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SUMMARY

In order to facilitate sclutions of the general problem of
helicopter selectliun, the aercdynemic performance of rotors is
presented in the form of charts showing relations betwesen primary
design and performance variables. By the use c¢f conventional
helicopter theory, certain variables are plotted and other vaziables
are considered firxed.  Charts constructed in such a menney show.
typical results, twends, "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.

INTROINCTION

The general prcblem of helicopter design may be conveniently
broken down into tlhiat of obtaining suiteble compromises among the
requirements imposed by considerations of structures, vibration,
and aerodynasmics., The cbJect of the present paper is to provide
agssistance for cbiaining solutions for the part of the design
problem relating to asrodynamlics., These solutions are presented
in the fomm of graphical charts showing the trends and differences.
in performence with changes in values of the aerodynamic design
variables.

The charts herein are synthesized from the slementary charts
of reference 1 by the choice of typical values for certain design
variables and by plotting the relations among the remsining
variables. The quantity held Ffixed for most of the plote is an
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average lift-drag ratio for the rotor-blade sectlonsg., Charts are
plotlted for each performance characteristic on coordinates of the
primary parameters power loading end disk loading, Carrolation
betwoen the performance indicated by the charts and the performance
that may be realized in practice ig chilefly dependent on a kmowledge
of the profile-dray coefficient of the blade under flight conditions.
The determination of this coefficient is not a part of the present
paper, which is restricted to showling the relations among the

other aerodynamic variables and the variation of these relations
with rotor-blade-element 1ift coefficlent and. rotor-blads-clement
profile-drag coefficient.

The accuracy end applicability of results obtained from tho
charis are swbJect to the following conditiona and limitations:

(1) The charte arec oonstructed from theoretically derived
relaiionships., Although adequate experimental data are unavailable
Tor detalled checking, no-definite discrepancios have boon obmorved
in exlsting data such as raforence 2. The theory is considerod
fully satisfactory for tho study of tronds and of difforencos
in porformance with:change in design., The scope of tho presont
paperr does not include sll the asrodynamic informction necdod for
acbually soloctbing optimum asrodynamic dosigns bscause the rotor-
blade average offective profile-drap cooifiziont & 1is hold
congtant. Thus for casos in whilch the value of 8 would vary
with a deslgn variable, this veriation is not shown.

(2) Tho powor used in tho powor-losding persmotor is that
delivered to the Lifting rotor, Trensmission losscs, onoine
cooling powor, bail rotor powor, or other awxiliaxry powcr roquiro-
monta arcv not included. In the helicopter of-roforenco 2, for
oxample, thoso euxiliary losses apmrogete scmo 15 porcont.

(3) The cherts apply diroctly to helicoptors with'a single
lifting rotor camprised of threc blados. Whon countor-roteting
rotors are used, part of the rotational onergy may bc conaidercd.
removod from the slipstroam., Tho rotatlonal cnergy in the wako of-
a single rotor, as well as tho induced-flow offoct of tha blade
tip, may be estimated from reference 1; oazch is gencrally lcss
then 1 percent of the rotor power. With mlitiple noncoexial _
rotora, the helicoptor performance may bo approvimatoed by calculating
cach rotur indopendently with ite proportionate pert oi the grosa
weigit and tho fuselage drag. This approximatian would norlect
the inducod intexrferonco botween rotors, which depends on tho
fgeomatrical arrangemont.

(1) Cortain factors tend to reduco tho porformance of holil-
coptoers. Among these are blade deformation undor load, rotor
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coning, and hub interference., With careful design, these factors o
can be made small or consbant and need not therefore influence the
gtudy of performance trends with design changes,

Derviations of the charts are explained in the appendix.
SYMBOLS

A rotor-disk area, square fest -

number of blades in robtor disk . o

c blade chord, feet
Cp fuselage drag coefficlent along flight path, exclusiv? of
- rotor blades, besed on rotor-disk area A Cpyp = = )
N
ca_o rotor-blade-elemant profile-drag coefflcient
cy rotor-blade-element 1ift coefficient
CT thrust coefiiclent —
pACR)?2
P
r power-loading parameter for any flight path ﬁ 7 5—~
0
Fy increase in F due to finite-blade number
Foot Increase in F due to slipstream rotatlion .
g - fuselage equivalent flat-plate area based on unit drag

L/ 1lift-drag ratio

P rotor power, horsepower -
R rotor-disk ra.dius, fest - - -
r radius to a point on rotor blade, feet

T rotor thrust, assumed equal to W, pounds
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i.nduced. a:d.al velocity in rotor Adlsk, feet per secand

veloclty of halicopter along its flight path, feet per
aecona um.esa otheawise :Lndic,ate&

rate of cliwb in forwarc_l Tlight, feet per aecond u.n.lass
otherwise indicated

gross valght of helicopter minus fuselage 1ift, pounds
disk loading T

Power loading _

R/

helicopter velocity varametor Ae
W fo

_hellcopter rate-of-forward-climb parameter 6‘ - {-;-E-—

. _ o 1
.. Yobor tlp-speed parameter (ORI~ — lor <
. W Po \{pO{}T

value of Yy for minlmm Fy

rotor-blade average effective profile-dreg coefficient

tip-speed ratlo; that is, ratlo of horizontal velocity of
: ; : o _ ‘ - T k{
hellcopter to rotational tip epeed of ro'bor Bo= -E = ﬁ_h

nasy density of air at altitude, slug per cubic foob

mass density of air at soa level, O, 002378 alug per cublc
foot
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03 dx a1

o equivaion’c rotor solidity {o = 2 = e Ut I o, x3 ax
3 ax VO

where 0y = %

0 rotor angular velocity, rasdlans per second

OR rotational tip speed, feet por second

Subscriptse:

a at altitude

£ due to fuselage Crag '

h for horizontal £flight _

i induced

0 at sea level

v for vertilcul £light - : : - R : =

x for I'bh.e .rad.ius ra'b_ig ( __E_ - :?> .

