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SUMMARY

A — - —

Theory is compared with flight and model tests, in order to obtain empiric
correcting factors which will enoble rcliable performance estimates to bo made for
new helicopter designs, A survey of gencral theory is followed by an analysis of
certain Ameriean reports. Correcting factors for effective blade dreg for tip
speed ratio, compressibility and stalling of the retrecating blade are derived.

A method of colcoulating the reotreating blade tip angle of attack for twisted blades
is presented.

The work was earried out by the author under Ministry of Supply
sponsorship.
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1.  Introduction

The work was sponsored by the Ministry of Supply, and one of the main
objects 1n view wsns to compare theory with flight and model test resulis in order
to obtain cmpiric correcting factors which would enable reliable performance
estimates to be made for new helicepter designs, espcrience having shown that the
mothods alrcady published, e.g., Talkin', Walde, Castlesd, and Gustafsont 21l
underestimate the power requirced particularly at the higher speeds.

Some comparisens between cgtimates and measured performeonce have beon
given in on unpublished A.R.C, papord.

2. Methods of Analysis

2.1 Although the various foriminc used in the analysis hove been published
previously they occur in scattered reports, and somz of them may not be gencrally
lmown, or used, and it has been considered ugseful to collect them in this report
for the convenicnce of others who my have o undertake samilar anclyses, and
particularly for the growing body of studenis of aeronautios who arc now meeting
helicopter theory for the first tine.

¥xcept perhaps for the treatment of blade stalling and compressibility
corrcetlona ihere 1s lattle thot is now.

A word of warning is nccessary to those using cxisting weports frou the
various research orgamisations, since considerable confusion exists.  Almost all
the published worl: on helicoplors is based on enrly aulogiro thecry, and the sign
conventions of the autogiro theory havu been pencrally maintained in American
reports, where upward flow through the dise is token as the positive sense, so
thet the inflew roatio A will be negative for the helicopter in powercd flight.
sSorne mere recent British reports take the helicepter inflow as the positave sensg,
so that when using formulae "lifted" from a publicctaon care should be taken to
examine the context, and to check the sign convention in usec. Ag o corollary to
this the sign of dise incidence should be watched, sincc wath the autogiro
convention disc incidence will be negntive in the helicopter normal flight casc,
i.c.,mth dise tilted forward., HMorcover, special care is necessary cover incidonce
vinich un Bratash roports is the ottitude of the rotor disc to the relative wing,
but in nost American reports i1s the attitude of o plane at right angles to the
no-feathering axis.

IN ALL CASES PEFORE APPLYINC FOIMULAE CULLED FROM A REFORT CR PUBLICATION
IEFERENCE SHOULD BE MADE TO THE LIST O SYMBCLS, AND WHERE, AS IS OFTEN THE CAGE,
THE LIST IS NOT' SPECIFIC AS TC SIGN CONVENTIONS RENERENCE SHCOULD BE MADE TO THE
COITEXT OF THE FORMULAE AMND TC ANY FXPLAVATORY SEETCHES,

In order not to add to the existing confusion the Ameracan conventions
are uged throughout the present report, so that cign differences will be found
between formulac used herc and corresponding formulac to be found in scme Britash
publications.

2.2 Induced Veleocity and Induced Fower when Hovering

ALY nanalysce of blade mean cffective drap depend cratically on the
estimote of inducced rower, and here we are in immedaate difficulty since almost
all publiched theory is based on the ascumption of wuniform induced velocily. By
surtable twict 1t rs of coursc possible to cbtain constant induced velccaty across
the disc, but practaical blades do not usually have this "adeal" twist, It is
suggestod that for routine cstimates the usual formulac based on uniform induced
voleeaty should be used with an cmmarac corrceting factor.

We can obtain an idea of the order of such a corrveotion for untwisted
rectangular blades in the following way, by assuming, as is oclosely true (vide
Ref, 6), that when hovering the induced velocity of an untwisted, constant ohord,

blade varies lincarly {rom zero at the root to a maximum near the {ip. y
For
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For uniform distribution the incduced pover would be given by:
-
P‘ = T —————— * 1-0(1)

For the assumed triangular distribution the induced velecity v, at any
radius r will be given by

Ve & 7 0 Vg where vy 1s the induced velocily at the tip.
Congidering an annulus of thc Jdisc at radius r and wadth dr the thrust

is given by:

AT

(perr . ar . vp) 2v, = hprr v L ar

oxr AT D mmemememe s e -

F.

and integrating between the limits O and

T = pﬂR2 vtg
-
whenoee vy = ——— cee (2)
prR>

The induced pover loss for lhe earmular element is:

ATvy, = lLprr v . dr

Integrating between the lumts 0 and I the total indused power loss is

g

4
Py o= p’RRP . ".”-t'3

5

and substatuting for v, from (2) we Pinally have
) T
lji = j—: » T . /:—-_._ ] .o (3)

The retio of the Py from (3) to that from (1), i.c.,the ratio of the induced
power for an untwisted, constant chord blade to that for uniform induced velocity

is thus é\/é or 1.13,
5 This/
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This estimate however does not take into account the additional losses
due to rotation in the dovmwash, which from Glauert’ can be taken as aboub 2% of
the induced power for conventional rotor parameters, so that the ovorall corrcction
can be taken ag 1.15.  Some reports, as for example Ref. 8 and Ref. 9, suggost a
factor as high as 1.20 but 1.15 wall be retained here as past expericnce, and the
analyscs made during the preparation of this report, show that this factor gives
satisfactory hovering power c¢stimatos.

In general however in this report a separate allowance wall be made for
tip losses by introducing a tip losas factor B, which can be satisfactorily
approximated ns:

tip chord
B = 4 v oo eeo ()
radius
For conventional plan forms, B = 0.975 lecading to a 55 increasc in induced power.

When the tip loss factor is introduced the induced power corrccting factor will thus
be 1,10.

For twisted blodes with the typical negative twist of 8° from root to tip,
as in the reports available for analysis, which approach the ideal more closely, the
correcting factors are taken as 1.10 without the tip loss factor, or 1.05 when tip
loases are separately accounted for.

The 50 tip loss is confirmed by flight tests reported in Ref. 10.

The above corrections for rotationol and %ip losses have been found to be
quite adcequate for back analysis from £light tests, but if more refined cstimates
arc required in performance calculations methods of cstimation for rotors of specific
operating characteristics are given by Talkin in Rel. 1.

1f it 1s desired to take account of the actual planform and pitch
distribution of 2 particular rotor the induced power loss con be estimated in the
following way.

From simple blade element theory, with the usual assumptions, the thrust
of o blade clement of chord ¢ at rndius r is:

a7 = v b @) e (0, - 4 . ar o (5)
u

vhere Br - ¢r is the sectaon engle of atiack, ¢, being -~ where u is the
Or

total flov velocity at the elcment.

u = Vg + v, where vy is the induced velocity and Vg is the vertiocal
climb veloeaty.

From momentur theory the thrust produccd bty an annular ring of width dr
ot radius r is

AT = bhmpu vy . T . dr, von(6)

Equating (5) =nd (6) gives:

o v,
/ ZQr(%—-J)
V, ‘beal / | Op
e (2D e S
2 167 Lrve beall
Y beaf? 167

Introducing/
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be
Introducing the loc~l solidity ¢y = -- busced on the blade chord ot radius r,
=R
and writing x = »/R we got:
Vo Oy . OB\ ¢ ! 2 (0 xR - V,) i
Vr = R et et ;—1 + l1 + emmm——— 5 """""""""""""""""" . --0(0)
2 16 ' bV, G, o« R
. , U + Vo + mommemee
N R i 16

Expression (8) iz completely gencrnl and gives the induced velocity ot any blade
clement nt rmdicrl distance = and having cny chord wnd pitch angle 6.

