points in figure 11 may be calculated from
oints on the ordinate Y, = 320 of figure L.
t

Calculations for the curves of constant rate of climb are
similar to those for figure 2. The necessary quantities ¢, 38,
and Y. are all lmown, and to each set of values of W/P, W/A,

and fy/P there corresponds a value of Cpp,  in accordance with
i3

equation (3).

The boundarj of the region of stall is calculated on the basgis
of figure O o; roference 1., The figure shows that for the assumed

value of dYt = 5740, sballing of the blade tips may be expected
when the value of the quantity A/ is near 0.5 for W= 0.3
with | corresponding to a section lift cosfficient of approxi-
metely 1.5, From the lower part of the seme fisure it is seen
that with Yy = 96 the value of Cpp, is about 0,.03. By means

4L
of thils velue and of equation (3), the stalling region is defined
in figure 11,

Pigures 12 4o 16.~ Figures 12 to 16 ers constructed gimilearly
Yo figure 11 but with different fixed values of & or .

Fleure 17.- The condition that the heliconter shall fly at
its marimm speed with the same power &8s required for hovering
restricts solutions to the pointe of intersection of curves of
congtant CDﬂ, with the hovering curve in figure . From these
intorsect¢ons tho curves of constant /P of figure 17 are
obtained by use of the relation between CDﬁ and fp/P (equa-
tion (3)), which was derived for figurs 11, and by use of the
hovering curve of fizure 4 for uniform disk lund*nﬁ with 8 = 0,012,
The intersections in figure 4 also determine vzlueg of I, and,
therefore, curves of constant YV, which are also curves of

congtant QR in figure 17 because | is constant, The curves of
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constent £/P are found to be nearly coincident with the curves
of constant Vy or of constant (OR. Curves of constant service
ceillng were calculated by the method described for figure 3, the
Proper velues of the constent quantities being used.

Figure 18.- The calculations for the curves of figure 18 ars
explained for figure 17, except that “he curves for constent rate
of climb are obtained by calculations of the type described for
figure 2 but with the approprizte constants.

Figure 19.- Figure 19 is adapted from figure 1 of reference 3

Je

Figure.20.- By reduction in the gross weight of a hovering

helicopter, power mey be made aveiisble Tor a rate of vertical
climb, TFor the hovering condition, Fi, bhas a value of 0,026k,

From the definition

1t follows that if the groses weight W is reduced by AW then

0.0264

RV
e

N

Ty

By means of figure 5 of reference 1, values of Y& may be read
for known values of Fiv and Cp, on the esswuption that the
=Y

power absorbed in blade profile drag does not vary with rate of
vertical climb, These quantities define curves of constant W/A
and constant CDf on coordinates of V, azainst &W/W,

v

Figure 21.- Curves of constent tip speed QR on coordinates
of W/P against W/A are plotted in figure 21 from the generalized
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hovering curve of figure I for uniform disk loading, For the
condition the = 5740, +the curves of constant ¢ are similerly

obtained.

T’Wgure 22.~ In the construction of figure 22 arbitrary valuves
of oYy? are selected. The corresponding values of B8 are cal-

culated by the method of reference 1 for omne of the curves in
figure 19, By this method the valus of & is the constant drag
coefficient that would absorb the same power as the drag coefficient
which varies in accordance with the curves of airfoil qevtngn char-
acteristics, Then, from a plot of cSYtB ageinst thE the
coordinates of the minimum are read. The values of 3 and of dYtg

are thus determined for meximum average lift-drag ratio., This
procedure is carried out for hovering (it = 0) and for high
ﬂmw.(w= 0.3). For fixed values of o the ratio of the tip-

speed paramcters is the required gear ratio. The values of &
)

and. GYtd thus obtained for hovering, when used to calculate the
value of Fy for eny sclected value of ¢, may be considered to
give the hovering performance vhen a rotor-speed-reduction gear is
employed., In order to find the performance when a gear is not used, the

M xr. D
value of & is calculated for hovering, the optimm value of oYt~
for high speed being used. The ratio of the power-lozding paramcters
for vertical flight represents the ratio of tno power required
for hovering with and without the gsar.
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TABLE T
SUMMARY OF CHARTS
Condition Floure
Goneralized charts
Horizontal flight and hovering 4 to 6
Vertical climb and hovering g
Rate of climb and ceiling T, 8,10
Power-loading digk-loading charts
Horizontal flight, climb, and hovering 11 to 16
Vertical climb and hovering 1
Helicopters that will hover 17, 18
Special-purpose charts
Vertical climb by means of weight reduction 20
22

Effect of rotor-spesd.reduction gears on hovering

NATTONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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TABLE IT

ELEMENTARY DESIGN VARTABLES

Definition Symbol

Rotor-disk area A

Fuselage equivalent flat-plate area

Rotor power e
Gross weight of helicopter minus fuselage 1if W
Equivalent rotor solidity a

),

Rotor angular velocity

[

\
’
\ Mass density of air A P
I
!

; TABLE IIT

ELEMENTARY PERFORMANCE VARIABLES

Definition Symbol
Maximm rate of climb in forward flight ¥
Maximum horizontal velocity Vi
Rate of vertical climb (for hovering, V., = 0) T
Ceiling (expressed in terms of density ratio) p/po

NATTONAL: ADVISORY
COMMITTEE FOR ATRONAUTICS
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59
TABIE IV
FUNDAMENTAL DESIGH PARAMETFRS
Definition Syzbol Formula
P E
o) ol A3 o S5t o w - § -
Power-loating parametex B W \Vw o
Ap
Tip-speed parameter p (IR \ f— =
W Py
Helicopter drag coefficient based CDf /A
on rotor-disk area
yw 1t 3
E’quivalent rotor solidity a ;:—E: Xe dx
13 L O s aiad
TABLE V
FUNDAMENTAL PERFORMANCE PARAMATERS
Definition Symbol Formula
iA 5
Maximum velocity parsmeter (1 g \/:; i
R
(A0
MaxImum rete-of -forward-clirb paremeter o Ve \/,‘f g'"
A o)
Rate-of -vertical-climb parameter X ) 1% = B
a'f W oo,
P . }A 0
Horizontal-velocity varameter Te v ‘V—; —
pé ) b po

NATTCNAL ADVISCORY

COMMITTEE FOR AERONAUTICS
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Figure l.- Specialized selection chart for horizontal flight
c =0,




Fig. 2

Power loading, W/P, 1lb/hp
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Disk loading, W/A, 1b/sq ft

Figure 2.- Maximum rate of climb for the conditions of
figure 1,
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