8 due to blade profile drag S ) -

max naxinum | |

mip  minimum ] B

FROBLEM OF EELICOrTER SELECTICON

Helicopter sslection will be considered to mesn the selechtion

of values for the asrodynemic design variables that would most
nearly-obteln a desired performsnce, Practical considerations
require a knowledge of the useful load associated with a given
performance, and the useful load 1s in turn influenced by such
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variables as shructural efficiency and engine economy. Data for
the evaluation of these varisbles arc not avallable at the present
time becauds the values of the vsriables are dstermined primarily
by considerations of vibration, safety, control, and comfart,
rether than efficlency considerations.

T'n view of such considerations the problem of hellcopber
selection for maximm useful loed is nobt considered at the present
time o be reducible to the form of useful perfoarmance seloctlon
charts, Aerodynamic performance charts, howover, to show trends
with varistions in the primary design varlables are presented; the
importance of .blade and fuselage drag is also demomstrated, A
basis for an intelligent approach to the selectlon of balanced
designs is thus provided in accordance with the best available
engineering data, The problems of range znd cndurance are &asso-
ciated with the engine-fuel econory and ars not directly con.s:.d.arod
hereln,

SPECTALIZED SELECTION CHARTS

Helicopter performance is first 1llustrated for a conveonblonal
design. Figweo 1 shows curves for canslsnt vriuos of heorizanial
voloclity Vi plotted on coordinates of power loadirz %/2 against

disk loading W/A for helicoptors with the following design
gpecifiicatlions:

Rotor=disk radius, R, feet . . . ¢« v e e a . 19.0
Equivalont rotor solidity, o . S o B 051

Tip-speod parameter 6’.‘1., _QR\/-— -——> e 1 s s s s« o 320

Rotor-blede average offective profile-drag coefficiont, & . . 0.012
Fuselago equlvalent 1lat-plate arca, f, squaro feot . .. . 10,0
Albitude v v v ¢ o 0 b 4 s e + 4 s e s v s s & o s o o Sca lovol
Alr demalty, po, slug per cubic foob s e e e s e s e s 0,002378

Thero remaln as dosign variables for this case, thorofore, W, P,
and Vi, any two of which detormino the third and thus dofino a

raritlcular hellcoptor.

An onvelope of tho constant velocity curves (fig. 1) represonts
tho meximum powor loading that can be susteined in flight at
optimvm spoed. This envelope is labeled (W/P)p., in tho figurcs.
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The maximm power loading that cen be sustalned at zero veloclty
is 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 thoe use of as low a disk loading as posaible.
Figure 1 shows that the power loading can be increased as the disk
loading is decreased. For a glven helicopter powsr, the rotor size
increases with decreased disk loading and, therefore, the rotor
welght increases. A compromise between rotor weilght and lncreased
power loading would give sn optimm disk loading., Since informa-
tion on the varilation of rotor weight with size and scolidity is
unavailable, +thls opbinwm is not shown. o

The curves of consbant velocity give an opbimum disk loading
to obtain maximur power loading. This opbizwm 1s obtalned when
the induced drag balances the profile drag. AL lower disk loading
the profile dragz is too high, whereas at higher disk loading the
induced drag is the determining factor. The valus of this optimum
1s freatly dependent upon the profile dregz ebttainable in flight.
Decreasing the profile drag decresasos the optlmum disk loading.
For low forward speoeds the induced dreg is so importent that the
optimum occurs below & digk loading of 1/2 voimd por square foob.
Since the disk area would be extremely large in this range of disk
loading, these opbimums are not shown.

Curves of maximum rate of climb are shown in fligure 2 and,
for camparison, the hovering and the maximum pover-loading curves
from figure 1. Curves of constant service ceiling (rate of climb,
100 ft/min) are shown in figure 3; also shown ars tho hovering and
the maximm powcr-loading curves fram figure 1. The curves of
service ceiling are based on constant rotor revolutions per minute

sh rotcr vower proportionel to the deneity. The powor-loading
scals 1s for the sea-level condition.

Conclusions drawn from figures 1 to 3 aro subJoct to the
constant values arbitrarily assigned to o, o, i, R, or I,

Attention is cglled to the fact that the Mach numbor at thoe tip of
the advancing blade willl affect the value of B; &lso, the Lligher
values of the tip-speocd ratio | encountered at the higher Torward
gpeeds may be impractical from conslderations of stebllity and
control. For these end other roasons it is neccssary to consider
chenges that mey occur os the fixed quantitics are varied. For

this purpose, other types of charts are introduced. : o
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' PERFORMANCE STUDY CHARTS

s - B o

The types of charts presentsd are summarized in teble I.
The generalizod charts are the most cormpact dbut in some reapoctn
the least convenlent to use becaure tney ghow rolatlons among
complex parsmetors. The powsr-loading disk-loading charts are
more direcct reedilig. In order to facilitate discussion of the
parameters used, the elementary desigzn varlablies to be sslected
are listed in ta'ble II. Specification of the elementary design
variables essentlally deterwidnes the holiicopter aerodynamic
perfoxmance, which may be expressed in terms c¢f the elomentary
performance variables listed in table ITEf. The largo numbor of
the deslgn variables affecting helicopier performance complicetos
the direet graphical prosentation of the cffects,

Tho problem can be simplifiod by tho uso of fundamental
parametors cach represonting a significent group of veriables.