Montgomery Indght in Ref. 11 has given ihe sue expression derived by
application of the vortex theory. Hoving obtained the indueed viloecity the inflow
ongle ¢ ot ony blade clement 1s given by:

$ o= Il , e (9)

w0 the general express:ion for the waflew angle is:

\

/ —

vV T, e oan o Cg;ﬂi - Y ) Vo
¢:{ = ( *-E- -i‘ _ZH—__> -‘1 + 1 + ————————————————————— s + ———— e s (1 O)
2¥OR 16% /! | A-V: Ty v & . ORI xR
R AL R B
VN o, .0 L IR 16
I the hovering ensc where V, = © tLlhec oxpressions simplify to:
O R / 5P 0, .z
% |
Vx T s e e <" 1 + I”l k "_“"3‘: """" ) 111(11)
16 N T, e n

0‘_" [ 5? e » X
= —ﬁ-.—«-- <— 1 + 1!'1 + ———-E-C———-) v00(12)

and or coursc the blade anglc ol atback 1is:

¢\_ ~ 8 _9’1 R o.-(13)

-0, AN a0, ]
R e B s pecan)
* 16~

Estimatos/
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Estimates made in the above way at a number of radial stations (say at intorvals of
0.1 from x = 0 to x = 1.0) will give the thrust and induced power for. any
rotor since:

Thz‘ust = T = L;.P'J\'- Ra '/an s X 5.'.*: 110(15)
yor B .
Induced Horsepower = HP; = ----—- j'vx e X o dx, .o (16)
‘ 550

The integrations are performed graphically by plotting ka « X and vké « X
against ra%ial distonce x and multiplying the arca under the curves by Lp% R®
LP% R
—————— respectively.

I the thrust and induced power cstimates are required in terms of the
usual non-dimensionnl thrust and torque coefficients we can write

?'_?? = Oy s E. v Gy x3 ...(17)
dx 2

%,y | v, . o by vy o X .. (18)
ax 2

Plotting a0p/dx and 4094/dx ogainst radial distance x and takirg the eron
urder the curves gives Op wrd Cpy directly.

2.3 Blade Profile Drag and Profilc Drag Power

2.31 If information is available as to the drag/angle of attack characleristics
of the blade sections in two-dimensional flow, corrected for compressibility and
Reynold 's number, the profile dreg torque coefficicnt can be obtained sinoce,
corresponding to expression (18), we can wribe:

ac o
-.—;Q-E = -.22‘{ . CD . xs' 000(19)
dx

4 C
As before -——?E is plotted against x and the area under the curve
ax
gives the rotor profile torque coefficient ng&. The rotor torque coefficient is
of course the sum of the induced ond profile g torque coefficients.

2.32 The methods of obtaining rotor power based on equations (16), (18) and

(19) arc useful whon comparing measurcd porformance with thoory, but ag indiented
roguire a knowlodge of the drag/angle of attack characteristic of the blade sections.

For/
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For roulincestimntes however it is suggested that it is more ~ppropriate
To relate the mean drag coefficicnt of the blades to their mean 1ift coefficiunt,
since no cstimnte of the asrofoil 1lift slope as regquired and the meon 13if%
cocflicient when hovering is very simply detormincd nes

CL Z ememem——— . vun (20)

Tho cnalyses presonted later in this report vill be given in this form.

The angle of attack at the represcntative blade scetion where the 1ift
— 6.6 Cp
coeffioient is Op will be ==wwe- »  Where the 1aft slope is required an the
Ta
following rnalysec, it will be talen ns 5.60 per radinn, which value wns derived
from some of the flight tests where the accurccy of blade pitch cnzle mcasurcment
was lmovn to be satasfactory.

2.33 In onnlyzing test results to derive the meon blode drag aoefficicent,
the methed to be adopted will depend on the way in which the test data 1s presented.

Where the hovering test data is prosented in terms of Op and Cp we
have the follewing cxpreasion connccting the two coefficients.

S
o J2or o
GQ = . E; -g;- + E; ' 001(21)

Equation (21) s the samc as (10) of Ref, 12 but writh the tip loss factor B
included. 6 1s the mean blade drap coefficient and K the correoting factor for
nor-anifzrm induced veloclty, i.c., 1.1 for unbisted blades or 1,05 for conventional

blades »rith sore 8° negative twist.

When the mean drag cocfficient 1o reloted to section angle of attack it
iz usunlly referred to the angle of attock of the blade section at0.75R, but this
x3 incorrect.

The usunl expression uscd for the hovering torgue coefficient in the
rtor theery as developed by Glouert'3 and Lock't (see also (6) of Ref. 12) for
untivisted blades and without tip loss faclor us:

oo 2
CT = — (— 6'1 - ;\) 000(22)
L N3
& Cp 3
or —————— = enl - - ?\. + LY (23)
o'n 2
6 o 3
Now = 1s sirply the mean blade angle of attack and -2 is ¢ , the inflow
n 2

m§gle at 2/3R, so that it ic the anrle of attack at thas radius to which the mean
Lift cocfficient and therefore the mean drap coeffiocient is 1o be related.

The/
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The sirple Glauert/Lock theory was extended by Wheatleyﬂ5 to cover
twisted blades and to include the tip loss factor, and the Wheatley theory hac been
sirplaficd by Bailey'6 who gives the thrust cocfficient relationship in the form:

2 Cp
L R T veo{2n)

Ta

N.B. In corparing {2L) with (23) notc should be token of the change in sign
convention, M in (24) being negative in helicopter powered flight.
Equation (23) refers only to the hovering cesc but (2,) is quite gencral
and the values of the coefficients 1y, i; and t; arc fobulated over a
range of the tip specd ratio py For convenience, these cocfficients
cxtended down to the hovering cnse (u = 0) are plotted in FMg. 1.

In tho hovering case the ratio of the coefficients %, to %, ds 0.64L5 and this is
the radius of the representative blade section having the angle of attack to which
the meon 1ift and drag coefficients are related.

It wmy be noted here that the mean blade 1ift coefficicent under ony
2 C
condation of flaght is given by ___? .
ot
a

The correct interpretation of the comon statement that the blade section
at O.75R 15 rcpresemtative is shown by the fact that the ratio of the Bailey
wcfficients of 6, and 6, in his thrust and torque equations is close to 0.75
over the normal range of # valucs, indacating that rotors with tidsted or

wtwisted blades will have the samc charscteristics if the blade angles at 0.75R
arc the sang.,

The Bailey expressions have been further cxtended by Lichten17 to cover
non-uniforrity of induced velocity from front to rcor of the disc, and also 1o cover
taper, and the modified coefficients arc gaven in the paper.

Therce arc o fow vertical clinb tests avaslable in the reports vhich are
an~lysed and in these cases the equation Tor torque cocfficient corresponding to

(21) bocores:
2 ¥ \2 v g od
GQ = K . E‘”EI J"""??‘l +<"9> + %“ . -9 . "'rJ—:‘ + - 11-(25)
B 7] ar  B® 8

vhere V. is the vertienl rate of climb an ft/sco.

When the test data is piven dareclly in horse power at the rotor the
induced pover hovering as given by:
— Po
HP; = K » 0.026h x W x Vw7 x == v (26)
P
Here K is 1.15 for rectanpular untwastel blades and 1,10 for blades hoving 2bout
3° negative twast.

The daffercnce between the total power at the rotor and the induced pawer
is the bladc profilc drag pover Hfb and the mean blade drag coefficient is given
by:

3
porbxR° (OR)
HE, T e e . “e (27)
1,00
-IJ-}- I't/
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It should be noted that in vertical climb the induced velocity is less than vhen
hovering, since the rotor is handling a greater moss of air which requires to be
accelerated less to produce the same thrust.

The induced velosity v, in vertacal clinb is given by:
Vg = mmmmmmmmmmtomceeeeen .e. (28)

vhere V., is the rate of vertical clish in ft/sce., and vy the induced velooity
when hovering, which is, of course, wvhon tip losses are ignored:

VI»l = I{ L] - = K [ QR “2- . '10(29)

In deriving HP, for use in (27) from vortical climb tests the cquation for induced
power correspoﬁhing to (26) is:

v
Hp; = K. . \/?—9 . W ... (30)
550 P

2., Forward IMight

In forward flighl both the induced and profile drag power arc modificd, and
when analysing tests giving measurcd rotor mower 1t is convenient to relate these
powcrs to the corresponding power in the hovering condition at the same tap speed,
density and operating  Cp,

2.1 Induccd Pover in Forunrd T™ight

In formmrd £light on the usual azsumptions the induced velocity s given
by

V T emem—ea—e e (31)

S e (32)

Expression (32) by analogy vaih lifting acrofoil theory is corrcet for
clliptic loading, so for the practiesl rotor e shall use

I = e . ...(33)

Since/
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f W
Since the induced hovering power is 1.15 W | ~= , tho ratio of the
2p
induced power in forvard flight to that in hovering at the same density, which we
shall usc as a corrcoting factor is:

(£)g = —ommoe . e (31)

As explained in the Appendix this is corrcct only above about 60 ft/sec forwnrd
speed.  Correct low spcod values of (f), are given in Fig. 13,

The expression for induccd power oorresponding to (26) ig:~

HP; = K x 0,026 x W xV'w x P (£)y - .. (35)