From the analysis of roference 1 tho fundamental dosign parsmotors

of tablo IV arc obtained. Tho corrosponding performance paramoters
arc givon in table V. '

A compesrison of tables II and IV shows that uso of tho funda-
mental design parameters roducos the number of variablos from
soven to four, but although this reduction groatly simplifios
grepvhical presontation 1t correspondingly compllcates tho inter-
protatlon of tho graph., A compromlisc betwocn tho oxtremos of the
olomentary and the fundamental dosign varilablos may bo baged on
use of the femiliar psramebors powor losding and disk loading.
This compromise s howovor, roduces tho numbcy of variablos hy only
onp, ~—- .. - -

Goneralized Seloctian Chartse

A goneralized sclection chart is shown in figure 4. Tho
gignificance of tho chart is bost explained by a brief description
of 1te dorivation., A fullor dorivation for all figures is glvon
in tho appendix., : ' '

On a simnle graph only throe variables can be shown. Tho
four findemenual design parcmoters (tacle IV) plus & and a
porforrance parametor make a total of eix; consequently threo
veriables must be fixed., As explained in the "Imtroduction,”
constznt values have becn assipgnod to B. The valve of & for
a glven blade is dotexrmined by tho average offective rotor-blado-
element 11ft coefficient, which is in twrn dependent aa tho

Lo
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Y; .
tip-epeed ratio W = = and the quantity GY.bE = --G-—. Thus,

Ty Pl
two of these threo gquantities determine the third and, in general,
en optimum combination will exist for each performance regulrement,
The investigation of this optimm 1s not however vart of the
present paper, For the present purpose the value of | 1s f;xed.
at 0.3 and the value of o¥4S, at 57H0. As compubed from sec-
tion 8a of reference 1 this valus of oY42 corresponds to an
average effective rotor-blade-element Lift coefflicient of approxi..
mately O.kk in hovering. _

In figure L4 curves of constant Cth are plotted
on a logarithmic scals of the reciprocal of the power-load.j_ng

1 w W P
parameter ~— = =\/-~ — ageinst the horizontal-valoci'by
peremoter ¥, = Vy|[t S- for & = 0.012. The condition
| ¥ fo '
0¥;2 = - = 5Th0 relates the solidity ¢ to ¥, end thorefore
Pl _ _
to ¥y by the curve of o agelnst Yy =GR %%- shown in tho
' 0
lower part of the figure.
1 w.wPo Ap
C F = e\ — inst X QR -~ = for hover
urves o 7 5Va s agalins 5 7 o ovoring

are also gshown in figure L end cover three conditions, nemely,
untwisted rectangular blades with B = 0,012 sand uniform disk
loading with 8 = 0.012 and & = 0.006, The powor roquired for
wunitwlsted blades is only sboub I percent higher than the optimuvm
that is obtained with wniform disk loading. Unless otherwise
stated, uniform disk loading is used throughout the present papeor.
- The offect of B on thoe powsr.required for hovering is largs;

. however, tho effect of & is about 41 porcent greator for W = 0.3
than for hmrering, in accordanco with equation 23 of reoforence 1,
This effect 1s shown by figurc 5, which 1s similar to figure 4

but wita B = 0.00& inetead of & = 0,012, -

Thoe restriction of figure b4 %o tho condition i = 0,3 fixos

T
tho rolation botween Yy and Yy, in thet w= _z,-ll, but increasing W
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' 1 W wPo
has ccmparatively 1little effect on the curves of == = if= —
_ . ¥, PYAPp

’A P
againgt Yy, = Vi j—~ - for constant in the neighborhood
&4 h _h 7 po Cth ah - 3 . e

of W= 0.3 This fact is illustrated by figure 6 in which

1 _wgw’o is plotted agninst £ 0.0l for two
T BVE B 8 plottud agnins . for Cth- . oxr tw

valuos of & with Yh = 75.

Figures 7 and 8 show curves of camstent values of the meximum
rate-of -forward-climb peremeter ¥, for helicopters of figures 1+
and 5, that is, for 8 = 0,012 and 8 = 0.006, respectively.
Besldes ylelding tae maximm rate of climb in forwurd flight Ve,
feet per second, these curves permlt calculations of the service
celling., For e:mam_ple, 1f the service ceiling is defined as
corresyponding to the value of p/po for vhich the rate of ¢limb

. = - -

ig 100 feut per minute, then V, = l-%g = -g Frcom the value of ¥,
corresponding to any point on the f';g;w:e,. the value of p/p(, mey .

then be calculated for & given value of +the disk loading W/A.

fo!
Fiaure 9 shovm cwuves of l'—« = H— E ~9- against Y, =R -}}-
F, PVAop \41«

for representative values of Yy, for two values of the fuselage
vortical drag coefficlent (CDf = 0 and O.l), and for 0= 0,012,
v

SI°

The solidity corresponds ta crYt s -—-ET-- = 5T4L0. 'Tho Figure shows
Po

the small offect of :E‘uselage vortical drag coofflclent on the power
requirec. for vortical climb. Thus for Cpp = 0.1 the fuselage Z
v

oguivalent flst-plate areca in verticsl climb is 10 percent of the
rotor-disk ares, and at Y, = 30 +this lergo fuselesge drag increascs
by anly 8 percent the power roquirod. The valus Yy = 30 corro-
sponds to a ratw of vertical climb of 2700 Tcot por minute at soa

. W_ . {A D -
level for f-\." .25, ( “Vv\’w po>

The offect of 8 in vertical climd i1s similer to 1t coffect
in hovering, which ie illustrated in flgure L.
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The last of the generalized charts is for the rate-of-forward-
climb paremster Y, shown plotted in figure 10 againet the dif-

ference F - Fy between the power-loading parameter avallable and

that reguired for horizontal flight at climbing speed. Curves for
several values of the veloclty parameter in clinb Y ers shown.
This figure is the same as figure 6 of reference 1.

Figures 4 to 10 contaln =ll the essential asrodynamic infoime-
tlon within the scops of the present psper. WVhen the disk loading
has been selscted, these flgures show directly the relatlons among
powor loading W/P rotational tip speed QR, and horizontal
voloclty Vy.

Power-Loadling Disk-Loading Charts

The effect of the disk loading is best shown by charts in
which W/A is one of the coordinates. The disk losding may bo
varied by independsnt changes in either the rotor-blade-eloment
118t coeffieciont, the solidity, or the tip specd. The disk
loading was varied by changing the tip spoed in figurus 1 to 3,
Among the remaining veriables in these flgures the :f‘uselage
equivalont flet-plate aroca F +was held constant and tho tip-speod -
ratlo {4 +vas allowed to vary. In the cherts beginning with fisure 11
the disk loading is again varied by changing the tip speod dub
the velus of | is held constant while the fusolzge equivalont
flat-plete avroa 1s varied. It is bo bo eoxpected that considora-
tions of minimum profilo-drag loss end considerations of stability
and control at maximwm spoed will tend to dotermino an optirmmm
value of ..

Ae has beon pointed out, the usc of slomentary variablos in

charts incroases the number of variasbles and therefaro the mumber

of charts as comparcd vith charts bascd on fundsmontal naramobers,

In the geneoralized charts, figures 4 to 10, adcguste simplification
was achloved by fixing the valuos of W, &, %h, C:Df , and oY 2.
In the charts presonted as figures 11 to 16, the valuc of o also

is fixud at 0.056 and the altitude is restr* ctod to mez level., In
addition, the fusclage drag 1s oxpressed in terms of the ratio I=/P.

Figurc 11 shows curves for constont valuos of f£/P at sea
levol on the coordinates of W/P against W/4 for W= 0,3
end 8 = 0,012, Also shown are the hovoring curvo, curves of
maximm rato of climb in forward flight, and tho roglon in which
the blade tip stalls in high spocd. Tip stall wvas not found %o
occur for the maximum rates of climb shown in the figurcs and was
detormined by stall at maximum horizontal velocity, as explained
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in the appendix. Tho stalls shown should be regarded as a refer-
ence condition only, ineamuch as. the actual stall depends upon
the particular airfoll sections used. The maximnea velocsity varies
with ¥ /A and 1 shown by the horizontal smcals gt the top of tke
grapl, -The relation bebtween the maximm veloclty and the disk
loading is fixed by, zmong other things, the choice of solldity

becauss the values of crYte and Yh_/!t have aiso been fixed.

For hizher speeds with a given disk loading, it would theorefers
be necessary to exploy a higher value of Y.

The most direct application of Figure 11 1s as follows: Lot
it be deslired to find how gross welght varies with disk loading
for a given sengine with rotor power P. The curves of copstant f/'P
in the Tigure ars then equivalent to curves of constant £ and
the scele of W/P 1is proportional to the gross weight W. The
figure then sliows how for a glven f +the gross woilght docreasges
with lrcrecsing disk loading vhile tho meximm spoed increases.
Tnasmuch ss these rolationshipa ere dependont on the veluos
gelocted for tho fixed quantitlies, theo fixsd guentitics are changcd
on subdoquent fiqures (figs. 12 to 16) so that the influonco of
all tho significont design veriables may be studled. The solectlion
of tho values to be used for the fixeod quantitics 1s dopaondent
on deta outsideo the ecope of tho prescnt paper.

In order to campere the charts for difToront wvaluoes of B,
figure 12 is mado similar to figure 11 but with holf the blado profile-
drag coefficient, that 1s, 8 = 0,006. Figuros 13 and 14 apply
to B = 0.012 and & = 0.006, rospectively, for WK = 0.2; and
flgures 15 end 16, to & = 0,012 and B = 0.006, xospoctivoly,
for = 0.4, In figures 13 and 14, the region of stall lies
below & power loading of 5 and 1s not-shown.

In figures 11 to 16 those helicovters roproscnted by curves
abovo tho hovering curve have insufficlent powor to hover frco
of tho ground offoct while thosc rcprosontod by curves bolow tho
hovoring curve require more powor for high-spood Flight then for
hovoring. Tho first group of holicopters loses tho chief adventagze
of & hellcopter, that is, the sbility to hover; whercas tho socond
group npossoseces more pover than roquired for hoverinz.

Figure 17 shows the powcr-loading disk-loeding charactor-
istics of holicoptors possessing vowor Just sufficioent to hovar
for conditions of & = 0.012 and approximatoly constant ec3,

that is, o‘Y.be = 5740, In order to aveold the confusicn of mimorous
curves, only limlting curves ere shown in the figure; that is, tho
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two solid-line curves Gefine the extremes of Ffuselage drag coeff-
if T
h h

cient expressed in texrms of ~P—~ = 0,01 and 5—- = 0.25 and the

dashed cwrves are for limiting values of o of 0.02 and 0.18,
respectively. The constant solidity cwmxrves are also curves of
approximately constent service ceiling, varying from 10,000 to
23,000 feet. Similarly, the curves of constant f£/P are also
curves of constant rotational.tip speed 2R varying from 325 to
850 feet per second; inasmuch as the value of | has been Tixed
st 0.3, theme curves are also curves of cangtant horizontal
velocity Vy varying from 66 to 175 miles per howr, Particularly

notable in this graph is the smell variation in power loading
resulting from variations in o or £/P.

For gr‘ea‘ber dotail, the part of figure 17 bounded by the
rectangle 1s expanded in figure 18 and curves Ffor Intermediste
values aro included also, In addition, curves of maximm rate of
climb in forwerd flight V., are shown. Date are for soa lovel

in Pigures 17 and 18; also the value of | i3 0.3 only in high
speod since In climb and at services celling the speed of the
helicopter 1ls that corresponding to tho maximum rate of climb,

In gonoral, various reguirements will mako undesirable tho
selection of helicopters to fulfill the requirements of figures 17
and 18, The figuros sre of intorest chiofly :E‘or showing tho -
of helicoptors that may be regarded as a stenderd for ccmparison
vith special designs. .