P

In many of the American reports the test results aro given in the form of
(D/L.) ratios as first suggestod by Wheatley'” and later extonded by Bailey and
Gustafsont who wrote all the power componenta of z helicopter as (D/L) ratios and
equated their sum to e ratio P/L, whero P is the drcg cquivalent, at the speed
in question, of the total power absorbed so that:

Horsepower = HP = =ee~memaea- .o (36)
550
P D D D D D
0000
/
L L D L % L’y L
. rotor rotor tail climb parasite
profile induced, rotor drag

Bailcy16 has shown that the rotor induced drog/lift ratio can be
written

A . - (37)

which at values of u greater than 0.15 cnn, without loss of accuracy, be written

(?) = _..G]:‘., = ?.I.‘ _,,(33)

)
L f 2u L

Vhere Gp, is the 1ift cocfficient referred to the disc area, i.e.,

O] = m~=—mmee—ee . .+ (39)

2 The/
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The Bailey expressicns, however, are based on uniform induced velocity,

though with tip corrections, so in the analyses of the present paper the cxpression
is used in the form:

(]3> = K.-??—- = 1&.?{‘- oo (20)

L7, 2 u® I

Where X = 1.1 for untwisted blades and 1,05 for bladecs with 8° negative twist.

2,42 Blade Profile Drag and Profile Drag Fower

2.,.21 The blede profile drag power in forward flight is simply the power
for hovering under the same operating conditions multiplica by (1 + 4.65 u¢?) so that
in the general form (27) beceomes:

podx R? ((R)°
HB, = =ewesemsocoe- (1 + 1..65 p?) e (11)

where 6 is the moan offeective blade profile drag coefficicnt. The profile drag
power is of coursc obtained as before as the differcnce between the total measured
rotor power and the inducced power, as cstimated by the methods of paragraph 2.41.
If obtained from the tests directly in horse power (U1) gives the mean drag
cocffioaent au:

= H_.__.._.r. ———————————————————— L4 L ()+2)
poaR® (OR)® (1 + L.651%)

Where the test data is presented in the Porm of drag/lift rotios the cxpression is:

/D
k—)xCTxuxB

S el et ser O—I—B)
o (1 +4.65 u*)

2.422 The mean cffcctive drag coelficient in forvard flight is rclated to
the mean drag coefficicent in hovering, wnd for routine performance caloulations it
is suggested thet the blade drag/lift cocfficient relationship derived from hovering
tests should be treated as givang the "bagic" blade drag, and that the "effective"
drag ot forward opeed should be obtained by applring osvpropriate corrccting factors.

We then have

8 onmra speed = BhOVGPng % (f)u x (£)g % (£)g eoo (Uh)

(f)“ is n correcting factor depoending on the 1ift distribution across the rotor
disc and 1s a [unction of the tip specd ratio. (f)s is a factor giving the
increase in efrective drog when blade tip stalling occurs, and (f)c is a
compressibility factor.,  These threc factors will be derived in the analysis of
the N.A.C.A. {csts in paragraph 3.

2.4,3/
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2.3 Retrecating Blade Tip Angle of Attack

Before the (f)g etalling factor can be determined it is necossary to
know the retreating tip angle of attack. The following gives methods for making
estimates.

If Oy is the blade pitch angle of an untwisted blade and a, i1s the
flapping angle, the maximum blade angle of attack will be

= B
em - +a ;iw_b
v
where ¢t is the inflow angle ot the tip = -;{ = M. Simple thcory (sec for
0
example equations (1) and (3) of Rof, 12) gives 6, ond a, in the form:
6 3 3 1
52051
oa 2 2 2 45)
0 TS 0 e L o b L4 et bt X l|.5
m
9
1 - % + - p¢
L
Bu 3
-})— Gm + Z: A
9«-1 = e e e # l.l(h-6)
3
1+~ 4

Putting O from (45) in (46) and expanding we get the marimum tip angle of attack

in the form:
3 816 3 3 1 9
Tbmpi®dm g _ﬁ (1 +-—u°> - -7\(1— -,u’) +2\u (1—;;’-!--—114)
2 2

Bmax S et o D o ke e A lll(li.?)

For convenicnce in calculation the standaruy terms in the above' oxpression
arc plotied in Fig. 2.

An expression, vhich so far as is known has never been derived before can
also be obtained for twisted blades. The analysis, which is too lengthy to be given
here, for linear twist of 6, radians results in the addition of a new term in (47).

This term is: 1 9
Ttm y2t=y?
/3 8 2 L 2 9
1 +-u""+—u> ---------- - -u(’l *u°+-u">
2 3 3 3 b
Change in 6, . for 8, twist = 6 . c;eermocmomsicamee el e oo (18)
9 3
(1 -yt - u‘)(‘l + - u”>
A 2

That/
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Thet is to say that linear negative twist reduces the moximum tip angle of ottack
by the factor of 6, in (48) and this reduction is independent of the rotor
parameters or operating condition except the tip speed ratio u.
The values of the chonge factor arce plotted in Fig. 3.

In practice the calculation for twisted blades is made by (L7) and the
tip angle so determined is reduced by the argle riven by (L8).

In order to use (47) ond (L8) it is nccessary to know the value of A,

In level flight the incidence of the rotor disc is given by:

/H D

tenag = “k"' +"'> 0-0(49)
W oW

where H 1is the rotor force in the plane of the disc.

In terms of the rotor parameters and operating conditions {49) can be
rewritten

0pVOR /D
-ta_na_ - - ) emarme - +<¢-> ...(50)
W L
£
L -
-
D
where | - | is the parasitc drag/lift ratio of the helicopter at speed V.
L

The value of M is then obtained from the alternative expreasion for
tan o (cguation (4) of Ref. 12) which for smll values of o reduces to:

------- . e (51)

tl
1
+

tan o

Alternotively we moy write

Vegina + v
- ( ___________ ) e (52)

where V = e .

From time to time wvarious writers have sugpested simple seni-empiric formulae to
give an approximote indication of the limiting speed at which tip stalling will
beeome cxcesaive. These cre commonly of the form

w
v.rlmitin&r = 0.75 (R = KJ;: ' oo (53)
Such/
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Such fonwlae are nol satisfactory since they talic no account of the parasite
drag/1ift ratic vhich largely influences thic disc angle of attack and therefore A,
end the value of K relates to an crbitrary rucdmum $ip angle of attack.

A sirilar form of expression can hovever be rade quite general by
introducing the parasite drngiﬁlft ratio and relating K darcctly to the moxdrmm

tip angle of attack. In this form K can be vritsen as:
-~
D
0.75 - <0.8 +l+<- Hiy [==x{R
L
) P
K = e 2 { ———————————— e e 1 e 9 ----- . o-(51+)

|
H
or O SO S iinl , ... (55)

The valuc of K computed by (5h) or (55) 13 related to the raxirmm tip angle of
ntlack in Fig. 3 whach gaves the 1ip angle directly, for untwisted blades. Tor
fwasted bledes the tin angle so corputed is reduced by the angle given by (48), the
Trctor of 9, being given in the inset curve of Fig, 3.

2.0 Blade Moavnine Angle and Control to Trin in Foreward Flight

A1l the early rotating wing theories (e.g.,ﬁbf. 1), and 15) referred to the
autogiro an which control wes achicved by tilting the rotor hub, i.e., to a pure
{lopping systen, an whach there is no featherirg wath respect to the shaft, but in
“fhich there is ncquired feathering in the dasce plene in forward flight due to t¥e
rotor disc {tip-path plane) tiliing bockwards with respect to the shaft.  Lock b
showed the cquavalence of feathering oand flapping, but there hes alimys been
conaiderable confusion since the various formulse, whach will be found in the
Litereture, differ in form according to the axes of reference.

Most of the confusion vwos removed by Stewart18 but sorme difficulty uny
still be cxperacnced when applying the theory to the nodern helicopter, which in the
corronest forma anvolves both flapping and fenthering, the attitude of the rotor disc
resulling from o cortbination of shaft tilt, applied ferthering (comtrol) relative to
the shaft and f1wpping, as shown in Fag, 3 of Ref, 18. The control feathering is
nchicved by  gsashplate, or wechanical equaivalent, rotating with the blades and
linked to them so thel o t1lt of the plate produces c¢yclic feathering.  Any
rennining confusion should be removed when once it is appreciated that when the
rotor 1s revolving the blades do not chenme pitch as referred to the plane of the
sinshplate however the Intter may be tilted.  The axis of the swashplate (oxis of
m-Toatheraing) is thus cquavalont 4o ithe shalt cxas of o pure flepping system. To
clarify, Facs. 2(a) and 3 of Ref. 18 are redravm in modified form in Fig. 4 of this
report.