The forogoing statements, as well as those in comnsction with
wmost of the other figures, apply to the same condition for & in
hovering as in hidh speed. Since & is the rotor-bladc averago
effoctivo profile-drag coefficient, the value of 8 will in
general change with Mach number and with the tip-speed ratio W,
In ordor to illustrate the change with §, ‘the values of & in

hovering and high spood were calculated :E‘or O'Y-b P ' correspondinb

%0 a lift-drag ratio L/D for W= 0.3, and for the throc airfoil
sectlons of roference 3. The curves of the airfoil scction profile-
drag characterlstics are plottod in figure 19, and the mothod used
for calculation is explaincd in tho appendix in tho discussion of
figure 22, The valucs obtainod for & at =0 and at = 0.3
arce listed in the following bable: :
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N fdrfoll
"~ Reuzh Smooth Smncti
Fl1icht conventional NACA 3-H-13.5 FACA 23015
conditlon .
Hovering 0.0126 0.00k5 0.0087
(L = 0) .
Kigh spoed , .
L0150 .006 .008
(b = 0.3) | 3 ?
!

The drag coelfficlent in the hovering conditlon is copstant throughout
the entire rotor cycle; whoress in the high-ispeod cemdition, ths
Araz coefficient varles with the pomibtion of ths bladae diwrring the
cycle since the relative veloolty of the alxfoll ssction and the

air is constantly changing. The gvarayp offective profile-drss
coefficlent for the entire cycla, therefore, is determined by an
Inteyrnted average of the érag coeifliclent throughout the cycle, -
For this rosson thoe shapes of the 1ift and profile-drasg curves

affect the averapges velue for the high-speed condition. The fore- .
2oing table demonstrates that the aversge effoctive profile-drap *
coefflcient for the entirs cycle may bo eithcr higher or lower in

the high-ppeod condition than in the hoverlng condition, deponding

on the aixrfoll. section characteristics., The efiects of varying &

mey be eatimated by camparing figures keand 7 for & = 0.012 wilth

figures 5 and 8 for & = 0,006,

— . Special Purpose Charts . e

Vortical climb.- A fow speclal problems are of inturest. It
1s often neceogsary to have availablae a dofinito rate of vorticzl
climb, Vortical climb may be obtained either by roducinz tho
sgross walght of an oxisbting helicopter or by Gesiming for vertical
climb. Figure 20 shows the rats of vertical ¢limb that mey be
obtained by decroaesing tho gross wolzht of e holicoptor posscesing
power Jist sufficient to hovsr, Consider a hsllcoptor that has ] -
zoro rato of climbh for a disk loesding of 2.5, I the gross wolght
is reduced 20 porcont, the disk loading would bo 2 pounds por
gquare Toot of dlek arca and the resulting rate of climd may be : "
read from figure 20 as 850 foet per minute., (Road tho fimme at

20 vorcort roductlion of gross welzht an the curve of 2{-:- 2.) Tho

figure includes several curves for Cpy = 0.1 to show tho smell
v
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effect on the vertical rate of climb of such a large value Tor the
vertlcal frag coefficient.

When vertical climb is an essentlal characteristic of per-
formsnce, designing for vortical climb msy be desiraeble, which can
be done by desiganing for hovering at some greater gross welght
than will ke used and reducing the gross weight to obtain the
required ¥ertical climb, as given by figure 20. If the hellcopter
is to be operated always at the reduced gross welght, the solidity

should be decrsased in the asws proportion as the gross weight

to obtain the originzlly chosen value of o’xtz.

Hovering. - Figure 21 shows cirxves of constant tip speed for
hovering on the power-loading disk-loading coordinates crossed by
curves of constant solidity. I is clear fram the figure that
increasing the solidity and decreasing the tip speed.is a -
relatively ineffective risens of increassging the powsr loading es C ..
compared with decreasing the disk loading. The effect of rotor- -
blade average effectivo profile-drag coeffisient is indicebed by :
the tip-speed curve of 300 feet per socomd for & = 0.006 as
‘campared with that for & =0 012 '

Rotor-gpeeci-roduction geers.- The powor requirod for hovering
withh & helicoptor designed to oporate at a maximvm svorage rifte-
drag ratio in higzh epecd can be reduced by the usc o a robor-
spoed-roduction goar., Tho high 1ift coofficlents and corrosponding
high drag cooffi cients occurring at tho tip of the rotreating -
blade in high speed arc sbsont in hovering., Maximum averago
lift-drag ratio of tho blado scections occurs at a highor 1ifd
coefficient in hovering (W= 0) +than at hivh cpocd (W = 0.3)
with the result that a lowor robational specd is desirablo in
hovering. The optimum gesr ratio and the rosulbting advantare
depond on tho characteristics of the alrfoll scocblons used., In -
Pigure 22 thoe greatest porcentage decrease in the powor requirod
for hovering, rosulting from the use of a rotor-speed-reduction
Jear, is plotted against the eguivalont rotor solidity for tho
threo alrfeoil sections of Tiguwre 19. Calculations for the figure
areo explaincd in the appendix. The roguired gcar ratios and
maximum averags lift-drag ratios are shown by the curves. It is
observod that the power saving resulting from the use of a geoar o T
shift 1s greatly depondent upon the shape of the curve of airfoll
soctlon cheractoristics but tends to be largest for high-drag
low-golidlity blades,
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CONCIUDING RFEMARKS

The relatians emong the primary aerodynamic variables
affectiing helicopter performance have been presentad In the Tam
of grephlcal charts. Trends in the variation ofporfarmence with
the verlietion of primary variables can be obtainsd from the charts,
Selected valuee of some of the variablos, suvch s rotur-blade
average erffective profile-dreg coefficient, tip-spged ratioc,
equivelent rotor solidity. end su forth, were uscd to cover & ronmg
of values expected to be cncountersad in presont-day and fuburs
helicopters., TFor a given helicopter, those values ere known and,
therefara, the propor charis way be eslected fram which the correct
porformence trends may be obtained. If greater accuracy le desirzad,
‘tho construction of charts for exsct valuecs of the lmown varlables _ : R
is possiblo. ; ' - ' o o

Tangley Mcmorlal Aeronautical Lagboratory
National Adviasory Commlttes for Acromsutlcs _
Langloy Fleld, Va., September 3, 1946 - o i T