In the figures the rotor dasc altitude tc the flight path is the sane,
since ths flzght condations arve assumed to be the sarme so that the longitudanal
{l:peang arplitude =, of Fig. 4a (1.c., tne backward tilt of the rotor disc iath
respect to the shaft) is the sare as o, of Fag. 4(b) the angle between the dasc
and the swoashplate axas (axas of the fcatheringS ard 1s therefore pgiven by equation
(23} of Rei’, 18, 1.c., with the sign convention of the present report:

a,/
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ghera A is the inflow ratio referred to the rotor disc axis.

Alternatively, and what is identieal,

3
R e s (57)

where lnf is {the inflow ratlo referred to the no~feathering axis.

Prom Fig. L(b) we have the disc angle of attack to the flight path

G = g ta; = O+ (Bis-ai) e e (58)

g

where a;_  is the flapping amplitude with respect to the shaftend By, 1is the
applied f@athering control to trim.

We have also from (49), mnde goneral by including r the angle of the
flight path to the horizontal,

tan (¢ = 7) = -(I-{+I-))

W W
end from (37) of Ref. 18
Bis- By ;"E"'EE .o o (59)
ond finelly from (51) of Ref. 18
D H
oy = ‘r-«-%cos r+%- (B:.s'&s.) .e. (60)

wherc 7 is the flight path angle to the horizontal.

To/
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To use the altcrnative expression for flapping emplitude of (57) it is
necessary to cestimote Apnp . Nikolsky and Seckel hove given an expression for
this in a little known report (Rof. 19). The expression is:

2 Cp 2 Cp 520G
IEURR: T W () IAR SRPON)
oo oo o oo

The valucs of the coefficients in this expression are given in Teble I.
Table T

Cocfficients in Nikolsky and Sockel Expression for A nf

1 2 7 -3-]
0.20  ~0.01  0.935 0,38  -0.260
0.25  -0.015 ; 0.895 0.59 . =-0.265 |
0.30  -0.021 0.8,7  0.825  -0,272 -

0-35 | '0.0285 ' 0.795 I 1 009 | ""Ol280

0.40 -0.037 0.7 . 1.38 -0.289

0.1.].5 H "0-014—75 0-67 1 -70 : -00299

0.50 . -0.06 0.60 2,02  -0.310

.-

When N e is obtained directly by (61) the "incidence" of the
no-feathering axis™ ayp is given by an expression in the some form as (51 )‘, which
still holds pood with the new oxis of reference, i.e.,

tan G’nf = .....f... + _...-r-[:--—- 0-0(62)

d-nnf = Uws +B 010(63)
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3, Analysis of American Reports

3.1 Hovering
3,41 NACA Technical Note No. 626

This report iz of no great value in respect of the main purpose of the
present report, but is of interest as being one of the earliest static analyses of
the 1lifting rotor ond as developing cquation (8) for induced velocity from vortex
theory. Four model rotors of 5' diamcter were tested and the experimental thrust
and torgue coefficicnts compured with theorctical cestimates made by the use of
cxpressions of the same form as (17), (18) and (19), The cstiratcd thrust
coefficients worc consistently higher than the experimental values, while the
oxperimental torque coefficicnts departed morc and more from estimotes as the blade
angles and torque coeffieients increascd. The profile drag torque was obtained
using an expression of the form Cp = Cp,.  +ca’ for the blade drog coefficients,
using a valuec for e based on tumel tests. This value had to be increased by a
Pactor 1.67 to bring cstimates into agrecment with cxperimentsl values.

The seme equations have been uscd to estimate thrust and torque coefficients
for the rotors of Refs. 20 and 21 but using the profile drng torgue obtrined from the
mean blade drag cocfficicnts derived in porn, 3.14 of thas report.  For the
untwisted YR-LB blades of Ref. 20 the wethod gave thrust coefficients about 7o higher
thon measured and sbout L)L higher torque cocfficients when the integration was carricd
out to the tip. This discrepancy can be r~ttributed to tip losscs and when the
integrotion was corried only to G 97R the aprecment beeame almost perfect. This is
confirmed by the tcsts on the same rotor aa Ref. 10.  The agreemont is not so good
in the casc of the twisted blades of Ruv's 21, where the thrast wos overcestimated by
cbhout 2» and the induced torque by 3+. This con be cxplained by slight twisting of
the blades reducing the nominsl blade pitch ungles in flight.

3.12 Full Sealec Tunnel Testc on Two 25! Diameter Rotors

Refs. 22 and 23 give static thrust ond torque coefficients for two rotors
both of constant chord without twist and both fabric covered over a plywood nose.
One rotor was of 0012.6 aerofoil secction with frirly good finish, but on the second
where the aerofolil was 23012.6 the acrofoil contour was nct true.

The tests have been annly:ed to give the "basic" (i.c. hovering) mean
blade drag cocflicicnts as n function of mean blade 1ift coefficiont following the
rncthed of parn. 2,33 and the results are given in Fig. 5. The difference in menn
blade drng characteristics between the two sorofoils is very small though the 23012,6
section becones soiicwhat better at high 1ift coefficients. The compoarison is
however impajred by the differences in gurfoce finish, the 23012.6 being the wvorse
of the two., All we con really aay is that the tests are consistent with the
avnileble tests of other fabric covered rotors, and that no difference duc to
difference an blede agrofoil gection ds indicoted.

3.13 Mull Seale Tunncl Tests on Six Rotars

In Ref'. 24 the results »f static tosts on sax sets of blades for the
helicopter of Refs. 20 ond 21 are given.

These blades for which the menn drag/acan 1ift cocfficient relationships
arc givea in Fis, 6 arc identified belov.

A. The production blades of Ref. 20.  Rodius 19', ncrofoil
NACA 0012, untwisted, solidity 0.06. They cre fabric covered
with 6" rib spacing.

B. As blades A but with accurately formed leading edge and closer
rib spacing to maintoin better aerofoil contour.

C. As B but wvath negotive twdst of 8° from root to tip.

D./
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D. Construction ~s B but only 18! rmdius and solidity 0.061 and with
11.9° negative twast,

E. Plywood covered blades, Radius 19!, acrofoil NACA 23015 reoflexcd,
untwisted, solidity 0.042. Thesc hlades nre substrntially the
sane a8 those flight tested in Ref. 33 oxcept for 2 balaneing tab
near the 4ip.

F. As E but wath negetive tirist of 89 from rosl to %ip, and
substwnticlly the soe as those £light tested In Ref. 21.

The mean blade drag/mean blade 1ift coefficient relationships from the
measured thrust and torgue coefficients are given in Fig, 6. Unfortunately the
absolute values given by these tesis are questionalbe, but the authors believe the
comparative results to be reliable, For what they are worth the tests result in
the comparative figures given in Table 2 for the six rotors fitted to the test
helicopter of Refs, 20 and 21, There are flight test hovering faigures available
for rotors A and F and these figures and estimates using the methods of parass, 2,2
ard 2,3 and the suggested drag coefficient curves of Fig, 7 are included,

The extent to whaich the tumel .icosurecnts are below ihe absolute
figures is indicetied by the above comparizon though there are sowe anowlies, as for
anstonce the higher pover reguired by F than E at high r.p.n., and the surprising
epparent Liprovement in B over A,

The tost figures do however indicrte that blade surlace condition has an
upnrtont cffect on performance and thnt the best frou a given rotor design can only
be ~btained if the blodes are well fainished and hove o surface which will modntain
accurate contour in {laght. They also show the irprovement, within the operating
range covered, obtainnble by working ol lower rotor speeds,

394 Flipht Tests

Refs. 20 end 21 prve the results of full scnle flight tests on the TR-,3
helicopter equapped with the production blades and an alternative sel with plywood
cover, but of lower solidaty and with 8° nerntive fwist.  Thesc two sets of blodes
corrcupond to the 4 and F blades of »Hrra. 3.13. Infortunntely there are only two
touts for the fabric covered blades, bub in association with somc of the other tests
discussed they do serve to ceteblash the relative droag charscteristics of
representative fobric and plyvood covered blades.

A1l hoverang tests available have becen >lotted together.  From thent it is
nnt possible to trace any differcence due to diffcerent blade nerofoil sections which
differences nre go osmall as to ke masked by differences in surface {inish.

The two renn drag curves resulting are iven in Fig.7.

These {wo curves arce considcred to be represcntotive of fabric covered
and good plywoord covered blades pencrally, and to be adequate for performance
estimtes for coaventisral bhlades.

In the thenreticnl treatments on vhich the NACA methods of vperformance
estuntes are broed (vide for exarple Refa. L and 16)the serofoil characteristics
arc clocely represented by o pover serics, the one used as representative of good
blales bein,

o, = 0.0087 - 0.0216 a_ + 0.400 ag ean{6L)

Tolle IT/



Table II

Cormarative Roter Power Required to Hoverst Sea Level
oix Rotors from Tests in NACA ARR.No.L5F25h
Assumed Gross Weipght of Helicopter 2500 1b

Engine Speed r.p.n.
2300 2100
Gross

Rotor Cp = 0.00387 Cp = 0.0Q46l Weight to
Hover for
1&_0.0 h-P-
Horse Power Horse Power  Gross Weight  Horse Power Horse Power Horse Power  Prom Tests

to Hover to Hover te Hover to Hover to Hover to Hover

Tummel Test Esti-nte Tor 147.7h p. Tumel Test  Flizht Test tirmte

fror Tests .

14,7.7
131.1
137.L
1,0.8
127.6

128.2

160.5 2500 1h 110.0 18,.0 151.1 2500 1b
156.5 2733 1b 126.9 147.5 2682 1b
157.5 2655 1b 130.8 11.3.5 2628 1b
152,5 2597 1b 13,.8 134,..5 2571, 1b
14,3.7 2778 1b 12,.7 139.0 2715 1b
139.2 2798 1b 123.4 135.0 134..5 2758 1b

This/
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This corresponds to the NACA 23012 aerofoil at the eppropriate Reynolds mnwiber
with the cg, minimm increased by o roughness factor of 17%., The drag/lift curve
from (62.) is plotted for cormparison with the moan curve from flight tests in Fig. 7.

The curves of Fig. 7 will not hold of coursc for unconventicnal acrofoil
scotions such as the low drag aerofoils, e.g., Ref. 37 which hove at times been
suggestod for helicopter blades. In such o case the actunl acrofoil data will
have to be used and to perril analytical rethods this will have to be represented
by o power scries, i.e.,

Q o

C‘do = & - 61 ., + 52 CLZ. 000(65)
The volucs of §;, §, and &, can be derived by the 1ethod oxplainod in Ref. 16,

When this procedurc is necessary the general torque oguation for vertical
clinmb corresponding to {25) becomes:

]

Y
. f,; 20,1, (Vc> ) Vc OT 0‘50 2 8, OT.;.L.&’(CT).,“(GQ

—_——i ] = G e ey e o omeme o owm , me g = ——— | ==

CQzK A
2N p? OR R B* 8 3 a B oa®\3°

3.195 ®™ull Scale Tunnel Tests on Contra-rotating Coaxial Rotors

Ref', 25 gives the resulis of full seale tumncl tests on a pair of coaxial
rotors made to determine the static thrust performance. The two rotors were each
two bladed, 25 feet in diameter mounted coaxially 9.5% of tho rotor diometer opart.
The rotors had plyveold covers and were tapered both in plan form and in thickness,
but werce untwisted. The cerofoil scctions were of the NACA four digit symmetrical
type and of aolidity 0.027 coch (i.e.,0.054 for the cosbination). There was an
apprecinble differcnce in performance Letween tip spceds of 327 feet per sccond and
L50 feet mor second which were attributable to senle cffect. The difference
however became smnll ot tip speeds of 450 and 500 f'eet per sccond.

The tests cover a range of thrust coefficioent from Cp = 0 +to
Cp = 0,00557 for the cooxial arrangement and to Cp = 0.00346 for the single
rotor ot o tip speed of 500 feet per sccond.

Within the ecxperirental accuracy the profilc torque coefficient at
Cp = 0 for the coaxial arrangoriont vos twice that for either of the rotors
separately. The mean dray cocfficicnts derived for the single ond cooxial tests
when plotted against mcon blade 1ift cocfficicnt also f2ll on a single curve.

The tests confina thot two rotors mounted coaxially bghave as one rotor
having the corbined colidity of the two,

3,46 Sone Theoretical Investigations

3,161 Effect of Rolor Tip Speed on Hovering Performance

Ref. 26 gaves o thenrcticel investigntion into the offcct of tip speed on
hovering performance using the genercl performance cquation for vertical climb (16}
and calculating Op by mothods anslogous to thosc given in para, 2.2 uaing the
profile drag cquation (6L.).

The comparative thrust, rotor shaft power and rate of vertical olimb for
o typical helicopter of solidity C.06, and parasitce drag 178 1b at 100 feet per
sceond are given in lhe following table.

Table IIT/
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Table I.LI

Vertical Flight Performance of a Typical Helicoptor

Weight 2700 1b, Diamctor L1 feet, Solidity C.06.

8° Negative Twist

e e e e e e e e e
Tip Speed  Hovering Power  Hovering Thrust rate of
ft/sec ~{ 2700 1b for 200 h.p. Vertical Climb
2700 1% 20C h.p.
300 131 36L0 1b 1300 £t/min
340 133 3607 " 1237 "
380 137 3590 " 1181, "
4,20 12y 3500 1085 "
160 150 330 " 970 "
500 160 3320 " 800 4
54,0 170 3170 609 "
560 183.5 298¢ " 370 "
620 200 2700 " -

The helicopter considered in thas analysis corresponds to o cleaned up
version of the YR-[Bof Ref'. 20 the tip speed corresponding to maximum power being

500 ft/scc. The tip speed for such a type 1rould be lirnted by power available
rather than by blade tip strlling and no apprecioble loss in speed would be involved
by operating at 440 ft/sec.  As the table shows, lowering the hovering tip speed
from 500 1o 14O ft/sec would deercasc the hovering power rcquired at fixed weaght by
85, incrensc the thrust available at fixed power by 5+ and ancrease the rate of
verticel climb by about 285,

3.162 FEffect of Blade Profilc Drag Charncteristics on Hovering Performance

Ref'. 27 gives theorcbical estimntes of hovering thrust for a typical
helicopter with threc sets of blades, onc representative of "rough conventional"
blades corresponding to the £abric covered blades of the YR-LB of Ref, 20, one with
smooth NACA 23015 scction and the other with the NACA 3.H.13.5, one of the low drng
scctaons of Rer. 37. For couparison the thrusts on the assumption of zero profile
drag ond unaforn induced veloeity wath zero profile deng arc included.

The agsoumed rotor charactoristics nre:

Rotor dinmeter Lo %
Solidity 0.07

Blade plan-form Rectanpular
Blode twist Mouno

Power availablc at rotor 260 h.p.

The ecalculations show ibab o change from the rough conventional sectaion
to smooth 23015 scetion at a typical tip speed of 500 ft/%ec results in an increasc

in hovering thrust of 350 1b (9.6%). Changing
low dreg 3.H.13.5 reasults in a further incrense

from the 23015 section to the smocth
of 200 1b. It is worthy of note

that only about 300 1b more could be goined il the profile drag could be made zero,
with n further 300 1b with 1deal twist giving wiiform induced velocity.

3.163/
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3,163 Effccet of Blade Trast, aad Plan=form Teper on Hovering Perforrance

Ref. 28 gives o theorctacel analysis of the hovering performnnce of rotors
with various combinctions of tyaat and plan-Torm trper.  The anolysis followed the
lines of cauations (11), (12) .nd (13), and cquations (17), (18) and (19) werc
integrated grophically to gave curves of Om against Cp  for cach of the
corbrnlions

The blade section drap characteristics werc as represcented by the pover
scrics (6L ).

Estinntes are also given for the 1dcally tvisted blode, i.ce, o blade so
twisted rs to produce unifurn  inflow and conscquertly miniim induced losscs when
rotatamrl loases are ignored.  Tip losscs were also ignoroed, so the oxpression

for Gy is (66) wvath K = 1,0, V., = 0 ent B = 1.0, i.c.,

3
-
(UT)Q b, 2 &, . L 5, 3 -
CQ T o b mmee e, Crp + ---;- . CT ‘ ---(07)
Ve 8 3 a2 o a
In ~n Appendixz to tne poper, expressions are given for the optimua blade
defaned o8 one which will produce o given thrust for the lesst power expendaturc.

1 preectice the opbtuiwa 1s clesely npproached by o blade which hes undform anllow
over the dise end 1n whach cach scction 1s oporating at the angle of atinck ziving
the lonst prefile drmyg irssca.