. T - s . P Vi
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APPENDIX

METHODS FOR CONSTRUCTION OF CHARTS

17

The flgures were constructed an the basis of the eguations
and charis of reference 1. Since helicopter perforusnce depends
upon many varisbles, same of these variables must be given
representative fixed values in order to show performence 'l:rends
in a graphical form. TBach chart is made for certein fixed
cguantities, vhich are listed in the descriptions of the figures
given in the present sppendix, The comciruction of sach figure
for the »nresent paper is described in scquence and many of the
questions that arise in ths snalysis of the figures are thus

clarified.
Figure 1.- Fixed gquentities

Altitude
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follows:

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

Sea lovel
. 0.012
. 0.056
. .« 320

. . - 3-9
L 4 L] - lo
- - ) . 3
150, 200

Fram the definitions of the parameters, it follows that vhen

W hi e
5

the value of -:!1.—- 1
» YA

e

3]

59 corresponding to a glven value of

T, = Vh\ [~ - 18 Jriown, curves of constant horizontal velocity Vi,
Ya

(R
may be pichoed om arnales of power loading W’T’ aegainst disk
Tl

loadiag “F/

From equasion {24) of refescence 1

Fa + Ff + B'ih

O.b TF—

far any albitvide For which the ratio p/po is known.

The quantities that must be known %o calculate each term are as

follows:

X7
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Term Quantity

Fs 0’ s 5 > Yh F) Yt
Fry D s Tn

Fq h Iy

Frot Fih’ Yy

It is thus seen that the six guantities needed to calculate Fy
are @, &, Yi, Yy, - Cth, snd b. Flve of these quentitiez (o,

8, ¥, Yy, and b) are glven directly by the statod conditians
for figure 1. The value of CDyy, 18 calculated from 1ts definition

fh
" Cp
fn
_ 10.0
7‘:]_92 - - =
— ' = 0,00882

One curve of F, agrinst W/A can now be calculated from the

charts of reference 1, and from this curve are obtalned the coneotant-
velocity curves of figure 1.

In a similer manner the hovering curve of :E‘igura 1 is plotted.
From equation (45) of roferenca 1

= Fa + Fiv + Fro.b + F‘b
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The power-loading parameter for hovering is considered a limiting
case of that for vertical climb (F, with Y, —30). The quantitles

required to calculate F_. sare o, B, Tg Ty, aad b, ALl ave
given by the stated cenditions for the figure. For Y, =0,
Fi, = 0.026F for uniform load distribution. The velue of Ty

1s 0.0392; corresponding to vhich the hoverling cuxrve 1is drawn in
Tizuwre 1.

Figure 2.- Filgure 2 shows curves of maxdwmum vrate of climb
superimposed for compariscon on the hovering curve of figure 1.
The necessary caelocwlations are based cn figure 6 of reference 1,
which is reproduced herein es figuwre 10, Ths rate-of-forward.-
clinb paremster Y, ia read fram figwre 10 for known values of ¥

and F - ¥Fn. For the maximm rate of climb, use is made of the
minimum velue of Fy or Fpiyp corresponding to e best value of ¥

or Yyoqy &lven by figure T of reference 1 in terms of o, B,
Ty, and CD'fh’ all of which ere known., In the present example,

Fpip = 0.0235 and the corresponding curve of W/P egainst W/A
is plotted in Ffigures 1 to 3 as the cuwrve for (W/P)y...

_Fi'gure 3.- Figure 3 shows curves of constant service ceiling
(60 V= 100 Tt/min) superimposed on the hovoring and maximum

power-loading curves from figure 1. These curves are bamed on the
cordition that the rotor Ariving power is proporitional to the air
denslty because of the engine cheracteristics. The development
of the equation for the cuxrves follows.

The quantities considered fixed for flgure 3 are as follows:

« o o ¢ 4 8 0 o e ¢ + W P e ¢ 6 s & e B 4 e s & ¢ 00056

¢« & @ @ & ¢ ® e 2 » o « $ & e B v & & e ¢ o6 O w v s & 00012

T & # 9 € & & & ¢ S T S W B s 2 & & w 2 0 € €T ¥ » v .'3%

® 4 & 2 a4 o 2 e & 9 ¢ B * e & & s * 2 4 e ¢ 2 2 B e o 0000%2

o' é)cil:do’lq

kY

Ccl'lll.lcinld'clIlC.lI.l.q"ol.Oi3

The maximm rate of cliwb occurs for Y = Y‘beet' For tho

conditions at sea level [ — = l) the value of Yy .. obbained
po og

from figure T of referonce 1 is 46.7 end does not change signifi-
cantly with eltitude. The power-loading parametor for the maximum
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rate of climb i1s givon by equation (48) of reference 1, which ig
avproximately . C
S T - R . .=
For tie rate of climb of 100 fzet ver minute - -
Y = }9..3 2p
C 6o \’W P 3
and henco o v e e o e~
*\VI{{-- - 330(3‘ - Fmin) (1)
_ - ,
At sea lovel Fy = E and at eltitude Fg == o, |2 0. ¢
~ =w\T ¥ opp [ py

the rotor driving. power is raportional to tha density ratio.
For Ypoat = 46.7, the corresponding velwe of F (callsd. Fnin)

is calculated from the sum

- Fmin = Fa + th + Fih + FI'Ot + F‘b :
as has been explained. for Fy in commection with figure 1. The
paremeter thet veries with altituds in the present example,
namely; Y, =ORy[3 2 | affects only the terms T and Fpot. The

W Py’ -

effoct of Ty on Fyop 1s negligible in comparison with Fpin, i
and Fg 18 then the only term causing an approcleble chan;e in - R
the value of  Fp, ~ with altitude. In order to £ind Fg, use im
nade of equatiaon (23) of roference 1 " - = e -0
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_ pO ad 2%+ 3
-5 = (1 +u.602) 7,

from vwhich, for the specifled consbtants,

3/2
Fg = 0.0130 {0.09 |%&+ 0.2 (& /
| \ Po Pos

At sea level, TFq = 0.0235 and, therefore, at altlibude
. min - Tl

I 3/e
T = 0.0235 ~ 0.0130 {0.09 \{&- + 0.91 - 0.0130
. L 9 ‘l"o | 9 ("o ] 3
‘ o
0.0105 +. 0,0012 —-+00118 9-3/
o N