¥or such o riytor the twist ond topur are given by:
v
Op = Uy o+ meme- ... (68)
x (R
-
C 5 m- 010(69)
X
viere G wad vooore conatont by definition ond ¢y is the lip chord.
The performrnee of the oplimum blade is deraved in ihe Appendix os:-
3
4 -~
(CJ ) G'uao
= il Lt Lt * 100(70)

Trbles IV and v prescat the results of the anclysis at two values of  Cp.
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Table IV

Effect of Combined Twist and Taper on Hovering Performance

1

Linear Blade Blede Tapor Percentage Thrust Increase
Twist . (Ratio of Root - 1
Degrees | Chord to Tip  Cg = 0.00026 Og = 0.0004 |

‘ Chord.) ;

Twist Without Taper

0 1 - -

-5 1 1 2 3

-12 : 1 3 L

ldeal 1 5 5
Twist With Taper

0 3 - -

-8 and ~12 3 3 2

Taper Without Twist

0 1 - -

0 z 2 3
Taper With Twist

-1z 4 - . -

-8 and -12 3 . 1 4

ol B L -

Table v/
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Table V

Increage in Hovering Thrust as Compared with the Thrust of
an Untwisted Roctangular Blade

Increase an lThrust Over
Lincar Blade '  Blade Taper Intwisted, Untapered Blade
Twist {(Ratio of Root ' Yorcentoge
Degrecs Chord to Tip )
Chord ) Gy = 0.00026 Cp = 0.0004

0 1 - -

-8 3 5 5

~12 I 3 5 5

Tdcal ' Optirmm 7 7

Partial Taper In conventionzl blades the taper usually extonds from the tip to
about onc h+1f of the radius, the part inboard being rectangular. To deteormine
whether such partial tapes reduced hovering efficioncy, caleulations were also made
for n blaode tapered only over the outer half the taper (3) being rcckoned en the
root chord obtained by cxtending the lending and trailing edges of the tapered part
1o the root. ldittle diffcrencz was found between this and o fully tapered bledc
of the same taper ratio and soladity. .

Selidity The results sumarived in Tables IV and V refer to rotors of solidaty
0.06., The caleulations were repeated for rotors of 0,042 soladaty and in genersl
leod to the same conclusions.

3.2 .ull Scole Tests in Torwvard IMlight

3,21 Tugnel Tests

Ref's 29 gives the rosults of tests in the full scale tummel on thoe YR-LB
haolicopter equipped with two rotors, onc the production type light tested in
Ref. 20, the other o smooth set of blades.

Unfortunntely the production set of blades wasz only tested over a range
of tip speed ratio from uw = 0.17 to g = 0.20 so thet ther: are only o fow
Tlight tegts vhich can be comparcd directly with the tumnel figures. Over this
ronge the rotor power from flight tests is appreciably hipgheor thun indicated by the
tunnel teots,

The tests on the two rotors are however strictly comparnble and, agein
over the restricted range of overlap of the tegts, do give na indicotion of the
lower profile drag of the smooth blnades, On the awverrge the drag/lift ratio of
the production blades is 220 higher than thet of ilie smooth blades giving confinmtion
of the diffcrence shown in the brgic drag/lift curves of Mgz, 7.

While this report has not been anelyzed in detoil becousc of the wider

range of the flight tests it is of grent volue ns giving 1if%, drag and pitching
m.asurcnents of the fusclage for usce in ithe subceguent annlysis.

3.22/
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3.22 Tlight Tests

Refs, 30 and 21 give the results of flipht tests on the YR-4B helicopter,
the first wath the production fabric covered blsdes and the second with an aliemuie
set of blades of reduced solidity, with smooth plywood cover and of NAGA 23015
sectlon instead of the NACA 0012 used on the production blades.

These reports are of the greatest value from the point of view of the
major purposeé of the present investigation, since the power distribution s given
in full detail, as well as ~.g. position, cyclic pitch control tc trim., ote., so
that the fullest analysis is possible.

3.221 Varistion in Effective Blade Drag with Fo.~ard Hpeed

As has been poinied out earlier the mean effective drsg coefficiunt in
forward flight is related to the mean drag coefficient when hovering Ly three
factors dependent one on tip speed ratio alone and the other twvo on the combination
of tip spced and forward speed.

3.,2211 Varistion in Effective RBlade Drag with Tip Speed Ratio (f)u

The mean blode drag is a function of the 1ift distribution across the
disc and increases as the tip specd ratio increases, though this incrense has been
ignored by 211 writers on performance estimntion with the sole excoption of Talkin',

Fig. 8 gives the factor (f)p by which the "basiz" (i.c.,hovering) drag
coefficient must be increased to give the mean effective drag over o range of n
values. The curve of Fig. 8, whach has becn in use, and given zatisfactory profile
drag power estimates, for many years was origainally derived by imlegrating over il
disc for a number of rotors covering the commonly used range of design paramctors,

In the course of the present wnalysis oll aveiloble teats, within the
range where tip stalling was absent have been cnalysed, and further aintegrations fer
modern helicopters have been made. This new anrlysis confirms the curve which is
presented in its originel form.

3.2212 Compressibility Correction (7).

In the past attention has been drasm to the fact thet normal methods of
performnce estimation lor helicopters, even with the correction (f),, npprecirbly
underestimate the power required.,  Several corrcctang factors howe beea proposcd
from time to timec but these when adjusted to fit the mensured performunece of one
helicopter could not be applied satisfoactorily to a dirfferent design., This was
particularly the cose with the Bristol Type 171 whose rotor is operating ot o higher
tip gpeed than the very few other helicoplers available for anolysis.  Unfortunntely
in the past it hos usually becn assumed that so long as the reletlive speed of the
advancing blade (V + QR) did not excced about 0.8 of the speed of scund there
would be no drag 1ise due to compressibility. During tne coursc of the present
invertigation the conclusion was reached that ‘he discrepancy between estimated and
mensured performonce of the Bristol Type 177 could only be due to o compressibility
effect, nnd a simple method of obtaining o corrcetion was snught.

Ref. 31 gives the rosults of an investzgntion carriced out under static
conditions on two full scale rofors, differing only in thaot one set of blades wos
untwisted while the other sct had 8° negntive tuist. Curves are pousonted showing
the critienl combinations of tip spced and iip angle of attock at which corpressitility
losses are encountered, and the rnte of increasc of these losses wita tip aagle of
attack as measurcd by the rotio of measured to the theoreticel profile drog torgue.

In/
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In gencral, once the critical combination of tip spced and tip angle of
attack is exceeded the ratio of measured to caleulated profile drag torgue
coefficient approximately doubles for an increase in bip angle of attack of 2°.

This rcsult of course applices only to hovering where the blode is equally influcrced
round the whole dige.  In forward {light however the rote of growth of the
compresibilaty losses will vory with {1ight conditions. The author suggests that
the rate of growth may lic between the rale of growth of stalling losscs in Torwerd
flight (sec para. 3.2213) and the rate of growbh of compressibility lusses in
hovering,  Bven with high performrnce helicopters however the ip angle on the
retreating side is not likely to be permatted to rise much above 12° at normal
operating speeds, duc to the onset of vibration nnd loss of contrel, ond for this
angle the limiting tip speed at which losses begin to be encountered is chout

350 ft/sec. Such a type might have a rotor opernting at about 750 ft/scc tip
speed, and to have 350 ft/sec rolative speed on the rctrentling blade would invelwve

a foxward cpeed of 400 f£t/3ec, which would sppear to be ocutside the bounds of
practicability for a conveniional helicopter, even withstub wings to lower the rotor
operating Or at high forwnrd spced. Moreover such a type would have blode
sections much thinner thon the tested blades which were of 1574 thiclmess/chord ratio,
In general then nc compressibility losscs are to be expected on the retreating blades,
and it is suggested thnt n rote of growth of compressibility lossea one half that
disclosed by the tests would be nearer the truth. Such a rate of growih does in
fact oxplain the discrcpnney between estimated and measurcd tip speed of the Brasiol
Typc 171 though somewhot high duc presumnbly to the much thinner tip cections (70
thickness/chord ratio).

The tests however canmmot casily be applied to routine performance
calculations and the following method is suggested as adequate.

(2) Critical Blade Aerofnil Mach Number (Mc)

M. at zero 1ift, in terms of serofoil thickness/chord ratio is given in
Fig. 9.

(b) Variation in M, with Lift Coefficicnt

The tests of Ref. 31 give the variation in Mg with tip anglo end this
is in reasonable agroement with two-daimensional tunncl data. The tests
however disclose that on {twistod blades there is a siight delay in the
onget of compressibility losses varying somewhat and cquivalent to
raising the effective angle of attack by Ffrom 0.5° to 1.5°.  To make usc
of this in order to differentiate between twisted and untwisted blades the
test results in conjunction with two-dimensional tunncl tests on tho
aerof'oil have been used to propare Tig. 10 which gives the ratio of tho
critical Mach number Mg at various mecon 1if% cocfficients to the
critical Mach number M; at zero 1ift. The curves of veriction of
M
-~ for different aerofoils all have the same goneral shape and the

Mg

curves given can be looked upont as belng of general application.

(c) Tip Section Lift Coefficient

It is suggested that for routine cstimation it is sufficicently accurate
to base the compressibilaty correction on the mean advancing blade 1if't
coefficient and Fig. 10 hns been adjusted acccordingly.

We can then write the mean advancing blade 1ift coefficiont in terms of
the mean hovering 1ift cocefficient as:

et i

— - ( 1
CL Y = ¢ . . ) ]
advancing blade Lhovcrlng 1 ¥ u e (71

{@)/
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(@) Drag Rise Due to Compressibility - (f)g

A generalized curve showing the compreasibilaty drag factor against the
ratio of M actual to M! critical is given in Ihy. 11,

The process of estimating the compressibility factor (£)s 1s thon:

(1) From ¥ig. 9 read M, at zero 1ift.

(2) Estimate the mean advancang blade Lift coefficicat from (71).

Ml
(3) At this 1ift coefficient rcad -

1

M. applicable to the advancing blade.

from IMig. 10 aad thence the

1 Q

(1) Calculate the actual M of the advancing blade, i.c.,

e bt et oty L i mrw

gpeed of sound

(5) Read the compressibility drag factor (f), from Fig. 11 ot the

M
ratio of _actual .

In passing it is of intercst to aote that the tests of Ref. 31 at normal
operating tip speeds used in the theorctical estimates show that 8° negative twist
decrenscd the power required at normal chrust coefficient. by about 3'u as predicted
in Table IV,

3.2213 Stalling Correction (f)g

In Refs. 21, 32 and 33 plots are given of the rotio of measured to
calculated rotor profile drag/lift ratio sgainst calculated retreating blade tip
angle of attack. Thesc plots nll of which were obtained on the YR-4B helicopter
with varying sets of blades all show that the profile drag power begins to rise
repidly when the retreating blade tip ongle of attack reaches 12° above ao 1ift.
Handling tests on the same helicopter (Ref. 3i.) have also shown that at this some
angle of attack the pilot begins to cxperience vibration and control difficulty,
tho aircraft bseoming virtually impossible to fly vhen 16° iu reached.

The profile drag power plots indicate thnt between 12° and 16° the
power required doubles. In the compreasibility tesbts of Ref. 31 the losszes ot
the lower tip speeds are predominantly stelling losses and here ag-in at {ip
speeds of 350 to LOO f4/sec the onsot of rise in profile drag torgue occurs at
coleculated tip angles of 12°, The ratec of pgrowth of profile drag power however
iz not quite so grent as that given by the flight Lest anolyses. In the tests,
which werc mnde in the hovering condation, the profile drag power inercased until
ot tip angles of 169 it was sbout three times the value at 12°. As only half the
disc is affected in forward flight we con conclude that these tests indiente an
inerenze of 1.5 times, rather than of 2.0 times ng indicnted by the flight test
anrlyses. The flight test annlyses are however open to some criticism to the
extent that they ars baged on uniform induced velocity, ond mkc no ~llownnce for
the changing 1ift and drag distribution over the disc vith lorward spoed.

With/
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With the methods of annlysis of the present repori, mcluding the (f)“
and, whore approprante, the (f)e correcting foectors, n rmch lower r~te of grwwth
1s indacated, and in ony evend the rate of growbth of the WuCA aanlyses results in
consaderable over-estination of the powver reguired ot top speed by more moderm
hclicopters thon the YR-4B of the tosts.

All available f£light and tuamel tents both model and f217 sesle hove
been rnelysed, and while there 2s considorable scotter un the bteut pounts the
resulling ncen curve is that prescated in Fig. 12 which 11 rssociation vath lhe
bosic dreg curves of Fig, 7 and the (f)# and (), correchions doos give
execellent agrecment betveen meosured and calealnted periormuae for all the
modern helicopters for whach flaght testa arc avealoble.

3.5 Full Seale Tests an Autorotative Glides

Two reports give tests 1n ~ulorotative glides Rel. 35 on the YR-L1)
helicopter wath the production fabric cavered blades, and %ef. 21 with the
alterantive et of low golidity plywood covered blades. cing the came theovy
23 Tor povered flight the derived olfectrve mena blode drnpg coeffacicnts show very
proncunced scatior so that it is exbremely difficull to sey vhat is the mean beouic
drag curve applicoble. The most thit ecan be said ic thnt for the Mnbriec covered
blades they weould nppear to De evenly dugstrabuted cbout a curve lying helf way
between the conventlonal rough and smocth blede curves ol Mg, 7.  For the plywoad
covered bl~des they are aboul 10% lower than the curve of HWg 7. The apporently
lower cffcctive blnde drag of thesc blades in eutcrotation as comparcd with level
flight hns previcusly becen remarked by Sikorsky, who supgested thal the drag
cocfficicnt nt zero lift in rulorotalion 1z about 20: lower thon that In povered
flight.

The tests do however show cleariy the benefils in reduced rete of
descent in autorctalion, which come from betlor surface and wrist, Tor ilastoace,
at the 1ip spced for minirmm rate of descent the altormate rotor drag/lift retio
1s about 0,045 lower than thot of the preduction rotor with {brac covered bHlrdes.
This corresponds to » reduction of 160 £t/ mn, or some 165 decrcase, from the
1085/man mensured on the oraginnl rotor of a tormrd opeed of L0 mles per hour
al o gross weight of 2565 pounds.

3. Thc BEffccts of Blade Trist

Ref. 33 repoits the level specd tests of Ref. 21 wiith a rotor of the
snie damensions oad surface fanish but without twastl.

Cstimntes of the power reguarcd made by the wmethods of the present repord
agrec very well with the reasured perforoncce when the smooth brsic dreg curve of
Pize 7 15 uzed.

Comparative curves arc prosented showing the ratio ol the neasured rolor
profile drag?ﬁift ratic to the estumated vealue, plotted against retreating blede

tip ~ngle of attack and as drgcusszed in para. 3.22175 agrin show ot epparent doublaing
of profile drag power as the tap angle increascs from 129 to 16°,

There is o d&ilscrepancy in the resulis fron the untwisted and twisted
blades to the extent that while the rate of prowth in profile dror pover is the
smic, the ~nset of the drag risce occurs aboat 13° later for the untiisted blades.
The two curves should coincide ond the discrepancy must bo ettributed to errors
in erleulatang the tap angles.

A plot is given comparing the two seta of 1ip angles of attack for the
test airerafl ot tho same operating conditions and over a ronge of formerd speeds.
This shows that for the blades with 8° nepgntave twist the tip angles of attack are
shout 2.5° less than for the untwisted blades. The range of Tip speed rotio
cavered 1s fronGi25 t00,25. Over this range the cexpression (1L.8) ond the insct

ourve on Ihp.3 show a reduction of from 2° to 2.3°. y
The
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The effoctiveness of blade twist in exteonding the speed range of
helicopters is demonstrated and shows thnt tip losses begin at o cpeed of 7 nales
per hour (i.e., about 10%) higher on thc test helicopter wath the twisted blodes.
The comparison also shows that onece stalling has developad the twistedblodes regud rad
appruximately 15 h.p. 1less to operate at the same speed.

A comparison between the two rotors in verticel autorotative desceat is
also given.,  The test date show thot nepetive twist does not affect the
effectiveness of a rotor in vertiecal cutorotative descent.

3.5 Blade Flopping and Control to Trin

Ref. 21 rives centre of gravity position, stick position to trim ns well
as fusclage and no-feathering axiy attitude and this permits anclysis of coantrel to
trim and flapping.

Ref. 36 gives measuremcnts of blade motion, and the results of harmonic
analysis to give the flappang and featherirs~ escfficients in the Fourior Scries.