Hence, fram eguation (1)

it

=) =
OD!.D
1

330 (Fa - Famin) ' | S

o fn 3/2
o |27/ \jﬁ - 0.0105 - 0.0012 +]2= - 0.0118 {2 /
W o, W % k"o :

Solving for P/ gives

3/2 : .
P 20) i 0 o “w
— I eemmanid o O lo o — o ——
7= 350 + 0 5<p> + 0,0012 5 0.0118 i (2)
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Corresponding to each altitude is a ratio p/py, end fram

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

rlgure __1_5.- The quantities considered fixed in fiure Lk are

GY 2 aj- _0 ¢ e & 9 _¢_ e _q¢_.® g .+ ¢ a 4 « » ¢« o s s 0 u I R} ‘;-"T"'}'o

I-L . 4 . . . -: . ;_ - Ll - [ a- . l . » “:._.- L] . . . - . . 0’3

8 ¢« . e e L I ) e &_* s o . ; &« @« 8 e ¢ 494 & a (J'O:‘LE

CD « 0 e a . -E - "-'- ;_- e J- « o o 0 u_ . . O—'- 0;005’ OoOl’ 010-2} -03
Ty _ _ L : R :

b e v . _u e e o e 9 e e & ¢ & & 8 e 8 ® & e v e s e » 3

An explained for figure 1, the six cuantities needed to solve
for ¥, are o, B, Y, Ty, Cth, and b, For ocach value

of CDPh 8 curve of 1/fy eagailnet Yy or Yy 4s defined by the

cons‘oarﬁ;s for the figure, For example, a value of o éorrespond.s
te each value of- ¥, gelected in sccordance with the glvea condi-

tion thQ = 5740, (Graph of ¢ against Yy =QOR \/é‘ E-— is givan
. v ())

in fig. 4.) Thus all gquantities required far Fg sre known.
Ilkewise, & value of Yy corresponds to cach value of Yy in

accordance with the relation ¥y =HYy = 0.2 Y., thus all the

quantities needed for Py are knowm, In figure 4 the reciprocal
— ) 1 W {wPo

of TPy, that i, =—= = \/— ~—, hag been plotted to mzake the

vertical scale proportional to the familier quantity W/P.

Calculations for the hovering curves shown in Fflgure b are
gimilar to those explalined in comnsctlon with figiwre 1. For each
value off Y, selected, J i1s cbtained, ss in tho case of hori-

zontal flipght, from the relation GY.bE = 57h0. Cclenlabions of Fg

were made for both 8 = 0,012 and 8 = 0,006; thus, the two
hovering curves shown in figure 4 are produced,

As explailned for figure 1, the value of the inducod pover-
loading peramster in verticsl flight Fiv needed to calculate ¥
epplies to hovering when Y, -3 0., The value of Fiv varies with

the blado shepe, the lowestvalus occurring with blades shaped for
uniform axial-inflow-velocity dilstribution. Such distributions



NACA TN No, 1192 - 23

requlre a hapered and/or twisted blade, For unbwisgbed rectangular
blades the value of Fi  is approximately 6 percent higher. In

the present calculation the minimum value of Fi = 0.0264 1ism

generally used because 1t serves as a convenient reference, The
hovering curve in figure 1 shows only aboubt 4 percent difference
in W/2 for the two extreme cases.

Figure 5.- Figure 5 is similar to figure L except that 8
has & value of 0.006 insteasd of 0,012.

Figure 6.- Figure 6 is similar to figure 4 except the o
guantity . is the varisble rather than ¥, which is fixed at 75.

Curves of constaut & = 0.012 and B = 0.006 &are shown for

= 0.010. -
Cth

Figures 7 2nd 8.- The calculations made for figures T end 8

are Bimilar to those made for Ffigure 2. R

Figure 9.- Figure 9 includes, in additlion to the hovering
curve for O = 0.012 of Ffigure L4, curves for verticel flight for
two values of Cpp and for values of the rate-of-vertlcal-climb

v
perameter up to Y = 30. The calculations for this figure differ
from those for hoverlng only in obbaining Fiv For the glven
values of Cva and Yv from figure 5 of reference 1.

Figure 10.~ Figure 10 is a reproduction of figure 6 of refer-
ence 1.

Figure 11.- Figure 11 differs from the generalized figurs L
in substitution of constent f/P for Cpp end in selection of

the values ¢ = 0.056, Yg = 320, ¥y = 96, eand P. =1,

Po
By definition,
£
h
o; = —=
Dey, = &
£, 3/2 [e
B8P JAp (W Y
P W Wpo A o)
N oD
P "h Yap 4
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For ~8"- = T
0
T 1\3/2 : '
h 1"_)
Cpp = 5~ Th ( Y (3)

By means of equation (3) , boirnts In figuwe 11 may be calculated fram
1

points on the ordinate ¥y = 320 of figure :.

Calculstions for the curves of caonstant rate of climb are
gimilar to those for fipuro 2, The necessery quantities o, &,
and Y, are all Imown, and to each set of values of W/P, W/A,

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

eguation (3).

The bouvndary of the rsglon of stall ls calculated an the baseis
of figure & of roference 1. The fligure shows that Ffor the assumed

value of .cytg = 5Th0, stalling of the blade tips may be expocted

vhen the value of the quantity A/l 218 near 0.5 for W= 0.3
with | corresponding to a section 11ft coeiTiclent of approxi-
metely 1.5, TFrom the lower part of the peme figure it is seen
that with Yy = 96 the velue of Cth is about 0,03, By means

of thle valus and of equation (3), tho stalling region is defined
in filawe 11,

Figuros 12 to 16.- Figures 12 to 16 arc consiructed similerly
to figire 11 but with different fixed values of & or |i.