The analysis of the materinl in these roports confims all pnst cxpericnce
fron both model and full scnle tests on both helicopters and avtogiris, vide for
cxemple Rofs., 12, 15 and 18, that theory underestimotes the flapping angles, and
therefore aolso underestimates the control applicd cyelic pitch to trir.

Lheory estimates the shaft and disc attitude with posd agsrecmeni rith
flipght measurements.

In Ref. 36 the centre of gravity position is not recorded but the fuselose
pitching moment curve derived irom the tests of Ref. 21 permits o reasonable
estimate. The estimates derived in this vay cgree well vith the auther's own
estimates quoted in the paper. The range of operating conlitions and c.g. positions
in these tosts 1s so wide that o plottel comparison between theory ond experiient is
hardly possible. A typical comparison however is ;iven below.

Weight Estimated from Cp 2850 1b
Speed 106 ft/sec
Tip specd ratio 0.22
C,g position Estimated 2.4" forward of shalt
Estimated values Measured valucs
a 6.1° 6.,1°
dg 7.4° 7.4°
ai, 1.3° 0.99°
a3 3.5° 5.17°
Bis 2.20 lj.o2o
Ginf 9.60 11 -60
ane (from 9.6°
estimated A,p)

The main interest in Ref. 36 however is in the analysis of the in-planc blade motion,
The mean lag angle of a bladc is essentially a function of the shaft torgue in-put
divided by the square of the angular velocity, and the author contents himself with
plotting the values of the ratio of rotor shaft power to the cube of (he rotor

rotational/
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rotational speed{ which ratio is proportional to ~~~ | apainst mcasured lag angles.
i

The results plotted in this way do fall on a straight line showing that a .wechanical

device nmeasuring riean lag angle could be calibrated and used as a torgucrieter,

The mean lap angle in radians is given to a close approxinata.n by

y B remamoe e o e el l'!(72)

where vy is the lapg angle.

<

the rotor shaft torgque in-put in 1b/ft.

(e ol )

the nurber of blades.
e the distance from drag hinge to centre of rotation.
M the blade mass in aluga.
reg the radial position of the blade c.g. from the drag hinge in f%.

raqp the radial position of the resultant drag force from the drag hinge
in f't.

Inserting the values for the test blades (72) con be rowritton in terms
of the operating parancters as: )

L s (73)

Expression (73) consistenlly underestirates the test lag anglee by G5, and if we

use 9% of the measured lag angle in the expression we pet absolute agrecment with
P

the measured - values in the flight tests, and the sare values for the rotor rean
L

profile drag coefficient as in the other analyses.

Symbols/
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List of Zymbols

Slope of 1ift coefficient against blade section angle of
attack. Taken in this paper as 5.6

No. of blades per rotor
Tip loss factor
Local blade chord

Blade chord at radius ratio x

R ~
2
Jo cr” . dr
Effective blade chord T
j‘ r® ., ar
o

Blade element profils drag coefficient

Rotor 1ift coefficicnt referred to disc area

n L ot e it e et

Mean blade 1lift coefficient in hovering
Drag

Pore and aft posation of centre of gravity rclative
to shaft. Positive behind shaf$

Varaiation of induced drog with forward speed

Variation of erfective blads nean dreg coeflicient with
tip spied ratio

Variation of effective bladec mean drag coefficinnt with
compressibility

Variation of effective bladc mecan drag cocfficient with
retreating blade stalling
Rotor profile drag/lift ratio

Parasite drag of fuselage, rotorhead, blade shinks, etc.
divided by rotor 1ift

Rotor induced drag/lift ratio

Unats

per
radlon

&

o

iy

1b



B =« B

b =

Y
[xB

Quantity

Drag/1ift ratio representing angle of climb

Equivalent drag contribution of tail rotor divided

by main rotor lift

Shaft% power paresmeter, whore P is equal to the drag
force eqmavalent to bthe shaft power at the velocity

of flight
Distance of rotor hcad abeove centre of gravity
Longitudinal rotor force
Lift
Mach number
Aerodynamic pitching moment of the fuselage
Rotor powor
Rotor induced power
Rotor profile drag power
Rotor power
Rotor induced power
Rotor profile drag power
Rotor shaft torque
Diztance of blade element from centre of rotor

Radius of rotor
r
Blade element radiua ratio (x = -)

Thrust

Velocity along the flight path
Rate of climb

Induced velocity

Induced velocity in vertical climb
Induced velocity hovering

Induced wvelocity at radius r

Induced velocity at blade tip

Units

£t
1b

b

1b/P%
£t/1b/zec
t/1b/sec
££/1/sec
Horze power
lloxrse paower
Horse power
Ih/ft

iy

't

1b
t/sec
ft/sec
t/sec
£t /sec
ft/sec
% /sec
ft/sce
Vy/
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Symbol Quant ity Unita
v, Induced velocity at radius rotio x ft/sec
L
W Disc loading | ---= 1b/sq £%
7R
w Weight of helicopter 1b
8 Mean blade profile drag coefficient
¥ cos a
u Tip speed ratiol ———rwu-
QR
a Angle of attack of rotor disc, i.e., angle belween
rotor disc and f£light poth, positive when rotor radians
tilted backwards
ag Shaft “angle of attack", i.e., angle between shaft
and the normal to flight path radians
Snf "Angle of attack" of the axis of no-feathering, i.e.,
angle between axis of no-feanthering and the normal
to flight path radinns
¢, Blade element angle of attack at radius ratio x
measured from cero 1ift radians
3 Rotor blade pitch angle radiens
90 Blade pitch st root radians
8, Linear blade twist from root to tip radians
6 Mean blade pitch ot 0.75 rodius redions
A Inflow ratio relative to the disc axds (negative in

helicopter powered flight),

(Vsincn+v>
ORrR

Mg Inflow ratio relative to the no-feathering axis
p Air density slugs/cu %
Po Air density at sea level in stondard n~tmosphere slugs/cu £t
'bc:0
o2 Rotor solidity | ~--
"R
0 Angular velocity of rotor radinna/sec
aR Tip speed of rotor £4/sec

Gy, /
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Juantity

Rotor induced torgue cocfficient

Inflow angle
Inflow angle at radius ratio x
Angle of flight path to horizontal

Coefficient of ocosv{ in the Fourdier Series for
flapping in the plane perpendicular to the no
feathering axis. The longitudinal angle betweon
the rotor disc axis and the no-feathering axis

Coefficient of cost in the Fourior Sericvs for
flapping in the plane perpendicular to the rotor
shaft., The longitudinal angle between the rotor
disc axis and the shaft

Cocfficient of sin? in the Fourier Series for
feathering. The angle between the shaft and the
axis of no-feathering

Units

radians
radians

radians

radisns
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Recommended Method for Helicopter Perfovmance Estirmtion aod

Compardison between Bslimobes and Measured Performonce

1, Performance Estimation

411 the well ¥nown methods for helicopter performonec coiimntion are
brnscd on the same fundamental exprouslons for rotor nduced and profile drag powers,
ond will gave the same valies if the various correcting factors of thic rep»
rpplied.

Most of them, however, depend on some form of nou~dimensicnal prramcters
in the coloulations, and the power reguirement in horaopower 1s not npperent witil
the fannl stages of the procedurc.

The method suggested here is siummler and quicker »n applicaiinn, ond heg
the merit of glvlng the power distribution dircctly n horscpower, so that the
cffecl of changes in power duc to changes in design, or in operating condations, ere
irmediatel:s apparent. The tabulation is given belomr,

It should be pointed out that the expreassion given earlicr lor (f)i,
the correction for induced power for forvard flight, is bosed on the flight veloeoly
instead of the corrcet resultont velocity. It is o suffficicatly good ~pproximetion
ot high forwnrd speeds, but brecks down below about 60 £t/sec. [Mg. 135 gives the
v
correct values at slow spueds, (f)l bzing plotted against -- .
VAL

Tabular/
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Tabulnr Performance GCalculntioans

Weight W (1b)

Rotor dianeter (£%)

Disc arca A (oq ft)
W

Disc loading (-—) w  (1b/sq T%)
A

Tip speed QR (ft/sec)

(aR)" (Pt/scc)

(OR)® (ft/sce)

Solidity g

G W

Mean blade profile drag cocfficicnt §

Induced power hoverisg at sen level:
Untwisted blades, HP; = 0€,0303 x W »Vw
Twisted blades, 8% HP; = 0.0290 x W » Vi

Profiile drag power, hovering at sea level:

po obx R® (a1 R)®

HP T e bt e e
P 14,00
Parasitc drag at 100 ft/secc Diog (1b)
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