Figure 17.- The condltlon that the holicopter shall fly at
its maximum speed with the same power as required for hovering
roatricts solutions to the points of intersection of curves of
constant C'th with the hovering curve in figurs 4. From these

intersections the curves of constant £1,/P of figwre 17 are
obtained by use of the relation between Cpp —and fp/P  (oqua-
tion (3)), which wes derived for ficure 11, end by use of the

hovering curve of figuro 4 for uniform dilsk loading with & = 0,012,
The intoersections in figure 4 also determine values of Yy and,

thorefore, curves of congtant Vi, which are alsc curves of
congtant QR in figure 17 because | 13 constant, Tho curves of

e
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constant f/P are found to be nearly coincidemt with the curves
of constant Vi or of consbant {JR. Curves of constant service
ceiling were calculated by the method described for flgwre 3, the
proper values of the constant quentitlies being used.

Figure 18.- The calculations for the curves of figure 18 ars

explained for figure 17, except that the curves for constent rate
of climb are cbtained by calculations of the type described for

figure 2 bubt with the appropriate consbants.
Figure 19.- Figure 19 is adapted from figure 1 of reference 3.

Figure 20.~ By reduction in the gross welght of a hovering
helz.copter, power mey be made avaeilable for a rate of vertlcal
climb. For the hovering condition, Fj  has a value of 0.026k,

F¥rom the definition

a3

)

l
-
]

l

124

_x
w/2
1t follows that if the arcss weight W 1s reduced by AW +thon -

__0.026k 0261k

T

By means of figure 5 of reference 1, values of Yv may be read
for known valuwes of Fy - 8nd Cpp on the essumption that the
v

bower abasorbed in blade profile dreg does not vary wilth rate of
vertical climb. These quentities define curves of constant W/A
and constant CD:[‘ on coordinates of V, azainst MN/W,

Figure 21.~ Curves of constant tip speed (IR on coordinates
of W/P against W/A are plotted in figwre 21 from the generalized
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hovering curve of figure 4 for uniform disk loading. For the
condition chte = 57h0, +the curves of cons-..an'b g sare similarl,y

obteined.

Flgure 22 22.- Tn the construction of .figure 22 ax bitrarv values
of c‘.u are selected. The corresponding values of & are cal-
culated by the method of reference 1 for ane of the curves 1ln
figure 19. By this method the value of 5 1o the constant drasy
coefficient thet would absorb the ssme power as the drag coefficient
which varies in accordance with the curves of alrfoll secticm cher-
acteristics. Thon, from a plot of oBYy e againgt th the

coordinates of tho mininmum ares read. rI‘hea values of & oand of O‘Y-b

are thus dstermined for maximum saverage lift-drag ratio, This
procedire is carried out for hovering (W= O) =nd for high

gpeed (W = 0.3). TFor fixed wvalues of o +the retlo of the tip-
spoed paramcters is the required gear ratio. The values of B

and o“[te thue obtained. for hovering, whon uvsed to calculate the
valus of Fy for eny sclected valug of o, may be coneldered tc
give tho hovering performance when a rotor-spoed-reduction pear is
employod. In order to find the performasnce whon a gear 1s not used, the
value of & ig calculated for hovering, the opbimm value of 1_-,2
for hirsh specd being used. The ratio of the power-l oad.inf~ ;paramoters
for vertical flight reprosents the ratlo of the powor roq_u:h ol

for hovering with and without the gear,
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TABLE I
SWMARY OF CHARTS

27

Effect of rotor-speed-reduction gears on hovering

Conditicn Flgure
Generslized cherts
Horizantal £light end hovering b to 6
Vertical climb and hovering 9
Rate of climd and ceiling 7, 8 10
Pover-loading disk-loading charts
Horizontal f£light, climb, and hovering 11 to 16
Vertlcal climb end hovering 21
Helicopters that will hover 17, 18
Speclal-plopose cherts
Vexrtical climb by meane of weight reduction 20
22

RATTIONAL ADVISORY

COMMITTEE FOR AEROMAUFICS
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TABLE II

ELEMENTARY DESIGH VARIABILES

Definition Syrbol
Rotor-;cl‘iskwarea - . A
Fuselage equivalent flat-plate area r
Rotor pover T P
Groes weight of helicopter minus fudelage 1ift W
Equivalent rotor solidlty g
Mass density of air_ P
Rotor angular veloclty Q

TABLE IIT
FLEMENTARY PERFORMANCE VARTABLES :

: Definition . Syrbol
Maxtmom rate of climb in forward £1ight v,
Maximum horizontal velocity Vi
Rate of vertical climb (for hovering, V., = 0} Ve
Ceiliné (erpr“e:és;hciw:!:ﬁ 'Ee;&;l; of densi'by-rat.io)- - p/po

NATIONAL ADVISORY
COMMITYER FOR ATRONAUTICS

'

Livg:
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TABLE IV

FUNDAMENTAT, DESTIGH PARAMETFRS

.29

Definition Symbol Formula
P L p
Power-loading parametexr F T V{J— E’
o}
A p
Tip-speed parumeter Yy, QR T o
o
Helicopter drag coefficlent based Cp, £ /A
on rotor~-disk asrea =
kb 1 x3
Egulvalent rotor solidity o ;{fz- e dx
O .
TABLE V
FUNDAMENTAT, PERFORMANCE PARAMETTRS
Definition Syribol Formuls
Ap
Maxdmium veloclty paremster Y \[w E.O
Maximm rate-of-forward-clinb paremeter Y, Ve %%*
0
" . Ap
Rate-of -vertical-climb parameter pon Ve T}-S—
Q
Horizontal-velocity parsmeter Y, Vy Ae
W Po

NATTONAT, ADVISARY -
COMMITTER ¥FOR AEROHAUTICS
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Figure l.-~ Specialized selection chart for horizontal flight
and hovering. p = 0.002378 slug per cubic foot; & = 0.012;
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Fig. 2
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